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EXECUTIVE SUMMARY

The past six decades have seen remarkable improvements in health outcomes for people with
cystic fibrosis (CF), which was once a fatal disease of infants and young children. However,
although life expectancy for people with CF has increased substantially, the disease continues to
limit survival and quality of life, and results in a significant burden of care for people with CF and
their families. Moreover, recent epidemiological studies in the past two decades have shown that
CF occurs and is more frequent than was previously thought in non-European populations and in
regions of the world where it had not previously been described. The Lancet Respiratory Medicine
Commission was formed to assess the global health and economic costs of CF care over the next
three decades and to identify opportunities for progress in the care of people with CF. challenges
that need to be addressed, and to serve as a blueprint for the future of CF care. This Commission
was established at a time of immense change in CF clinical care including enhanced survival,
widespread genetic testing supporting the diagnosis of CF in regions of the world where it was
previously thought to be or non-existent and the advent of a growing number of CFTR-directed
therapies which are likely to further alter the natural trajectory of the disease. This document

is intended to bring to the attention of patients, health-care professionals, researchers, funders,
service providers, policy makers the variety of challenges associated with this changing landscape
and to serve as a blueprint for the future of CF care. what was previously a universally fatal
disease of children. In considering the future of CF care, the Commission focused on five key
areas, which are discussed in this report: the changing epidemiology of CF (section 1); future
challenges of clinical care and its delivery (section 2); the building of CF care globally (section 3);
novel therapeutics (section 4); and patient engagement (section 5) (summarized in panel 1).

Since the discovery of the cystic fibrosis transmembrane regulator (CF7R) gene in the late 1980’s,
triggered a surge of basic research which has enhanced understanding of the pathophysiology and
the genotype/phenotype relationships of this clinically variable disease. Until recently, available
treatments could be used to control symptoms and limit the complications of CF, but advances in
CFTR modulator therapies to address the basic defect of CF have been phenomenal and the field is
evolving rapidly.

Advances in clinical care have been multifaceted and include earlier diagnosis through the
implementation of newborn screening programmes, formalised airway clearance therapy, and
reduced malnutrition through the use of effective pancreatic enzyme replacement and a high-
energy, high protein diet. Centre-based care has become the norm in high-income countries,
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allowing patients to benefit from the skills of expert members of multi-disciplinary teams.
Pharmacological interventions to address pulmonary manifestations now include agents that target
airway mucus and airway surface liquid hydration, as well as antimicrobial therapy, including
antibiotic eradication treatment in early infection and protocols for maintenance therapy in chronic
infection.

The challenges faced by all stakeholders in building and developing CF care globally are
substantial, but many opportunities exist for improved care and better health outcomes for patients.
Here, we discuss changes in diagnostic approaches including advances in genetic testing, advances
in newborn screening and how it is changing landscape of the CF population, The occurrence

and impact of CF in non-European populations and on different continents is explored as is. We
highlight the current and future opportunities as well are the challenges for clinical care in both
countries with established CF care programs and what care might look like for low- and middle-
income countries where care programs more fragmented and less well funded. to the availability
of integrated multi-disciplinary care and new disease-modifying treatments. The recent advances
in CFTR modulator therapies to address the basic defect of CF have been phenomenal and current
knowledge and future directions are appraised. The cost of new therapies is currently high and
there are concerns about the affordability of those medications currently available and those under
development especially when considered from a global perspective. As median age of CF has
increased, there has been an associated rapid rise in the adult population, we evaluate opportunities
for the use of new technologies to support engagement between patients and healthcare providers
in novel ways to positively impact on the burden of care and support patient choice and yet to
optimise healthcare outcomes. Challenges and opportunities in these key areas are being discussed
to provide a conceptional framework for future CF care throughout the world.

1. Newborn screening testing has been implemented in many parts of the world
supporting an early diagnosis of CF.

2. Improved molecular genetic diagnostics have allowed the identification of CF in non-
European populations and in individuals with nonclassical presentations of CF and
related disorders.

3. CFTR related disease represents a spectrum ranging from single organ manifestations
to a multi-system disease. Defining the threshold of CFTR function associated with
disease manifestations is a priority to guide monitoring and treatment decisions.

1. Children with CF are healthier and the vast majority are living well into adulthood.

2. Diagnostics to allow earlier diagnosis of disease manifestations, deterioration of organ
function and new airway infections are key priorities.

3. Models of care need to consider management approaches (including disease
monitoring) to maintain health and delay lung transplantation and yet limit the burden
of care.

1. Information about genetic and clinical features CF in non-European populations have

improved understanding of the disease in low- and middle-income countries.
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2. Access to CF therapies which is sustained and affordable for people with CF living in
LMIC is needed which requires partnerships between lay organisations, governments
and the pharmaceutical industry.

3. Clinical registries in countries where CF is now recognised are developing and there
is a need to harmonise data elements including established CF registries to support
understanding of health care outcomes especially in LMIC.

1. CFTR modulator therapy targeting the basic molecular defect have been developed for
specific CFTR mutations and is associated with improved health outcomes including
better pulmonary function and nutritional status and enhanced quality of life.

2. New CFTR modulator drugs are showing promise in CFTR mutation where earlier
modulators were ineffective. Early commencement of CF7R-directed therapies may
prevent the establishment of irreversible airways complications and slow progression
disease in older patients.

3. Drug development requires substantial investment and contributes to the current high-
cost of approved CFTR modulators. This has in turn contributed to delays in funding
for such therapies in many countries and current drug prices make them unaffordable
for many LMICs.

1. Complexity of care has increased for people with CF in parallel with increased
life expectancy leading to significant burden of care and disease monitoring. Novel
technologies have the potential to support self-monitoring and shared decision making
between patient and health care team.

2. Mental health complications are more common in people with CF (including parents of
children with CF) than the general community, impacting on quality of life. Adherence
to complex therapeutic regimens is often sub-optimal and impacts of clinical outcomes.

3. Patients are highly engaged in the approaches to delivery of clinical care and their
perspective of the important research priorities. CF patient organisations provide
important roles in patient advocacy to delivery of clinical care, treatment access, and
support and education for patients with CF and their families.

Keywords
Cystic fibrosis

INTRODUCTION

Since the original description of cystic fibrosis (CF)1, there has been very significant
progress from what was a uniformly fatal disease in infancy to one which where the median
survival approaches (and in some populations exceeds) 50 years of age. The recognition

of the increased salt content of the sweat in people with CF by di Sant’ Agnese in early
1950s? led to the development of the pilocarpine iontophoresis stimulated sweat analysis as
a practical diagnostic test3. In the 1980s, Quinton demonstrated chloride impermeability in
sweat glands as the basis for the raised sweat electrolytes in patients with CF. This work
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provided a crucial advance in the understanding the basic defect was a membrane electrolyte
transport defect.

Focus then shifted to discover the genetic basis of CF and culminated in the discovery of
the CF gene in 1989 by teams led by Lap-Chi Tsui, Francis Collins and Jack Riordan®>~’
with the subsequent identification of its protein product which was termed the cystic
fibrosis transmembrane conductance regulator (CFTR). CFTR is responsible for chloride
ion transport across apical membranes of epithelial cells in tissues. CFTR is now known to
also have additional functions such as bicarbonate secretion which regulates airway surface
liquid pH and inhibition of the epithelial sodium channel (eNAC), which plays an important
role in hydration of secretions and mucins (Figure 1)8.

More than 2,000 variants in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene have been described to date10, To date the functional consequences have
not been defined in all of these variants. Where the functional consequences are known
variants can be divided into different function classes (Figure 2)11. Class I to I1l CF-
causing variants (in legacy terminology "mutations*) are associated with little or no CFTR
function and therefore linked to a more severe phenotype including insufficiency of the
exocrine pancreas, whereas Class IV and V variants have residual CFTR function which is
often associated with preserved exocrine pancreatic function early in life. Overall, CFTR
dysfunction causes a spectrum of disease with a range in the number of organs involved and
a range in disease severity. For example, pancreas, liver and lung disease can be present in
infancy and early childhood, or congenital bilateral absence of the vas deferens (CBAVD)
in the male reproductive tract2 may be the only significant feature of CF in an adult. In
addition, phenotypic manifestations vary widely even amongst people with severe CFTR
variants underscoring the role of other factors such as environmental triggers and modifier
genes in defining disease severity extensively reviewed by Cutting®3.

The CF phenotype is characterised by lung disease (bronchiectasis with persistent airway-
based infection and inflammation), exocrine pancreatic insufficiency associated with nutrient
malabsorption contributing to under-nutrition, impaired growth, hepatobiliary manifestations
and male infertilityl4 (Table 1). Evidence strongly supports the care of people with CF be
coordinated by multi-disciplinary health-care teams and therapies for CF have developed
rapidly over the past three decades (reviewed in detail elsewhere)15. The health of children
with CF continues to improve with better lung function and growth by the time patients
transition from pediatric to adult care with lower rates of chronic infection in particular 2
aeruginosa (Figure 3). The progressive improvement of survival from CF over the past five
decades!® has led to a dramatic increase in the number of adults surviving. Consequently
there has been rapid expansion of adult CF care centres!’ (Figure 4). Despite such
improvements, mortality and morbidity from CF is still dominated by recurrent pulmonary
infections (which are frequently multi-drug resistant), ultimately leading to lung destruction
and respiratory failure. The emergence of complications of this disease including CF-related
diabetes, metabolic bone disease, gastro-intestinal malignancy and co-morbidities including
increased rates of mental health conditions (depression and anxiety) have required the
development of specific expertise in providing CF clinical carel8,
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bell et al.

Page 7

While structured care in specialised centres as well as improved strategies to treat disease
manifestations have been the main drivers of better patients” outcomes, over the past 15
years, a therapeutic “pipeline’ has been established with the aim to develop, safe and
effective treatments for the basic defect of CF (correct dysfunctional CFTR protein)19-21,
The first successful drug, a potentiator of CFTR function that increases the opening
probability of the CFTR protein, was associated with remarkable clinical benefit (improved
lung function, nutritional status, health-related quality of life (HRQoL) and lower rate of
pulmonary exacerbations) in patients with residual expression of CFTR on the cell surface
but a reduced open probability?:22, Subsequently, combinations of both CFTR potentiators
and correctors that address the trafficking defect in the most common variant, p.Phe508del,
have been shown to have positive impact on clinical outcomes23:24, and the field is rapidly
evolving to a point where more than 90% of the current CF population could benefit from
these therapies. However, access to these drugs varies widely amongst countries with could
further enhance an already existing gap in outcomes for patients in different regions of the
world.

At a time of very rapid therapeutic developments, advances in the genetic diagnostic testing
and the explosion of the adult CF population associated with dramatic increases in the
median survival for people with CF it is timely to review the advances and consider what
CF care will look like into the future taking a global perspective. 7he Lancet Respiratory
Medicine Commission on the Future of Cystic Fibrosis Care addresses the important health
of CF care and economic costs including CFTR modulators over the next three decades.

SECTION 1 - THE CHANGING EPIDEMIOLOGY OF CYSTIC FIBROSIS

1) The impact of genetic testing

Genetic testing has had a significant impact not only on the diagnosis of CF but also

in defining a spectrum of disease manifestations for the different mutations described.

Since the identification of the cystic fibrosis transmembrane regulator (CFTR) gene and
initially the major pathogenic variant p.Phe508del in 1989, the number of sequence variants
detected has increased to over 2,000; curated in the “CFTR1” locus-specific database®.

The first genetic variants were described in clinically diagnosed cases of CF — implying

that when present in frans, i.e. on both parental CFTR alleles, they are causative of CF.
However, with the explosion in the number of gene variants discovered, the pattern of
disease associated with each has become more difficult to confidently predict. Firstly,

some CFTR variants are associated with a broader spectrum of CFTR-related disorders
(CFTR-RD)? and others do not appear to contribute to any disease state25. Secondly, the
majority of CFTR variants are rare occurring in less than 0.5% of all patients with CF (or
even present in a single family) making phenotypic predictions fragile. The “Clinical and
Functional Translation of CFTR” project (“CFTR2”) was developed to try to address this by
annotating variants with comprehensive clinical features when seen in at least four unrelated
individuals worldwide?’. Currently more than 340 variants are classified as “CF-causing”
comprising over 89,000 cases from 43 countries. These “pathogenic variants” define the
genetic mutations in more than 96% of all patients with CF of Northern European descent
examined to datel. However, despite extensive international collaboration, the population

Lancet Respir Med. Author manuscript; available in PMC 2022 February 22.
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variation in ‘non-European’ derived populations remains under-represented. This brings
with it a challenge which impacts on newborn screening programme and carrier testing for
individuals, as well as the accuracy of incidence and prevalence of CF for populations of
‘non-European’ background?® (see Newborn Screening in CF and Carrier Screening in CF
below).

Nonetheless, despite some gene variant-clinical phenotype correlations being less robust,
how the different CFTR variants pathogenically impair the amount and function of the
CFTR protein has led to allocation into respective classes to better describe their disease-
liability29:30:31, This stratification is important for the diagnosis of CF, neonatal screening,
assuring reproductive choice in affected families, preconception carrier screening and
clinical management. Finally this classification will enable precision medicine approaches in
CF32,

2) Newborn screening for CF (and Cystic Fibrosis Screen Positive, Inconclusive
Diagnosis or Cystic Fibrosis Transmembrane Conductance Regulator-Related Metabolic
Syndrome (CFSPID/CRMS))

There is clear evidence to support newborn bloodspot screening (NBS) for CF and it fulfils
the criteria set for a disease screening test33, Early diagnosis allows early institution of
management to improve clinical outcomes. Specifically, early nutritional intervention after
NBS leads to better growth and micronutrient status in the majority of children34. A direct
link to early instigation of respiratory management and better respiratory outcomes in the
first few years of life has been more difficult to demonstrate3®. In part this is because
respiratory outcome measures (lung function, airway inflammatory markers) are difficult
to obtain in this age group, although these are being developed (see Monitoring lung
disease and its progression below). Also risk factors such as P aeruginosa acquisition can
be unpredictable and impact outcome. However, we know that better nutritional status
correlates with less severe lung disease during childhood. Survival has also increased

in association with NBS suggesting mortality rates are improved as a result of early
diagnosis36:37.

Less well defined benefits associated with the implementation of NBS for CF include the
rationalisation and improvement of CF care provision across the area screened and the
prevention of the well-documented diagnostic odyssey many families experience3®. NBS for
CF may not significantly reduce the gap in health outcomes recorded for infants with CF
that relate to social inequalities as earlier recognition does not address the challenges that
families from lower socio-economic circumstances face.

Most CF NBS programmes follow a two stage process: increased level of blood spot
immunoreactive trypsinogen (IRT) measurement, which are caused by partial obstruction
of pancreatic ducts leading to abnormal enzyme drainage into the intestine, followed

by identification of causative CFTR variants (DNA)3°. Some also employ an adjunctive
biomarker (e.g. pancreatitis-associated protein, PAP) or a “safety net” repeat IRT at a later
age if first one elevated (IRT/IRT). A recent study comparing strategies showed that the
IRT/PAP combination was the most cost-effective in terms of cost-per-case detected and
life-years gained3°. However, it produces a large number of false-positive test results that

Lancet Respir Med. Author manuscript; available in PMC 2022 February 22.
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necessitate a referral to a CF center for a diagnostic sweat test so the IRT/DNA sequence
remains the most commonly used in developed countries?C. The selection of CFTR variants
varies worldwide, has a major influence on the screening-positive rate and reflects the aim
of the screening programmes (detection of “severe” patients with CF versus “complete”
detection). NBS programmes demand a high accountability of the CF centres to perform
the confirmatory testing according to the highest standard. Despite extensive knowledge
of the functional relevance of CFTR-mutations, a high quality sweat test still remains the
most sensitive and specific diagnostic tool to diagnose CF, confirm the clinical relevance
of CFTR variants and, more important, to make the diagnosis of CF unlikely. However,

in some health systems including low and middle income countries (LMIC), the delivery
of high quality sweat testing is technically challenging and availability is limited (detailed
discussion following section 3).

NBS also identifies children are heterozygote carriers or infants with intermediate sweat
chloride levels for whom the terms Cystic Fibrosis Screen Positive, Inconclusive Diagnosis
or Cystic Fibrosis Transmembrane Conductance Regulator-Related Metabolic Syndrome
(CFSPID/CRMS) are used. These infants are considered at risk for CFTR-related disorders
such as Congenital Bilateral Absence of the Vas Deferens (CBAVD) or recurrent pancreatitis
and recent studies have shown that 10-44% of those initially labeled CFSPID/CRMS may
convert to a CF diagnosis— an observation that emphasises the importance of follow-up
evaluations3841,

Although the benefits are well established, implementation of NBS programmes for CF
internationally faced some ethical queries and financial hurdles. Specifically, striking the
right balance between sensitivity of NBS programmes to not miss affected individuals while
minimising the detection of CFSPID infants; most of which will be healthy with no disease
manifestations, is an ongoing challenge. Currently, it is estimated that approximately 10
million newborn infants are screened annually for CF worldwide. The future will be to get
universal NBS programmes established, with population or ethnically appropriate derived
gene mutation panels. The impact of NBS on the incidence of CF will be discussed in the
section below.

3) Carrier screening in CF

The progress in laboratory and clinical annotation of the more common CF-causing
variants allows screening of CFTR variants associated with the classical form of disease

for a number of other key groups in the community. Preconception carrier screening®?

in individuals without a family history of CF can be offered and is undertaken in some
general populations including the US*3, Israel*4 and in North-eastern Italy*®. Given the
higher prevalence of CF7R variants in infertile males with congenital bilateral absence of
vas deferens (CBAVD)*6, genetic testing has been offered to infertile couples before assisted
reproduction?”48. In addition, genetic testing for common population specific CF-causing
variants is also often recommended by professional guidelines or even is mandatory in
gamete donors*®. Cascade screening of relatives of an index case can also be undertaken, as
most CF babies are born to families with no known family history of CF.

Lancet Respir Med. Author manuscript; available in PMC 2022 February 22.
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Carrier screening is associated with various ethical questions including the high residual
risk of not detecting a CF7R mutation depending on the selection of CFTR variant panels
and inequitable access for minority populations. As providing screening is generally not
mandated, but rather instituted by professional recommendations®® or position statements,
the offer by health care professionals is therefore variable®! and its uptake depends on

the caregivers and familes information on CF®2 and awareness of CF23, reimbursement
issues, stage of life when individuals are planning reproduction, as well as post-test
information>*and genetic counselling®>°6. Often CF carrier screening is being implemented
within the frame of extended carrier screening for multiple diseases®’, thereby offering
tested couples informed reproductive choice for other common rare Mendelian disorders.
With decreasing family sizes in many countries there is increasing uptake of carrier
screening already in first pregnancies®8.

The main aim is to detect heterozygotes and offer couples reproductive choice before the
birth of their child. Carrier couples have access to preimplantation genetic diagnosis within
the context of assisted reproduction which assures transfer of an unaffected embryo and
thus avoids elective termination of pregnancy®®. At risk couples who conceive naturally

can undergo prenatal diagnosis which utilises foetal DNA isolated by chorionic villus
sampling or from amniotic fluid cells®% with well-defined alternative reproductive options®l.
In addition, routine prenatal ultrasound screening during pregnancy can identify foetal
echogenic bowel between the 17t to 22"d week of gestation associated with CF52. Recently
introduced non-invasive prenatal diagnosis utilises cell-free foetal DNA (cffDNA) to reliably
assess the CFTR variant status of the foetus®3. This approach offers a logistically and
technically simpler, and more cost-effective, prenatal testing strategy that could be offered
in future to a larger number of at-risk. However, in time, it would serve to increase equity

in terms broader population coverage® and assure broader ethnic access to such preventive
approaches®

As indicated above (in The Impact of Genetic Testing), the gene variant panels developed
for carrier testing are largely based on genetic testing of European derived populations
which will disadvantage other ethnically-diverse individuals?8. Population-based genomic
variant frequencies from several major international genome®6:67, projects could be used
to extrapolate estimates of CFTR variant frequencies in European and non-European
populations®8, A UK 100,000 genomes project, for example, gathers data on representative
cohorts of UK Indian and Pakistani immigrant populations®%:79. The decreasing costs of
parallel sequencing of the entire CFTR coding sequence and adjacent intronic regions’®
could also overcome the challenge of lower CFTR variant detection rates and account for
intra- CFTR structural variation. This could be advantageous for a changing population due
to migration trends’? that disproportionately affect major multicultural cities worldwide’3.
Many newly described CFTR variants detected in this way may be classified as variants

of unknown clinical significance given the fewer gene variant-clinical correlations of
tested individuals of non-European descent to date’4. Genome testing in individuals

with no family history of CF may also identify pathogenic CFTR variants /n transin
asymptomatic individuals which indicates their incomplete penetrance’®. Thus, advanced
DNA sequencing-based diagnostic strategy increases equity in terms broader population
coverageb4 and assures broader ethnic access to such preventive approaches8®, yet needs to
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be balanced against the diagnostic uncertainty caused by an increased detection of variants
of uncertain significance.

Finally, the rapid evolution in treatment, especially in the field of efficient CFTR-modulating
therapies, may alter future responses to CF carrier screening or prenatal genetic testing. With
the availability of CFTR modulator therapies, a higher proportion of parents may opt to
continue the pregnancy than currently is the case. The commencement of modulator therapy
may soon be licensed for use in early life, emphasising the importance of a prompt early
pre- or post-natal diagnosis to institute prompt effective treatment. Indeed, carrier screening
and prenatal genetic testing could be needed to render some forms of /n utero treatments
modalities in CF, as has been piloted in other rare diseases’S. The possibility of effective

in utero or infant treatment for CF may modify how carrier / prenatal / NBS genetic testing
is utilised in the future. While research is needed to determine the reactions of prospective
parents to medically actionable outcomes of preconception carrier screening programmes’’
and the impact of religion and/or culture on reproductive choices’8, there is a risk that
affluent countries will be able to provide precision medicine therapy in CF to virtually

all, while elsewhere these approaches might be economically out of reach’®. In summary
preconception carrier screening raises many complex and ethically challenging issues with
respect to changing technologies and natural history of the condition. There is a risk of
inequalities being widened through varied access and processing of screening programmes
globally.

4) Trends in the changing incidence and prevalence of CF

Prior to the introduction of CF NBS, epidemiological CF incidence estimates suffered

from an ascertainment bias due to the clinical underdiagnosis / misdiagnosis of CF,

delayed clinical diagnosis of CF or underdevelopment and/or lack of standardised registry
reporting®. Initial incidence estimates from the 1960s to late 1980s had been generally
performed in more demographically stable populations of Western Europe and North
America8? This would not have accounted for unregistered patients, unrecognised minorities
with CF, or patients who died undiagnosed. With the advent of NBS which became
increasing established in many countries national incidences of CF were more accurately
determined. The epidemiological incidence estimates in non-European derived populations®2
currently remain biased by the many issues noted above due to the insufficient awareness of
CF, absence of registries and neonatal screening schemes.

Studies on the changing incidence of CF are confounded by the immigration rates from
countries with a lower incidence of CF such as Asians, Africans, and groups from the
Middle East that are also more challenging to detect with the traditional gene variant panels
used in NBS. Additionally, distinguishing the impact of neonatal screening from that of
prenatal screening in countries where both is offered may be impossible. Nevertheless,
many, but not all, regions offering NBS for CF during the past decade have observed a
decreasing incidence of the disease.

