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Abstract

Cystic fibrosis (CF) is an autosomal recessive genetic disease caused by mutations in the cystic fibrosis transmembrane con-
ductance regulation (CFTR) anion channel. Loss of CFTR protein and/or function disrupts chloride, bicarbonate, and fluid
transport and also impacts epithelial sodium transport. Such altered ion and fluid transport produces mucus obstruction,
inflammation, pulmonary infection, and damage to multiple organs. Although an autosomal disease, it is apparent that gender
differences in life expectancy and quality of life do exist. Conventionally established therapies have treated the downstream
sequelae of CFTR dysfunction and have led to a steady increase in life expectancy. Physicians now have access to medications that
treat the basic defect in CF, in the form of CFTR modulators. These drugs target the trafficking and/or function of CFTR to
improve clinical outcomes for patients. This review summarizes the science behind CFTR modulators and shows how these drugs
have dramatically changed how patients with CF are treated. Surprisingly, although the drug target(s) are identical in males and
females, CF females seem to display a greater improvement than their male counterparts.
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Introduction water transport (Figure 1). Fully hydrated mucus released from
submucosal glands sits on top of the ASL to attract dust parti-
cles, viruses, bacteria, and other debris, that is moved to the
back of the throat by the mucociliary escalator. In CF, the loss
of chloride secretion, coupled to enhanced sodium absorption
markedly reduces ASL height. Together with thick unhydrated
mucus from submucosal glands, the cilia are compressed, and
mucociliary clearance fails to occur. Increased secretion of
dehydrated mucus in the lungs predisposes the tissue to chronic
infection, inflammation, and airway damage that can progress
to respiratory failure. Although CF is often thought of as a
pulmonary disease, and indeed this contributes the most to
current morbidity and mortality, it nonetheless impacts

Cystic fibrosis (CF) is the most common lethal genetic disease
in Caucasian populations, occurring in approximately 1:3500
births in the United States, with a slightly higher level in North-
ern European countries.' The discovery of the CF gene, cfir,
some 30 years ago was a major milestone in unraveling the
mechanistic defect causing CF,* and researchers and clini-
cians assumed a therapy based on knowledge of the genetic
defect was only a matter of time. In fact, it took another quarter
of a century before the first drug to treat the basic defect in CF
received Federal Drug Administration (FDA) approval. Cystic
fibrosis is caused by mutations in the gene encoding the cystic
fibrosis transmembrane conductance regulator (CFTR) protein,
an anion channel capable of transporting chloride and bicarbo-
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Figure |. Role of CFTR in airway ion and fluid movement. In healthy airways (A), CFTR is present in the apical membrane of bronchial epithelial
cells. The combination of CFTR-mediated chloride secretion and ENaC-mediated sodium absorption controls proper airway surface hydration
and proper ASL height, leading to effective mucociliary clearance. In CF (B), a variety of mutations lead to either absent or nonfunctioning CFTR
in the apical membrane. This leads to a lack of chloride secretion. For reasons not fully understood, the absence of CFTR protein and/or function
enhances Epithelail sodium channel activity, unbalancing ionic levels and leading to osmotic water absorption from the airway surface. With little
or no ASL, the cilia are unable to beat effectively and mucociliary clearance is severely compromised. ASL indicates airway surface liquid; CF,
cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulation.

multiple organ systems, including the gastrointestinal (GI)
tract, reproductive tract, sweat glands, endocrine systems, and
bone. In the pancreas, failure to properly hydrate and flush out
digestive enzymes from the exocrine pancreas into the duode-
num not only leads to poor nutrition and failure to thrive but
also leads to pancreatic autodigestion and the appearance of
pancreatic enzymes in the blood. There are more than 2000
variants of the cftr gene that have been identified, though only
a subset of these have been well described, and are clearly
disease-related (www.genet.sickkids.on.ca/cftr and www.
cftr2.org). The vast majority of patients with CF display a
relatively small number of variants that can be broken down
into 2 broad categories, a lack of CFTR protein at the cell
surface or production of a non (or poorly) functioning protein
at the cell surface.”'°

Symptom-Based Therapies

Until recently, the mainstay of CF therapies has been the treat-
ment of symptoms. Although not treating the basic defect, they
nonetheless have been highly successful in bringing about a
steady increase in patient life span and life quality outcomes
(Figure 2). While symptom-based, these established therapies
did address critical aspects of disease pathology, including air-
way bacterial infections (with inhaled and systemic antibiotics
such as tobramycin and azithromycin), dehydrated mucus (with
inhaled osmotic agents such as hypertonic saline), mucus plug-
ging (recombinant human DNAse), inflammation (high-dose
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Figure 2. Median survival in CF. Cystic fibrosis survival over time,
associated with mile-stones (arrows) and CF therapies (boxes).
Steady increases in median survival have followed the introduction
of new therapies and changes in care delivery. Al indicates inhaled
aztreonam; AZ, azithromycin*; CF, cystic fibrosis; CFTR, cystic
fibrosis transmembrane conductance regulator; HS, hypertonic
saline. Shown is the distinction between symptomatic therapies
and therapies directed against the molecular defect. *Although
azithromycin is a2 macrolide antibiotic, it also has well-described
anti-inflammatory properties, with actions at least partly ascribed

to macrophages'*°.
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non-steroidal antiinflammatory drugs, azithromycin), pancrea-
tic insufficiency (with pancreatic replacement enzymes), and
nutritional deficits (with fat-soluble vitamins and high caloric
supplements).'>'® Even with the remarkable strides seen in the
predicted survival of patients with CF, the median life expec-
tancy of a patient with CF is still well below than that of a non-
CF newborn.'” Thus, there is a clear need for the development
of more effective therapies targeting the manifold aspects of
CF, if the disease is to change from the most common lethal
genetic disease of Caucasians into nothing more than a genetic
trait.'® Among the non-CFTR, drug targets are mucoactive
compounds, anti-inflammatories, antibiotics, and treatments
to address the nutritional deficiencies,'®?! as well as other ion
channels (sodium channels, eg, ENaC inhibitors, or alternative
chloride channels, eg, CaCC). This review will focus on com-
pounds directed toward modulating mutant CFTR.

Precision Medicine

In contrast to established symptom-based therapies for CF,
which have no regard to a patient’s genotype, recent therapies
termed CFTR modulators have generated a lot of excitement in
the CF research and care community, by directly targeting
mutant CFTR in a mutation-specific manner.'®'®2!- Indeed,
accumulating clinical trial data argues that such modulators
have tremendous benefit for patients with CF outcomes, includ-
ing lung function (measured by forced expiratory volume in
one second [FEV|]), pulmonary exacerbation rates (worsening
of respiratory symptoms and lung function), weight gain,
growth, and in some cases, sweat chloride.'*?1-23-25-2% Unlike
some genetic conditions where mutations are found on the sex
chromosomes, the gene for CFTR is found on chromosome 7
and has equal penetrance in both males and females. However,
the severity of symptoms in patients with CF does appear to
vary between men and women (discussed in detail later), yet to
date, no consideration of gender has routinely been applied
to drug development. There were several reasons for initially
not considering gender. Cystic fibrosis is an autosomal disease,
and so there was no a priori reason to assume that meaningful
differences between genders would exist. Gender had not been
considered with symptom-based therapies, and the application
of such therapies had greatly improved life quality and survival
in both males and females. With the advent of technologies
enabling high-throughput screening (HTS) of drugs against
relevant airway epithelia, there was a growing demand for
human airway tissue. Given the limited availability of lung
transplant tissues at the time, with which to perform HTS and
drug development assays, investigators were happy just to get
any airway samples regardless of gender. In fact, the consider-
ation was given exclusively to genotype since the focus of drug
companies was on developing drugs effective against specific
CFTR mutations. The increased use of nasal epithelial cells,
which do not rely on cadaveric of transplant tissues, and are
easy to obtain, will in future afford more gender selection in
tissues for drug screening. Perhaps, the most important reason
that gender was not considered in drug development was

simply because the FDA did not require them, and so teasing
out gender-specific information was not warranted. As phar-
maceutical companies move forward with drug development
for patients with CF, this may be the information the FDA
requires in the future.