In the US a retrospective study 1994-2011 assessing the incidence of CF in NBS
populations83 interestingly found the incidence of CF to be increasing (albeit not
significantly) in Wisconsin, while decreasing in Massachusetts and remaining static in
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Minnesota and Colorado over the same period. The ethnic composition of a population and
birth rates also figure in altering incidences. For example California demographic trends
have predicted that 33% of all incident CF cases will be Hispanic and 2% non-Hispanic and
2% non-Hispanic people of African origin®. which significantly increase non-p.Phe508del
genotypes.

Prenatal diagnosis in European-derived populations has been associated with decreased
incidence of CF. In North-Western France an aggregate 22.6% reduction in CF births

in families with a family history of CF was documented®. In Israel, a national-wide
preconception carrier screening programme has been associated with a decrease of at birth
prevalence (a term used when the incidence of a disease is influenced by preventive public
health measures) of CF from 14.5 (in 1990) to 6.0 per 100,000 live births (in 2011)86.
Similarly, in Northeast Italy, at birth prevalence of CF monitored by neonatal screening
was 1 in 2,700 (in 1993) and 1 in 14,000 after 20 years of extensive population-based
preconception carrier testing of couples®’ from the general population.

Currently the US and European Union have a comparable prevalence of CF at 7.97 versus
7.37 per 100,000 in the general population, irrespective of different CFTR variant spectra
of the population surveyed® Improved standard therapies for CF and CFTR modulators
impacting on survival are likely to increase the prevalence of CF. However, the complex
interplay of migration, ethnic-specific birth rate, offer of preconception carrier screening,
quality and quantity of registry data makes it very difficult to model the ultimate incidence
and prevalence. Statistical modelling cannot fully account for the uptake of preventive
genetic testing schemes, elective termination of pregnancies within prenatal diagnosis or
even the rate spontaneous miscarriages. However, the Cystic Fibrosis Foundation Patient
Registry has shown only a minor decrease in the prevalence of CF89:90, In the future the
“negative” effect of carrier screening may be offset by the positive effect of improving care
for patients with CF.

Comprehensive studies including large, well-defined populations are required to confirm that
NBS leads to a decreased incidence of CF over time. In addition future studies on population
responses with regard to reproductive behaviour would be informative as preconception
testing becomes more widely available.

5) The changing face of the current CF population

a) What do CF Registries tell us about the current CF population?—National
registries are powerful resources that enable understanding of population dynamics, disease
progression, efficacy of clinical interventions and to allow benchmarking with other centres,
countries and internationally®L. It was the foresight of the CF community that created the
first national CF registry in the 1960s to summarise data from Canadians and Americans
living with CF. Since then, many countries (Australia, Belgium, Brazil, France, Germany,
Ireland, Italy, the Netherlands, New Zealand, UK) now have well-established national CF
registries capturing data on more than 90,000 individuals with the disease. However, the
worldwide number of affected individuals will be an underestimate with a growing number
of patients reported in continents or regions with less well-established registries (e.g. Africa,
Asia, Middle East, most parts of South America) that are not included in current estimates.
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Registries reflect the disparity of health care systems including access to diagnosis and
associated diagnostic procedures, clinical care and therapeutic options. It is critical to ensure
a high proportion of the population is captured within the registry in order to minimise
ascertainment bias and to draw accurate conclusions (Figure 5).

One of the most dramatic changes observed has been the growing adult population, with the
proportion of adults exceeding the proportion of children in many countries. This growth

is largely driven by very low pediatric mortality and improved survival rather than an
increasing number of adult diagnoses®>%. Registry data from several countries have shown
that the median age of the population has increased over time, and the median age of
survival has also significantly increased with time. A European CF Society Patient Registry
study estimated that in 16 European countries the number of adults living with CF will
increase by approximately 75% between 2010 and 202517, The median age of survival

for patients born between 2012 and 2016 has been reported between 43 (US)%, 47 (UK,
Germany)?2:93 and 53 (Canada)®* years.

However, not all groups have enjoyed the same rate of improvement in survival. Despite
improvements in outcomes, disease progression in adulthood and during the transition
period from pediatric to adult care and the gender gap between males and females are still
hallmarks of CF, even in countries with the best survival data. Early and severe infection,
adherence to treatment in the case of high treatment burden and low socioeconomic status
are the most important risk factors for poorer clinical outcomes independent of the specific
health care system. Furthermore in US CF registry data in California from 1991 to 2010
mortality in Hispanic patients was 9.1% (44 deaths/485 subjects) compared to 3.3% (41
deaths/1234 subjects) in the non-Hispanic US population®®. Worse survival persisted in the
Hispanic group even after adjusting for clinical factors and socioeconomic status (HR 2.81;
95% CI 1.70-4.63). By highlighting cohorts at risk for higher mortality using registry data
in this way can reveal such discrepancies and targeted strategies to improve health outcomes
can be implemented.

Understanding the heterogenity of the CF population internationally through the use of

CF registries is an important mechanism to identify risk factors for poor outcomes that

can enable advancement of clinical care. However, before conducting any international
comparison, one must be careful to ensure that registry data are harmonised in order

make accurate comparisons and minimise bias.% This includes careful review of variable
definitions, data process and collection and assumptions made in calculations and statistical
approach. Using a unified and harmonised approach, a recent study using Canadian and US
CF registry data found that the median age of survival in Canadian CF patients from 2009—
2013 was ten years longer than their American counterparts®’. Although not specifically
designed to investigate the reasons for this gap, the authors hypothesised that earlier
nutritional support implemented in Canada, differential access to lung transplantation, or
differences in healthcare delivery may be contributing factors. This has led to new targeted
research to investigate these hypotheses in an effort to better understand the survival gap
across countries.
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Beyond survival, registry data has the ability to enhance our knowledge of the overall health
of the CF population and possible growing complications inclusing those emerging such

as gastro-intestinal malignancy and lifestyle diseases including cardiovascular conditions in
the ageing CF population, which add to the burden of care%:9% With this increasing adult
population comes increasing comorbidities.

Beyond survival, registry data has the ability to enhance our knowledge on the overall

health of the CF population and the growing complications which add to the burden of care.
Registry data has shown us that nutritional status and lung function is better for a given

age than it was historically and that individuals with CF are living longer with lower lung
function98:99, With an increasing adult population comes increasing comorbidities, including
CF-related diabetes which is estimated to affect over 50% of the adult population and the
ever-increasing number of people living post-lung transplantation.

The worldwide number of affected individuals is likely an underestimate as the growing
number of patients reported in countries with less well-established registries for example,
Argentina and Middle Eastern countries are not included in current estimates. The future
for registry data will be to harmonise the registry capture worldwide in order make accurate
international comparisons and minimise bias®6. This includes careful review of definitions,
data process and collection and assumptions made in calculations to harmonise baseline
differences. International agreement on how to capture the CFSPID/CRMS population is
ongoing.

b) The spectrum of CF is changing—CF has been defined as a diagnosis with a
wide range of clinical symptoms, including positive newborn screening (NBS) for CF, in
combination with well-defined measurement of well-defined spectrum of CFTR-dysfunction
(sweat choride concentrations =60 mEg/L on two occasions and/or two CF-causing CFTR
variants in trans and/or a CF-typical electrophysiology). However, the combination of the
variable dysfunction related to the CFTR variant and the different organs involved leads to

a wide spectrum of disease caused by dysfunction in the CFTR protein — from no disease to
CF with pancreatic sufficiency to CF with pancreatic insufficiency (Figure 6).

Some individuals have clinical features of CF (such as CBAVD, or recurrent acute
pancreatitis), and have CFTR variants but do not meet the diagnostic criteria for CF now, a
group now coined CFTR related disease (CFTR-RD)%0, NBS programmes for CF shift the
diagnosis paradigm from symptomatic to (mainly) asymptomatic patients and a new group
of infants with CFSPID/CRMS has been identified101.102.103.41

CFSPID/CRMS is sometimes considered “the CFTR-RD of infants” where the “clinical
phenotype” is hypertrysinogenemia but it is a biochemical abnormality with an uncertain
prognostic significance. Whether it is of clinical benefit for individuals to screen for
CFSPID has yet to be defined and the majority of infants in this category will kely not
develop any phenotype. Longitudinal follow-up of the CFSPID/CRMS is needed to clarify
what proportion of these infants will later meet diagnostic criteria for CF or CFTR-RD.
Minimising the number of CFSPID is an important consideration in NBS programmes as
referring and following these infants in centres creates a burden on both the families and
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the health care systems. The ratio of diagnosis of CFSPID/CRMS to the diagnosis of CF

by NBS can vary greatly from one patient diagnosed with CFSPID/CRMS for every two

to five patients diagnosed with CF to a reverse ratio of 3:126:104.105 Jjkely based on the
methodology, the use of gene sequencing in NBS and the ethnicity of the population studied.
Of children referred to a single pediatric centre in USA, 80% met the criteria for CF, 15%
for CFSPID/CRMS and 5% CFTR-RD#1:102.105 \What is not clear, and much more difficult
to calculate, is the ratio of CF:CFTR-RD in a population that includes adults.

The answer to the question, “how much CFTR function is needed to prevent disease” is
complex and depends on the organ involved (vas deferens vs lungs), the time frame under
consideration (years vs decades) and the clinical phenotype (bronchiectasis vs risk for Gl
malignancy) (Figure 6). As has been shown in the CF population, variants in other genes
may also modify the expression of disease. Thus CFTR-associated conditions (CF, CFSPID/
CRMS and CFTR-RD) are now considered to be comprised of overlapping groups of
patients along a spectrum from asymptomatic to live-shortening, severe multisystem disease.
Engaging more representative populations worldwide both for genetic testing and registry
capture are future goals to enhance understanding of the global distribution and clinical
impact of rarer mutations.

6) CF Populations Beyond European Populations

In populations with a European background, there is rapid expansion of neonatal
screening%6 and publication of guidelines for the diagnosis of CF107:108 The most

recent World Bank economic datal®® demonstrate that the diagnosis of CF should not be
discounted solely based on the ‘racial background’ of the individual. There is increasing
evidence that CF is present in Asia, Africa, the Middle East and Latin America, albeit at a
lower incidence than in European populations.

CF incidence in specific populations in non-European regionsis likely to be underestimated
due to ascertainment bias resulting from limited and unrepresentative data. In the absence
of comprehensive CF registries in these regions it is not possible to determine the extent

of underdiagnosis, misdiagnosis, underreporting and or ethnic-specific variations in CFTR
variant carrier rates or distribution or their ethnic-specific penetrance.

The use of diagnostic assays that are optimised for European populations!9 and the
reporting of CFTR variant frequencies by ‘countries’ rather than to individual ethnicities
(which can be highly variable within countries) can contribute to underestimates of CF.

The clinical course of people with CF living in these regions may be very different from

that seen in European populations and relate to various factors involving late diagnosis,
misdiagnosis, comorbidity with other recessive disorders due to consanguinity, different diet,
exposure to different microorganisms, different genomic backgrounds and perhaps most
importantly, socio-economic status and the lack of access to coordinated CF specialised care
and treatments.

a) Asia—A recent meta-analysis described 160 variants in a total of 1,850 cases with
CF of which 24 variants were found in broadly defined ‘South Asian’, 54 in the ‘Middle
Eastern’ and 38 in ‘East Asian’ regions!!1. The p.Phe508del variant was most prevalent
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allele accounting for 12 to 31% in Asia patients with CF8L, There are additional 10 variants
with a frequency over 5% and ~ 50 variants were detected only once. Of note, p.Phe508del
was not seen on CF alleles of East-Asian ancestry (e.g. China, Korea, Japan, Vietnam,
Thailand).

Only 34 cases of CF patients of mainland China origin were diagnosed within the last

four decades!!2. A retrospective analysis of 21 cases, originating from the Beijing area
detected CFTR variants differed substantially from the European spectra although the novel
‘Asian’ variants require further characterization including intra- CF 7R copy number analysis
to capture the entire scope of variation and to study the likely impact on disease phenotype.

Clinical data of Asian CF patients suggests later diagnoses, a younger population, higher
rates of pancreatic sufficiency, lower sweat chloride concentrations (albeit within the
diagnostic range) and lower rates of classic CF respiratory pathogens. A recent study112
provided evidence that most CF patients in mainland China were diagnosed with a variety
of more common respiratory conditions (such as bronchiectasis, pulmonary tuberculosis

or diffuse panbronchiolitis). In Laos and Vietnam also infertile men with congenital

bilateral absence of vas deferens (CBAVD) were reported. Many countries including Bhutan,
Cambodia, Indonesia, Laos, Mongolia, Myanmar, Papua New Guinea, Philippines and all
Pacific Islands have yet to reports CF in their indigenous populations in the literature.

b) Middle East, Transcaucasia and Central Asia—A recent literature review
including studies over the past three decades described 5,481 CF patients derived from

22 Middle Eastern and North African (predominantly Arab)113. Many of the included
studies were based on case series of people with CF living in Europell4. Thus, the reported
distribution may not be representative. The p.Phe508del variant was found in 14 Arab
countries, but notably not in Iraq, Qatar or North Sudan. Although most CFTR variants in
this region were present in other regions such as Southern European, the Mediterranean rim
and the Black Sea region, there were also 18 CFTR variants unique to the region.

Consanguinity is common in a proportion of Middle Eastern countries e.g. high rates of
first cousin marriage1®. In some parts of the region CF is commonly diagnosed in first- or
second-cousin marriages as exemplified in Northern Sudan16 and Jordan in close to 70%
of all incident cases!”. In some countries given CFTR variants can even be attributed to
“tribal-specific surnames”118, such as in the case of common CFTR variant p.Ser549Arg
(T>G) in United Arab Emirates or Oman'19,

The substantial population heterogeneity in individual Middle Eastern countries is further
compounded by people with Sunni-, Shia and Ibadi religious affiliations120:121 |eading

to different CFTR variant distributions in groups of various religious denominations.
Furthermore, analysis of 69 Iranian CF patients'22 identified a broad spectrum of 37 CFTR
variants all of which that had previously reported in European-derived populations (likely
immigrant communities) with p.Phe508del being the most common (18%) followed by
€.2051_2052delAAInsG, p.GIn637HisfsX26 and p.Serd66*. When Iranian CFTR variant
distribution was divided by individual Iranian provinces substantial differences were
observed!23,
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Many countries including Afghanistan, Tajikistan and Turkmenistan have yet to reports CF
in their populations, although, there are ongoing studies on the distribution of CF7R variants
in small cohorts of Afghan, Armenian, Azerbaijani, Georgian, Kazakh, Kyrgyz, Tadjik,
Turkmen and Uzbek CF patients (Milan Macek, personal communication, 2019).

The CF phenotype is usually is more severe, with a common presenting symptom of CF

in this region of electrolyte disbalance due to excessive salt loss'24 and/or association

with the Pseudo-Bartter syndromel2 which could be due to climatic (extreme heat). As

an example, the earlier mortality reported in Saudi Arabia may be due to a combination

of delayed diagnosis, the presence of multi-resistant strains of P aeruginosa, more severe
liver disease and poor nutritional status. However, given the high degree of consanguinity,
CF may manifest simultaneously with other regionally prevalent inherited diseases, such as
sickle cell disease in Saudi Arabial28 or G6PD deficiency?7 or various forms of familial
Mediterranean feverl28, impacting on adverse health care outcomes and delayed diagnosis or
misdiagnosis.

c) Africa—A recent retrospective review of published studies on the distribution of CFTR
variants in classical forms of CF and CFTR-related disorders from 49 African countries!?9
reported 1,172 cases. Importantly, the majority of studies are drawn from Northern-Africa
(667) and Southern Africa (380)130.131.132 and the majority of Sub-Saharan countries
remain “unexplored”. Of 79 CFTR alleles reported, the p.Phe508del variant was the most
common (48%) along with other variants reported in European, Middle Eastern/African
American populations (e.g. p.Gly542*, p.Asn1303Lys, ¢.2988+1 G>A. Twenty-one CFTR
alleles were unique to Africa and CFTR variant distribution in Africa is incomplete and
significant challenges to undertake this work include the broad population and linguistic
diversity, including the impact of intra-country / inter-country migration133,

In Africa, presenting symptoms of CF are accentuated by climate (excessive heat). More
broadly, more prevalent diseases (e.g. malnutrition34, tuberculosis'3®, HIV infection136)
which have phenotypic overlap with CF can lead to delayed or midiagnosis, especially in
Sub-Saharan Africa.

d) Latin America, the Caribbean and African diaspora—Modern populations

of Latin America established from the late 15t Century through gradually increasing
genetic admixture of Europeans, West Africans, and indigenous Amerindian peoples. Exact
proportions vary within and between countries'3’. In many countries the strong Amerindian
heritage is mixed with European (predominantly Spanish or Portuguese populations), yet
with a broad range of European ancestries. In other countries (such as Brazil, Colombia and
Cuba), most of their populations is of African descent!38. The impact of ethnicities on the
incidence of CF is highlighted in Brazil (ranging from 1 in 1,600 in Euro-Brazilianto 1 in
14,000 in Afro-Brazilian infants).

The potential impact of Spanish ancestry139 on the distribution of CFTR variants in Latin
America was studied by comparing distribution in CF populations from Argentina, Brazil,
Colombia, Chile and Mexico with a CF patient cohort from Spain. The p.Phe508del
variant was the most frequent CF causing mutation (51%), and reported 29 indigenous
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CFTR variants which were not seen in Spain. Another review included 2,177 unrelated CF
patients?40 from 10 Latin American countries described 89 CFTR variants. The p.Phe508del
had a mean frequency of 47% (ranging from 23% in Costa Rica to 59% in Argentina)
paralleling the proportion of European ancestry.

The impact of the African Diasporal#! is difficult to substantiate since there is a lack of
data on the distribution of CFTR variants in African countries where an estimated total of
12 million West Africans involuntarily transferred to Latin America. Intra- CF TR haplotype
analysis provided evidence that this “p.Phe508del of the Tropical Belt” is residing on

the same haplotype in US African-Americans, thus far studied Africans, Saudi Arabians
and Greeks suggesting its common origin and potential spread via Atlantic slave trade

to Latin American (e.g. Brazil, Colombia or Cuba) and to Middle Eastern/North African/
Mediterranean countries.

This section highlights the changing epidemiology of CF. Future opportunities and
challenges are highlighted in Panel 2.

SECTION 2 — CLINICAL CARE AND ITS DELIVERY

Note to Editors — Cases to be placed adjacent to text in this section — no specific place
identified to date.

Early in the life of a child born with CF, gastrointestinal symptoms predominate. Pulmonary
disease may become manifest during early childhood and most complications such as
CF-related diabetes, later in life. The care required for both prevention and management

of the multi-organ aspects of CF differ at these different disease stages, although the
integrated involvement of a multidisciplinary team is key. With improved conventional
therapy, this disease progression has, on average, occurred at a slower pace; further slowing
may be evident in the medium term future with the widespread adoption of highly effective
modulator therapies.

1) Care of the infant and child

The start point of clinical management and limitation of disease progression is a timely
diagnosis. The changing epidemiology of diagnosis based on newborn screening (NBS)
programmes has been outlined in the previous section. The diagnosis on NBS is not always
clear cut, indeed, with the increasing implementation of protocols incorporating CFTR
variant analysis, there are increasing numbers of babies identified as CF screen positive,
determinate diagnosis (CF-SPID), the management of whom is discussed below.

Standards of care outline the skill mix essential for excellent clinical care, a team of
sufficient size for the patient population comprising specialist nurses, physiotherapists,
dieticians, psychologists and doctors42 143, One of the most useful developments of
recent years has been training and integration of CF-specialised pharmacists into the
multidisciplinary team of health care professionals; polypharmacy is common and as new
drugs become increasingly adopted, this is a vital resourcel*4. Although traditionally,
medical care is delivered by respiratory clinicians, the group needs also to include ENT,
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gastroentero/ hepatologists and endocrinologists. Over the life course, this will need to
expand further, requiring expertise in fertility, obstetrics, cardiothoracic/ general surgery,
specialist anaesthesia, rheumatology, nephrology, psychiatry, intensive care, interventional
radiology, transplantation and palliative care services14°.146 146,147

a) The importance of optimal nutrition—The benefits of early diagnosis are well-
recognised particularly with regards to nutritional outcomes. Multiple studies confirm the
growth benefits of early diagnosis with NBS. Later in life, lung health is closely related
to weight; the early years are particularly important, faltering growth in the first two years
of life being associated with impaired lung health out to adolescencel48.149, For these
reasons®0, during the early months of life, focus of care will usually be on optimising
nutrition through pancreatic enzyme replacement, hydration and electrolyte balance and
dietary advice; frequency of hospital attendance will best be guided by progress in these
aspects monitored by specialised CF dieticians.

b) Monitoring lung disease and its progression—There is good evidence that
the lungs of a CF baby are normal at birth, but after some (variable and often ‘silent”)
time, mucus accumulation, infection and inflammation will occurt®-155 The sequence of
these events is still being debated; specifically the role of mucus accumulation driving
inflammation independent of infection. Such disease may initially be asymptomatic,
although the majority will have ‘normal’ childhood respiratory infections, which are largely
viral in nature1®. Despite a lack of more specific symptoms, both BAL and CT studies
demonstrate airway infection and inflammation, alongside structural airway wall changes
during this silent period1®°. However, neither BAL nor CT are frequently repeatable.

The challenge currently and into the future will be developing the tools to monitor this
establishment of disease in a non-invasive and acceptable fashion.

i) Detection of lower airway infection: Most children are not sputum producers,

a problem that will affect a larger proportion of patients as new drugs lead to a

generally healthier population. Throat/ cough swabs lack specificity and in some studies,
sensitivity!®7-159, A number of studies have confirmed the superior yield with induced
sputum but60-163 this is time consuming (for both patient and staff) and is not universally
popular with patients and feasibility is limited in infants and young children. Given the

close relationship between frequency of sampling and detection of organisms, it essential for
future care that methods are improved.

ii) Monitoring airway physiology: Most centres lack facilities for infant lung function
testing; even those with this expertise consider it largely a research tool and164 indeed, the
most recent studies report the majority of CF infants to have preserved lung health154.165,
Into the pre-school years, this can be more informative, although spirometry is both
challenging to achieve reproducibly and lacks sensitivity for distal airways disease, which
predominates at this age. Sensitive, non-effort dependent techniques based on multibreath
washout (MBW) show promise and guidelines for their performance in this age group have
been published166. The resulting lung clearance index (LCI) is abnormal at an earlier age
than spirometryl87-170, There are several studies of this outcome measure as a clinical
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monitoring tool and with the increasing training of CF centres and central overreading
of data for clinical trial purposes for both Europe and North Americal”}172 it is likely
this measure will be in more widespread clinical use in the near future. Several devices
and tracer gases are available, which are not interchangeablel’3. Alternative approaches
such as impulse oscillometry require more of an evidence base before their utility can be
judged174'175.

iii) Detecting and monitoring structural lung damage: A minority of paediatric centres
advocate regular lung CT scanning, many others having concerns over the radiation involved
and using them in a concern-driven fashion. With the advent of ultralow dose (ULD)

CT protocols, this may become less of an issue; a recent publicationl’6 described ULD

CT with equivalent radiation to a plain chest radiograph, but yielding substantially more
information regarding mucous plugging, bronchial wall thickening and atelectasis, all
features of early CF lung disease. Lung MRI protocols are increasingly being developed’’.
This completely radiation-free technique could be used at frequent intervals to monitor
longitudinal progression of lung disease or response to interventions, but generally

requires sedation or anaesthesia in young children. Several techniques are described; those
involving hyperpolarised gases have shown promise as an outcome measurel’®, but are
currently limited by availability and cost. Less expensive alternatives based on oxygen-
enhancement!7® and gas-free systems!®0 are showing promise. MRI scanners are not yet
widely used for pulmonary imaging but it could be envisaged that they may be more widely
available in the near-mid term future.

iv) Stratification and optimised, person-centred management: Current monitoring for
the majority of patients both in this age group and older is generally based around scheduled
hospital out-patient visits (every 2—-3 months once beyond the first year of life) and

an annual full systems-based review. Many aspects of care are already personalised, a

good example being airway clearance techniques'81:182 which need adapting with growth/
maturity and exercise recommendations!83. Similarly, patients will be prescribed specific
antimicrobial therapies based on their culture results. Ideally, in the future, a more stratified
approach could be envisaged, wherein a number of clinical features/biomarkers were
sufficiently well understood that prognosis and level of intervention could be adjusted
accordingly. Several features relating to outcome are well understood, for example early
onset of infection and inflammation184.185 put others such as socioeconomic status and in
some geographical factors, access to healthcare, have enormous impacts and may be more
difficult to measure186.187_ Currently, there are no biomarkers which are used in this fashion,
although they are being frequently investigated88-192 and will hopefully emerge. The
impact that such stratification could ultimately have on delivery of care will be discussed in
a later section.

c) Emerging concepts of early intervention/preventive targeted therapies—
Childhood is absolutely key as a time the scene is set for future health. The early initiation
of airway clearance widely recommended and implemented,; it has been the case for so long
that providing evidence in support of this is challenging182. Adjuncts to airway clearance
have a strong evidence base, with hypertonic saline (HS) leading to fewer pulmonary
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exacerbations in older children and adults193, Recent trials have examined the role of HS

in younger children and infants; outcomes in the age group are inherently challenging, but
improvements in LCI have been demonstrated1®4. The fact that this therapy is relatively
cheap may make it an attractive intervention for areas with major economic challenges.

The convincing relationship between neutrophilic inflammation (the cell of origin of the
majority of extracellular DNA) and bronchiectasis lends support to the early use of rhDNase
over and above the beneficial impact on lung function in older populations. The philosophy
of prompt eradication protocols for first Pseudomonas infection is widely held, although
various approaches are taken and the best of these not yet clearl9. Such aggressive therapy
may prevent or delay the onset of chronic infection, associated with worse disease outcomes.

Early interventions are less able to prevent disease in other organs. Pancreatic exocrine
failure, for example, is bypassed with replacement therapy rather than treated. Until recently,
it was probably considered that any ‘treatment’ was futile as pancreatic disease was
irreversible. However, encouraging data from trials of the CFTR potentiator, ivacaftor,

in preschool children have demonstrated this not neccessarily to be the case196:197,

A proportion of children treated early regain sufficient pancreatic function to enable
digestion. Anecdotal evidence is emerging that there may also be an impact on pancreatic
endocrine function and the development of CF-related diabetes, although more study is
required198-201,

This therefore raises the question of when to start modulators for maximal benefit. For

most paediatricians, safety is paramount. To date, regulatory agencies have encouraged

trial protocols which extrapolate clinical efficacy from adult studies as long as safety,
pharmacokinetics and pharmacodynamics (sweat chloride) are addressed!%. There are

two possible reasons to advocate starting these drugs as early as possible, once safety is
confirmed: 1) babies are born with CFTR dysfunction. The longer they spend with this,

the more likely is any impact on /onger term outcomes and 2) there may be a window of
opportunity which could subsequently close; the impacts on fecal elastase in early childhood
is perhaps an example of this. Conversely, there are those who consider a later introduction
is more desirable, based on challenges quantifying efficacy in this age group, lack of data

on long term safety and health economics. Over the next few years, the community will
accumulate substantial data in this area and will, in our opinion, be convinced of the benefits
of early intervention.

2) Management of the child with an unclear diagnosis: CF-SPID and CFTR-RD

As outlined above the detection of these babies poses a number of clinical challenges.

Most paediatricians seem to agree a balance needs striking between over-medicalisation and
losing an opportunity to prevent ill-health in later life and a number of published documents
propose ways to do this#1:102,103

The incidence is reported to be one for every three to five cases of confirmed CF diagnosis
cases in NBS programmes across the world and 10-20% may develop manifestations
of CF or a CF-related disorder (CFTR-RD) over time202, Apart from parental anxiety
and increased healthcare utilisation, appropriate follow-up and additional investigations to
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confirm or exclude CF diagnosis and surveillance of early CF disease manifestations are
recommended in these infants202:203,

Ultimately, we need to develop tools to stratify these children into higher and lower risk
groups. Waiting for evidence of disease in order to do this, for example with multibreath
washout or time-point based imaging (available perhaps more widely as we emerge into
an era of ultralow dose CT or radiation-free MRI) does not seem ideal. Biomarkers are
available which correlate with CFTR function; repeated measurement of sweat chloride is
already being used in this fashion in some clinics, although there are yet to be established
long-term correlates with clinical outcomes. Assessment of CFTR function based on
intestinal current measurement2 in tissue obtained form rectal biopsy (further details later)
has been shown to help clarify the diagnosis and is probably more feasible than nasal
potential difference in this age group. For any of these measures, long term clinical data is
required. Currently these children are either entered into CF registries or not. We urgently
need a separate interface on which we can map their clinical trajectory in order to fully
understand their outcomes and hopefully stratify and rationally care for future cohorts.

3) Caring for the older child into adulthood

As the child grows up, all the issues discussed above remain important and newer ones may
dominate.

a) The emergence of infections—The old concept that young children acquired
organisms such as S. gureus early in life and later, Gram-negative bacteria, most commonly
P, aeruginosa has evolved substantially with the use of molecular tools to diagnose infection.
The lung microbiota is much richer than culture methods led us to believe294. As patients
age, the natural diversity diminishes, whether due to antibiotic pressures alone, or other
aspects of the disease205206, The last few years have witnessed the burgeoning of this field
of research, largely resulting in descriptive outputs. Looking forward, we urgently need
research which will aid in the rational prescribing of antibiotics.

i) Cross-infection and strategies to prevent it: Cross-infection has long been recognised
in patients with CF297. This included epidemics of infection with B. cepacia complex
infection or specific, highly transmissible strains of £ aeruginosa and also MRSA has

been reported. Such transmission was demonstrated to have occurred as the result of
inpatient and/or outpatient visits to CF centres or at social events involving multiple CF
patients. The more recent recognition that CF pathogens can be transmitted not only directly
(e.g., from patient to patient) but also indirectly (airborne) a matter of great concern. For
example, outbreaks of non-tuberculous mycobacteria due to M. abscessus complex have
been described?98.209 and genotyping of M. abscessus strains has raised the possibility

of patient to patient transmission210-211, Recent data also suggest aerosol transmission of
Aspergillus fumigatus in patients with CF212,

The ECFS consensus on standards of care for patients with CF already recommended
segregation of outpatients with B. cepacia complex, MRSA and/or £ aeruginosa at the end
of day, on separate days or in a different location213. However, the spectrum of bacteria
that infect CF patients has evolved with the recognition of difficult to treat Gram-negative
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bacteria (e.g., Inquilinus spp., Ralstonia spp., Pandoraea spp., etc ...) for which only limited
data is available on possible cross infection risks and strategies to prevent or treat such
infections. Recent recommendations emphasise roles for hand and environment hygiene
and some recommend the wearing of masks when visiting CF centres?14. Furthermore,
patients are discouraged from mixing socially and guidelines limit attendance at events
including education days and conferences to a single person with CF214, Many of these
recommendations have been in use for several years in large CF centres, but a recent study
indicated that they may be more complicated to adopt by smaller CF centres?15. Most of
these recommendations are based on low level of evidence and some of them may need

to be tested in appropriate trials?16. Suggestions have also been made to include negative-
pressure inpatient and outpatient rooms to diminish the risk of airborne contamination of
ward corridors and communal areas and to monitor air exchange rates in CF centres. No
consensus exists on such hospital architectural recommendations.

ii) The adverse consequences of antibiotics including antimicrobial resistance
(AMR): The liberal use of antibiotics has undoubtedly contributed to the great
improvements in respiratory health observed in today’s patient cohorts. However, this comes
with something of a price. People with CF receive huge numbers of antibiotics over the
course of their lives delivered via oral, inhaled or intravenous routes. In many countries,

this starts from the time of diagnosis with anti-staphylococcal prophylaxis?1’. Although
demonstrated as useful for reducing early S. aureus infections, some concern remains

over whether such therapy increases the risk of acquiring other organisms, for example

P, aeruginosa?18. The UK-led CF-START trial is currently exploring this?19,

Although most people tolerate antibiotics well, side-effects are common and include a)
disturbance of natural host flora with diarrhea and/ or candidiasis; b) allergy and in some
cases anaphylaxis; ¢) antimicrobial resistance (AMR). There is also some evidence to link
the use of antibacterial agents with the increased incidence of fungal and mycobacterial
infection.

Antimicrobial resistance (AMR) is increasing worldwide and is also a matter of concern

in patients with CF, in whom bacteria, fungi and non-tuberculous mycobacteria (NTM) are
increasingly tested as being resistant /n vitro to multiple antimicrobial agents. Although
some pathogens (e.g., M. abscessus) are intrinsically resistant to multiple antimicrobial
agents, the widespread use of recurrent or prolonged systemic and/or inhaled antibiotic
therapy220-221 has been directly linked with the emergence of resistant bacterial clones.
Similarly, clinical and/or agricultural use of azole antifungal agents is associated with
increase in isolation of A. fumigatus resistant strains222,

Furthermore, in people with CF who have chronic airways infection, the interpretation of
microbial susceptibility is challenging. Many studies have shown the lack of association
of in vitro susceptibility results to ceftazidime or tobramycin223 or to antibiotics tested

in combination?24 and clinical outcomes in patients with CF chronically infected with
Gram-negative bacteria (e.g., P aeruginosa). Multiple causes could account for this lack
of association including compartmentalization of infection with multiple bacterial strains
possessing different resistance characteristics within the lung?2®, modalities of in vitro
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testing (e.g., in planktonic vs. biofilm medium, sampling of various bacterial clones,
interpretation of AMR results)226 and pharmacokinetics/pharmacodynamic characteristics
of antibiotic use in patients with CF. Recent publications from the CFF/ECFS task force on
AMR in patients with CF have proposed definitions of AMR in patients with CF and future
research priorities?27:228,

iii) Future strategies to improve anti-infective therapies and combat AMR: One of
the drivers of AMR is the inappropriate use of antibiotics. CF Clinicians are often hindered
by a lack of specific knowledge around lower airway pathogens when prescribing drugs.
Although to date this has posed a practical challenge mostly in younger patients, it is likely
to become more common as the health of older patients improves. Future directions may
include point-of-care diagnostics229-230, allowing more frequent testing at home and novel
detection methods, for example breath biomarkers231:232,

There are a number of groups developing adjuncts to conventional drugs which could allow
the use of lower doses or shorter courses. Relatively few new antibiotic drugs are being
developed, despite initiatives to encourage this. Novel approaches such as bacteriophage or
immunotherapy remain experimental233,

b) Monitoring for complications—Most of the complications associated with CF
become more common as the patient ages. Perhaps regarded as the most serious of

these, CFRD is not preventable (there are early encouraging reports of patients on CFTR
modulators, so this may change), but there are clear benefits to its early identification234,
CFRD is well known to have clinical impacts on respiratory health, nutrition and mortality,
with some studies reporting deterioration in the pre-diabetic stage23®. Guidelines promote
screening with glucose tolerance tests or continuous glucose monitoring and the early
initiation of insulin. It is likely, with an expanding adult population, that the burden of
CFRD will increase, at least in the medium term until populations have early access

to highly effective modulators. Studies are needed to understand the benefits of early

insulin therapy in the pre-diabetic stage. Alongside data collection on the impact of

CFTR modulators, the role of new drugs such as incretin-based medications needs to be
established?36. New technologies are being developed such as ambulatory insulin pumps
and continous glucose monitoring systems (CGM), which could improve both screening and
management of CFRD. Close attention should be paid to prevention and monitoring of other
complications such as bone disease with close attention to nutrition, vitamin supplementaton
and bone mineral density scanning. Liver disease surveillance programmes, whilst not
reducing the prevalence of this complication, can allow early initiation of treatment.
Alternatives to ursodeoxycholic acid with greater efficacy are needed and?37 research into
modifier genes may ultimately help to define patients at risk for this complication238.

c) Recognising and treating pulmonary exacerbations (PEx)—The definitition
of PEX is not straightforward nor universally accepted?3°, Features may include airway
symptoms (increased cough and/or sputum production, change in sputum appearance,
shortness of breath), systemic symptoms (fever, weight loss, fatigue), as well as new
clinical findings (such as tachypnea, new crackles or wheeze, fall in oxygen saturation,
decreased pulmonary function tests, new radiological findings). The constellations in which
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these present differ with age and disease stage and PEX are particularly challenging to
diagnose in young children23°. PEx are important both during after they are experienced:
patients may require time off school or work, which if frequently repeated impacts on
long-term educational/career potential; there are well-described adverse impacts on quality
of life and mood?40.241: there may be side-effects of treatment such as drug allergies and
gastrointestinal disturbance. In the longer term, the importance of PEXx relates to their
association with prognosis. Each PEX episode carries a risk of permanent loss of lung
function and it has been estimated that in ~25% of episodes, there is failure to regain 90%
of previous baseline FEV1242. Thus, the frequency of PEx is closely related to chronic rates
of decline in lung function243-245 in one study, it was estimated that approximately half the
decline in lung function observed over a 10 year time period was related to PEx244.

There are multiple unmet needs in this area of CF care in addition to establishing
standardised, age-appropriate definitions. In terms of treatment there are several problems:
currently, antibiotics are used no matter what the trigger; many exacerbations are virally-
associated but no effective antiviral therapies exist. The optimal selection of antimicrobial
agents and the duration of treatment has not been determined?46. Attempts to select
antibiotics based on more advanced laboratory techniques such as biofilm sensitivities?4’
or synergy testing?4® have to date failed to yield results. Whole sputum sensitivity testing24°
rather than susceptibility of a single bacterial colony has been proposed as a superior
technique but remains to be tested with regard to clinical impact. Another challenge is
that PEx are identified once symptoms and signs have already appeared; earlier initiation
of treatment, based perhaps on predictive biomarkers, would be more effective. Several
biomarkers are being investigated190:250: jf those showing promise could be feasibly used
frequently at home, this could have clinical potential for the future. To date, there are no
therapies that prevent PEx completely. Hypertonic saline2®1, azithromycin?22, and CFTR
modulators23:253 have been shown to significantly reduce the frequency of PEX. It is
possible that with the introduction of new, highly effective therapies at an early age before
lung disease is established, that the epidemiology and manifestation of PEx will be very
different.

4) Transition into adult care

Adolescence is a time of great change for young people, physically and psychologically, and
those with a chronic disease are no exception. Death in childhood is becoming less common
that in previous decades, with most young people expected to transition to adult care, many
of them in fact in good health. Numbers of children with CF are not expected to increase
greatly in most geographies, although as diagnostic services develop in regions which
previously had none, this will lead to increased numbers of young people requiring transition
into an already over-stretched adult service. It is essential that transition is a) a process,

not a single event and b) co-ordinated between paediatric and adult multidisciplinary team.
Healthcare transition (HCT) is defined as a purposeful, planned movement of adolescents
with chronic conditions from child-centred to adult-oriented health care that is supported by
individualised planning in the paediatric setting, a coordinated transfer of care, and secure
attachment to adult services. A framework for CF HCT should include transition strategies
to prepare young people and their caregivers, and tools to document transition progress and
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measure readiness at set points throughout the HCT process2%4. A coordinated transfer of
care should include a complete clinical transfer summary (contributed by all members of

the CF multidisciplinary team), ideally an opportunity to meet and/or tour adult care team
and CF center, and timely access and tracking of a first adult provider appointmentZ, In
the adult setting, HCT practices which encourage refinement of skills and knowledge (begun
in the paediatric setting) should continue until secure attachment within the adult-based
setting and full healthcare autonomy are reached, likely around age 24 years2°6:257 The
development of formalised adult-based HCT practices has lagged behind its paediatric
counterpart and requires attention, but in both settings, there is a need for high quality
research studies to guide evidence-based (and not just empirically-based) HCT practices.

5) Complexities of adult care

a) Diagnosis with CF in adulthood—While most CF diagnoses are at a young age,
up to 10% are detected in adulthood (=18 years of age). These individuals tend to have
less severe or atypical phenotypes and often present with gastrointestinal (Gl) issues such
as pancreatitis or respiratory manifestations such as mild bronchiectasis initially labelled as
asthma, chronic bronchitis or non-CF bronchiectasis2°8. Diagnosis by newborn screening
has become more common over the last decades, however for older adults it may not
have been available or may have been negative at the era of birth. Knowledge of CF
genetic variants has increased and a late diagnosis may reveal rare variants not included
in previous limited CF variants panels28.259, Confirmation of the diagnosis is often made
at tertiary adult CF Centres where bioassays reflective of CFTR function, including nasal
potential difference and intestinal current measurement, and/or CFTR sequencing have
become increasingly available1%0,

Referrals to adult CF Centres from non-respiratory specialists commonly occur for
patients with atypical CF or CFTR related disorders, often with single or multi-organ
involvement190.260 presentation may be with recurrent sinus infections (ENT specialists),
male infertility and congenital bilateral absence of the vas deferens (CBAVD, fertility
clinics), as well as acute or chronic pancreatitis and/or weight loss (gastroenterologists).
Incidental diagnoses may also occur in young asymptomatic females or couples
contemplating pregnancy who elect to perform genetic carrier screening tests.

b) Maintaining nutrition and lung health—The areas of focus outlined in children
remain of primary importance in adults, in whom additional complications (of CF itself, of
its treatment and, increasingly, of ageing) occur. Regular review of pulmonary health and
infection remains key as does the rational use of drugs targeting bacteria, fungi and atypical
mycobacteria. Anti-inflammatory therapies are not in widespread use outside of the US
(ibuprofen), although this may well change in the near future as multiple entities are being
passed through trials pipelines. Prevention of malnutrition in pancreatic insufficient patients
and maintenance of a body mass index (BMI) of 22 kg/m? in females and 23 kg/m? in males
is associated with better lung function261, The more recent issue of obesity and its impact
on lung function and metabolic health is being further investigated in the CF population262,
Early detection of inadequate bone health and CF-related diabetes (CFRD) are also key
aspects of the annual review, with the latter being associated with increased mortality263,
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c) Emerging diagnoses in the older patient—The CF population is currently ageing
due to therapeutic progress leading to a survival benefit?64, However, there may be a price

to pay for this progress. Apart from the usual extrapulmonary manifestations observed in CF
adults (e.g., malnutrition, bone disease, diabetes)(Table 1), novel comorbidities are emerging
due to more prolonged survival, evolution of the disease and/or prolonged exposure to
treatments (reviewed inl8) (Table 2).

i) Cancer: An increased risk of cancer is emerging in the adult CF population. Colorectal
cancers were increased after lung transplantation, presumably related to the reduction of
antitumoral immune control caused by immunosuppressive drugs. The risk was 15 times
higher in CF patients receiving lung transplants than for other disease populations25°.

The risk of other digestive tract cancer (e.g., oesophageal) and non-hodgkin lymphoma

was increased compared to non-CF lung transplant recipients26. Registry studies267.268
and a metanalysis?59 have further highlighted the increased risk of digestive tract cancers
including small bowel, colon, biliary tract, and pancreatic cancers in non-transplanted CF
patients. Consensus recommendations for colorectal cancer screening in non-transplanted
and transplanted patients with CF were recently published?70. Screening is based on regular
colonoscopy that should begin after 40 years in non-transplanted patients and after 30 years
(or within 2 years after transplantation) in transplanted patients2/. Evaluation of these
expert recommendations will be necessary in future years. Mechanisms of increased risk of
cancer in patients with CF are under investigation and may include dysbiosis induced by
chronic bacterial infection and antibiotics271272 and/or direct effects of CFTR dysfunction
on carcinogenesis?’3:274, The number of cancers is predicted to increase in future years to
ageing of the CF population and to the increased humber of CF adults who have undergone
lung transplantation. The effects of CFTR modulators on the risk of cancer are unknown and
will require evaluation.

ii) Renal disease: Chronic kidney disease, sometimes leading chronic renal failure
requiring hemodialysis and/or renal transplantation, is also an emerging complication

in older adults with CF275:276_ Causes include repeated use of nephrotoxic drugs

(e.g., aminoglycosides, non-steroidal anti-inflammatory drugs), diabetic nephropathy,
amyloidosis?’”, and oxalate nephropathy278. After lung transplantation, immunosuppressive
drugs (e.g., anticalcineurin) also play a major role in deterioration of renal function.
Preserving renal function throughout life should become an objective in all CF patients

and the balance between increasing survival with advanced CF-lung disease and maintaining
lung health with intensive antimicrobials, may impact on kidney health especially with
longterm CFRD and in those undergoing transplantation where nephrotoxic therapies are
common.

iii) Obesity and metabolic complications: CF is classically associated with malnutrition
and low fat mass. However, with improvement of life expectancy, changes in nutritional
habits (increase dietary intake with high calorie/high fat consumption) and pancreatic
enzyme replacement therapy, the risk of overweight/obesity and metabolic syndrome is
increasing in CF patients especially the older adult279280, Treatment with CFTR modulators
is also associated with weight gain and it is hypothesised that when next generation CFTR
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modulators are widely available, the usual recommendation for a high fat/high calorie

diet may need to be reconsidered to avoid complications related to metabolic syndromes.
Further, although CFRD is not usually associated with the macroangiopathy and increased
macrovascular complications apparent in the general population with diabetes, they may
emerge as patients continue ageing with longer exposure to CFRD.