Although CFTR modulators display reasonable efficacy,
they suffer from 2 important problems. Firstly, not all muta-
tions are covered by existing modulators. This is especially true
for nonsense mutations. Secondly, even though the CFTR pro-
tein can be somewhat “corrected,” it is still not a wild-type
protein. Full restoration of wild-type CFTR activity will obvi-
ously rely on some form of nucleotide therapy, whether this is
an insertion of a wild-type complementary DNA (cDNA) or
repair of genomic DNA through CRISPR gene editing
approaches. Although such approaches have clear advantages,
their implementation has proven difficult, with the problem of
nucleotide entry still an issue.>

When considering how CFTR modulators improve mutant
CFTR function, it is perhaps beneficial to have insight into the
nature of the problem. Cystic fibrosis transmembrane conduc-
tance regulator is a member of the traffic ATPase or ABC (ade-
nosine triphosphate [ ATP]-binding cassette) family. Many other
members of this family are also associated with clinical disease.
For example, P-glycoprotein (MDR1) confers resistance to che-
motherapeutic drugs by pumping the drugs out of the cell using
energy from ATP hydrolysis.’' Similarly, the ABC transport
adrenoleukodystrophy protein (ABCDI) is present in peroxiso-
mal membranes and works to transport fatty acids into peroxi-
somes for degradation. Mutations in ALDP are associated with
X-linked adrenoleukodystrophy,**** a condition brought to the
attention of many through the Hollywood movie “Lorenzo’s
Oil.” Cystic fibrosis transmembrane conductance regulator is a
1480 amino acid integral membrane protein that normally
resides in the apical membrane of polarized epithelial cells lining
the airways, GI tract, vas deferens, pancreatic duct, biliary tree,
and sweat gland ducts.’~*® Like all members of the ABC fam-
ily, CFTR is composed of 2 membrane-spanning domains
(TMD-1 and -2), which anchor the protein in the plasma mem-
brane, and 2 nucleotide-binding domains (NBD-1 and -2), which
form a heterodimer to bind and hydrolyze ATP, presumably to
control channel gating (CFTR opening and closing).’>%*° Cystic
fibrosis transmembrane conductance regulator is unique, how-
ever, in having an unstructured central linking regulatory, or R,
domain, which imparts phosphorylation-sensitive activation
(predominantly protein kinase A), and thus controls the transport
of chloride and bicarbonate*'™** (Figure 3). Recently, the struc-
ture of human CFTR has been determined by cryo-EM at a
resolution of 3.9 A.>° This certainly allows for in silico mole-
cular docking of pharmacologic compounds into mutant CFTR,
though translating such docking into therapeutic reagents is an
enormous task.**

What goes wrong? When thinking about what can be altered to
improve CFTR activity (or indeed any ion channel), there are
only 3 things that can be manipulated. Movement of an ion
through a channel, in this case, chloride or bicarbonate through
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Figure 3. Model for CFTR model showing the domain structure of CFTR. The protein has 1480 amino acids, with both the amino and carboxy
termini within the cell cytoplasm. The 2 membrane spanning domains each containing 6 transmembrane segments, forming the ion channel.
There are 6 extracellular loops, with glycosylation occurring on asparagine residues at 2 sites on extracellular loop 4. Also shown are 2
nucleotide-binding domains (the F508del mutation is located in NBD ). Phosphorylation of the regulatory (R) domain by cAMP-dependent
protein kinase (PKA) is necessary for channel function. cAMP indicates cyclic adenosine monophosphate; CFTR, cystic fibrosis transmembrane

conductance regulation.
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Figure 4. CFTR mutation classes. Disease-causing CFTR variants are determined by the presence or absence of CFTR at the plasma
membrane'?. Left: CFTR variants that result in little or no CFTR at the plasma membrane. CFTR is ER export incompetent and subject to
proteasomal degradation. Right: CFTR variants with residual function are localized to the plasma membrane. Examples within each group are
given. CFTR indicates cystic fibrosis transmembrane conductance regulation; ER, endoplasmic reticulum.

CFTR, is directed according to the formula /=i * N * P,, where
1 is the overall current passing through all CFTR molecules in
the plasma membrane, i is the conductance or current passing
through an individual CFTR channel, N is the number of chan-
nels in the membrane, and P, is the open probability for each
channel (ie, what percentage of the time the channel is open and
passing ions). So far, we know of no way to alter i, and so
currently available modulators include Potentiators which
increase open channel probability, or P,, and correctors which
improve N, the number of CFTR channels in the membrane.

Gene sequencing has revealed over 2000 mutations in
CFTR. Despite this large number, there are 2 general principles
that apply. Firstly, all mutations can be broadly categorized
into mutations that affect the number of channels in the apical
membrane and those that reach the membrane but have altered
function (Figure 4). For example, the premature stop mutation
G542X results in an absence of protein from the cell surface. In
contrast, the G551D mutation generates a protein that reaches
the cell surface but has altered channel kinetics. Secondly, out
of this number of mutations, only 16 mutations account for
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85% of CF alleles in the population (http://www.genet.sick
kids.on.ca/CFTR). As the research community has learnt more
about the most common clinically important CFTR variants, it
has become clear that they often have more than 1 defect
affecting P,, N, or i. This is perhaps no better illustrated than
with the most common CFTR disease-causing mutation
F508del, which is caused by a 3 base pair deletion in exon
10, and results in the omission of a phenylalanine residue at
position 508 in the full-length protein.’

The primary defect with F508del CFTR is a problem with
protein stability. The F508del protein folds to an approximation
of the wild-type structure but is very unstable and denatures
easily. The mutant protein is recognized as impaired by the
endoplasmic reticulum (ER) quality control machinery, failing
to mature and exit the ER to become a mature fully glycosylated
protein. F508del CFTR is rapidly degraded by the 26S protea-
some, and little, if any, CFTR reaches the plasma membrane (ie,
reduced N).>**>*7 Shortly after the cloning of CFTR, it was
realized that F508del CFTR could be encouraged to reach the
plasma membrane through a variety of experimental manipula-
tions, including low temperature or glycerol*®*’; however, even
when at the cell surface, F508del CFTR shows defects in chan-
nel gating (ie, reduced P,) and defects in stability, which reduces
N.>%52 F508del is not the only mutation to sit in both categories
of mutations. The P67L mutation also exhibits defects in both
plasma membrane expression and gating.>

Mutations that reduce the number of apical membrane
CFTR channels to a very low or zero level, including premature
termination of mutations, frameshifts, or splice variants, are
typically associated with a severe phenotype and have little if
any residual exocrine pancreatic function. Such mutations give
rise to the so-called pancreatic insufficient conditions and are
associated with a poorer prognosis. Indeed, pancreatic insuffi-
cient patients account for 85% of all patients with CF and is
associated with maldigestion as evidenced by steatorrhea. Such
patients require pancreatic enzyme replacement therapy with
each meal. However, just getting to the cell surface is not
sufficient, if mutant CFTR also harbors severe gating muta-
tions. Thus, G551D CFTR, which has appreciable N, has a very
low P, and is considered a severe pancreatic insufficient muta-
tion. Mutations that permit CFTR to reach the cell surface and
have some residual function have a milder phenotype and are
often associated with pancreatic sufficiency.>*>* It should be
borne in mind, however, that an individual with ostensibly 2
severe mutations may, in fact, present with mild clinical dis-
ease, whereas patients with an allele predicted to be a milder
mutation may have typical severe CF manifestations. While the
exact reasons for this apparent discrepancy are still unclear, it is
known that allelic variations on other non-CFTR genes (modi-
fier genes) can impact disease severity.>>™’

CFTR Modulators

Since mutant CFTR can lead to disease through different gen-
eral mechanisms, which ultimately is a reflection of a patient’s
individual genotype, it is clear that a single pharmacophore is

unlikely to be a panacea for all mutations. Drugs that are cur-
rently available for prescription fall into 2 categories, correc-
tors and potentiators. Correctors are designed to allow mutant
CFTR to be ER export competent and reach the cell surface.
Potentiators work on those mutations that reach the plasma
membrane but have deficits in function. Of course, mutations
like F508del and P67L will need drugs from both categories to
be treated efficiently. Since 90% of patients with CF carry at
least F508del allele, and this is obviously a critical mutation to
target. Despite the prominence of the F508del mutation, it was
however not the first mutation to receive an FDA-approved
drug. That honor went to the G551D mutation since this variant
reaches the cell surface reasonably well but displays a gating
defect. Fixing only 1 thing seemed easier than trying to fix 2
different things at the same time.

Cystic Fibrosis Transmembrane Conductance Regulation
Potentiators

Cystic fibrosis transmembrane conductance regulation poten-
tiators are small molecule drugs that increase the gating of
CFTR, increasing open probability (P,), causing the channel
to spend more time in the open configuration and facilitating
the movement of anions across the cell membrane.'%%>7
Potentiators were identified using heterologous gene expres-
sion, coupled with HTS approaches.”® The HTS screening tar-
get used was the G55 1D mutation. Although the G551D variant
represents only 5% of all patients with CF globally, it is still the
third most prevalent disease-causing mutation (www.genet.
sickkids.on.ca). Moreover, G551D represented an important
proof of concept and seemed an ideal initial target. G551D has
no difficulty being exported from the ER and reaching the
plasma membrane but does display a very low P,, a character-
istic that could possibly be increased. Following initial HTS,
Vertex Pharmaceuticals discovered VX-770, also known as
ivacaftor, which was subsequently evaluated against primary
human bronchial epithelial (HBE) cells grown in planar cul-
ture.’® Using this model system, ivacaftor was found to
increase total G551D CFTR activity to almost 50% of that
observed in HBE cultures from non-CF individuals (ie, wt-
CFTR).>*2%-38:60-62 gch improvement, or potentiation, of gat-
ing activity resulted in several key downstream benefits,
including improvement of ASL volumes (ASL height),
improved ciliary beat frequency, and improved mucociliary
clearance. In contrast to the animal testing pathway that many
FDA-approved drugs undergo, ivacaftor was developed inde-
pendently of animal models since the only available model
(genetically engineered mice) displayed minimal airway dis-
ease. As a result, the HBE assay has become the gold standard
for which all CFTR modulators are tested against.

Although ivacaftor (sold as Kalydeco) identified by screen-
ing G551D expressing tissues and approved for use in patients
with CF who have at least 1 G551D mutation, other gating
mutations such as R117H, G551S, S549N, G970R, and
G1349D have also shown responses to the drug,>>26-28:29:61.63-70
Improvements on FEV; percent predicted of greater than
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10%, and a reduction in pulmonary exacerbations of greater
than 50%, as well as weight increases, have all been noted in
patients receiving ivacaftor relative to placebo control. More-
over, reductions in sweat electrolytes of around 50 mM have
been observed with CFTR-gating mutations exposed to iva-
caftor, with most improvement seen in younger patients.®'*®’
Encouragingly, toddlers treated with ivacaftor have shown
increased fecal elastase levels, suggesting an improvement
in exocrine pancreatic function.®’*” Prolonged treatment of
homozygous G551D individuals with ivacaftor appears to
reduce the rate of loss in lung function relative to untreated
controls and possibly reduces mortality in patients with
advanced pulmonary disease.”""”? Based on accumulating evi-
dence of potentiator efficacy in other CFTR-gating mutants,
the FDA has expanded the number of mutations for which
ivacaftor can be prescribed on the label.”” This is an exciting
development, as the expansion now covers several rare muta-
tions, which would have difficulty recruiting enough patients
for a rigorous clinical trial.

Mechanistic studies suggest that ivacaftor directly binds to
CFTR.”*"”> Whether knowing the precise binding site for
potentiators on CFTR will allow for in silico predictions of
improved modulators is still not known. Moreover, formal
determination that binding of ivacaftor to CFTR is directly
related to its potentiator activity remains to be done. Obviously
for potentiators to be effective, they must work on CFTR
mutants that are present in the plasma membrane. Thus, iva-
caftor has failed to show any demonstrable clinical improve-
ment in patients homozygous for the F508del mutation.”®

CFTR Correctors

Although F508del CFTR is missing an entire amino acid, the
crystal structure of mutant and wild-type CFTR is remarkably
similar.”” Indeed, the problem with F508del CFTR appears to
be more of a stability issue, with F508del unfolding more easily
than its wild-type counterpart. The loss of phenylalanine at
position 508 results in a protein whose primary defect is an
inability to be exported from the ER and fails to reach the
plasma membrane.**"®"? Since 90% of all patients with CF
harbor at least 1 F508del allele, it is clear that drugs that target
F508del CFTR will impact most patients.

Certain experimental manipulations such as low tempera-
ture*® can get CFTR to the cell surface, but even then it is not as
functional as wt-CFTR.>'-? The first identified correctors were
Corr-4a (bisamionomethylbithiazole C4) and VRT-325 (quina-
zolinone C3); however, they were not selective for CFTR and
displayed low efficiency and high toxicity. The next-generation
correctors included lumacaftor (VX-809), developed by Vertex
Pharmaceuticals. VX-809 showed promise in preclinical stud-
ies, restoring the trafficking surface expression of F508del
CFTR to around 15% wild-type CFTR activity,*™®" at least it
showed modest efficacy in patients with CF with the F508del
mutation in phase 2 clinical trials. Indeed, although lumacaftor
in combination with a potentiator was later approved for clin-
ical use, lumacaftor alone is not approved by the FDA. In

contrast to the effect of the potentiator ivacaftor on multiple
gating mutations, so far lumacaftor appears to be selective for
the F508del protein.®! Disappointingly, lumacaftor appears to
have little efficacy toward N1303K CFTR, the second most
common “folding” defect. Clinical trials with lumacaftor
showed limited bioavailability and was not effective in improv-
ing lung function decline,®* although small dose-dependent
decreases in sweat chloride were observed.®* From such stud-
ies, it appears that for individual patients, sweat chloride cor-
rection is not necessarily correlated with improved lung
function. It is also apparent, though in retrospect obvious, that
a corrector alone is unlikely to be effective for F508del CFTR.
Tezacaftor (VX-661) is the latest generation CFTR corrector,
but like lumacaftor is not approved on its own but is approved
when used in combination with a potentiator. Cystic fibrosis
transmembrane conductance regulation correctors are thought
to bind directly to CFTR, and there is some evidence in support
of this, though whether that is the mechanism of action is still
unresolved.

Drug Combos

Although Kalydeco (ivacaftor) had some efficacy toward
G551D CFTR, it was ineffective on its own against F508del
CFTR since there was nothing in the plasma membrane to
potentiate. Conversely, lumacaftor could get some F508del
CFTR to the cell surface, but CFTR’s activity was very small.
A combination of both drugs therefore seemed a good idea, and
a combination of lumacaftor (corrector) plus ivacaftor (poten-
tiator) received FDA approval and was marketed as Orkambi.
An observational study using Orkambi showed that it does
improve F508del function, at least as assessed by nasal poten-
tial difference, and short-circuit current measurements, to lev-
els around 10% to 20% of wild-type.®” The rate of pulmonary
decline in patients, though, did seem to lessen in response to a
combination of corrector and potentiator,** though side effects
of chest tightness were observed.®

Given the poor efficacy of the lumacaftor/ivacaftor com-
bination, it became apparent that a second-generation correc-
tor would be needed to treat F5S08del CFTR patients. Based on
HTS, the corrector tezacaftor was developed that appears to
have a similar mechanism of action on CFTR as lumacaftor.
Importantly though, tezacaftor does not appear to activate
the cytochrome P450 system (which was a problem with the
lumacaftor/ivacaftor combination) and also does not have the
side effects of chest tightness.®® Six-month testing of tezacaf-
tor/ivacaftor (marketed as Symdeko) in patients homozygous
for the F508del allele showed improvements in FEV; com-
pared to control (~4%),5% similar to that seen with the
lumacaftor/ivacaftor combination, and a reduction in pulmon-
ary exacerbations of ~35%.”° More recently, a triple combi-
nation therapy comprised of the potentiator ivacaftor, along
with 2 correctors, tezacaftor and elexacaftor, has been
approved for patients with CF by a fast-tracked FDA approval
process. The efficacy of the triple combination, going by the
name Trikafta, showed an increase in FEV, of 10% to 14%
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compared to placebo in 2 independent clinical trials. More-
over, Trikafta appeared to improve sweat chloride, reduce the
number of pulmonary exacerbations, and increased body mass
index.®%!

With recent advances in FDA-approved drugs, and the like-
lihood of new therapies from other pharmaceutical companies,
the impact on CF pathogenesis will only increase. The trans-
formation of CF from a lethal condition to a disease with sig-
nificantly less morbidity and mortality is clearly within reach.
However, with new-generation drugs to treat patients with CF,
it is perhaps timely to start looking at the long known but little
investigated gender gap in CF.

The Gender Gap in CF

A major difference between males and females with CF has
been known for some time, but until recently, with many
patients moving into adulthood, has not been an issue much
raised. The difference concerns reproductive tissues, where
males with CF are infertile due to the absence of vas deferens,
but females are capable of conceiving and carrying to full
term.' While this is likely to become an increasing issue among
patients with CF, this review is focused on addressing possible
fundamental differences in disease severity and life expec-
tancy. Whether sex is a risk factor in CF morbidity and mor-
tality remains somewhat contentious. The cftr gene is located
on an autosome and therefore, at least theoretically, should
have equal penetrance among males and females. Indeed,
patients with CF are equally represented by both males and
females, yet suggestions of gender disparities in disease sever-
ity and survival have been brought forward. Unfortunately, a
clear picture of gender-dependent morbidity and mortality in
CF has been complicated by the fact that different studies have
employed widely different age cohorts, different criteria, and a
mix of patient data from single- and multiple-combined CF
centers. As an example of how large a difference is made just
by patients being in 1 center versus another, a comparison of
lung function outcomes in patients with CF showed that in
2018, a 10-year gap in the median age of survival existed
between US and Canadian patients.”> However, for patients
born after 1990, that gap has diminished considerably.
Accounting for the mix in methodologies and treatments,
O’Connor and colleagues concluded that for patients with
CF, being female was indeed associated with greater risk of
death,’* strengthening the argument for a gender gap in CF.
Despite the recent successes in pharmacological therapies tar-
geted to the basic defect, females with CF still have worse
outcomes than males. Females with CF still score worse than
males with CF in a health-related quality-of-life studies,’* and
females have greater exacerbations of the disease.””"°
Although both males and females with CF show a greater
age-related decrease in lung function compared to non-CF indi-
viduals, females have a greater decline in percent-predicted
FEV,, compared to males in the 18 to 28 years of age range
—1.76% (95% CIL: —2.06 to —1.46) and —1.61% (95% CI:
—1.91 to —1.31) per year in females and males, respectively.®’
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Figure 5. Gender gap in CF. A, Survival of 21 047 CF patients seen at
CF foundation accredited CF centers between 1988 and 1992. Curves
are derived using the life-table method, with |-year age interval.