The list of emerging comorbidities in older adults with CF will likely get longer in future
years and objectives of CF care will shift progressively from the aims of preserving lung
function and avoiding malnutrition to achieving these goals in parallel with preventative

strategies for emerging comorbidities.

d) Transplantation—Since the first lung transplantation in the early 1980’s, significant
progress has led to improved outcomes from transplantation?81. Lung transplantation is
now considered the standard of care for patients with severe respiratory disease refractory
to usual therapy, as it has the potential to improve survival?82, However, not all suitable
patients gain such benefit, either because they are not referred in a timely fashion, because
the fail to be transplanted once listed or because they have poor post-transplant outcomes.
Tackling these issues for the future is imperative given the increasing adult CF population.

i) The need for improvement in lung transplant referral strategies: Recent studies
have revealed that barriers exists to providing lung transplantation in patients with

CF. Analyses of the US CFF patient registry have shown that patients who are

economically poor and/or poorly educated are less likely to be referred?83 and accepted

for transplantation284, underscoring the need for improved funding for lung transplantation
programmes?24, Even in countries with fully funded transplant services, lung transplantation
referral remains a problem. A study from France has revealed that at least 40% of patients
who died without lung transplantation would have been eligible for transplantation, but were
not transplanted due to late referral or no referral285,

Several barriers to timely referral for lung transplantation have been identified. The first

is related to the identification of objective factors for deciding transplant referral. Percent
predicted FEV1<30% has long been associated with high risk of death in patients with
CF286 and has been considered a criteria for lung transplantation referral?8’. However,
improvement in patient care and survival in CF adults has occurred even in patients

with severe disease and median survival at FEV1<30% predicted has increased from

a few months in the 1990’s to more than 6.5 years in the recent period®9:288, This

might in part explain that ~35% of patients with FEV1<30% were not referred for lung
transplantation in the US283, These findings underscore the difficulties predicting prognosis
based only on lung function and highlight many other prognostic factors (e.g., repeated
exacerbations, hemoptysis, pneumothorax, malnutrition, infection with specific bacterial
pathogens). Recent predictive models have incorporated several variables to predict 1
year?89 or 3 year220.291 syrvival in CF patients and may help in optimising timing of
transplant referral. Machine learning has also been recently applied to UK national registry
data to develop a model of prediction of prognosis and need for tranplantation referral292.
Scores developed based on such studies?%%2%1 may also be used for improving physician
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knowledge on non-lung function based criteria. One study identified lack of physician
knowledge as a possible limitation for timely transplant referral2%3.

Another barrier may be related to difficulties in discussing lung transplantation between
physicians and patients. Patient decision aids may be helpful and programmes helping
physicians to disseminate these aids to their patients have been suggested useful for patients
considering lung transplantation293. Finally, patient-identified barriers and facilitators to
lung transplant discussions can inform physicians as they discuss transplant in CF clinic294,

Recently, new recommendations for lung transplant referral have been produced by the CF
Foundation (USA) aim to reduce the number of individuals with CF who die without the
opportunity to be considered as a suitable lung transplant candidate2%°. The impact of these
recommendations on promoting timely referral and improving survival in CF patients will
require further studies.

ii) Ensuring that patients listed for transplantation get transplanted: Another aspect
is ensuring that all patients listed for lung transplantation undergo lung transplantation
and derive survival benefit from transplantation. In the US, the lung allocation score
(LAS) has been developed to prioritise among patients on the waiting list?%6. The score

is based on survival probability without transplantation and predicted post-transplantation
survival. The implementation of LAS has decreased rates of death on waiting list for
transplantation., However, some consider that CF patients are disadvantaged by the current
system and question whether a lower threshold of LAS score should be applied?97:298,

In France, a high emergency lung transplantation programme has been implemented since
2007. This programme allows transplantation within 14 days in patients with imminent
risk of death. In CF patients, eligible patients are those with severe respiratory failure and
hypercapnia despite intensive non-invasive ventilation, invasive ventilation and/or ECMO.
This programme has dramatically decreased mortality on the transplant waiting list with
an acceptable post-transplant survival?99:390_ |t remains to be established whether such
programme can be implemented successfully in other healthcare systems.

iii) Post-transplant care in patients with CF: In most countries, post-transplant care is
performed in transplant centres, which are often not co-located with CF centres. Although
this model of care has proven efficacious with an improvement in post-transplant prognosis
during the past three decades, novel models of care may be needed for CF patients are

now requiring consideration for several reasons. First, transplanted patients live longer30Z,
which is good news for the patients, but creates a significant burden for the ongoing care
provision by transplant centres. They need to accommodate a large number of patients
previously transplanted whilst also performing surgery on a growing number of candidates
awaiting lung transplantation (and not only patients with CF). Second, patients with CF
and their CF physicians often share a willingness to maintain their interaction developed
before lung transplantation, especially when the transplant center is at a longer distance from
the patient home. Third, the prognosis after lung transplantation in CF patients is driven

by lung function (especially by chronic allograft dysfunction)285 but importantly also by
extra-pulmonary comorbidities of CF (e.g., diabetes, renal failure, bowel cancers, etc...)281
that potentially may be managed optimally by multidisciplinary team in CF centres. One
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solution might be a system of alternating follow-up appointments between transplant centres
and CF centres. Ultimately the aim should be to improve daily life, burden of follow-up and
overall quality of life for the patient, without decreasing post-transplant survival. Developing
such new systems could prove beneficial for patients and the centres but roles will need to be
clearly defined.

6) Delivering care in the future

a) Training and sustaining the CF Multidisciplinary Team—Children diagnosed
with CF from the year 2000 onwards can anticipate a median survival greater than 50
years302, Many will pursue higher education, hold full time jobs and build their own
families. Some may even go one to obtain a pension.

In many developed countries, the number of adults is now greater than the number of
children393, and the number of adults is predicted to increase markedly in the next two
decades!’. The increase in the number of patients will constitute a significant challenge

to ensuring that enough highly qualified professional are present in CF centres, especially
adult centres. Appropriate staffing (including physicians, specialist nursing and allied health
professionals) for multidisciplinary team care has been defined according to the number of
patients by the ECFS standards of carel42. Training enough healthcare professionals and
maintaining their level of expertise in a rapidly changing disease will require an important
effort by academic institutions, learning societies, patient organizations and pharmaceutical
industry. As CF physicians are often also provide primary health care to their patients,
training should include knowledge on lung disease (management of airway infections, acute
complications and respiratory insufficiency), comorbidities (e.g., diabetes, bone disease,
liver disease, Gl problems, malnutrition...), fertility and pregnancy, and emerging issues
(screening for cancer, acute and chronic renal failure). As highlighted previously up to 20%
adult patients live with lung transplants3%4, requiring specific and highly specialised care.
Involving enough physicians from other specialties (e.g., endocrinologist, gastroenterologist,
obstetrician) will also constitute an important aspect.

There is currently no clearly defined curriculum for becoming a CF physician3%®. Ideally
training should involve acquisition of core competence (e.g., using a syllabus), post-graduate
courses and/or workshops, E-learning modules, and other teaching materials (e.g., books,
articles, videos...)3%. The ERS/ECFS Taskforce has recommended trainees who aspire to
practice as CF physicians should also spend a minimum of one year in a well-established

CF centre to learn all the practical aspects of CF care. Training programmes will also be
necessary for allied health and nursing professionals.

b) Models of care—Current follow-up of CF patients is based on recommendations
defining the standards of care for CF145:306_ Most care is hospital-based although
geographical variations exist in whether a tertiary centre or through partnerships with
general hospitals closer to the patients’ homes. Pros and cons to both of these models exist.
Patients with stable disease usually have routine appointment every two to three months and
an annual assessment to ensure that a full medical, dietetic, physiotherapy and psychosocial
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review is performed. Blood test, chest imaging and assessment for comorbidities are also
recommended at these annual visits45:306,

Recommendations further emphasise the need to provide access for emergency consultations
and inpatient care in case of acute exacerbations or other complications. These
recommendations have proven useful and presumably contributed to the increase in life
expectancy in CF patients over the past decades. However, demographical and clinical
characteristics of patients have markedly changed during the same period, and patient’s
needs and aspirations have evolved. In that context, an important question is to determine
whether it is possible to provide evolution to the present model of care in the setting

of rapidly growing numbers attending current adult CF centres and yet aiming to

decrease the burden of care for the patient without impairing health outcomes. Some of
these changes have already occurred: for example, many centres have outreach services
comprising specialised nurses +/- physiotherapists who can visit the patients in their home,
although these visits are likely limited by workforce capacity and should be considered
complementary to the hospital-based service rather than seen as an alternative. Some
paediatric centres provide a school or nursery visit system, although these would be
infrequent at times of change for example. Most CF centres have access to treatment of
exacerbations using intravenous antibiotics at home, which likely reduces the need for
hospitalization397:398_ Screening recommendation for diabetes is based on oral glucose
tolerance test (OGTT) that should be performed annually for all CF patients aged =10
years. However, repetition of these tests is not well accepted by the patients as it adds

to the burden of care; alternative approaches have recently been proposed using HbA;C

as a screening tool to determine which patients should undergo more cumbersome testing
(e.g., OGTT and/or CGM)309, although such screening has been uniformally been adopted,
remains controversial and requires further study before it can be broadly recommended.

The growing population, alongside concerns around cross-infection, have led some clinics
to explore the possibility of video-conferences to replace (at least some) direct clinic visits.
These could provide tangible benefit to patients, who often experience visiting the CF centre
as exhausting, although it is likely they will be more appropriate for some individuals

than others. Systems are available to allow downloading and review of home-performed
spirometry and sputum samples could be sent in by the patient; if this was done the week
before the consultation, results could even be available in real time. Unscheduled contacts
in between regular appointments are already current practice in many centres, where CF
nurses and doctors provide information and care via emails an telephone calls310. These
informal care practices are important aspect of CF care and are likely to evolve with
evolving technology and further development and evaluation of the effectiveness and safety
of telemedicine (reviewed in detail in later section).

This section highlights clinical care and its delivery for people with CF. Future opportunities
and challenges are highlighted in Panel 3.
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SECTION 3 - CF CARE IN DEVELOPING NATIONS

On a global level, there is a glaring gap in CF median age of survival between countries
based on gross domestic product or level of industrialization; while the life expectancy

of individuals with CF in Canada, United States, and EU countries is in the mid-40s or
above, it is half of that in Brazil311, and even less in El Salvador, India, the Middle East,
and non-EU countries312. Disparities in CF mortality based on country-level income were
most recently corroborated with data from the European Cystic Fibrosis Society Patient
Registry (ECFPR).313 In addition, the EuroCareCF collaboration, utilised the 35-country
European CF Registry at the time including 29,095 patients, reported that disparate country-
specific prevalence of CF could not be explained by differential population frequency of
CFTR variants or case under-ascertainment, but rather is indicative of excess premature
childhood CF mortality in non-West European countries314. Estimates show that the CF
population in non-West European countries would increase by 84% if individuals with

CF there had a demographic profile comparable to that of patients in West European
countries303. Inequities between developed and developing nations are observed not only

in life expectancy but across all CF-specific outcome measures, from growth and nutrition
to lung function and quality of life314. It also should be noted that inequality in CF care

and outcomes is seen both between and within countries, typically as a reflection of existing
social inequities146:187,315.316

Over the past decade, initiatives to improve CF care have included: establishment of
newborn screening and diagnostic confirmation via sweat testing results; populations
specific genetic panels; refinement of patient registries for comparison of processes and
outcomes; development of evidence- and consensus-based guidelines for care; training

of care teams in a systems approach to quality improvement; data transparency; and
encouragement of patient- and family-centered carel4” This section outlines the limitations
and challenges of CF care in developing countries, and proposes priorities for care
delivery that address early diagnosis, laboratory support, medication availability, and
multidisciplinary care. We also identify research directions to help improve CF health
outcomes in developing nations. The main goal of the strategies and priorities proposed here
is to close the gap in life expectancy and survival between individuals with CF in various
parts of the developing world.

1) CF Care Delivery and Models of the Future

Individuals with CF have complex needs that require extensive medical expertise and a wide
range of supportive health services. Despite existing guidelines and established standards for
CF care in developed countries, individuals with CF in developing nations are diagnosed
later and likely to receive substandard CF care due to organizational differences, limited

healthcare infrastructure, and lack of human resources, medications, and adequate facilities
(Figure 7)39:106,148,316,

2) Current diagnostic algorithms may not be appropriate in new populations

The adoption of current diagnostic algorithms in many LMIC according to the World
Bank classiciation, where newborn screening programmes do often not exist, poses
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significant diagnostic challenges as they assume basic CF diagnostic tests are available.
Furthermore, the recent revision of international consensus guidelines to lower the limit

of intermediate range sweat chloride from 40mmol/L to 30mmol/L has created additional
diagnostic challenges in LMIC where alternate measures of CFTR function e.g. nasal
potential difference (NPD) or molecular CFTR testing are not available or limited to CF7TR
panel testing more suited to Caucasian people. Although the rationale for adopting the
revised intermediate sweat chloride reference range is based on evidence of rare cases of
confirmed CF with sweat chloride in this range, the suitability of automatically adopting
these guidelines in new populations requires careful consideration with respect to new
population CFTR profiles, cost-benefit and availability of testing modalities in the diagnostic
algorithms.

Interpretation of sweat chloride concentrations in non-screened populations in LMIC must
factor in the effect of malnutrition and acute illness on sweat chloride concentration or
conductivity in these settings, as well as higher prevalence of CF-resembling diseases such
as tuberculosis and non-CF bronchiectasis317:318, In a study from Rwanda of 57 children
with CF-like illness (87% with protein energy malnutrition), 48 (84%) had a sweat chloride
> 40 mmol/L, of which 37 (65%) were > 60 mmol/L. However, a single CF disease-causing
CFTR variant was found in only four individuals31®. Similar findings have been observed
in Cape, Town, South Africa (Marco Zampoli, personal communication 2019). Whether
these findings represent true false positives or the effect of other factors e.g. ENaC channel
variants319 on sweat chloride concentration needs further investigation, but highlight the
potential flaws of universal application of CF diagnosis algorithms in new populations or
LMIC. Although not accepted as diagnostic for CF, sweat conductivity is more affordable,
more widely available and less labour intensive thus sweat chloride measurement320:321,
Inclusion of sweat conductivity and other CF screening investigations (e.g. fecal elastase)
in CF diagnostic algorithms, as in the South African guidelines, may be useful in settings
where access to standard CF diagnosis tests is limited322. The undeniable reality for many
LMIC or new populations is that rapid molecular diagnosis of CF is becoming more
accessible and affordable, especially for remote settings, thus providing an alternate pathway
for CF diagnosis where sweat testing is not available or feasible. Suitable CF7TR panels or
screening strategies would need to be developed depending on the profile and prevalence of
CFTR variants in the population.

3) Newborn Screening and Diagnostic Confirmation

Many challenges in the diagnosis and provision of CF care in LMIC have been highlighted
above. NBS programmes in developing countries also face several challenges, and health
officials need to balance the risk-benefit ratio of NBS for CF in their specific population

and healthcare delivery structure. Most developing countries — particularly those outside of
Europe - have a relatively low CF population incidence that could lower the priority of
implementing NBS in these countries. Some countries lack the specialised laboratory testing
resources and medical expertise needed for CF diagnosis and subsequent management.

Genetic testing in developing countries is challenging, as the frequency distributions of
CF variants are heterogeneous depending on the genetic admixture of the population. Such
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is the case in Latin America, for example: panels that are commonly used in Europe or
North America might detect only a fraction of alleles in the region. In Chile, the diagnostic
panel of the 36 most common variants detects approximately 50% of all alleles, while for
predominantly-Caucasian populations it is nearly 90%323, Thus, there is a need to increase
the ability of genetic testing to detect CFTR variants in non-Caucasian populations, with
full sequencing of all CFTR exons, untranslated regions, and copy number variants. The use
of next-generation sequencing (NGS) will avoid the bias generated by use of commercial
Kits that limit their scope to a specific set of known variants. Once extensive NGS analysis
has been performed to identify all variants across many populations, more sensitive panels
would be able to be developed and utilised in NBS programmes, leaving NGS analysis

for those cases for which the panel was not successful in identifying the two causative
variants324,

Functional assessment of CFTR activity should be performed by sweat testing, particularly
in cases with rare or novel variants for which clinical impact is unknown. Sweat testing
should be performed in a center with significant experience (>150 sweat tests per year)

and sweat chloride measured by a standard method (titration, potentiometry, or coulometric
quantitative tests).146 Designated clinical laboratories with adequate geographic distribution
are the most cost-effective step toward reliable diagnostic results from sweat testing.

4) Organization of CF Care

Among the organizational factors preventing optimal CF care delivery, the most prominent
are paucity of specialised CF center networks and multidisciplinary teams with expertise in
pulmonology, gastroenterology, endocrinology, respiratory care, physical therapy, nutrition,
psychology, and social work, among others (four examples from LMIC are provided

from different regions around the world in Panel 4). In many developing countries,

CF is managed within multiple, disconnected health service subdivisions, resulting in a
dispersion of patients and limiting providers from acquiring the expertise necessary for
provision of specialised CF care32°, The low volume of individuals with CF within each
unit may discourage health service administrators from allocating sufficient resources for
multidisciplinary CF care. Another organizational barrier is lack of integration or sharing
of information within and amongst different health systems, allowing for individuals with
CF to move between systems with limited follow-up. Finally, as salaries from public
employment are meager, health professionals essential to the multidisciplinary CF team
often supplement their income working as independent contractors to both public and private
systems, limiting their availability or willingness to dedicate more time in CF care, which
is mostly reimbursed from limited public sources and forcing families to pay out-of-pocket
resulting in higher costs to insurance providers and families.324 This arrangement creates

a two-tier system, lack of effective multidisciplinary work, and the false reassurance of
receiving better care when paying the provider in private practice. While smaller countries,
such as Uruguay, Paraguay or Serbia, tend to have centralised CF care with neonatal
screening and centralised medication delivery, larger countries, such as Argentina or Brazil,
have a more complex — and in some ways less well organised — CF care delivered in a wide
variety of settings, from tertiary centres similar to those in the developed world to primary
care facilities staffed by only one physician.
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5) Training of Multidisciplinary Teams

It is well established that better survival for individuals with CF occurs when care is
provided by multidisciplinary teams of experienced specialists that employ best practices,
engage in quality improvement initiatives, share knowledge, and are organised in a care
center network328, Unfortunately, this is not the case in the developing world. Most
developing countries lack the resources to build such teams, and CF care is relegated to
individuals with interest rather than expertise, often resulting in appropriate management

of one aspect of CF while neglecting others. Building multidisciplinary teams through
appropriate training, skill development, and provision of resources is critical in low-resource
settings146:147.315 To establish such infrastructure in underserved parts of the world, it is
not enough to disseminate information through traditional learning methods, such as care
guidelines, lectures, and conferences. There is a critical need to support CF care providers

in these regions with team training and ongoing professional development316, Even more
useful is a sustained and tangible training partnership between CF teams with demonstrated
excellence in the delivery of evidence-based CF care and the training of multidisciplinary
CF care teams, on the one hand, and CF teams in developing countries, on the other32’.
These partnerships should work in three critical aspects of CF care: 1) delivery of standard,
evidence-based CF care that is adapted to local healthcare settings; 2) establishment of a CF
registry and data infrastructure to support such care; and 3) engagement and education of the
local CF community and stakeholders.

6) CF Care Teams as a Clinical Microsystem

The significant changes in health care and medicine in the past several decades, including
the provision of ongoing care, have weakened the autonomy of individual physicians,
requiring that they work as part of medical teams either in a single institution or across
institutional settings. The slow adaptation of individual clinicians to team-based medical
care has been influenced by several factors, including a persistent culture of professional
autonomy, a prominent cultural trait in most developing countries; the lack of formal
training in teamwork techniques; and the absence of tools, infrastructure, and incentives to
facilitate the change. The lack of team-based care has resulted in deviations from established
standards for evidence-based, “best practice” CF protocols. Thus, in developing nations, it
is essential to create effective CF teams and networks of teams that collaborate, even in the
absence of a formal entity or accrediting body that requires or support team care, such as the
CFF (USA) or the United Kingdom CF Trust.

One approach to solve the deficit of team-based CF care is the “clinical microsystem.” The
CF care team is the basic building block of the clinical microsystem, which also includes
the CF patient population, support staff, equipment, facilities, and information environment
serving the needs of patients, family caregivers and healthcare professionals328, Significant
improvement in clinical outcomes has been achieved by structuring CF care as a clinical
microsystem, standardising care where possible, using best current evidence, stratifying
patients based on medical need, and customising care to meet individual needs for patients
and their families329330, Structuring CF care as a microsystem should be a cost-effective
strategy for CF care teams in developing countries that can improve clinical outcomes and
quality of life of patients. Finally, problems in care management, such as lack of trained
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workforce, resources for sustaining CF care, lack of medications, and limited state support
can be addressed through the organization of expertise at the regional level, under the
clinical microsystem model.

7) Medication Access and Choice of Therapies

Medicines account for 20 to 60% of health spending in LMIC, compared with 18% in
countries of the Organisation for Economic Co-operation and Development. Furthermore,
many developed countries have programmes in place, either public or private, that subsidise
the final cost of medications to consumers. Up to 90% of the population in developing
countries purchase medicines through out-of-pocket payments, making medicines the largest
family expenditure item after food. Although the absolute cost of a given medication may
be lower in developing countries331 compared to the price in advanced economies, they are
still unaffordable (as an arbitrary threshold, a treatment requiring more than one days’ wage
will be considered “unaffordable”)24. Limited access to cost-effective supply of medical
products — drugs, nutritional supplements, durable medical devices, and disposable supplies
— impede the effective delivery of CF care according to established guidelines.332 In most
developing countries, the current pattern of pricing of FDA-approved drugs, FDA-approved
to market medical devices (so called 510k cleared devices), and nutritional supplements for
CF care may be as high as 200-300% the U.S. costs, in relative terms. This pattern, seen
across all CF care products, reflects large differences between the manufacturer selling price
and the in-country distributor selling price. Pharmaceutical companies cite the relatively
high cost of registration, regulatory framework, limited intellectual property rights, weak
healthcare systems, as well as the lack of resources to pursue registration in every country,
as a significant barrier to making their products available at an affordable price333. In
addition, many companies do not sell directly to the government due to its lack of effective
distribution systems in place, using instead a local distributor that has an unlimited freedom
for price setting, resulting in prices several times higher than the manufacturer fair price.

Nutritional status has a prime impact on pulmonary disease progression and survival in
CF334, Infancy and early childhood are periods of vulnerability to adverse exposures
associated with poverty; therefore, an aggressive strategy should be employed to achieve
good nutritional status as early as possible. Specific considerations in LMIC include some of
the following: a) Breastfeeding, the most affordable and safest method of nutrition, should
be encouraged for all infants along with proper enzyme supplementation; b) When there

are no resources for gastrostomy, overnight nasogastric tube feeding can be administered,;

c) During hot, humid weather, intense physical activity, or fever, salt should be added along
with adequate hydration33,

Ideally airway clearance treatment should begin at the time of diagnosis, even without
symptoms and parents using techniques recommended by a physiotherapist including
including autogenic drainage. Inexpensive mechanical devices that generate oscillating or
non-oscillating positive expiratory pressure (PEP) should be favored over more expensive
high-frequency chest wall oscillation (HFCWO) devices336.