Subjects were left-entered according to their age at the entry to the
cohort. From Rosenfeld et al,”® (B) relative risk of death for females
compared to males, in 5-year increment.”® CF indicates cystic fibrosis.

Even accounting for key CF-related comorbidities, females
with CF have a shortened life expectancy than their male coun-
terparts (Figure 5).°*'°® The most recent analysis shows a
median life expectancy of 38.7 years for male patients with
CF, compared to 36.0 years for females.” Remarkably, even
since the publication of this report in 2014, the 2018 patients
with CF registry predicts that for those patients born in 2018,
the average survival age will increase by a decade to 47.4 years
(https://www.cff.org/Research/Researcher-Resources/Patient-
Registry/2018-Patient-Registry-Annual-Data-Report.pdf), an
increase for both genders.

Although a greater mortality is seen for older females with
CF compared to males, it is known that there is a higher mor-
tality rate in males compared to females for patients with CF
under 1 year of age.'”” Whether this reflects a greater male
infant mortality rate also seen in the general population,'®® or
a poorer survival rate from lower respiratory viral infections, an


https://www.cff.org/Research/Researcher-Resources/Patient-Registry/2018-Patient-Registry-Annual-Data-Report.pdf
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/2018-Patient-Registry-Annual-Data-Report.pdf

Gender and the Genome

important cause of infant mortality in CF, which is also seen in
non-CF males,lo9 is not known.

Chronic respiratory infections remain the largest contributor
to morbidity and mortality in patients with CF, which, in the
context of this review, raises the question of whether being
female imposes a disadvantage and a predilection toward
bronchiectasis and airway destruction. Indeed, it is interesting
to note that a wide variety of respiratory diseases also show a
gender disparity in terms of prevalence and/or outcomes. For
example, idiopathic pulmonary hypertension is more prevalent
in women, whereas idiopathic pulmonary fibrosis is more com-
mon in males."''!? A gender gap in outcomes is found in
asthma and chronic obstructive pulmonary disease, where
women generally have poorer outcomes than men.”%!!3-11°
Interestingly, postpubertal girls with asthma have more fre-
quent and severe exacerbations than boys,''” whereas prior to
puberty, girls have a lower incidence.''® Lymphangioleiomyo-
matosis is a rare cystic lung disease of unknown origin, pre-
dominantly affecting females,''” with very few males ever
having been diagnosed with the condition. Even though studies
that have failed to identify any gender differences in key clin-
ical outcomes in patients with CF, including lung function,
body mass index, and frequency of CF-related diabetes,
females were found to have a higher frequency of Burkholderia
infection compared to males.'?® Moreover, female patients
seemed to require more intensified treatments regarding anti-
biotics and increased hospitalization days compared to males.
Given the wide gender gap, it was hypothesized that the disease
may be hormone-mediated, but hormone-based treatments
have not yet established a clear benefit.'"’

As with lymphangioleiomyomatosis, the gender gap in CF
has been hypothesized to be related to hormones, specifically
estrogen. 17f-estradiol, the major circulating estrogen in pre-
menopausal women, causes a rapid and reversible inhibition of
forskolin-stimulated (cAMP-activated), CFTR-dependent
chloride secretion in T84 intestinal epithelial monolayers.'*!
Synthetic estrogens and the selective estrogen receptor modu-
lator, tamoxifen, also inhibited chloride secretion in this mode.
17a-estradiol, a stereoisomer that fails to bind and active
nuclear receptors, is equally potent, arguing against genomic
effects. Indeed, studies have shown a direct binding of estro-
gens to CFTR 121, although whether this causes channel inhi-
bition through direct pore blocking or allosteric effects is
unknown.

Efficient mucociliary clearance in the airways relies on a
thin film of liquid (airway surface liquid or ASL) within which
the cilia of airway epithelia cells beat, to remove viruses, bac-
teria, and debris from the lungs. In normal airways, CFTR-
mediated chloride secretion, and epithelial sodium channel,
ENaC-mediated sodium absorption, work in concert to provide
a healthy ion composition and depth of ASL, within which the
cilia of airway epithelial cells beat to remove debris and bac-
teria from the lungs. In CF airways, the physical or functional
absence of CFTR (depending on the specific mutation), along
with enhanced ENaC activity alters the balance of ion transport
in favor of ion and fluid absorption. The airway becomes

dehydrated, and mucociliary clearance is impaired. Studies
by Fanelli and colleagues revealed that incubation of airway
cells with 10 nM estradiol increased the expression of F508del
CFTR at the apical membrane, potentially correcting in trans-
port defects.'?* Effects peaked at 6 to 7 hours suggesting a
transcriptional effect. Marginal increases in function were
seen, although this was evaluated by fluorescence ratios rather
than the gold standard of electrophysiological measurements.
Moreover, although CFBE41o cells are nominally F508del,
they have been stably transfected with a cDNA plasmid expres-
sing F508del, although the transgene contains the TTT trinu-
cleotide deletion rather than the naturally occurring CTT
deletion. Whether the endogenous or trans (or both) proteins
were affected by estrogen is not known. One could imagine that
if estrogens affected the native protein, then females would be
better off than males, particularly after puberty, but this appears
not to be the case.

The absence of CFTR from the airway surface in patients
with CF has led to the suggestion that activation of alternative
chloride channels in the airways, such as the calcium-activated
chloride channel (CaCC), could be of therapeutic benefit in
restoring ion and fluid balance to the airway surface. But CaCC
is not without its own issues since its activity is influenced by
estrogens and therefore shows differential activity in males and
females, especially cycling females. 17B-estradiol decreases
purinergic signaling of CaCC, such that calcium-activated
chloride secretion is diminished.'?® In this case, the effects of
17B-estradiol are mediated by modifying the signaling cascade,
rather than directly on the channel itself. In the context of a
female CF airway, this could potentially worsen the degree of
airway surface dehydration and exacerbate any pulmonary
infection and inflammation. Physiologic elevations in preovu-
latory estrogen levels may further exacerbate diminished air-
ways surface liquid by preventing calcium-dependent chloride
and water transport and leading to reduced mucociliary clear-
ance and enhanced susceptibility to infection. While ENaC-
and CFTR-mediated currents were unaffected by the menstrual
cycle, CaCC currents (measured by uridine-5’-triphosphate, a
pruingergic receptor agonist-mediated purinergic stimulation)
varied by 50% in both CF and non-CF patients during the
menstrual cycle. It may be that in CF, even a modest decrease
in CaCC activity, in an already hyperinflammatory environ-
ment, may predispose females to exacerbations in pulmonary
problems, but this has not been evaluated.

Estrogen may also impact the ability of the immune system
to respond to Pseudomonas infections. Estrogen is shown not
only to aggravate inflammatory responses following Pseudo-
monas exposure but also to suppress innate antibacterial
defenses.'**!?° Thus, estrogen inhibits the production of the
pro-inflammatory cytokine IL-8 in bronchial epithelial cells,
which would hinder neutrophil recruitment and inflammatory
responses in women. Moreover, estrogens appear to promote
the conversion of Pseudomonas aeruginosa from a drug-
sensitive non-mucoid phenotype to a drug-resistant mucoid
form.'?>12¢ However, other publications have shown that it is
colonization by Burkholderia cepacia rather than P aeruginosa
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Table I. Comparison Between Genders of Age-Dependent
Pseudomonas Infection.?

Pseudomonas aeruginosa

Respiratory colonization (%) Male Female P value
0-5 327 28.2° <.0l
6-10 43.21 51.8 <0l
1-15 60.9 67.8 <.0l
16-20 71.5 72.6 NS
21-25 78.0 77.0 NS
26-30 79.3 76.7 NS
>31 77.5 79.7 NS

?Data were taken from the study by FitzSimmons.”®

bSignificantly better values.

that seems to affect survival among females more negatively
than males, although both colonizers impact overall survival
independent of gender.'?’

Despite the various effects of sex hormones on ion transport
and inflammation, whether such effects translate to the gender
gap in CF mortality is still uncertain. Indeed some reports
suggest that gender differences in CF may start prior to puberty
and that earlier bacterial infections are more common in girls
than boys (Table 1).°® Since this would relate to a time of
minimal estrogen expression in females, it is unlikely that
estrogens are playing a major role in disease disparity before
puberty. Thus, while there is fairly strong evidence of a gender
gap in CF outcomes, it is unlikely that it comes down to some-
thing as simple as estrogen. The increasing understanding that
sex chromosomes express regulators that can modulate expres-
sion from autosomes,'*® suggests that it is likely a complex
interplay of differential gene expression and signaling that
impacts gender differences in CF. How easily such interplay
can be unraveled to identify key pharmacological targets is not
certain.

Cystic fibrosis-related bone disease is also a common com-
plication in patients with CF and is characterized by a low bone
mineral density (BMD) and increased rates of fracture com-
pared to non-CF individuals.'*® Steady-state BMD is main-
tained by the relative activities of osteoclasts and osteoblasts.
In recent studies using cftr knock-out mice, no differences were
observed between male and female bone-derived osteo-
clasts."*° However, a significant impairment in osteoblast dif-
ferentiation and function was observed for female mice
compared to males. Although a mechanistic basis for such
observations is not fully elucidated, it nonetheless is consistent
with the observations that low BMD is more prevalent in
females with CF compared to males.'*!

The effect of gender on CF pharmacophores. The GOAL (G551D
Observational) study enrolled patients of greater than 6 years of
age with at least 1 G551D allele and who were beginning
treatment with ivacaftor.®® Participants were 46% female,
54% male, with mean age of 21.1. In a retrospective analysis
of the data, Secunda and colleagues made 2 interesting obser-
vations.'*® Firstly, ivacaftor-treated females had a greater

reduction in pulmonary exacerbations compared to their male
counterparts. This may in part be explained by the higher
number of baseline exacerbations in females compared to
males. Secondly, females older than 18 years had a greater
reduction in sweat chloride in response to ivacaftor than males
(55.2 mEq/L for females vs 44.1 mEq/L for males). In contrast,
females younger than 18 years had a similar decrease in
sweat chloride relative to males (55.8 mEq/L for females vs
53.9 mEq/L for males).

Future Perspective

Estrogen has been shown to modulate drug pharmacoki-
netics,'*? with differences in drug metabolism likely contribut-
ing to drug efficacy.'*® For example, both ivacaftor (VX-770)
and lumacaftor (VX-809) are potent inducers of the cyto-
chrome P450 system,'**'** and since there are well-
characterized gender differences in the expression of P450
enzymes,'?> it is not unreasonable to suppose that the half-
lives of drugs in patients may vary with gender. For example,
Ambien, zolpidem, is metabolized by the p450 system much
slower in females than males and therefore has a longer half-
life."** However, such differences have not yet been reported
for CFTR pharmacotherapy. Whether this is because no differ-
ence exists or the data have not been evaluated with respect to
gender is not known. Certainly, 1 direction for manipulating
endogenous estrogen concentrations, to reduce their potentially
detrimental effects, is through the use of the antiestrogen agent
tamoxifen or the oral contraceptive pill; each approach achiev-
ing its goal through different mechanisms. Tamoxifen in vitro
reverses the impact of estrogens on diminishing ASL levels,
returning them to pre-estrogen levels.'*® As more females with
CF reach child-bearing age, more patients are taking oral con-
traceptives.'>”'*® Five-year follow-up studies have shown a
decline in lung function of around 1% to 2% predicted FEV,
per year, consistent with other investigations. Moreover, the
decline in lung function in females taking oral contraceptives
was not different from those not taking oral contraceptives,'’
indicating that such medication did not affect disease severity.

A potential alternative non-CFTR therapeutic in CF are
microRNAs."**!*! MicroRNAs are small noncoding, 21 to
23 nucleotide RNAs capable of suppressing the expression of
target genes. Numerous microRNAs are differentially
expressed CF females compared to males.'** For example,
miR-885-5p is significantly increased in female compared
to males with CF, and miR-885-5p has a number of
validated targets, many of which are associated with the Rho
GTPase, RAC1. Rho GTPases impact CFTR trafficking and
expression'*""'** and hepatocyte growth factor along with
RACI enhances the rescue of F508del CFTR by pharmacolo-
gical correctors.'*? Indeed, preclinical studies have shown that
15-day treatment of airway monolayers significantly improves
the functional rescue of F508del CFTR by and ivacaftor/luma-
caftor combination.'*? The observation that miR-885-5p is ele-
vated in females may therefore have implications for not only a
gender gap in patients with CF but also for the sensitivity to
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current and future therapeutic compounds between males and
females.

Despite huge strides in the treatment of patients with CF
leading to greater life spans, the question of gender disparity
is still not clearly delineated. Certainly below 1 year of age for
males, and early postpuberty for females, appear to be impor-
tant time points in overall survival. The GOAL study suggests
that there are differences in response to CFTR drugs in females
compared to males. This was a retrospective study and not one
a priori designed to evaluate gender in drug responses. While
the FDA does not require gender data, it is not likely that drug
companies will go out of their way to perform such evaluations.
Moreover, it is only recently that drugs to treat the basic defect
in CF have been available, and their long-term effectiveness
and gender disparity (if any) will have to wait for several years.
Data on any gender disparities with respect to patients taking
the triple corrector/potentiator Trikafta will not be available for
a while. Whether different dosing parameters should be con-
sidered for males and females is an issue that may be worth
investigating. What is clear is that both symptomatic- and gene-
specific therapies have dramatically increased the life span and
quality of life for patients with CF. Getting to the point where
most patients with CF are seen in adult clinics rather than by
pediatricians is a remarkable achievement itself. Targeting
those few mutations not currently covered by pharmacophores
(ie, premature stop, splice variants) is currently a major area of
intensive investigation. Certainly, further studies are required
to determine whether CFTR modulation will lead to long-term
equivalency in females compared to males, so that both males
and female patients with cystic fibrosis can lead long healthy,
happy and productive lives.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Neil A. Bradbury { https://orcid.org/0000-0002-0135-1545

References

1. Boat TF, Welsh MJ, Beadudet Al, Scriver CR. Cystic fibrosis. In:
Scriver CR, Beadudet Al, Valle D, Sly WS, eds. The Metabolic
Basis of Inherited Disease. McGraw-Hill; 1989:2649-2680.

2. Rowe SM, Miller S, Sorscher EJ. Cystic fibrosis. N Engl J Med.
2005;352(19):1992-2001.

3. Rommens JM, lannuzzi MC, Kerem B, et al. Identification of the
cystic fibrosis gene: chromosome walking and jumping. Science.
1989;245(4922):1059-1065.

4. Kerem B, Rommens JM, Buchanan JA, et al. Identification of the
cystic fibrosis gene: genetic analysis. Science. 1989;245(4922):
1073-1080.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

. Riordan JR, Rommens JM, Kerem B, et al. Identification of the

cystic fibrosis gene: cloning and characterization of complemen-
tary DNA. Science. 1989;245(4922):1066-1073.

. Bradbury NA. Cystic fibrosis. In: Bradshaw RA, Stahl P, eds.

Encyclopedia of Cell Biology. Vol 1. Elsevier; 2015.

. Harris WT, Kirk KL. CFTR and cystic fibrosis. In: Devor DC,

Hamilton KL, eds. lon Channels and Transporters of Epithelia in
Health and Disease. Springer; 2016:519-552.

. Stoltz DA, Meyerholz DK, Welsh MJ. Origins of cystic fibrosis

lung disease. N Engl J Med. 2015;372(4):351-362.

. Veit G, Avramescu RG, Chiang AN, et al. From CFTR biology

toward combinatorial pharmacotherapy: expanded classification
of cystic fibrosis mutations. Mol Biol Cell. 2016;27(3):424-433.

. Bradbury NA. CFTR and cystic fibrosis: a need for personalized

medicine. In: Devor DC, Hamilton KL, eds. fon Channels and
Transporters of Epithelia in Health and Disease. Springer; 2016:
773-802.

Fuchs HJ, Borowitz DS, Christiansen DH, et al. Effect of aero-
solized recombinant human DNase on exacerbations of respira-
tory symptoms and on pulmonary function in patients with cystic
fibrosis. N Engl J Med. 1994;331(10):637-642.

Elkins M, Bye P. Inhaled hypertonic saline as a therapy for cystic
fibrosis. Curr Opin Pulm Med. 2006;12(6):445-452.

Ramsey BW, Pepe MS, Quan JM, et al. Intermittent administra-
tion of inhaled tobramycin in patients with cystic fibrosis. N Engl
J Med. 1999;340(1):23-30.

. Saiman L, Marshall BC, Mayer-Hamblett N, et al. Azithromycin

in patients with cystic fibrosis chronically infected with Pseudo-
monas aeruginosa: a randomized controlled trial. JAMA. 2003;
290(13):1749-1756.

Konstan MW, Byard PJ, Hoppel CL, Davis PB. Effect of high-
dose ibuprofen in patients with cystic fibrosis. N Engl J Med.
1995;332(13):848-854.

Konstan MW, Accurso FJ, Nasr SZ, Ahrens RC, Graff GR. Effi-
cacy and safety of a unique enteric-coated bicarbonate-buffered
pancreatic enzyme replacement therapy in children and adults
with cystic fibrosis. Clin Investig. 2013;3(8):723-729.

Goss CH, Sykes J, Stanojevic S, et al. Comparison of nutrition and
lung function outcomes in patients with cystic fibrosis living in
Canada and the United States. Am J Respir Crit Care Med. 2018;
197(6):768-775.

Hudock KM, Clancy JP. An update on new and emerging thera-
pies for cystic fibrosis. Expert Opin Emerg Drugs. 2017;22(4):
331-346.

Devereux G, Cotton S, Barnes P, et al. Use of low-dose oral
theophylline as an adjunct to inhaled corticosteroids in preventing
exacerbations of chronic obstructive pulmonary disease: study
protocol for a randomised controlled trial. Trials. 2015;16(1):267.
Sagel SD, Khan U, Jain R, et al. Effects of an antioxidant-
enriched multivitamin in cystic fibrosis. A randomized, con-
trolled, multicenter clinical trial. Am J Respir Crit Care Med.
2018;198(5):639-647.