Choice of antibiotics to treat pulmonary exacerbations is based on guidelines created in
developed countries. Market availability and pricing may differ in the developing nations.
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For example, although in the US tobramycin is the aminoglycoside of choice for intravenous
treatment of CF pulmonary exacerbations due to 2. aeruginosa®3’, amikacin and gentamicin
may be more affordable and easily available in the developing world. Similarly, use of
injectable formulations of tobramycin and amikacin have been used instead of tobramycin
solution for inhalation (TSI) to treat chronic P aeruginosa infection. Although TSI might be
advantageous, the use of the injectable preparations for nebulization is certainly better than
no treatment338,

8) Patient Registry and Data Management

The development of national registries that collect patient data and illustrate population-
based care processes and disease outcomes is an essential step to improved survival33,
High-quality patient registries are vital for identifying epidemiologic trends in CF and
monitoring the impact of interventions over time. Although advancements in CF care have
led to dramatic improvements in survival on a population level, there are individual patient-
level factors that can impact survival, and national differences in survival. It is important to
understand these factors to ensure that each individual and overall population can achieve
their full health potential. Established patient registries (PR), including the ECFS PR and
the US CFF PR include comparisons between CF centres in terms of key clinical outcomes.
Although such comparisons make no adjustments for differences in patient case mix among
the different CF centres, they are very important, because describing and understanding

the differences in CF survival is only possible through robust and transparent analysis

of nationwide CF patient registries. Initiatives to improve CF care require a sophisticated
patient registry that allows: a comparison of processes and outcomes between and within CF
centres; development of evidence-based and consensus-based guidelines regarding standards
of care; ability for the CF care teams to use a systems approach to quality improvement; data
transparency; and encouragement of a patient- and family-centered care

9) Geographic, Economic, and Political Barriers

10)

Studies in developing countries have shown that geographic proximity and physical
accessibility of health services are strongly associated with healthcare utilization340.
Geographical information systems (GIS) approaches and tools have been used to model
accessibility to healthcare services341:342, GIS software could provide useful information for
planning and delivery of health services and for the assessment of access to healthcare.343
Developing countries could consider using this GIS approach when designing and
positioning CF care centres to optimise CF care access and delivery. At the governmental
level, CF care can be improved by health systems strengthening interventions, such as

the U.S.Agency for International Development’s “Acting on the Call -Ending Preventable
Child and Maternal Deaths”37 which are increasingly being implemented to improve health
services in IMIC344, Such initiatives can also be attractive to potential donors.

Influencing the Health System

Currently, there is little collaboration between practitioners and the health systems
organizations where they practice, a reflection of the deeply ingrained culture of medical
autonomy and the belief that the ultimate responsibility of a physician is to the individual
patient. Unfortunately, this misalignment leads to suboptimal care to the very patient whom
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the physician treats. To support patient-centered care delivery by well-functioning clinical
care teams, health organizations must find ways to bridge the divide between the CF team
and the delivery system and allocate resources for improving its efficiency and impacting
clinical outcomes.

11) The Individual CF Patient/Family

Over the last decades, the role of the patient has changed from a passive recipient to

an active participant in care. Fragmented healthcare systems, combined with the growing
burden of chronic disease and the need for continuous care, have forced many individuals
with CF to assume an active role in the design, coordination, and delivery of their care.
Such patient activation is even more critical in developing countries. Information and
communications systems can provide valuable information to the patient for disease self-
management and enable ongoing interaction between patients and their care team outside
of the clinic walls. Continuous, real-time communication of an individual’s physiologic
data to CF care providers could accelerate the pace of diagnosis and treatment. Remote
monitoring and care delivery could make care more convenient for patients, save them
time, and conceivably improve adherence to treatments, although additional research is
required to determine effectiveness and safety of these strategies. The use of apps such

a Genia in Sweden or Folia in the US is an example of facilitating interactions between
families and their care team and enhancing the quality of care. Apps also have the

potential to change the nature of the relationship between patient and provider, encouraging
patient activation, provider trust, and shared decision-making34°346. Modern-day CF care is
technology-dependent and cost-intensive. In most developing countries, healthcare systems
lack the resources (trained manpower, materials, and funds) for appropriate diagnosis,
management, and regular monitoring of the disease with a focus on long-term outcomes,
including CF-related metabolic disease, infertility, quality of life, etc. Options to overcome
these challenges using available technology and resources needs to be explored.

12) Partnering with Stakeholders

Patient associations and advocacy organizations, which in most developing countries center
their efforts on medication access, need to consider alternatives for reaching their objectives.
Specifically, a change from “demanding” to “partnering” with local health systems and
governing authorities, working collaboratively with CF care teams to develop strategies to
improve care, and together reaching out to health care officials and policy makers can be a
fruitful approach.

13) Meaningful CF Research for Developing Nations

Research is essential for delivering evidence-based and innovative CF care and improving
the survival and quality of life of individuals with CF in developing nations where
epigenetic, environmental, and socioeconomic factors, including access to health services
and CF care, differ substantially compared to industrialised countries313. Lung function
and nutritional status remain central indicators of CF health. Tracking such indicators
through epidemiological and observational studies and identifying local determinants of
these outcomes should be prioritised. An important first step toward meaningful CF
research in developing countries is establishing of CF patient registries, which advance
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our understanding of CF epidemiology and help improve survival89:339, Countries in Latin
America34” and South Africa348 have recently established registries for their CF patient
population.

While developing patient registries, it is critical to capture not only clinical but also
socioeconomic and environmental data. It is also essential to coordinate data fields

and adopt definitions consistent with established CF registries to ensure harmonization,
applicability, and meaningful comparisons of CF data sets within and between
countries349:350,

Interventional studies addressing the unique needs of developing countries are equally
important. Access to high-quality and affordable CF care and specialised CF drugs such

as inhaled antibiotics, Dornase alfa, and CFTR modulators is often restricted or absent.
Therefore, investigation of cost-effective alternatives achieving similar outcomes are critical,
such as inexpensive nebulised hypertonic salinel94:251 off-label use of nebulised gentamicin
or amikacin for eradication of 2. aeruginosa®>?, antibiotics delivered through non-standard
inhalation devices, and non-inferiority studies of simple chest physiotherapy devices336.
Other complex issues that need to be addressed through research include the varying genetic
epidemiology of the disease, the acceptance of CF as a lifelong chronic condition, and the
development of education platforms including adequate pathways for physician training and
systems to disseminate research findings13.

An emphasis on local priorities must remain at the forefront of research investment in CF in
developing nations. Global shifts from healthcare to health and from hospital to community
care have relevance to CF, but in the challenging context of financial constraint, geographic
variability, and environmental influences, cost-effectiveness is imperative. Prioritising
research in areas of greatest need — from infection control, antimicrobial resistance, and

the monitoring of colonization patterns to point-of-care alternatives for detecting infection in
CF, lung function measurement, and clinical assessment — is crucial and requires a dialogue
between healthcare sectors, providers, government entities, and CF patient organizations
and stakeholders. For example, research to develop evidence-based CF care guidelines

that account for local practices, culture, and diet could expand access to low-cost chest
physiotherapy devices or identify unique local nutritional supplements.

Knowledge translation through improvement in clinical practice and monitoring change
are important in all healthcare settings but have even greater relevance to CF care in
developing nations. Engaging governments, healthcare teams, and individuals with CF
and their families is key for performing robust clinical research to improve outcomes
and demonstrate effectiveness. The pillars of successful research in developing nations
are communication, cost, and community engagement. Communication is central to
delivering high-quality CF care in low-resource settings and with widespread internet
access (even in the remote locations) prompts work on connecting patients with remote
CF care teams using digital health, telemedicine, and e-tools to facilitate care. Disparities
between rural and urban CF populations3>2 as well as disparities based on distance to the
CF center353 may be ameliorated through outreach care and the adoption of telehealth
clinics.354:355 Telehealth approaches may help ensure more equitable access to CF care
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in geographically diverse areas. In terms of cost, quantitative economic modelling is
particularly important, supplemented by qualitative, observational, and quasi-experimental
studies addressing disease heterogeneity, geographic variation, and environmental influences
on disease outcomes. Finally, community engagement is vital to successful CF research

in developing countries. The delivery of CF care that is sensitive to cultural, ethnic, and
religious beliefs and norms is fundamental for community engagement in CF research.
Self-management approaches, including strategies to promote patient and family education
and treatment adherence, activate and empower CF patients, families, and stakeholders to
participate in research to improve outcomes.

Equitable access to emerging CF therapies, including therapeutic clinical trials, is an
important issue for developing countries. Large, pharmaceutical-sponsored drug trials are
often the only way for patients in developing countries to access novel and expensive
therapies. However, significant and distinct challenges for the implementation of CF
clinical trials exist. The unwillingness of the pharmaceutical industry to sponsor trials in
low-resource settings or to assure continued post-trial access to drugs is often a stumbling
block. Examples of this include trials of novel and costly oral CFTR potentiator-corrector
combinations run by smaller biotech companies (e.g. Galapagos) with limited resources
for larger studies in significant numbers of patients including lesser developed settings.
The Tobramycin Inhaled Powder (TIP), a simple device reducing administration time and
improving adherence is particularly important in lower resourced settings. Often long-term
safety studies have been conducted excluding lesser developed nations where TIP benefits
may arguably be even greater. In assessing where to conduct clinical trials, industry clearly
considers future markets and drug affordability and with the high costs of newer agents and
challenges with infrastructure to conduct clinical trials, this makes running clinical trials less
feasible and desirable in lesser developed nations at an ethical cost to patient access.

Other challenges include geographic distance and terrain, language barriers requiring the
use of medical translators, and cultural and religious beliefs that hinder the “acceptance’ of
experimental therapies. Variability of the treatment response in a clinical trial setting may
also be higher in lesser developed countries if patients are seen more frequently than the
standard of routine clinical care making the “placebo’ effect potentially more pronounced.
Tailored adjustments may be necessary to address these challenges as well as restrictions
imposed by local healthcare structures. Simplified algorithms and condensed study protocols
with focus on outcomes that do not require complex and expensive technology would
improve trial quality and consistency. Innovative solutions to fund CF trials are needed
because data derived from developing countries strengthens the local political case for drug
access, providing evidence for national effectiveness.

Finally, improved survival of individuals with CF in some low-resource settings has led

to detection of complications such as allergic bronchopulmonary aspergillosis, antibiotic-
resistant organisms, side effects of prolonged/persistent antimicrobial therapy, infection with
organisms not traditionally associated with CF, and more. The sheer numbers of CF patients
surviving into adulthood has increased globally and this is likely to occur in lower-middle
income countries over the next decades. Planning and resourcing this challenge is necessary
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and is limited at present. Clinical and health service research focusing on these issues is
important to inform future CF clinical care in the developing world.

In summary, effective models for the improvement of CF care in developing countries
should emphasise (1) early diagnosis, with a focus on greater awareness of the disease,
expanding the use of quality sweat tests, and supporting NBS programmes in the countries
where they already exist; (2) improvement of existing CF teams by regionalising care

and providing training by experienced teams from developed countries; (3) intervention in
medication costs to make treatments more accessible; (4) cooperation with governments
and CF stakeholders to maximise effort; and (5) meaningful research that aims to address
and improve the distinctive epigenetic, cultural, environmental, socioeconomic factors, and
limitations to care access that makes CF such a challenging chronic disease to developing
nations.

Effective models for the improvement of CF care in developing countries should emphasise
(1) early diagnosis, with a focus on greater awareness of the disease, expanding the use of
quality sweat tests, and supporting NBS programmes in the countries where they already
exist; (2) improvement of existing CF teams by regionalising care and providing training

by experienced teams from developed countries; (3) intervention in medication costs to
make treatments more accessible; (4) cooperation with governments and CF stakeholders

to maximise effort; and (5) meaningful research that aims to address and improve the
distinctive epigenetic, cultural, environmental, socioeconomic factors, and limitations to care
access that makes CF such a challenging chronic disease to developing nations.

Individuals with CF face increased challenges to successfully juggle complex treatment
regimens and manage complications that come with aging. Registry data is a valuable
resource that can be used to advocate for additional resources to care for the aging CF
population so that we can best meet their current and future needs.

This section highlights clinical care and its delivery for people with CF. Future opportunities
and challenges are highlighted in Panel 5.

SECTION 4 — NOVEL THERAPEUTICS

1) The path to development of CFTR-directed therapeutics for restoration of CFTR
function in all patients with CF: current status and remaining challenges

Based on the nature of the molecular defects in CFTR (Figure 1), it was conceived

that small molecules could successfully restore activity to the mutant protein, thereby
ameliorating disease manifestations®. These agents were discovered by high throughput
screening, and optimised by rigorous medicinal chemistry that was driven by a remarkably
faithful and predictive preclinical assay, the ion transport properties of primary human CF
bronchial epithelial cells that can be maintained in cell culture. The first class of agents to
be successfully developed were CFTR potentiators;small molecules that interact with the
mutant channel to augment its open probability of the CFTR channel, enhancing anion flux
through the plasma membrane (Table 3)3°6-3%8_|nitial studies focused on the G551D gating
mutation, as sufficient protein was already localised to the cell surface, but its function
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was almost complete absent396:359-362 |n vitro, ivacaftor restored ~50% of CFTR activity
to the channel, and improved impaired mucociliary clearance; a cornerstone of the CF
pathophysiological defect3%6. Effects in patients were marked, rapid, dose-dependent, and
reversible. Endpoints including lung function and effects on biomarkers of CFTR function,
i.e. sweat chloride, nasal potential difference and intestinal current measurements were
internally consistent, enhancing confidence in the findings21:363:364_ This initial proof of
concept was a harbinger of a relatively rapid transformation of the field as substantial
clinical development accelerated to increase the number of mutations addressed by CFTR
modulators, evaluate their effects in populations outside of the initial clinical trials (and

in particular, young individuals), and understand the protean effects of these agents,
including /n vitroto in vivo correlates, which continue to evolve (Figure 8)365. One
challenge for turning a CF concept product into an actual medicine for the benefit of
patients resides in the fact that, although pre-clinical models have shown good predictability
for certain CFTR mutations, a good correlation to clinical end-points or biomarkers,
individual patient level correlation to clinical end-points or biomarkers (e.g. FEV4 and sweat
chloride) has not yet been achieved. In this respect, the use of alternative end-points and
innovative nonclinical models could be helpful for the understanding of those translational
discrepancies. Collaborative endeavours to promote further research and development in
these areas as well as early dialogue with the regulatory bodies are recommended36,

Regarding expansion beyond the original, rare G551D population, several developments
have occurred. First, ivacaftor has been shown to be effective in up to 37 variants, based
principally on in vitro findings but substantiated by clinical effects367:368, This includes
gating mutations that have similar mechanism and efficacy of G551D gating mutations,
missense alleles from mutations that reach the cell surface, but exhibit partial dysfunction
from abnormal conductance or cell processing, or non-canonical splice variants that exhibit
residual activity due to small but meaningful amounts of CFTR channels at the cell
surface3%. In general, ivacaftor responsiveness in vitro for these other alleles paralleled each
other with a few important exceptions, and were proportionate to the amount of residual
CFTR activity (e.g. those with milder phenotypes have a high likelihood of potentiator
response as residual CFTR to potentiate is present). Due to confidence in the assay and the
cell physiology that underlies it, cell model data has been considered sufficient to expand
availability to rare variants by the FDA, and additional mutations are likely to follow as
more comprehensive in vitro testing is accomplished with other rare CFTR variants37°.
Second, the underling population based on clinical severity has continued to expand, largely
driven by the evaluation of patients younger in age. At present, ivacaftor is now approved in
the U.S. for patients age 6 months and above, and even younger populations are presently
under study in the U.S. and elsewhere?2:196_Studies in progressively younger CF individuals
have demonstrated the potential to preserve or restore pancreatic function371:372 and
effective CFTR modulators such as Ivacaftor could slow or prevent lung disease progression
if instituted prior to the onset of bronchiectasis33.

The roadmap provided by the development of ivacaftor has accelerated the pace of
developing CFTR modulators for more common mutations (Figure 9). Correction of
p.Phe508del, with the potential to apply to up to 90% of the CF population by genetic
cause, was initially challenging due to the complexity of the p.Phe508del molecular defect
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that includes inefficient cell processing, abnormal gating, and shortened cell surface half-life
(Table 3)374-376_ Not surprisingly, CFTR potentiator or corrector therapy using a single
drug was found to be ineffective, as augmenting processing of p.Phe508del without gating,
or the converse, was inherently inefficient377:378_ In contrast, combined two drug corrector-
potentiator combination therapy was efficacious for patients homozygous for p.Phe508del,
using either lumacaftor/ivacaftor23:379 or tezacaftor/ivacaftor380-381 However, a gene-dose
effect made these regimen ineffective in patients heterozygous for p.Phe508del and an
unresponsive ‘minimal function’ allele, where these corrector-potentiator combination
therapies were not active enough to confer clinical benefit. This stood in contrast to

the beneficial effect of tezacaftor/ivacaftor in patients with p.Phe508del and an ivacaftor
responsive allele, in which the combined effect of tezacaftor/ivacaftor on the p.Phe508del
allele and ivacaftor on the ivacaftor-responsive residual function allele was sufficient to
confer clinical benefit that exceeded ivacaftor alone382,

Applying the concept that treatment with multiple CFTR correctors, in addition to ivacaftor
as a potentiator, could restore greater function to p.Phe508del and provide benefit even

in p.Phe508del heterozygous individuals, has accelerated progress, with recent results
suggesting efficacy similar to potentiation of G551D by ivacaftor383.384 The potential for
multi-drug therapy consisting of two correctors acting at different sites of the p.Phe508del
protein to correct distinct folding defects and a potentiator is likely to extend to multiple
corrector-potentiator regimen, or even in combination with CFTR amplifiers to increase
CFTR mRNA substrate pools applicable to pharmacological restoration by correctors383.

Adoption of highly effective CFTR modulator regimens could entirely alter the landscape

of CF treatment if availability of the regimen is assured to all patients with the potential to
benefit. Several issues still have to be solved to assure maximal impact of CFTR-directed
therapeutics and each of them requires distinct research efforts. First, patient-specific drug
testing strategies may be needed, particularly given that ultra-rare mutations in which CFTR
modulator regimen have not been clinically tested have the potential to respond to these
therapies. Individualised testing regimen could assist this effort, including N of 1 trial
designs that incorporate in vivo assessments of CFTR biomarkers coupled with cell-based
assays derived from trial participants386-388 Agreement among regulatory bodies regarding
the approach to patients with CF who harbor ultra-rare mutations that are insufficiently
common to be addressed with typical clinical trial designs is needed to help secure access to
effective medications for this patient population. Second, mutations in which current CFTR
corrector-potentiator combination regimen are unlikely to provide benefit need further drug
development. Premature termination codons are particularly prevalent in this group and have
the potential to be addressed by the pharmacologic suppression via translational readthrough
(Table 3)389-392_ Thjs concept has translated to proof-of-principle in vivo studies with
aminoglycosides such as gentamicin, but not with sufficient efficacy or safety to envision
chronic therapy as of yet393-395_ Several strategies are in development, including both
rational drug design3%6 and new high throughput screening approaches.

In addition to CFTR modulators, several novel small-molecule therapeutic strategies are
presently in development to expand pharmacological rescue to CFTR mutations that are
currently not covered, or to provide durable long-term benefit via gene replacement

Lancet Respir Med. Author manuscript; available in PMC 2022 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bell et al.

Page 44

therapy397-399. A relatively approachable strategy would be mRNA based repair via anti-
sense oligonucleotides of individual and severe splice mutations in CFTR, as has been
conceptually demonstrated for Duchenne’s muscular dystrophy409-401 and spinal muscular
atrophy“92, Codon optimised CFTR mRNA replacement therapy could provide an additional
alternative in a mutation agnostic fashion, noting that intermittent recurrent delivery would
be required with mRNA based therapies. The ultimate goal of providing a life-long cure

for CF may require the emergence of highly efficient gene therapy, either in the form of
full-length functional CFTR delivery via viral and non-viral vectors, or gene editing of

the genome. Substantial barriers remain to these genetic approaches, including efficacy of
delivered genes and assuring off target events do not occur, particularly if gene editing
enzymes are delivered4%3. Moreover, all nucleotide-based treatments rely on the emergence
of efficient nucleotide delivery strategies to the lung, in which innate defense mechanisms
need to be circumvented. In addition, a better understanding of where CFTR must be
delivered, both anatomically and at the level of respiratory cell type, to impart durable
improvemens to the lung is needed, particularly given the undefined role of the recently
discovered ionocyte (a rare subtype of airway epithelial cells that express high levels of
CFTR) in airway physiology4%4. Finally, how gene repair might be feasible in other affected
organs and improve the health of CF patient in the absence of CFTR restoration beyond the
lung is also unknown.

2) Patient-derived model systems for advancement of personalised medicine in CF

In parallel to these therapeutic strategies designed to restore mutant CFTR function,
tremendous progress has been made in the development of patient-derived cell and tissue
models that are now available for advancement of personalised medicine for patients with
CF405-407 planar cultures of primary bronchial epithelial cells obtained from lung explants
were shown to be a suitable model to predict response to CFTR modulator therapy /n
vitro3®8:361 byt their availability remains limited especially for rare CFTR genotypes.
Therefore, the development of techniques such as conditional reprogramming of airway
epithelial that enables the use of brushed nasal cells that can be easily obtained from patients
at any age?98-411 as well as the possibility to generate airway epithelial-like cells from

skin or blood cells using induced pluripotent stem cell technology*!2, are major advances
for /n vitrotesting of individual responses to CFTR-directed therapeutics. In addition

to planar cultures for electrophysiological studies of CFTR chloride channel function,
three-dimensional organoid cultures of intestinal and nasal epithelial cells have become
available for studies of CFTR-mediated fluid transport and have been used increasingly

for in vitro testing of CFTR modulator effects on specific CFTR mutations387:413-415,
While these cell based models provide unique opportunities for preclinical /n vitrotesting,
recent studies showed that intestinal current measurements (ICM) for assessment of CFTR
function in native rectal tissue biopsies is sensitive to detect /77 vivo responses to treatment
with ivacaftor in G551D patients and lumacaftor/ivacaftor combination therapy p.Phe508del
homozygous patients364.388:416.417 These data suggest ICM as a sensitive biomarker of
CFTR function that may be used to determine /in vivo response of rare CFTR mutations

and compare responsiveness to different approved CFTR-directed drugs in individual CF
patients.These patient-derived models are important expansions of the precision medicin
toolbox for CF that can be employed to predict and assess /1 vivo responses of individual CF
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patients to multiple emerging CFTR-directed therapeutics and are therefore expected to be
instrumental for realising the full potential of personalised medicine for CF.

3) Clinical trial designs that led to the approval of current CFTR modulators

As outlined above, to date, three CFTR modulator drugs have been advanced through the
whole process of clinical drug development, regulatory review and approval: the potentiator
ivacaftor for patients bearing responsive CFTR gating or residual function mutations,

and two corrector/potentiator combinations for patients homozygous for the p.Phe508del
mutation (lumacaftor/ivacaftor and tezacaftor/ivacaftor), or compound heterozygous for

the p.Phe508del mutation and select residual function mutations (tezacaftor/ivacaftor)8.

For all of these three CFTR modulator treatments, clinical trial designs have been very
similar. Whether phase 2 or phase 3 trials, they were all conducted in genotype-specific
populations?1-24.363.379.380 Even though CF is a rare disease, the restriction of eligibility to
patients with specific genotypes has not been a major limitation for the clinical development
of these compounds, as they were the first in their class to be tested. Moreover, enthusiasm
from clinicians and eagerness from patients to participate enabled fast enrollment in all
studies. Nearly all phase 2 and phase 3 trials were randomised, placebo-controlled, parallel-
group, multicentre studies)?1-24:363.380_ phase 2 trials were dose-ranging studies of 4 to 8
weeks conducted in adults with CF that evaluated safety, functional rescue of CFTR activity
and early clinical benefit363:379.381 |n addition to sweat chloride, nasal potential difference
measurements were used as a biomarker of CFTR activity in the airway epithelium in

the early phase 2 trial evaluating ivacaftor3%3. However, due to its high variability despite
standardization#18, later trials only relied on change in sweat chloride concentration as a
biomarker of CFTR function. Clinical benefit was assessed through measurement of effects
on forced expiratory volume in 1 s (FEV1) and quality of life questionnaires. Pivotal phase
3 trials were 24 to 48 week-long studies conducted in children over 6 years of age and
adults?1 2223.24 380 Thejr aim was to study safety and long-term clinical benefit with the
primary endpoint being change in FEV1 percent predicted. Other clinical endpoints were
the time to the first pulmonary exacerbation and the rate of exacerbations, change in weight
and quality of life questionnaires. Studies conducted in children younger than 6 years of age
were limited to open label trials and focused on pharmacokinetics, safety, sweat chloride and
fecal elastase as key trial endpoints196:372,

A slightly different approach was used in trials of the novel potentiator GLP1837. A phase
2 study of the potentiator GLP1837 was based on a 4-week open-label study with a 7
day-withdrawal of ivacaftor before the start of dosing the new potentiator19. A placebo-
controlled phase 2 study on an amplifier designed to increase the amount of immature
CFTR protein in the cell and thus provide additional substrate for CFTR correctors and
potentiators to act upon was conducted in patients on stable lumacaftor/ivacaftor treatment
(NCT02718495). Some phase 3 trials that included patients with less common mutations
had a crossover design with two 8-week intervention periods separated by a 4 to 8-week
washout period382:420_ |n the randomized superiority phase 2 and phase 3 studies of triple
combination therapies consisting of a next generation CFTR corrector (either VVX-445 or
VX-659) in combination with the first generation corrector tezacaftor and the potentiator
ivacaftor in p.Phe508del homozygous patients, tezacaftor/ivacaftor was used as the active
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control because dual-combination CFTR modulators were considered the standard of care
for these patients383:384 (\/X17-445-103, VX17-659-103). This approach of testing added
benefit of a triple combination CFTR modulator therapy on top of current combination
therapy with tezacaftor/ivacaftor was more straight forward because all the drugs tested
were developed by the same sponsor. For the first time, two different compounds with

the same mode of action, i.e. the next generation correctors VX-445 and VX-659, were
tested simultaneously in parallel phase 2 trials and both were advanced to phase 3 trials to
mitigate the risk of unforeseen adverse effects that is associated with new chemical entities.
Finally, because previous studies have shown that the efficacy of CFTR modulator therapies
on lung function could be reliably evaluated after 4 weeks of treatment21-24.363,380 the
phase 3 trials of triple combination CFTR modulator therapies in p.Phe508del homozygous
patient had a trial primary endpoint at 4 weeks, although the duration of the randomized
phase was longer to evaluate efficacy and safety. This was then followed by an open-label
study (NCT03224351, NCT03224351). The rapid increase of people with CF treated with
approved CFTR modulators may impede future trials by other sponsors to follow this path.

4) Current challenges in trial design

The advances of the last few years, while providing much promise for patients with CF,

pose some challenges in the approach to testing further and emerging novel drugs in clinical
trials. There are two specific issues, both related to the emergence of effective mutation-
specific CFTR modulators as standard care, namely i) how new CFTR corrector/potentiator
combinations can be tested; and ii) how trials with compounds targeting more ‘conventional’
or down-stream targets in CF lung disease such as airways mucus plugging, inflammation
and infection should be designed.

Three currently licensed CFTR modulator therapies have been mentioned above and phase

3 trials of triple combinations including a next generation CFTR corrector (VX-659 or

V' X-445) added to tezacaftor/ivacaftor have been completed in patients with CF homozygous
for p.Phe508del and compound heterozygous for p.Phe508del and a minimal function
mutation (VX17-445-102, VX17-445-103, VX17-659-102, VX17-659-103). If licensed, a
triple combination CFTR modulator therapy may be suitable for more than 85% of the CF
population that carries at least one allele of the common CFTR mutation, p.Phe508del. In
regions where these drugs are reimbursed, any new investigational compound will therefore
be trialled in patients already receiving drug, from which they may be experiencing clinical
benefit. Such new agents may seek to compete with, or replace the current drug(s) or may be
specifically designed as an ‘add-on’. An example of the latter are CFTR amplifiers, designed
to increase the amount of p.Phe508del CFTR protein upon which correctors can work385:421,

New CFTR modulator compounds developed to further enhance efficacy of functional

rescue of p.Phe508del and other CFTR mutations could be tested in head-to-head active
comparison trials against existing CFTR modulator drugs or with a placebo-controlled
design?22:423 The former can be powered either for superiority or non-inferiority, potentially
requiring large number of patients depending on the hypothesis and the trial endpoint(s)#24.
For an active comparator trial, there will be substantial costs for the trial sponsor in
supplying and blinding the control drug if manufactured by another company. Placebo-
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controlled trials, while often considered gold-standard and requiring smaller, possibly
shorter studies, will not only require patients to ‘wash-out’ their current therapy, but also
potentially to remain off drug if randomised to placebo, noting that the effcacy of the
new therapy is not established. A small study has surveyed opinions on this, reporting
reasonable support from patients for short-term placebo periods#2®. However, this data
may already be out of date. As the eligible population grows and compound efficacy

of modulators in the pipeline is greater, it is essential that those involved in design and
implementation of CF trials continue to appreciate how such issues influence patient
acceptability. Ultimately, this decision will rest with regulatory bodies, but they may be
prepared to take into account patient opinions#28. Agents designed as ‘add-ons’ perhaps
have fewer challenges; the original therapy can continue to be supplied through the clinic
with the add-on molecule being administered in a standard placebo-controlled fashion (eg.
clinicaltrials.gov NCT03258424).

Despite the recent breakthrough with CFTR modulators, the development of novel
mucolytic, anti-inflammatory and anti-infective therapies will likely remain important,
especially for patient populations with more advanced stages of CF lung disease. There

are multiple current trials of these agents running through the CF clinical trial networks,
some of which may be more challenging to recruit to if CFTR modulator trials are also on
offer for the same patient group. Casting the eye forward to an environment within which the
majority of our patients are receiving effective CFTR modulators, this particular challenge
may have lessened, but it is clear there may be new ones; i) patients may feel so well they do
not wish to enrol in future trials and ii) the clinical impact of any intervention may be more
difficult to discern on a background of better health, leading to the need for larger group
sizes or longer trial duration. Specific challenges of anti-infective and anti-inflammatory
trials in the era of highly effective CFTR modulators have been reviewed recently#27:428 |n
the case of the latter, one aim may be creative adaptation of protocols in later stage trials

to reduce the burden on participants. Home monitoring with blue-tooth enabled devices for
lung function, weight and symptoms is being explored for clinical care?2%430 and could

also be considered by sponsors in a trial setting. Low volume blood samples obtained

by finger prick that could be sent into the laboratory by patients or community research
nurses are being explored in some other diseases*31432, In terms of signal detection, we
may need more sensitive outcome measures than the conventional FEV1. Multi-breath
washout derived lung clearance index has proved sensitive and extremely useful in young
children and adults with mild disease and has been accepted as efficacy endpoint in pediatric
regulatory trials24167:433434 |n addition, lung imaging by CT and MRI hold promise

as quantitative outcome measures in this patient population178:435-440 A the population
hopefully moves towards this ‘milder’ state, LCI and new imaging modalities may prove
useful. It is encouraging that consideration of these outcome measures is increasingly
acceptable not only to sponsors but also to regulatory bodies, the EMA in fact convening a
workshop around this issue several years ago®41.

5) The role of different stakeholders in CF drug development

The development of novel drugs for CF relies on successful collaboration between the
different stakeholders including academia, industry, regulatory bodies, patient organizations
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and learned societies, and the development of CFTR modulators probably exemplifies

the best case scenario in the CF field so far. Researchers from different fields including
genetics, biochemistry and physiology applied basic science to understand the molecular
and functional consequences of mutations in the CFTR gene, and developed tools to

screen for compounds improving mutant CFTR function42. Patient organisations have often
participated in funding such research. The CF Foundation (CFF) in particular has funded and
collaborated with pharmaceutical companies to develop drugs emerging from that research.
Patient organisations and learned societies like the European Cystic Fibrosis Society (ECFS)
have established clinical trial networks such as the CFF Therapeutics Development Network
(TDN) and the ECFS Clinical Trials Network (CTN) to optimize the delivery of clinical
trials to test candidate drugs*43-445. Throughout this process, clinician scientists, care givers
and patients were actively involved in supporting basic research, building and studying large
patients cohorts, developing/validating outcome measures and by giving their time to clinical
trial visits.

Orphan drug designation and its incentives put in place by regulatory bodies including the
expedited review of applications has indeed attracted the interest of pharma companies

to develop drugs for CF as a rare disease. A central pillar to protect public health

is the strengthening of collaboration at international level to promote harmonisation

of regulatory requirements, sharing of information and addressing common challenges.
International cooperation is moving from harmonisation of technical requirements towards
a more convergence-based approach, emphasising information and work-sharing through
multilateral cooperation and coalitions. Regular meetings by phone or videoconference are
held with other non-EU regulators in so-called “clusters’ initially set up by EMA and
United States (US) Food and Drug Adminstration (FDA). Other global regulatory bodies,
including Health Canada, the Japanese Pharmaceuticals and Medical Devices Agency
(PMDA) and the Australian Therapeutic Goods Administration (TGA), now participate

in some of the clusters*46. Recognising the rapid pace of innovation and its own role

in catalysing and enabling regulatory science and innovation, the European Medicines
Agency (EMA) has recently launched for public consultation its new regulatory science
strategy (RSS) (EMA Regulatory Science to 2025 — Strategic reflection?4’. One of the

key goals identified in the RSS is “Driving collaborative evidence generation”, fostering
innovation in clinical trials (with a focus on novel trial designs, endpoints, or techniques
for gathering data) and developing methodologies to incorporate clinical care data sources
in regulatory decision-making. A portfolio of regulatory tools and procedures are in place
to implement this strategy including multi-stakeholder meetings, such as the workshop

on endpoints for CF clinical trials in collaboration with the ECFS#41, or the Enpr-EMA
workshop on gastrointestinal (GI) outcome measures to evaluate CFTR modulators for the
treatment of cystic fibrosis#48. The most important tool is scientific advice provided by
regulatory bodies during all phases of product development. In addition to product-specific
advice, the EMA is also offering a scientific advice procedure to support the qualification
of novel methodologies for medicine development*47. During an initial consultation and
advice phase repeat interactions between the innovators and regulators define what studies
or other activities will be required to make a new methodology “fit for purpose”. Before
final adoption of qualification opinion on the acceptability of the specific use of a method,
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the evaluations are made available for public consultation by the scientific community. This
ensures that all relevant information is open to scientific scrutiny and discussion.

Recently, a qualification opinion on the ECFS Patient Registry and CF
Pharmacoepidemiology studies has been adopted (Qualification Opinion on The European
Cystic Fibrosis Society Patient Registry (ECFSPR) and CF Pharmacoepidemiology
Studies*4°. Several methodology advice procedures have been concluded successfully in
collaboration with EU HTA bodies and patient groups (Parallel consultation with regulators
and health technology assessment bodies*>%). This was done to ensure the widest possible
input from and acceptance of useful methodologies by key healthcare decision makers,
beyond regulators only. It is hoped that researchers from academia, industry and/or public
private consortia will choose this pathway to open up their methodology developments to
external scrutiny and, in the process, familiarise decision makers with their concepts and
enhance their acceptability, where justified. The development and validation of novel clinical
study methods and data sources will require the long-term, collaborative efforts of all
stakeholders in the healthcare ecosystem. However, the potential benefits are high: to bring
important information on drugs’ effects to patients faster and thus enable the translation of
scientific progress into timely access to much-needed treatments for patients with CF.

Despite these attempts, this encouraging collaborative work between industry, academia,
patient organizations and regulatory bodies is however countered by failures in the system
at the final stage, i.e. general access to safe and effective drugs. This has proved difficult or
currently impossible even in a number of ‘high income’ countries around the world, largely
due to the ultra-high price of novel break-through therapies for people with CF (this issue is
discussed further below)#°1,

6) The anticipated future impact of CFTR-directed therapeutics for people with CF

The unprecedented possibility to treat CF patients with drugs that restore the function of
mutant CFTR raises the questions of how these novel CFTR-directed therapeutics will be
used in future CF care, how they will impact on the clinical phenotype and to what extent
they can replace the current ‘gold standard” of symptomatic therapies for CF? The mode

of action of CFTR modulators, i.e. direct targeting of CFTR dysfunction in all affected
organs including the lungs, pancreas and gastrointestinal track, forms a strong rationale

for employing this class of drugs as the new backbone of the standard of care of patients
with responsive CF genotypes. The clinical benefit of these CFTR-directed drugs will likely
depend on i) efficacy of restoration of CFTR function; ii) initiation of therapy with regard to
the stage of disease; and iii) long-term safety and tolerability.

The notion that the clinical benefit of CFTR modulators is related to their efficacy in

the rescue of mutant CFTR function is based on observational studies on the relationship
between CF genotype, the level of residual CFTR chloride channel function and clinical
phenotype. These studies demonstrated that mutations that confer residual CFTR chloride
channel function are associated with a milder disease phenotype including better pulmonary
and nutritional outcomes, and reduced mortality compared to CF patients carrying minimal
function mutations#16:452453 This concept has been corroborated by the pivotal pase 3 trials
of current CFTR modulators where restoration of CFTR function to a level of ~50% of
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normal in patients with the G551D mutation treated with ivacaftor resulted in a substantially
higher (~3-fold) improvement in lung function (FEV percent predicted) compared to the
restoration of ~10 to 20% of CFTR function in p.Phe508del homozygous patients treated
with lumacaftor/ivacaftor or tezacaftor/ivacaftor21:23.363.364,380,388.417 Thjs relationship
between functional rescue and clinical response, and recent preclinical/early phase clinical
data of the next generation CFTR correctors VX-659 and VX-459 in combination with
tezacaftor/ivacaftor, predicts that triple combination therapy has the potential to extend the
level of functional correction and clinical benefit that has so far only been achieved with
ivacaftor in the subpopulation of ~4% of CF patients carrying the rare G551D mutation

to up to 90 % of the CF population that carries at least one p.Phe508del allele8-383.384,
Collectively, these data indicate that the level of functional correction is an important
determinant of clinical efficacy and that full restoration of CFTR function should remain the
ultimate goal to achieve maximal clinical benefit.

In addition to the magnitude of restoration of CFTR function, the timing of initiation of
therapy with respect to the stage of disease is another critical determinant of the efficacy of
CFTR modulator therapy. In the context of chronic lung disease with irreversible structural
damage of the airways and lung parenchyma, restoration of CFTR function is likely limited
to anatomically preserved regions of the lung. This effect has been shown to improve overall
mucus clearance and lung function in adult patients with a spectrum of lung function
impairment?1.23.365 However, it cannot be expected that CFTR modulators will revert
bronchiectasis and it remains uncertain to what extent these drugs can break the viscious
cycle of chronic polymicrobial infection, inflammation and tissue damage in structually
abnormal regions of the lung#>#455, The main therapeutic effect of CFTR modulators in
this scenario is probably the protection of structually preserved airways thereby reducing
the number of pulmonary exacerbations and lung function decline, lung transplantation

and mortality in people with CF21.23.373,380.456 | patients with irreversible structural lung
damage it is therefore expected that adjunct therapeutics targeting impaired mucociliary
clearance, chronic airways infection and inflammation continue to be important components
of multimodal CF care. Similar to the lung, CFTR-targeting therapies are not expected

to revert irreversible structural damage of other organs such as the pancreas and current
symptomatic therapies such as pancreatic enzyme replacement and insulin therapy will
remain mainstay therapies of CF-related exocrine and endocrine pancreatic insufficiency36°,

Although first tested and approved for the treatment of adolescent and adult patients with
chronic disease manifestations, CFTR modulators may be most effective when started early
prior to the onset of irreversible organ damage. The lungs of CF patients are structurally
normal at birth, but initial abnormalities such as airway mucus plugging, inflammation

and transient infection with CF pathogens are observed in the first months of life even

in the absence of respiratory symptoms#>’. In contrast to irreversible bronchiectasis that
develop over time in the muco-inflammatory milieu of CF airways, these early changes are
potentially reversible. Therefore, early initiation of CFTR-directed therapies in CF infants
has great potential to delay or even prevent the onset of irreversible lung damage. Such

a preventive approach has become feasible by the interplay of two recent developments.
First, widespread implementation of CF newborn screening has enabled establishment of
the diagnosis of CF in first weeks of life in a growing number of countries worldwide?*38,
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Second, the development of non-invasive quantitative outcome measures of lung function
and structure such as the lung clearance index (LCI) derived from the multiple breath
washout (MBW) technique or radiation-free cross-sectional chest imaging by MRI have
enabled sensitive detection of the onset and progression of early abnormalities, as well as
response to therapeutic interventions in infants and preschool children with CF168.194,433,437,
The concept that preventive CFTR modulator therapy may indeed be most effective is
supported by recent studies in a CF ferret model with the G551D mutation where in

utero initiation and postnatal continuation of ivacaftor therapy led to improved pancreatic
exocrine and endocrine function, growth and survival and prevented mucus accumulation
and bacterial infections in the lungs371. Furthermore, studies in this CF model showed

that withdrawal of CFTR modulator therapy at any age rapidly reestablished CF-like
multiorgan disease. Of note, a similar withdrawal syndrome was recently reported in CF
patients with the G551D mutation in whom discontinuation of ivacaftor therapy led to a
rapid deterioration of lung function and clinical symptoms#°. Besides the development of
more efficacious CFTR modulators, these data persuasively argue for accelerated clinical
development of preventive therapy, ideally starting in early infancy (potentlally in utero) and
point to the importance of life-long adherence to avoid reestablishment and progression of
CF disease manifestations upon withdrawal of CFTR-directed therapeutics.

Another important determinant of the future clinical use of CFTR modulators will be their
long-term safety and tolerability. While current CFTR modulator drugs have so far shown
good safety and tolerability profiles across independent clinical studies and in real life

for almost one decade for ivacaftor monotherapy and approximately 5 years for lumacaftor/
ivacaftor combination therapy respectively, potential side effects caused by the addition of
next generation CFTR corrector compounds and/or other new chemical entities such as
amplifiers remain unknown. While it has been established that current CFTR modulators
directly bind to CFTR and thereby improve the folding, trafficking and gating of mutant
CFTR chloride channels, their potential to bind to other (wild-type and mutant) proteins
and thereby interfere with other cellular functions has not been studied in great detail*60.
Therefore, establishment of long-term safety by pharmacovigilance programmes remains an
important task during the implementation of increasingly complex combination therapies
based on new chemical entities in patients of different age groups.

With the improvements of health and life expectancy anticipated with the implementation
of efficacious CFTR modulators as standard of care, it will also be important to determine
if these medicines can be administered safely durining pregnancy in increasingly healthy
female patients with a desire to start their own family. In addition, establishment of safety of
in utero exposure of the embryo and fetus would also be a crucial prerequisite for in utero
treatment of patients that have been diagnosed by prenatal diagnostics to prevent damage of
the pancreas and other gastro-intestinal disease manifestations as recently demonstrated for
the CF ferret model4>°. Furthermore, it remains to be seen what impact CFTR modulators
will have on the prevalence of common extrapulmonary disease manifestations including
CFRD, liver fibrosis or osteoporosis, as well as emerging complications, such as increased
risk of gastrointestinal cancers that has been associated with CFTR mutations269:461 or
difficult to treat infections with NTM that have emerged in adult patients with CF with
increased life expectancy?62,
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7) The cost and access to novel therapeutics

From a clinical perspective, it is understandable that healthcare professionals as well as

CF patients and their families expect timely access to new therapies once they successfully
pass all phases of their clinical trials. However, as healthcare budgets are limited, it is
necessary for reasons of equity and efficiency that regulatory authorities and third party
payers consider the impact on all patients of a decision to reimburse therapies for any given
patient group. Third party payers must in other words compare alternative uses of scarce
resources in terms of their opportunity cost - the benefits that could have been enjoyed

had those resources been put to their next best use - as well as their benefits. In CF, the
emergence of CFTR modulator therapy, currently extremely high cost therapies, has thrown
into sharp focus the issues of equity, drug pricing and even how we fund research and
development.

Ivacaftor with its approximate cost of 180,000 GBP per annum highlighted these issues

in CF463 and became a precedent for other CF orphan drug newcomers*64. lvacaftor was

a groundbreaking clinical research achievement and obtained rapid approvals by FDA and
EMA regulatory agencies?l. However, the staggering price of ivacaftor not only raised

the question of its relative value for money, but re-ignited complex arguments about what
constitutes “value for money”, how we incorporate equity into decision making and what
are the longer terms implications for research and development of decisions about whether
or not to reimburse new expensive therapies; issues health economists have debated for
many years*65-471 When conventional cost effectiveness analyses based on calculating
incremental cost per quality-adjusted life years (QALY) gained — the incremental cost
effectiveness ratio (ICER) - were applied to determine the value of the new treatment, the
ICER varied considerably between 334,000 GBP and 1,270,000 GBP per QALY gained*72.
These figures crossed the usual benchmark for the maximum allowable cost to be paid
(e.g., in England and Wales where National Health Systems set the conventional threshold
around 20,000 to 30,000 GBP per year, although recently they have excluded ultra-rare
disorders and life-limiting conditions from the requirement to fit this threshold). As a
result, economic arguments were used in several European countries to delay or deny cover
for ivacaftor for some of its age- and mutation-specific indications (e.g., Irish National
Centre for Pharmacoeconomics did not recommend the reimbursement for CF patients
aged 2 to 5 years®’3, Scottish Medicines Consortium did not recommend ivacaftor for use
in patients with R117H mutation*”4). Ultimately, other arguments not entirely based on
value-for-money methodology, but emphasising clinical effectiveness and unmet medical
needs prevailed: as of end 2018 the drug has been accepted for reimbursement in United
States, Canada, Australia, Brazil, England, Wales and Scotland, Ireland, Denmark, Sweden,
Norway, Iceland, Germany, Austria, Czech Republic, Switzerland, Slovenia, France, Italy,
Spain, Portugal, Belgium, Netherlands, Luxembourg and Greece.

Ivacaftor happened to be a classic example of the best possible therapeutic agent available,
yet not accessible to suitable patients living outside the countries listed above where it was
reimbursed (Figure 10 panels a-c). This inevitably means different standards of care will
apply in regions where ivacaftor or similar therapies remain inaccessible compared those
where it is.
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This is seen in the even more complicated situation regarding reimbursement for another
CFTR modulator drug that combines molecules of ivacaftor and lumacaftor. This drug,

very similar in price to ivacaftor, also showed a clinical effect that reached statistical
significance?3, yet in a much more moderate way than ivacaftor and therefore raised
concerns about its true long-term benefits. The high cost accompanied by debatable clinical
effectiveness created a less favourable reimbursement context. So far, public funding or
insurance coverage for lumacaftor/ivacaftor combination therapy has been secured in the
United States, Canada, Australia, Scotland, Ireland, Denmark, Sweden, Norway, Iceland,
Germany, Austria, Italy, Spain, Netherlands, Luxembourg and Greece, but not for instance in
England or France (Figure 10 panels a-c).