Chin M, Aaron SD, Bell SC. The treatment of the pulmonary and
extrapulmonary manifestations of cystic fibrosis. Presse Med.
2017;46(6):e139-e164.


https://orcid.org/0000-0002-0135-1545
https://orcid.org/0000-0002-0135-1545
https://orcid.org/0000-0002-0135-1545

Bradbury

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Accurso FJ, Rowe SM, Clancy JP, et al. Effect of VX-770 in
persons with cystic fibrosis and the G551D-CFTR mutation.
N Engl J Mede. 2010;363(21):1991-2003.

Ramsey BW, Davies J, McElvaney NG, et al. A CFTR potentiator
in patients with cystic fibrosis and the G551D mutation. N Engl J
Med. 2011;365(18):1663-1672.

Rowe SM, Daines C, Ringshausen FC, et al. Tezacaftor—Ivacaftor
in residual-function heterozygotes with cystic fibrosis. New Engl
J Med. 2017;377(21):2024-2035.

Accurso FJ, Rowe SM, Clancy JP, et al. Effect of VX-770 in
persons with cystic fibrosis and the G551D-CFTR mutation.
N Engl J Med. 2010;363(21):1991-2003.

De Boeck K, Munck A, Walker S, et al. Efficacy and safety of
ivacaftor in patients with cystic fibrosis and a non- G551D gating
mutation. J Cyst Fibros. 2014;13(6):674-680.

Hisert KB, Heltshe SL, Pope C, et al. Restoring cystic fibrosis
transmembrane conductance regulator function reduces airway
bacteria and inflammation in people with cystic fibrosis and
chronic lung infections. A4m J Respir Crit Care Med. 2017,
195(12):1617-1628.

Ronan NJ, Einarsson GG, Twomey M, et al. CORK study in
cystic fibrosis: sustained improvements in ultra-low-dose chest
CT scores after CFTR modulation with ivacaftor. Chest. 2018;
153(2):395-403.

Davies JC, Cunningham S, Harris WT, et al. Safety, pharmaco-
kinetics, and pharmacodynamics of ivacaftor in patients aged 2-5
years with cystic fibrosis and a CFTR gating mutation (KIWI): an
open-label, single-arm study. Lancet Respir Med. 2016;4(2):
107-115.

Bridges RJ, Bradbury NA. Cystic fibrosis, cystic fibrosis trans-
membrane conductance regulator and drugs: insights from cellu-
lar trafficking. Handb Exp Pharmacol. 2018;245:385-425.

Choi YH, Yu AM. ABC transporters in multidrug resistance and
pharmacokinetics, and strategies for drug development. Curr
Pharm Des. 2014;20(5):793-807.

Engelen M, Kemp S, Poll-The B. X-linked adrenoleukodystro-
phy: pathogenesis and treatment. Curr Neurol Neurosci Rep.
2014;14(10):486.

Turk BR, Theda C, Fatemi A, Moser AB. X-linked adrenoleuko-
dystrophy: pathology, pathophysiology, diagnostic testing, new-
born screening and therapies. Int J Develop Neurosci. 2020;80(1):
52-72.

Riordan JR. CFTR function and prospects for therapy. Annu Rev
Biochem. 2008;77(1):701-726.

Schultz BD. Purinergic agonists flex vas deferens muscle. J Phy-
siol. 2008;586(22):5287.

Kreda SM, Mall M, Mengos A, et al. Characterization of wild-
type and deltaF508 cystic fibrosis transmembrane regulator in
human respiratory epithelia. Mol Biol Cell. 2005;16(5):
2154-2167.

Foulkes AG, Harris A. Localization of expression of the cystic
fibrosis gene in human pancreatic development. Pancreas. 1993;
8(1):3-6.

Shen H, Fan Y, Yang X, Burczynski FJ, Li P, Gong Y. Increased
expression of cystic fibrosis transmembrane conductance

39.

40.

41.

42.

43.

44.

45.

46.

47,

48.

49.

50.

51.

52.

53.

54.

55.

regulator in rat liver after common bile duct ligation. J Cell Phy-
siol. 2005;203(3):599-603.

Liu F, Zhang Z, Csanady L, Gadsby DC, Chen J. Molecular struc-
ture of the human CFTR ion channel. Cell. 2017;169(1):85-95.
Anderson MP, Gregory RJ, Thompson S, et al. Demonstration
that CFTR is a chloride channel by alteration of its anion selec-
tivity. Science. 1991;253(5016):202-205.

Rich DP, Gregory RJ, Anderson MP, Manavalan P, Smith AE,
Welsh MJ. Effect of deleting the R domain on CFTR-generated
chloride channels. Science. 1991;253(5016):205-207.

Smith JJ, Welsh MJ. cAMP stimulates bicarbonate secretion
across normal, but not cystic fibrosis airway epithelia. J Clin
Invest. 1992;89(4):1148-1153.

Hug MJ, Tamada T, Bridges RJ. CFTR and bicarbonate secretion
to epithelial cells. Physiol. 2003;18(1):38-42.

de Ruyck J, Brysbaert G, Blossey R, Lensink MF. Molecular
docking as a popular tool in drug design, an in silico travel. 4dv
Appl Bioinform Chem. 2016;9:1-11.

Rabeh W, Bossard F, Xu H, et al. Correction of both NBD1
energetics and domain interface is required to restore AF508
CFTR folding and function. Cell. 2012;148(1-2):150-163.
Brodsky JL, Skach WR. Protein folding and quality control in the
endoplasmic reticulum: recent lessons from yeast and mammalian
cell systems. Curr Opin Cell Biol. 2011;23(4):464-475.

Sharma H, Mavuduru RS, Singh SK, Prasad R. Heterogeneous
spectrum of mutations in CFTR gene from Indian patients with
congenital absence of the vas deferens and their association with
cystic fibrosis genetic modifiers. Mol Human Reprod. 2014;20(9):
827-835.

Sato S, Ward CL, Krouse ME, Wine JJ, Kopito RR. Glycerol
reverses the misfolding phenotype of the most common cystic
fibrosis mutation. J Biol Chem. 1996;271(2):635-638.

Amara JF, Marshall J, Anderson MP, Smith AE, Denning GM,
Welsh MJ. Processing of mutant cystic fibrosis transmembrane
conductance regulator is temperature-sensitive. Nature. 1992;
358(6389):761-764.

Okiyoneda T, Barriére H, Bagdany M, et al. Peripheral protein
quality control removes unfolded CFTR from the plasma mem-
brane. Science. 2010;329(5993):805-810.

Bebok Z, Collawn JF, Wakefield J, et al. Failure of cAMP ago-
nists to activate rescued AF508 CFTR in CFBE410 airway epithe-
lial monolayers. J Physiol. 2005;569(2):601-615.

Jurkuvenaite A, Chen L, Bartoszewski R, et al. Functional stabi-
lity of rescued AF508 cystic fibrosis transmembrane conductance
regulator in airway epithelial cells. Am J Respir Cell Mol Biol.
2010;42(3):363-372.

Sabusap CM, Wang W, McNicholas CM, et al. Analysis of cystic
fibrosis—associated P67 L CFTR illustrates barriers to persona-
lized therapeutics for orphan diseases. JCI Insight. 2016;1(14):
e86581.

Spielberg DR, Clancy JP. Cystic fibrosis and its management
through established and emerging therapies. Ann Rev Genomics
Hum Genet. 2016;17(1):155-175.

O’Neal WK, Knowles MR. Cystic fibrosis disease modifiers:
complex genetics defines the phenotypic diversity in a monogenic
disease. Ann Rev Genomics Hum Genet. 2018;19(1):201-222.



Gender and the Genome

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

D’Antonio M, Reyna J, Jakubosky D, et al. Systematic genetic
analysis of the MHC region reveals mechanistic underpinnings of
HLA type associations with disease. Elife. 2019;8:¢48476.
Collaco J, Cutting G. Update on gene modifiers in cystic fibrosis.
Curr Opin Pulm Med. 2008;14(6):559-566.

Van Goor F, Hadida S, Grootenhuis PD, et al. Rescue of CF
airway epithelial cell function in vitro by a CFTR potentiator,
VX-770. Proc Nati Acad Sci U S A. 2009;106(44):18825-18830.
Kramer EL, Clancy JP. CFTR modulator therapies in pediatric
cystic fibrosis: focus on ivacaftor. Expert Opin Orphan Drugs.
2016;4(10):1033-1042.

Donaldson SH, Pilewski JM, Griese M, et al. Tezacaftor/ivacaftor
in subjects with cystic fibrosis and F508del/F508del-CFTR or
F508del/G551D-CFTR. Am J Respir Crit Care Med. 2018;
197(2):214-224.

Davies JC, Wainwright CE, Canny GJ, et al. Efficacy and safety
of ivacaftor in patients aged 6 to 11 years with cystic fibrosis with
a G551D mutation. Am J Respir Crit Care Med. 2013;187(11):
1219-1225.