The marketing experience with CFTR modulators indicates that price relative to the value
placed on benefit of innovative orphan drugs is a key to the determination of whether or not
the drug becomes accessible. Other things being equal, high prices certainly hamper, if not
prevent completely, the adoption of new therapies by regulatory authorities and third party
payers, unless compelling arguments can be presented to balance those related to cost per
QALY gain (Panel 6)*75.

Finding solutions to global access will be critical to ensure all people with treatable CFTR
mutations can benefit from innovative and transformative medicines, including those in
LMIC. This will reduce the likelihood of individuals facing the dire consequences of denied
access and of socities facing “two-classes” of medicine for those who can and those who
can’t afford access to novel therapies. More broadly, it may help avoid the unintended
consequences of negative reimbursement decisions such as counterfeit drug production and
distribution?’8, or of uncontrolled use by patients who are denied access to novel therapies
in their own health care system.

The proportion of potentially eligible patients suitable for existing CFTR modulators varies
and likely to be significantly lower than the >50% in some countries e.g. USA due to
lower rates of the mutations suitable for modulators therapy (e.g. patients with the G551D
mutation and those who have p.Phe508del/p.Phe508del). In many regions globally, it’s
not possible to make such estimations due to the very limited CFTR variant analysis.
Furthermore, diagnosis is often missed or delayed and the availability of conventional
standards of care limited. There is an imperative to get these issues better coordinated in
LMIC so accurate diagnosis can be made. Of course, on the other hand the options for
CFTR modulators to manage other mutations (e.g. those with non- p.Phe508del minimal
function mutations will increase the numbers of the CF population globally who will
potentially benefit from combinations of CFTR modulators. The international approaches
to ensure access of anti-retroviral agents for HIV in LMIC is laudable but perhaps less
likely to gain the political traction due to the relatively small numbers of patients with CF
compared with those with HIV disease?’7478,

This section highlights issues related to novel therapeutics in CF. Future opportunities and
challenges are highlighted in Panel 7.
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SECTION 5 - PATIENT EXPERIENCE, ENGAGEMENT AND INVOLVEMENT

Living with CF means living with a life-long, chronic illness. For some, relentless daily
recurrent symptoms requiring treatment at home or in hospital and a reliance on lifelong
center care dominates life*81. For others there are fewer reminders of the disease with

less symptom and treatment burden, and a limited reliance on healthcare systems. The
challenge however, can be accepting or even believing that there is a need for CF therapies.
Regardless of symptoms, all people with CF (and their families) live with the knowledge of
the life-limiting nature of the disease.

Managing a life with CF has been associated with a significant psychological and practical
burden. The literature describes elevated symptoms of anxiety and depression and impacts
on quality of life#82, Well-being fluctuates over time and is determined by the interaction
between illness parameters, burden of treatment, availability of expertise and care, individual
characteristics including resilience and positive coping, and available social support systems.

Support from and involvement with CF multidisciplinary teams and Patient Organisations
can assist to mitigate the day to day burden of treatment and encourage participation in daily
life activities.

1) Living With Cystic Fibrosis

a) The early years—NBS programmes can have specific challenges of a diagnosis
including the acceptance of the disease when the infant appears completely well and the
need to learn to maintain a treatment regimen. A diagnosis of CF can be overwhelming

and not only impacts on the infant and parents, but also siblings and the extended
family*83, Coping with a life-limiting disease causes emotional turmoil in parents including
anxiety, disbelief and concern#84. Learning about CF and the requirements of treatment

is an immense responsibility and accepting the diagnosis takes time. Families need expert
information, education and support from the CF multidisciplinary team, family and friends.
Within a short period of time, CF treatment must become integrated into normal family
routine with demanding day to day adaptions impacting on family relationships and decision
making, particularly around schooling, employment and social activities*&,

b) Toddler and pre- school years—During the pre-school years children develop
rapidly and these changes affect families living with CF486, For example, language
acquisition gives children the opportunity to verbally demonstrate their feelings about
their treatment demands, while increased mobility and independent play may challenge
the routine of CF therapies. New cognitive and emotional skills require age appropriate
information and support about CF, especially as children take CF to school and learn to
communicate with friends about CF. During these years education and support are also
essential as children slowly begin to take some responsibility and learn to understand and
manage aspects of their treatment487,

c) Adolescence and early adulthood—Adolescence and early adulthood are the
years in which a person searches for social, emotional, educational, and economic resources
to maintain health and wellbeing throughout their life. The processes of identification and
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independence are central to psychosocial development however, living with CF can make
this challenging. Being different from peers requires social and emotional adaptation#88.
Independence from parents is a crucial developmental task for young people with CF
however, as well as these normal tasks, young people also need to start taking responsibility
for and managing treatment.

During these years the impact of CF on social, romantic and intimate relationships grows,
and education and career choices are often made. Unfortunately, CF often interferes with
or at least influences such decision making due to clinical status, level of education or
poor support. A well-established transition programme which provides information and
counselling on these themes is crucial for present and future lives#8°,

d) Adulthood—Many of issues important in adolescence and early adulthood will
continue during adult life, adding new themes including planning for a family and becoming
parents, finding accommodation, career decisions and financial independence. Parenthood

is as important to people with CF as it is to their peers, however becoming a parent often
changes their perspective of CF and CF treatment490, Although most adults with CF were
diagnosed in infancy or early childhood, for about 10% of the population the diagnosis
comes much later in life491, For this group, the literature describes disbelief, anger or
anxiety, but also relief of finally having a diagnosis. These (often) older people must learn to
adapt to needs of CF therapy which will depend on the severity of symptoms. In addition, a
late diagnosis will impact family members, employment, relationships, and future plans.

CF is changing, thanks to changes in clinical management, early and aggressive treatment,
novel therapeutics and options around medication delivery systems. The development of new
medicines and the potential they unlock brings hope across the ages. Older people with CF
are recognising a significant slowing down of their symptoms, while parents anticipate that
their children will delay experiencing or even avoid signs of CF.

CF may be relatively stable for many years however, there will inevitably be a deterioration
in health leading to a change in treatment requirements. In the later stages as health declines,
treatment demands will increase, lung transplant options will be discussed, end-of-life
decisions will be discussed and documented, and individuals will have to cope with the
unpredictable character of CF492:493,

2) Adherence, Burden of Treatment and Well-Being (Patients and Carers)

Whilst early studies suggested the mental health of people with CF was not different from
the general population, a recent large international study reported a high prevalence of
depression and anxiety people with CF494-4%_ Thyjs study included children and adults
with CF (n=6088) and parents of children (n=4102) from nine countries (154 CF centres)
in Europe and the USA. The key findings were two to three-fold increases in depression
and anxiety when compared with community samples. As a consequence, the International
Committee on Mental Health in CF was created to develop a consensus for screening and
treatment of mental health in CF4%7. Annual mental health screening with reliable, valid
measures allows early detection and a stepped care approach to intervention498, Research
shows that adherence is related to knowledge and information, age, family and social
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support, treatment burden and illness severity4%®. Non-adherence is related to a worsening
prognosis, increased health care needs, lack of support and work or school absence*8. In
CF, adherence is reported to be sub-optimal although there is no clear definition of optimal
adherence. Adherence is difficult to measure, often overestimated by people with CF yet
underestimated by health care professionals#®5500, For many however, perfect adherence is
an unhelpful ambition unless it results in a improvement in health (actual or perceived).
Healthcare professionals must be aware that avoidance is a common coping mechanism and
that distraction and escapism is understandable as treatment is a constant reminder of the
disease®01. Many individuals find that adherence to all prescribed treatments is not an option
as it interferes with their aim to lead a normal life and some just misunderstand treatment
recommendations®°2. People with CF describe time related barriers as one of the main
reasons for not managing to keep to treatment requests (social/family life, work/education
commitments and childcare).

For the adolescent with CF, emerging therapeutic independence can challenge the balancing
of health maintenace and aiming for normalcy amonst their peers Poor adherence is a
potential factor contributing to clinical deterioration as the adolescent approachs adulthood
and adult care. Poorer adherence to prescribed treatments is likely to relate to challenges
with time management, complexity of regimens, decreased parental oversight, individual
concerns of necessity of treatments, social pressure and reluctance to disclose their
condition, and depression®03-507_ Optimal approaches to support the adolescent is still not
well established.

Adults with CF therefore often make day to day decisions about the level of treatment they
can carry out°%8, Healthcare professionals should be aware of this decision-making process
and work together with people with CF to achieve an optimal treatment regimen while
maintaining an optimal life balance.

CF teams should be promoting good mental and physical health from childhood, including
sleep hygiene, healthy eating, exercise and learning to balance CF with pleasurable
activities®®, Focusing on building coping strategies and resilience in young people with
CF to reduce the risk of depression and anxiety will play a large part in paediatric and adult
care of the future498, This shift from active management of deterioration in both physical
and mental health, to the promotion of health and resilience has started in some areas
however, this must be highlighted in future models of care. Promoting health and wellbeing
is a challenge for society and specialist CF services need to engage with wider public health
initiatives. Rather than attempting to design CF specific initiatives to encourage exercise
and physical activity, good nutrition and managing mental health, CF teams should utilise
the excellent work already being completed for the general population. Finally, in this
technology driven age, utilising technology and apps to encourage self-management and
control of health will also lead to patients feeling empowered and more in control of their
disease.

As CFTR modulators become more readily available consideration of the impact of these
therepies on adherence to current therapies which are part of the standard of care will
be required. It is tempting to consider reduced the burden of treatments is the patient
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whose health has improved dramatically following the initiation of modulator therapy. It

is important to recognise that all pivotal studies have included standard medications and
whilst the medium-term impact of modulators appears to reduce rate of lung function
decline — decline continues®10. Pragmatic studies are required to assess the impact of CFTR
modulators on long-term adherence to therapies in general and in turn, the impact on health
over time.

3) Communication, Telehealth and Self Monitoring

a) Communicating with people with CF and their families—Communication
about chronic illness and treatment expectation is demanding and important however,

the heterogeneous character of the population makes communication even more
challenging®11:512_ Children, their families and adults with CF deserve appropriate
information and education about the disease, treatment, prognosis and new developments
to be able to make choices in their lives®13. Even when there are cognitive or emotional
challenges, it is the task of healthcare professionals to provide information adapted to
individual needs. Randomly providing information is irresponsible without assessing each
person’s ability to process and cope with such information. The CF multidisciplinary
team should never withhold any information because it is considered to be too difficult,
demotivating or frightening. The ability to explain, listen, reflect and adapt is crucial and
should be an integral part of any training.

The loss of patient contact with each other at lay conferences, camps. etc may also
contribute isolation from “peers“ with similar lived experience supports the concept of
remote contact (utilising social media e.g chat rooms, remote partcipation in conferences,
etc).

Parents and carers, the growing child, adolescent and adults are exposed to the internet

and social media where information, comment, opinion and advice are constantly available.
Trust, honesty, openness and support from CF healthcare professionals can mitigate dubious
or untrue messaging and support useful and helpful suggestions. However, navigating this
constantly changing media is challenging and CF multidisciplinary teams need to stay up

to date with the latest beliefs and opinions. More positively, the internet can be a useful
medium for CF healthcare professionals to communicate sharing experiences and methods
of providing care, including clinical pathways, protocols, guidelines and shared decision-
making tools>14-516,

b) Telehealth and self-monitoring—Telemedicine is a remote, patient-centred,
clinical service including the use of video and audio connections, telemonitoring and mobile
applications relating to health and/or well-being and connected health-related wearable
devices®”. A factor which has supported the move to remote assessment of patients has
been the need to progressively limit contact between patients due to increasing eveidence

of cross-infection with patients potentially sharing infections®18:519_ In CF, studies of
telemedicine have predominantly consisted of small studies including patients with limited
disease variability, short feasibility trials using a wide age range of patients, and pilot studies
with often poorly defined outcome measures®20, Nevertheless, the availability and use of
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new technologies for people with chronic illness is increasing and has led to an immense
growth of web-based and mobile information and communication technologies®2L.

The use of these developing technologies is appealing and links into the social world of
today’s patient population. The notion of telemedicine is familiar to many with remote
healthcare services using telecommunication technologies (spirometers, pulse oximeters,
activity tracking, text reminders, e-diaries and smartphone applications) to identify
intervention points, potentially preventing the need for aggressive treatment, including
hospitalisation#39:522, There is also interest in and development of physical activity or
exercise programmes and pharmacy video training®23.

However, several problems remain. Cost and availability will be limiting factors as the
move towards telehealth goes forward. Many people do not have regular access to the
internet, maobile phones or personal computers, although this is changing rapidly with the
advent of smartphone devices®24. In addition, little is known about the cost benefit of

using new technologies and little is known about costs or the problem of invoicing for

the use of e-healthcare. Common technological issues need to be addressed such as the
time lag in audio-feed and disrupted connections. There is also a need for clear criteria
(e.g. what constitutes an exacerbation) in order to use new technologies more reliably and
further insight is needed into the daily variation in CF symptoms. In addition, although
telemonitoring appears feasible and readily accepted, to date few studies have demonstrated
a significant impact on health outcomes such as exacerbation rates, lung function, HRQoL
and health care utilisation®2. To establish and prove the long-term effectiveness and cost-
effectiveness, more well-designed clinical studies, including psychological and behavioural
issues, are needed>26,

For people with CF and their families, the main advantage of telehealth is cost reduction
(travel, days off work/education etc), convenience and efficiency (e.g. electronic documents,
appointments via e-mail, psychological support via e-mail, video conferencing). The
literature to date does not provide any evidence of negative effects for people with CF,
however this does not mean they don’t exist. Potentially, self-monitoring can cause anxiety
due to the lack of immediate feedback or obsessive over-monitoring (e.g. lung function,
oxygen saturation). Conversely, several studies have shown low adherence to self-monitoring
with an association with increased burden527:528,

Ideally, telemedicine should not be an all or nothing option, more likely into the future

it will be used periodically throughout the patient journey, particularly for those living in
regional and remote environments and during changes such as trying a new therapy to
monitor success, or maybe at times of clinical deterioration and frequent exacerbations. In
the near future most people will engage with new technologies and home monitoring as
they are already using e-mail, mobile phones, appliances, websites etc on a day-to-day basis.
Consideration needs to be given to e-health research and in setting up new systems and
people with CF need to be involved in the development of such programmes. Cost-benefit
issues need to be addressed and patient reported outcomes are essential. However, the most
important aim of telemedicine is to monitor and improve clinical outcome for individuals
with CF.
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As a step further studies are underway on the feasibility and utility of more continuous
remote monitoring of patients. Examples include lung function performed on a regular basis
and uploaded via bluetooth devices into a shared system from which the clinical team

can access it; machine learning approaches could ultimately allow ‘flagging’ of a result
outside the subject’s normal range for rapid review. Point of care technologies to diagnose
airway infection are being explored and outside the CF field, remote monitoring of diabetic
control is already becoming a reality. Such approaches will require rigorous assessment

as adherence to monitoring can wane with time and provides a constant reminder of CF
which is not always embraced by the patient and may have additional adverse impacts

on HRQoL52%:530_ |t js quite likely they will enhance convenience, but there may not be
the expected cost savings. An approach of this nature could be particularly attractive to
populations dispersed over a very large geography or for whom transport links are limited.

4) The Role of Lay Organisations and Foundations

Patient Organisations (PO) support and advocate for the needs of people with CF and their
families with the aim of improving quality and length of life. Mission statements include
funding research, collecting and publishing information, providing emotional and welfare
support and lobbying for access to high quality care. The role of POs in lobbying activities
is an area of tangible success with recent focus on new and frequently high-cost therapies
becoming licensed for use in healthcare systems where affordability is a point of contention.
A list of Patinet Organisations is provided in Panel 8.

Patient Organisations can empower and unite the community directly affected by CF under
a harmonised campaigning banner, maximising a professional approach and access to
expertise. They can utilise their reach within the press, social media, and governments,

to penetrate decision making processes and influencers in ways that would not be achievable
for individuals or unofficial groups. Patient Organisations also have more freedom to
respond with ingenuity and emotion to non-clinical issues that strike a chord with decision-
makers and are not beholden to impartiality requirements. That is not to say that this role

is straightforward; balancing influencing tactics and high-level strategies against perceived
responsiveness and representativeness is a challenge. This is not without its challenges
especially in advocating for funding of high-cost CFTR modulator therpes over the past
decadeS31,

Patient Organisations have both opportunity and obligation to galvanise key stakeholders to
anticipate and accommodate the future needs of people with CF. Existing outside of, and less
constrained by systems, POs can evolve with agility ensuring that the needs of people with
CF and their families continue to be met.

a) Patient engagement through Registries—As outlined above patient Registries
have tracked the evolution of CF since the 1960s. They have demonstrated the real-world
ups and downs of infection rates, nutritional status, access to and outcomes of lung
transplantation and survival across the globe. As we consider the future of CF, observations
about the course of the disease over the last 50 years are a vital tool to drive the adaptations
in care needed to optimise life chances for people with CF around the world.
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A recent review describes the utilisation of Registries to advance our understanding of the
CF population, including an international overview of Registries80. As the global effort

to understand and advance outcomes for people with CF continues, we will increasingly
see support for Registry establishment and evolution outside these geographical areas —
where genotypic characteristics and prevalence may differ from our current understanding.
Documentation will open doors for those populations allowing them to benefit from
benchmarking, safety monitoring and clinical trial participation.

Compared to more sophisticated and well-established Registries, the impact of collecting
even a minimal dataset is easy to underestimate. The capability of the CF Community to
report CF population numbers in different areas around the world sets us apart as a data-rich
exemplar for other diseases. A good example of this is the European CF Registry (ECFSPR)
which has supported countries with lower incomes to estimate their CF population. From
2008 to 2017, the registry has increased patient coverage by over 150%, from 18,999
patients in 19 countries, to >48,000 patients in 35 countries.

Supporting research is another important role of CF Registries, with recent examples
including identifying trends in NTM transmission and cross-country comparisons.

This is however reliant on one key characteristic - high quality, systematically reported
longitudinal data with minimal loss to follow up underpinned by transparency. Data request
processes mean that pseudonymised, anonymised or aggregate data can be made available
for epidemiological research. Sharing data with the clinical and research community is a key
way to maximise the impact of Registries. Providing Registry data encourages researchers
to cultivate an interest in CF and sharing Registry information leverages the skills of people
outside the nuclear Registry teams®32. Use of data by researchers also establishes a useful
feedback loop to improve the quality and format of Registry data over time and instills
within the research community buy-in to Registries and their impact.

Moving forward, patient groups are asking to be part of the Registry process and more
personally involved in data entry. Registry teams in a number of countries are now
exploring, in partnership with patient representatives, the potential for individuals to
contribute either aspects of their own clinical data or data from Patient Reported Outcome
Measures using portals designed for data entry. Work is also being done around the way that
Registry data can be fed back to people with CF using patient accessed dashboards®33:534,
When taking this step, registries need to ensure they are acting on behalf of pateints and ask
them which measures are important and how data should be be presented, rather than make
assumptions based on reports designed for clinical teams.

This section highlights issues related to patient experience, engagement and involvement for
people with CF. Future opportunities and challenges are highlighted in Pane/ 9.

CONCLUSION

Over the last decades we have seen major advances in how to diagnose and treat people with
CF early and efficiently. These include, but are not limited to, a more widespread adoption
of newborn screening, an increased understanding of the importance of implementing
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interdisciplinary care teams and in defining better ways of treating its main manifestations of
the disease. All of these aspects have led to a changes in the population of people with CF
and those with CFTR dysfunction.

With a changing spectrum of CF new challenges have emerged. Many patients have a
milder phenotype and striking the right balance between implementing necessary therapies
and treatment burden has become a growing priority in clinical care. Advances in genetic
technologies facilitates the annotation of variants as potentially disease-causing with their
number rapidly increasing over time, but genetic testing also identifies individuals with
limited phenotypic manifestations for whom the risk of disease progression and thus

the benefit of making the diagnosis is not yet well defined. Despite genome sequencing
technologies now becoming more widely available, functional tests defining the extent of
CFTR dysfunction and critical assessment of the clinical disease manifestation continue

to be essential and their role requires further assessment. How we utilise these different
methodologies into the future is not only relevant to countries where CF has traditionally
been diagnosed, but also for LMIC where access to facilities offering functional testing such
as the sweat testing is limited.

New drugs targeting the basic defect of CF have provided hope for people with CF and

the progress has been substantial over the last decade. However, these drugs come at a

high cost which is mainly driven by the costs associated with drug development rather than
drug production costs. It will be interesting to see, how “patient” people with CF will be

to wait for health care systems to fund the costs of these new therapies with availability of
current compounds already varying widely — even between Western countries. New forms of
partnerships between pharmaceutical companies and reimbursement bodies may be needed
and innovative solutions may be required for low and middle income countries to ensure that
patients throughout the world have access to effective therapies and that the gap between
“have and have nots” will not wider even further.

With continuous progress the shift from CF as mainly a paediatric disease to one where
many people with CF will go through early adulthood maintaining a good level of health
albeit at the cost of requiring continuous ongoing and often increasingly intense treatments.
With early mortality becoming less common, care of the ageing person with CF will not be
a rare oddity anymore and this may require a new generation to health care providers with
specific training with broad skills to be able to manage the emerging complications of CF. It
may also require us to reconsider which components of the care will need to be conducted
directly by the multidisciplinary team at CF centres and which can be undertaken remotely
utilising new technologies to monitor patients” wellbeing

These are exciting times for CF, a disease that is often considered a model of care for other
chronic disease, but also for the progress of targeted therapies for genetic disorders. With
these advances come new opportunities challenges and the community should now prepare
for these so we can continue to provide exceptional care to individuals with this multi-facet
disease in the future.
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Panel 2 The Changing Epidemiology of Cystic Fibrosis — the Future

Challenges

1. To appreciate the socioeconomic impact of the changing demography and
epidemiology of CF worldwide.

2. To standardise diagnostic testing for CF globally considering accuracy and
accessibilty.

3. To improve specificity of NBS programmes and limit false positive and
inconclusive case recalls while maintaining the high sensitivity of testing.

4, To adjust diagnostic algorithms for CF, currently optimised for European-
derived populations, to support accurate diagnosis of the “new” populations
with different CF phenotypes.

5. To improve knowledge on the correlation between CFTR genotype and

clinical phenotype for rare CFTR mutations.

Opportunities

1.

To support a more balanced understanding on diagnosis and clinical course of
cystic fibrosis in European and non-European populations, globally.

To provide equal diagnostic opportunity to non-European populations and
assure equal access to early and stratified care globally.

To initiate effective therapies from the first weeks’ of life by early diagnosis
through NBS.

To better understand the long-term natural history of individuals with
inconclusive diagnosis of CF.

To improve general awareness of CF in non-European populations, overcome
its misdiagnosis and under-diagnosis to avoid delays in the diagnosis.
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Panel 3 Clinical Care and it’s Delivery — the Future

Challenges

1. To clarify the role of conventional evidenced-based therapies in CF, following
the implementation of effective CFTR modulator therapies.