Hebestreit H, Sauer-Heilborn A, Fischer R, Kdding M, Mainz JG.
Effects of ivacaftor on severely ill patients with cystic fibrosis
carrying a G551D mutation. J Cyst Fibros. 2013;12(6):599-603.
Ramsey BW, Davies J, McElvaney NG, et al. A CFTR potentiator
in patients with cystic fibrosis and the G551D mutation. N Engl J
Med. 2011;365(18):1663-1672.

Rowe SM, Daines C, Ringshausen FC, et al. Tezacaftor—ivacaftor
in residual-function heterozygotes with cystic fibrosis. N Engl J
Med. 2017;377(21):2024-2035.

Hisert KB, Heltshe SL, Pope C, et al. Restoring cystic fibrosis
transmembrane conductance regulator function reduces airway
bacteria and inflammation in people with cystic fibrosis and
chronic lung infections. Am J Respir Crit Care Med. 2017,
195(12):1617-1628.

Rowe SM, Heltshe SL, Gonska T, et al. Clinical mechanism of the
cystic fibrosis transmembrane conductance regulator potentiator
ivacaftor in G551D-mediated cystic fibrosis. Am J Respir Crit
Care Med. 2014;190(2):175-184.

Graeber SY, Hug MJ, Sommerburg O, et al. Intestinal current
measurements detect activation of mutant CFTR in patients with
cystic fibrosis with the G551D mutation treated with ivacaftor.
Am J Respir Crit Care Med. 2015;192(10):1252-1255.

Moss RB, Flume PA, Elborn JS, et al. Efficacy and safety of
ivacaftor in patients with cystic fibrosis who have an
Argl17His-CFTR mutation: a double-blind, randomised con-
trolled trial. Lancet Respir Med. The. 2015;3(7):524-533.
Rosenfeld M, Wainwright CE, Higgins M, et al. Ivacaftor treat-
ment of cystic fibrosis in children aged 12 to. Lancet Respir Med.
2018;6(7):545-553.

Yu H, Burton B, Huang C, et al. Ivacaftor potentiation of multiple
CFTR channels with gating mutations. J Cyst Fibros. 2012;11(3):
237-245.

Sawicki GS, McKone EF, Pasta DJ, et al. Sustained benefit from
ivacaftor demonstrated by combining clinical trial and cystic
fibrosis patient registry data. Am J Respir Crit Care Med. 2015;
192(7):836-842.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Dilokthornsakul P, Hansen RN, Campbell JD. Forecasting US
ivacaftor outcomes and cost in cystic fibrosis patients with the
G551D mutation. Eur Respir J. 2016;47(6):1697-1705.

Jih KY, Hwang TC. Vx-770 potentiates CFTR function by pro-
moting decoupling between the gating cycle and ATP hydrolysis
cycle. Proc Natl Acad Sci U S A. 2013;110(11):4404-44009.
Eckford PDW, Li C, Ramjeesingh M, Bear CE. Cystic fibrosis
transmembrane conductance regulator (CFTR) potentiator VX-
770 (ivacaftor) opens the defective channel gate of mutant CFTR
in a phosphorylation-dependent but ATP-independent manner.
J Biol Chem. 2012;287(44):36639-36649.

Moran O, Galietta L, Zegarra-Moran O. Binding site of activators
of the cystic fibrosis transmembrane conductance regulator in the
nucleotide binding domains. Cell Mol Life Sci. 2005;62(4):
446-460.

Flume PA, Liou TG, Borowitz DS, et al. Ivacaftor in subjects with
cystic fibrosis who are homozygous for the F508del-CFTR muta-
tion. Chest. 2012;142(3):718-724.

Zhang M, Thomas PJ, Rutter ME, et al. Structure of nucleotide-
binding domain 1 of the cystic fibrosis transmembrane conduc-
tance regulator. EMBO J. 2004;23(2):282-293.

Cheng SH, Gregory RJ, Marshall J, et al. Defective intracellular
transport and processing of CFTR is the molecular basis of most
cystic fibrosis. Cell. 1990;63(4):827-834.

Hudson RP, Chong PA, Protasevich II, et al. Conformational
changes relevant to channel activity and folding within the
first nucleotide binding domain of the cystic fibrosis trans-
membrane conductance regulator. J Biol Chem. 2012;
287(34):28480-28494.

van goor f, Hadida S, Groothenius P, et al. VX-809, a CFTR
corrector, increases the cell surface density of F508-del CFTR
in pre-clinical models of cystic fibrosis. Pediatr Pulmonol.
2008;44:154-155.

Van Goor F, Hadida S, Grootenhuis PD, et al. Correction of the
F508del-CFTR protein processing defect in vitro by the investi-
gational drug VX-809. Proc Natl Acad Sci U S A. 2011;108(46):
18843-18848.

Vertex Pharmaceuticals. http://investors.vtx.com/releasedetail.
cfm?releaseid=442429

Clancy JP, Rowe SM, Accurso FJ, et al. Results of a phase Ila
study of VX-809, an investigational CFTR corrector compound,
in subjects with cystic fibrosis homozygous for the F508del-
CFTR mutation. Thorax. 2012;67(1):12-18.

Konstan MW, McKone EF, Moss RB, et al. Assessment of safety
and efficacy of long-term treatment with combination lumacaftor
and ivacaftor therapy in patients with cystic fibrosis homozygous
for the F508del-CFTR mutation (PROGRESS): a phase 3, exten-
sion study. Lancet Respir Med. 2016;5(2):107-118.

Marigowda G, Liu F, Waltz D. Effect of bronchodilators in
healthy individuals receiving lumacaftor/ivacaftor combination
therapy. J Cyst Fibros. 2016;16(2):246-249.

Ridley K, Condren M. Elexacaftor-tezacaftor-ivacaftor: the first
triple-combination cystic fibrosis transmembrane conductance
regulator modulating therapy. J Pediatr Pharmacol Ther. 2020;
25(3):192-197.


http://investors.vtx.com/releasedetail.cfm?releaseid=442429
http://investors.vtx.com/releasedetail.cfm?releaseid=442429
http://investors.vtx.com/releasedetail.cfm?releaseid=442429

Bradbury 13
87. GuerraL, Favia M, Di Gioia S, et al. The preclinical discovery and ~ 106. Harness-Brumley CL, Elliott A, Rosenbluth DB, Raghavan D.
development of the combination of ivacaftor + tezacaftor used to Gender differences in outcomes of patients with cystic fibrosis J.
treat cystic fibrosis. Expert Opin Drug Discov. 2020;1-19. Womens Health. 2014;23(12):1012-1020.
88. Keating D, Marigowda G, Burr L, et al. VX-445—tezacaftor— 107. Graman PS, Hall CB. Epidemiology and control of nosocomial
ivacaftor in patients with cystic fibrosis and one or two Phe508- viral infections. Infect Dis Clin North Am. 1989;3(4):815.
del alleles. N Engl J Med. 2018;379(17):1612-1620. 108. Thenappan T, Shah SJ, Rich S, Gomberg-Maitland M. A USA-
89. Middleton PG, Mall MA, Drevinek P, et al. Elexacaftor—teza- based registry for pulmonary arterial hypertension: 1982 2006.
caftor—ivacaftor for cystic fibrosis with a single Phe508del Eur Respir J. 2007;30(6):1103-1110.
allele. N Engl J Med. 2019;381(19):1809-1819. 109. Badesch DB, Raskob GE, Elliott CG, et al. Pulmonary arterial
90. Taylor-Cousar JL, Munck A, McKone EF, et al. Tezacaftor— hypertension: baseline characteristics from the REVEAL regis-
ivacaftor in patients with cystic fibrosis homozygous for try. Chest. 2010;137(2):376-387.
Phe508del. N Engl J Med. 2017;377(21):2013-2023. 110. Raghu G, Chen S, Yeh W, et al. Idiopathic pulmonary fibrosis in
91. O’Connor GT, Quinton HB, Kahn R, et al. Case-mix adjustment US Medicare beneficiaries aged 65 years and older: incidence,
for evaluation of mortality in cystic fibrosis. Pediatr Pulmonol. prevalence, and survival, 2001-11. Lancet Respir Med. 2014;
2002;33(2)299-105. 2(7)1566-572.
92. Arrington-Sanders R, Yi MS, Tsevat J, Wilmott RW, Mrus M, 1y Morrissey BM, Harper RW. Bronchiectasis: sex and gender con-
Britto MT. Gender differences in health-related quality of life of siderations. Clin Chest Med. 2004;25(2):361-372.
adolescents with cystic fibrosis. Health Qual Life Outcomes. 113 Celli B, Vestbo J, Jenkins CR, et al. Sex differences in mortality
2006;4(1):5. and clinical expressions of patients with chronic obstructive
93. Block JK, Vandemheen KL, Tullis E, et al. Predictors of pul- pulmonary disease. The TORCH experience. Am J Respir Crit
monary e?(ace'rbations in Patients with cystic fibrosis infected Care Med. 2011;183(3):317-322.
with multi-resistant bacteria. Thorax. 2006;61(11.):969—974. 113. Han MK, Postma D, Mannino DM, et al. Gender and chronic
94. Sutton 8, Rosent?luth D, Raghavan D, Zheng J, Jain R. Eﬁ.'ects (.)f obstructive pulmonary disease: why it matters. Am J Respir Crit
puberty on cystic ﬁbros%s related pulmonary exacerbations in Care Med. 2007;176(12):1179-1184.
women versgs men. P?dzatr Pulmonol. 2014;49(1):28-35. 114. Hersh CP, DeMeo DL, Al-Ansari E, et al. Predictors of survival
9. E:ﬂ:z; ;er;‘f:eLm Z\glllllttz o ec"yk:t‘f‘c”;lz(o}slﬁ;e:}?f%ﬁttee;g;“gg in severe, early onset COPD. Chest. 2004;126(5):1443-1451.
: . 115. ENFUMOSA. Cross-sectional European multicenter study of
dom: data from the UK CF registry. J Cyst Fibros. 2020. .. . .
. o the clinical phenotype of chronic severe asthma. Eur Respir J.
96. Rosenfeld M, Dav¥s R, Flt.ZSImmOTlS S, Pepe M, Ramsey B. 2003:22:470-477.
?::((;e)zg;fi 818 3c.yst1c fibrosis mortality. Am J Epidemiol. 1997, 116. Hohmann C, I.(ehlller T, Gehripg U, et al. .Sex-spe.ciﬁc incidence
97. Harness-Brumley CL, Elliott AC, Rosenbluth DB, Raghavan D, of asthma, rhinitis e.md' rf:splratory. r.nultlmorbldlty be.fore and
Jain R. Gender differences in outcomes of patients with cystic after puberty onset: 1nd.1v1d.ual participant meta-analysis (.)f five
fibrosis. J Womens Health. 2014:23(12):112-1020. birth cohorts collaborating in MeDALL. BMJ Open Respir Res.
98. FitzSimmons SC. The changing epidemiology of cystic fibrosis. 2019%6(1):6090460' Lo
J Pediatr. 1993;122(1):1-9. 117. Tavelr.?-DafSﬂva AM, Moss J. Optimizing treatments for lym-
99. Warwick WJ, Pogue RE, Gerber HU, Nesbitt CJ. Survival pat- phangioleiomyomatosis. Exp Rev Respir Med. 2012;6(3):
terns in cystic fibrosis. J Chronic Dis. 1975;28(11):609-622. 267-276.

100. Britton JR. Effects of social class, sex, and region of residence 118. Olesen HV, Pressler T, Hjelte L, et al. Gender differences in the
on age at death from cystic fibrosis. BMJ. 1989;298(6672): Scandinavian cystic fibrosis population. Pediatr Pulmonol.
483-487. 2010;45(10):959-965.

101. Kerem E, Reisman J, Corey M, Canny GJ, Levison H. Prediction 119. Singh AK, Schultz BD, Katzenellenbogen JA, Price EM,
of mortality in patients with cystic fibrosis. N Engl J Med. 1992; Bridges RJ, Bradbury NA. Estrogen inhibition of cystic fibrosis
326(18):1187-1191. transmembrane conductance regulator-mediated chloride secre-

102. Demko CA, Byard PJ, Davis PB. Gender differences in cystic tion. J Pharmacol Exp Therap. 2000;295(1):195.
fibrosis: Pseudomonas aeruginosa infection. J Clin Epidemiol. ~ 120. Fanelli T, Cardone RA, Favia M, et al. B-Oestradiol rescues
1995;48(8):1041-1049. AF508CFTR functional expression in human cystic fibrosis air-

103. Corey M, Farewell V. Determinants of mortality from cystic way CFBE4lo— cells through the up-regulation of NHERF1.
fibrosis in Canada, 1970-1989. Am J Epidemiol. 1996;143(10): Biol Cell. 2008;100(7):399-412.

1007-1017. 121. Coakley RD, Sun H, Clunes LA, et al. 17[beta]-estradiol inhibits

104. Liou TG, Adler FR, Fitzsimmons SC, Cahill BC, Hibbs JR, Ca2+—dependent homeostasis of airway surface liquid volume
Marshall BC. Predictive 5-year survivorship model of cystic in human cystic fibrosis airway epithelia. J Clin Invest. 2008;
fibrosis. Am J Epidemiol. 2001;153(4):345-352. 118(12):4025.

105. Dodge JA, Morison S, Lewist PA, et al. Cystic fibrosis in the 122. Wang Y, Cela E, Gagnon S, Sweezey NB. Estrogen aggravates

United Kingdom, 1968-1988: Incidence, population and sur-
vival. Paediatr Perinat Epidemiol. 1993;7(2):157-166.

inflammation in Pseudomonas aeruginosa pneumonia in cystic
fibrosis mice. Respir Res. 2010;11(1):166.



Gender and the Genome

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Chotirmall SH, Smith SG, Gunaratnam C, et al. Effect of estro-
gen on Pseudomonas mucoidy and exacerbations in cystic fibro-
sis. N Engl J Med. 2012;366(21):1978-1986.

Maselli JH, Sontag MK, Norris JM, MacKenzie T, Wagener JS,
Accurso FJ. Risk factors for initial acquisition of Pseudomonas
aeruginosa in children with cystic fibrosis identified by newborn
screening. Pediatr Pulmonol. 2003;35(4):257-262.

Orkin Lewin L, Byard PJ, Davis PB. Effect of Pseudomonas
cepacia colonization on survival and pulmonary function of
cystic fibrosis patients. J Clin Epidemiol. 1990;43(2):125-131.
Bradbury NA.All cells have a sex: studies of sex chromo-
some function at the cellular level. In: Legato MJ, ed. Prin-
ciples of Gender-Specific Medicine. 3rd ed. Elsevier Inc;
2017:269-290.

Stalvey MS, Clines GA. Cystic fibrosis-related bone disease:
Insights into a growing problem. Curr Opin Endocrinol Diabetes
Obes. 2013;20(6):547-552.

Orlando V, Morin G, Laffont A, et al. CFTR deletion affects
mouse osteoblasts in a gender-specific manner. J Cell Physiol.
2020.

Mischler EH, Chesney PJ, Chesney RW, Mazess RB. Deminer-
alization in cystic fibrosis: detected by direct photon absorptio-
metry. Am J Dis Child. 1979;133(6):632-635.

Secunda KE, Guimbellot JS, Jovanovic B, et al. Females with
cystic fibrosis demonstrate a differential response profile to iva-
caftor compared with males. Am J Respir Crit Care Med. 2020;
201(8):996-998.

Soldin OP, Mattison DR. Sex differences in pharmacokinetics
and pharmacodynamics. Clin Pharmacokinet. 2009;48(3):
143-157.

Waxman DJ, Holloway MG. Sex differences in the expression of
hepatic drug metabolizing enzymes. Mol Pharmacol. 2009;
76(2):215-228.

Schneider EK. Cytochrome P450 3A4 induction: lumacaftor
versus ivacaftor potentially resulting in significantly reduced

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

plasma concentration of ivacaftor. Drug Metab Lett. 2018;
12(1):71-74.

Greenblatt DJ, Harmatz JS, Roth T. Zolpidem and gender: are
women really at risk? J Clin Psychopharmacol. 2019;39(3):
189-199.

Plant BJ, Goss CH, Tonelli MR, McDonald G, Black RA, Aitken
ML. Contraceptive practices in women with cystic fibrosis.
J Cyst Fibros. 2008;7(5):412-414.

Fitzpatrick SB, Stokes DC, Rosenstein BJ, Terry P, Hubbard VS.
Use of oral contraceptives in women with cystic fibrosis. Chest.
1984,86(6):863-867.

Plant BJ, Goss CH, Tonelli MR, McDonald G, Black RA, Aitken
ML. Contraceptive practices in women with cystic fibrosis.
J Cyst Fibros. 2008;7(5):412-414.

Xu W, Hui C, Yu SSB, Jing C, Chan HC. MicroRNAs and cystic
fibrosis—an epigenetic perspective. Cell Biol Int. 2011;35(5):
463-466.

Bardin P, Sonneville F, Corvol H, Tabary O. Emerging micro-
RNA therapeutic approaches for cystic fibrosis. Front Pharma-
col. 2018;9:1113.

Mooney C, McKiernan PJ, Raoof R, et al. Plasma microRNA
levels in male and female children with cystic fibrosis. Sci Rep.
2020;10(1):1141.

Cheng J, Wang H, Guggino WB. Regulation of cystic fibrosis
transmembrane regulator trafficking and protein expression
by a rho family small GTPase TC10. J Biol Chem. 2005;
280(5):3731-3739.

Moniz S, Sousa M, Moraes BJ, et al. HGF stimulation of Racl
signaling enhances pharmacological correction of the most pre-
valent cystic fibrosis mutant F508del-CFTR. ACS Chem Biol.
2013;8(2):432-442.

Ferru-Clement R, Fresquet F, Norez C, et al. Involvement of the
Cdc42 pathway in CFTR post-translational turnover and its
plasma membrne stability in airway cells. PLos One. 2015;
10(3):e0118943.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