2. To develop accurate biomarkers suitable for the assessment of infection and
inflammatory status in children and healthier adults with CF who rarely
produce sputum.

3. Funding and the provision of services for screening and treatment of
CF complications occuring through improved paediatric outcomes and the
increasing adult CF population.

4. To develop therapeutic approaches to reduce the risk of metabolic
complications and obesity the CF population.

5. Training and sustaining the CF workforce for the expanding adult patient

population especially in regions where the adult population is predicted to
grow most rapidly.

Opportunities

1.

To develop models of care which limit the burden of care and of disease
monitoring.

To develop novel infection diagnostics to improve and support earlier
diagnosis and clinical outcomes and in parallel limit the emergence of
antimicrobial resistance.

To enhance the experience and expertise of the CF multidisciplinary team
and the recruitment of new specialities to support emerging long-term
complications of CF in the older person with CF.

To reduce the burden of maintenance therapies such as antibiotics and
mucolytics and the need to treat pulmonary exacerbations by the early
introduction of highly effective CFTR modulators.

To determine the best approach to maintain health to delay lung
transplantation, yet protecting end-organs so that when transplantation is
required these organs are not adversely impacted.
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Panel 4 Description of health care systems, funding models and resources
for cystic fibrosis

These countries were selected as examples of LMIC from Africa, South America, Eurasia
and Eastern Europe to highlight the models of CF care and health system structures.

Panel 4a South Africa

There are approximately 500 people with CF under medical care, a conservative estimate
as significant numbers of infants and young children succumb to CF-related illness
before diagnosis.

The South African CF patient registry was launched in 2018. However, there is no
newborn screening. However, South Africa is the only country in sub-Saharan Africa
with the capacity to diagnose and treat people with CF, and undertake CF-related
research.

CF care is fragmented and separated along socioeconomic lines between a well-resourced
private health sector and an under-resourced public health sector.

Private sector:

Individual practitioners and health professionals with expertise in CF. Provision of
multidisciplinary care in private clinics is difficult. Access to care and medications is
determined by levels of health insurance coverage. CF is not recognised as a prescribed
minimum benefit illness; therefore, health insurance coverage is inadequate and variable,
without regulation.

Public sector:

High-quality CF care and laboratory services are concentrated at university CF clinics
and hospitals, where coordinated and multidisciplinary care model is adopted. The public
health sector is under resource constraints and serves predominantly those who cannot
afford private health insurance. With the overwhelming public health priorities (e.g.

HIV and tuberculosis), rare diseases like CF receive limited attention. Poverty, lack of
awareness about CF, and poor infection control policies are additional barriers to optimal
CF care.
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Access to expensive medications such as inhaled tobramycin and dornase alpha is very
restricted. Pancreatic enzymes, azithromycin, and suitable antibiotics are widely and
available without charge.

Laboratory services are maintained with high standards in line with international norms.

The South African CF Association - www.sacfa.org.za — is an active and well-organised
lay CF community that aims to create CF awareness, support CF scientific meetings,
and provide food and equipment such as nebulisers to CF families with limited financial
resources and no health insurance.

Panel 4b Argentina

There are approximately 1,300 people with CF, a conservative number due to under
reporting to the National Registry.

A patient registry was established in 2011, and falls under the responsibility of The
National Institute of Epidemiology and the Argentinian Pediatric Society. Data entry is
voluntary, with significant under-reporting by private practitioners.

Newborn screening is available. Method used is IRT/IRT in most of the country (city of
Buenos Aires uses IRT/PAP). A panel of 50 mutations is used with a sensitivity of around
70%. Expanded genetic sequencing testing is not widely available.

CF care is fragmented and separated along socioeconomic lines. There is no specific
recognition of the centers by the Ministry of Health.

Private sector:

Care is provided by individual practitioners and health professionals with expertise in
CF. Most patients are seen by pulmonologists or gastroenterologists and do not receive
multidisciplinary care.

Public sector:

Care is provided at specialised CF centres. Most of these centres have reasonable
resources, including multidisciplinary team care and laboratory services. They are part of
large hospitals and universities. There are at least nine centres with more than 50 patients,
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and three with >150 patients. A few other centres report caring for 20+ patients, but their
resources are limited.

Around 20% of the patients are older than 18 years, and are cared for one of the three
adult CF centres.

All medications are available, including ivacaftor and ivacaftor/lumacaftor, produced

by Argentinian manufacturers. There is no national coverage for all patients. Cost

of medications and medical care coverage varies depending of payers (government,
employer-supported, or fully private), and provincial governmental resources. Advocacy
organizations: Asociacion Argentina de Lucha contra la Enfermedad Fibroquistica del
Pancreas (FIPAN); fipan.org.ar.

Panel 4c Turkey

There are approximately 3,000 people with CF. CF Centres are supported by the Ministry
of Health (MoH). There are two major CF Centres, in Ankara (Hacettepe University

CF Centre) which follows ~600 patients and in Istanbul (Marmara University CF

Cente) which follows ~300 patients. Both centres have reasonable infrastructure support,
including multidisciplinary teams and laboratory support (sweat testing, microbiology,
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and genetic testing). There are 25 other smaller CF centres across the country. Smaller
centres in consult with the centers in Ankara and Istanbul periodically. Most patients
in Istanbul that are followed in smaller centres are evaluated once a year by the
multidisciplinary team at Marmara CF centre.

CF newborn screening programme using a immunoreactive trypsinogen — IRT/IRT/Sweat
Test/DNA sequencing protocol is available. Sweat testing labs are certified by the
government and the method has been compared to the standard one (1). CF centers

are either part of the European CF Registry (Marmara CF Cenrer) or have developed
their own (Hacettepe CF Centre). Most CF medications are available, covered by the
government, and are free for patients. There is a strong CF patient/family organization
(MECFA; mecfa.org) that is connected to the European CF patient/family organizations.
This group works closely with the government and is very active in lobbying, advocacy
and education in collaboration with the CF centres.

Panel 4d Serbia

There are approximately 210 reported patients with CF, 70% of them under age 18
(median age = 13 years). The country has one CF centre, located in Belgrade (Mother
and Child Health Care Institute “Dr. Vukan Cupic”), but the European CF Society
standards of care including a multidisciplinary team approach for CF care are not
fullfilled. There is no dedicated adult CF centre in Serbia.
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NBS screening is available in some parts of the country, with plans for a national
programme to begin in the near future. The mean age at diagnosis is currently 3 years,
(~50% of patients diagnosed <8 months of age). Although genotyping is performed on
98% of patients, 17.5% have at least one mutation unknown.

Availability of CF medications is limited. The only CF drugs available to patients are
Pulmozyme and inhaled tobramycin, but their coverage for those older than 18 years

of age is problematic. CFTR modulator drugs are not available. Medical equipment,
including nebulisers and compressors, is not covered. Similarly, vitamins and nutritional
supplements are neither available nor covered. CF care in the country doesn’t include
psychosocial care or physical therapy/respiratory therapy. Transplantation services are
not offered.

An active patient advocacy organization, the Serbian Cystic Fibrosis Association
(www.cfsrbija.rs), works to foster implementation of European standards of CF care,
facilitate CF education and research, create awareness of the disease, and provide legal,
material, and other types of support to CF patients and families.
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Panel 5 CF Care In Developing Nations — the Future

Challenges

1. To improve general awareness of CF and its diagnosis in LMIC countries

2. Addressing the global disparities in access to healthcare (both established and
emerging).

3. The delivery of basic accurate and reliable CF diagnostic testing platforms
including sweat testing and appropriate CF7R gene panels.

4. More prevalent health priorities in LIMC limit the practical application of
CF-specific resources to enhance clinical care.

5. Challenges in delivering state of the art education for families affected by CF
where the health care community is restricted.

6. The ability to support the initial training and then ongoing mentoring of

enthusiastic clinicians from LMIC to participate in international conferences
is limited by support and finances.

Opportunities

1.

Improved understanding of the genetic mix of CFTR variants in non-
European populations which support the develop of better and more targeted
diagnostic panels to allow earlier diagnosis of CF in LMIC.

To understand variant phenotypes of CF in non-European populations which
may improve our current understanding of the disease and thus improve its
diagnosis and targeted therapies.

Enhanced access to CF therapies in a sustainable and affordable method
working with governments and industry.

Partnering of CF health care providers in LMIC settings with those with
clinical, educational and research expertise for settings with well-established
and highly functional multidisciplinary teams.

To create registries for countries where CF is increasingly being recognised
and ensure that they are harmonised with longstanding CF registries to
support understanding of health care outcomes and as a mode of advocacy
for enhanced resourcing to allow multidisciplinary team care in LMIC.

Develop partnerships with established Patient Organisations and fledgling
parallel organisations in LMIC.
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Panel 6 Proposed method for future Health Technology Assessments (HTA)
that involve CF orphan therapies

A proposed method for future Health Technology Assessments (HTA) that involve CF
orphan therapies could be considered more appropriate, where they include the following
inputs:

1. Robust evidence for clinical effectiveness measured on a long-term basis
that include disease specific measures such as annual rate of pulmonary
exacerbations or time to first exacerbation as well as measures of mortality
and health-related quality of life. The parameters should ideally be monitored
over the longer term, for instance by means of post authorisation efficacy
studies.

2. As drug prices may be set before the availability of complete data on
effectiveness and on a basis that can therefore lack transparency*’9, there
should be greater transparency as to how prices are determined and the
opportunity to revise assessments in light of new information. For example,
what savings are associated with use of the new drug in terms of other
procedures that would otherwise be consumed; in markets where there exist
more than one payer, what discounts, rebates and co-pays have been agreed
so that users can more easily compare actual prices; details of how long the
drug will remain on patent and; what is the projected rate of return based
on current price and actual expenditures on research and development for
the drug. Such transparency would not only provide a better understanding
of the total drug costs, but more importantly provide solid evidence for the
comparison of the value of the drug’s benefits relative to its costs, its accuracy
and how long before it should be re-appraised when the drug comes off patent
for example. While such information may not address issues such as potential
spill-over effects from innovation in one area for other areas, it will facilitate
price adjustments, corrections or discounts upon fair negotiations between
healthcare policy stakeholders and pharma companies, on an ongoing basis as
information changes.

3. An integral part of the HTA could be the budget impact analysis, with the
aim to quantify the exposure of a given healthcare system to adoption of
a new therapy. Studies which took into account disease prevalence, patent
exclusivity (of 10 years) and the fact that only a limited number of new
drugs enter the market have shown that annual budget impact of drugs for
orphan diseases (one of them being lumacaftor/ivacaftor) and ultra-orphan

diseases (ivacaftor) can in fact be modest with increases by 5 to 10% per year
only#480 480
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Challenges
1.

Opportuni
1.

Panel 7 Novel Therapeutics — the Future

To develop medicines that restore CF7R function in all people with CF
irrespective of CFTR genotype.

To increase efficacy of current CFTR-directed therapeutics with the ultimate
goal to achieve full restoration of CFTR function for optimal clinical benefits.

To develop preventive strategies for the use of CFTR-directed therapeutics
in infants and young children with CF that may prevent or delay irreversible
damage of the lungs and other affected organs.

To determine to what extent current symptomatic therapies can be
discontinued in patients treated with medicines that restore CF7R function.

To provide global access to these transformative therapies to all people with
CF.

ties
To treat people with CF with medicines that target the basic molecular defect

of a growing spectrum of CF7R mutations in all affected organ systems.

To leverage early diagnosis by CF NBS for early treatment with CFTR-
directed therapeutics that may have the greatest long-term benefits.

To slow progression of CF multiorgan disease and thereby reduce disease
burden and improve quality of life by initiating these transformative therapies
in people with CF.

To transform CF from a fatal disease to a treatable chronic disease through
highly efficacious CFTR-directed medicines and specialized multidisciplinary
care.

To provide a model for successful development of transformative medicines
for other severe genetic diseases.
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Panel 8 Professional and Patient Organisations
Europe
https://www.ecfs.eu/ (European Cystic Fibrosis Society)
https://www.cf-europe.eu/ (CF Europe)
USA
https://www.cff.org/
Middle East
https://www.mecfa.org/
Australia
https://www.cysticfibrosis.org.au/
Argentina*
http://fipan.org.ar
Austria*
http://www.cf-austria.at/
Belgium*
http://www.muco.be/nl
http://www.muco.be/fr
Brazil
http://www.abram.org.br/
Bulgaria
http://www.lifewithcf.org/
Canada
https://www.cysticfibrosis.ca/ (English or French)
Czech Republic
http://www.cfklub.cz
Denmark*
https://cystiskfibrose.dk/default.html
Ecuador
http://www.fgecuador.org/
Estonia*

http://www.efty/.ee
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Finland
http://www.hengitysliitto.fi/
France
https://www.vaincrelamuco.org/ English option
Germany
https://www.muko.info/ English option
Greece

https://www.cfathess.gr/

Iran*

http://www.irancf.com/

Italy*
https://www.fibrosicistica.it/
Ireland

https://www.cfireland.ie/

Israel

https://cff.org.il/ English option
Lithuania*
http://www.cistinefibroze. It/
Luxemburg*

http://www.allm.lu/

Macedonia

http://www.cf.mk/ English option
Moldova*
http://www.mucoviscidoza.md/ro/
Netherlands

https://www.ncfs.nl/

New Zealand
https://www.cfnz.org.nz/

Norway

https://www.cfnorge.no/ English option
Poland*

http://www.ptwm.org.pl/
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Portugal*

http://apfq.pt/

Romania*

http://www.armv.ro/

Russia*

https://mukoviscidoz.org/
Slovakia*

http://www.klubcf.sk/

Slovenia

https://www.drustvocf.si/ English option
South Africa
http://www.sacfa.org.za/

Spain*

https://fibrosisquistica.org/
Sweden

https://www.rfcf.se/ English option

Switzerland*

http://www.cfch.ch/ Italian, French and German options

Turkey
www.kifder.org.tr
UK

https://www.cysticfibrosis.org.uk/

Where countries are not listed, points of contact can be accessed through the Cystic
Fibrosis Worldwide website https://www.cfww.org/global-associations
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Panel 9 Patient Experience, Engagement and Involvement — the Future
Challenges

1. Growing population, not only of adults but children in some developing
countries where currently they are not being diagnosed or effectively treated.

2. Develop individual patient contribution and access to national CF registries.

3. Personalised models of care and its delivery versus a ‘one size fits all’
approach in the setting of enhanced longevity.

Opportunities

1. Utilize technologies allowing for self-monitoring and shared decision making
between patient and health care team that is evidence-based.

2. Develop pathways for patients and families to actively participate in shaping
models of clinical care and the research priorities.

3. Enhance communication between patients and their families about therapeutic
advances.
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Figure 1. Pathophysiology of Cystic Fibrosis
A-D, Role of CFTR in healthy airways and molecular mechanisms causing CFTR

dysfunction in cystic fibrosis (CF). A, In healthy airways, CFTR is expressed at the apical
surface of airway epithelial cells together with the epithelial sodium channel (ENaC).
Coordinated regulation of CFTR and ENaC enables proper airway surface hydration and
effective mucociliary clearance. B-D, In CF, different mutations in CFTR cause CFTR
dysfunction via different molecular mechanisms. B, CFTR nonsense or splicing mutations
abrogate CFTR production. C, Many missense mutations, including the common F508del
mutation, impair proper folding of CFTR and lead to retention in the endoplasmic reticulum
and degradation by the proteasome. D, Some missense and splicing mutations produce
CFTR chloride channels that reach the cell surface but are not fully functional.

CFTR = cystic fibrosis transmembrane conductance regulator; ENaC = epithelial sodium
channel.

Reproduced from Gentzsch and Mall, CHEST 2018; 154(2):383-393 by permission of
Elsevier Ltd Copyright 2018 American College of Chest Physicians.
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Figure 2. Classes of CFTR Mutations.
Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene can

be divided into six classes. Class | mutations result in no protein production. Class Il
mutations (including the most prevalent, Phe508del) cause retention of a misfolded protein
at the endoplasmic reticulum, and subsequent degradation in the proteasome. Class Il
mutations affect channel regulation, impairing channel opening (eg, Gly551Asp). Class IV
mutants show reduced conduction—ie, decreased flow of ions (eg, Arg117His). Class V
mutations cause substantial reduction in mRNA or protein, or both, Class VI mutations
cause substantial plasma membrane instability and include Phe508del when rescued by most
correctors (rPhe508del).

Reproduced with permission Boyle MP, De Boeck K. A new era in the treatment of cystic
fibrosis: correction of the underlying CFTR defect. Lancet Respir Med 2013; 1: 158-63.
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Figure 3. Median FEV1 % predicted for people with Cystic Fibrosis in the United States by Age
(1998 to 2018).

Cystic fibrosis patients under care at CF Foundation-accredited care center in the United
States, who consented to have their data entered.

Reproduced with permission of the US Cystic Fibrosis Foundation, Bethesda Maryland.
Cystic Fibrosis Foundation Patient Registry

Bethesda, Maryland ©2019 Cystic Fibrosis Foundation.
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Number of Children and Adults with CF, 1987-2017
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Note: the decrease in the number of individuals in 2003 is due to a delay in obtaining informed consent forms before the close of the
calendar year at some CF care centers.

Figure 4. The Number of Children and Adults with Cystic Fibrosis (USA),1987-2017
Cystic fibrosis patients under care at CF Foundation-accredited care centers in the United

States, who consented to have their data entered.

Reproduced with permission of the US Cystic Fibrosis Foundation, Bethesda Maryland.
2017 Annual Data Report

Bethesda, Maryland ©2018 Cystic Fibrosis Foundation.
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Figure 5. Maps of Countries with Cystic Fibrosis Registries and their Population Size
Countries with a cystic fibrosis registry

Reproduced with permission of the US Cystic Fibrosis Foundation, Bethesda Maryland.
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Figure 6. CFTR Function and Clinical Phenotype
CBAVD - congenital bilateral absence of toe vas deferens.
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Figure 7. Cystic fibrosis Standards of Care
Green — comprehensive, Blue — partial, Orange — limited, Red — minimal or unknown.
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Figure 8. Schematic of approach to CFTR restoration with small molecules, by mutation class.
Adapted from Sloane PA, Rowe SM. Cystic fibrosis transmembrane conductance regulator

protein repair as a therapeutic strategy in cystic fibrosis. Current Opinion in Pulmonary
Medicine 2010;16(6):591-597.

Schematic of approach to CFTR restoration with small molecules, by mutation class.
Therapeutic approaches with definitive studies in solid boxes; those under investigation with
dotted boxes.
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Figure 9. Cystic fibrosis drug development pipeline of the US Cystic Fibrosis Foundation
Reproduced with permission of the US Cystic Fibrosis Foundation, Bethesda Maryland.
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Figure 10. CFTR Modulators — countries where approval and funded
Panel A Countries with significant population of European Origin

Panel B lvacaftor (inset Europe)

Panel C Lumacaftor/Ivacaftor (inset Europe)

Panel D Tezacaftor/Ivacaftor (inset Europe)

Phase 11 triple combination therapy studies (Vertex Pharmaceuticals Inc) have been
completed but as yet approval applications have not been submitted to Regulatory
Authorities.
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Phenotypic Features of Cystic Fibrosis

Table 1

Classic Features of CF
Respiratory
Bronchectasis with chronic infection
Pneumothorax
Haemoptysis
Respiratory failure
Chronic rhinosinusitis and nasal polyposis
Gastrointestinal
Luminal
Meconium ileus
Gastro-oespageal reflux syndrom
Distal intestinal obstruction syndrowm
Chronic constipation
Rectal Prolapse
Intersussception
Colorectal cancer and colonic polyposis
Other gastroinstestinal malignancies
Hepatobiliary
Pancreatic insufficiency

Recurrent acute pancreatitis (in patients with pancreatic sufficiency

Biliary sludge/cholelithiasis
Biliary cirrhosis
Metabolic complications
CF related diabetes
Microvascular complications (10+ years from diagnosis)
CF related bone disease/osteoporosis
Increased fracture risk
Ureteric calculi
Oligoammenorrhoea
Male infertility
Congential bilateral absence of the vas deferens
Common issues complicating life with CF or CF therapies
Mental health conditions
Depression
Anxiety
Vascular access complications
Thrombosis of vascular access devices
Drug complications
Antibiotic hypersensivity reactions and intolerance

Vestibulo-auditory disturbance including tinnitus
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Chronic kidney disease
Metabolic complications
Overweight and obesity (especially in the older patient)
Post-tranplant complications (relevant to CF)
Chronic kidney disease and CFRD complications
Multiresistant organisms can complicate airways complications after transplantation

Cancer in long-term survivors (including gastrointestinal, skin and urogenital)
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Table 2

An example of day to day treatment in an adult with cystic fibrosis who has chronic infection with 2

aeruginosa

Objectives

Treatment

Day to day treatment

Promote clearance of airway
secretions

Airway clearance techniques (physiotherapist, PEP mask, oscillating devices, etc.) twice daily
Increase physical activity level

Nebulised dornase alfa once daily

Nebulised hypertonic saline and or Inhaled mannitol twice daily

Prevent acute exacerbations

Nebulised antibiotics (tobramycin, colistin, aztreonam lysine) or Inhaled antibiotics (tobramycin

inhalation powder, colistimethate sodium) two to three times daily#
Azithromycin three times/week
Influenza vaccination

Ensure appropriate nutritional
intake

High-fat/high-calory diet
Pancreatic enzyme replacement with every meal
Liposoluble vitamins: A, D, E (+ K) once daily

Correct underlying CFTR
defect

Ivacaftor twice daily
Lumacaftor/lvacaftor twice daily-Tezacaftor/lvacaftor twice daily

Potential treatments of
respiratory insufficiency

Oxygen therapy
Non-invasive ventilation
Pulmonary rehabilitation

Treatment of comorbidities

Diabetes: insulin (or repaglinide)
Osteopenia/osteoporosis: ensure appropriate calcium and vitamin D uptake, consider bisphosphonates
Drug therapy for anxiety and depression

Treatment of acute complications

Treat pulmonary exacerbations

Oral and/or Inhaled and/or intravenous antibiotics aiming to return to “stable state” lung function

Treat other complications

Sinusitis and nasal polyposis: consider intranasal steroids and non-sedating antihistamines
Hemoptysis: consider bronchial artery embolization

Pneumothorax: consider chest tube and/or surgery

Allergic bronchopulmonary aspergillosis: systemic steroids; consider antifungal azoles or anti-IgE
Distal intestinal obstruction syndrome: oral laxatives and/or enemas

#depending on the drug

*
in patients with eligible CFTR mutations
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Table 3 |

CFTR mutations by molecular class, functional abnormality and primary therapy type
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Molecular Classification

Molecular abnormality

Examples of potential therapy(ies)

Common mutations

Class | Truncated protein undergoing nonsense medated Translational readthrough W1282X
decay G542X

Class Il Trafficking defect Corrector/Potentiator Combinations | 508del
N1303K

Class I Defective gating Potentiator G551D
R117H, 508del

Class IV Decreased conductance Potentiator R334W
R117H

Class V Abnormal splicing Splice repair Potentiator ™ 3849 + 10kbC>T

Class VI Increased cell surface turnover Cell surface stabiliser Potentiator 508del
S1455X

*
For non-canonical (incomplete) splicing mutations
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