
P
os

te
d

on
A

ut
ho

re
a

1
Ju

l2
02

0
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

36
33

21
.1

63
50

06
7

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y. Drug Development for Cystic Fibrosis

Don Sanders1 and James Chmiel1

1Riley Hospital for Children at Indiana University Health

July 1, 2020

Abstract

The first drug specific for cystic fibrosis (CF) was approved in 1993, and since then several other drugs have been approved.
Median predicted survival in people with CF has improved from approximately 30 years to 44.4 years over that same period. In
2020, highly-effective modulators of the cystic fibrosis transmembrane conductance regulator became available to approximately
90% of people with CF ages 12 years and older. These transformative therapies will surely reduce morbidity and further extend
longevity. The drug development pipeline is filled with therapies that address most aspects of CF disease. As survival and
CF therapies have advanced, and the complexity of CF care increases, the process of drug development has become more
sophisticated. In addition, detecting meaningful changes in clinical outcomes has become more difficult as the health status of
people with CF improves. Design of clinical trials in CF has become more complex, and innovative approaches are required
to continue to advance drug development. This review provides a general overview of drug development from the pre-clinical
phase through Phase IV. Special considerations with respect to CF are integrated into the discussion of each phase of drug
development. The dawn of a new era has arrived for people with CF. As CF care evolves, drug development must continue to
evolve as well, until a one-time cure is available to all people with CF.

Introduction

When considering the success and cost of taking a molecule from the laboratory to an approved drug, the
statistics are sobering. Of 1,000 candidate therapeutics being considered during the pre-clinical phase, only
one will go on to clinical trials(1). Of the candidate drugs that enter testing in humans, only 10% will go
on to be approved by the FDA(2). The average cost of developing one drug approved by the FDA is $2.6B
with another $300M in post-marketing costs(3). Not only is drug development expensive, it is also time
consuming. It typically takes 12-15 years for a drug to go from preclinical testing to approval(4). These
statistics account for the pharmaceutical industry mantra, “An early kill is a good kill”. The sooner an
industry sponsor can eliminate a candidate drug from its portfolio that will ultimately fail, the smaller the
financial loss. It is within this backdrop that patients, healthcare providers, and biomedical researchers must
operate. These realities often make developing drugs for orphan diseases like cystic fibrosis (CF) difficult.
Large pharmaceutical sponsors often focus on diseases that have been shown to respond to treatment or that
affect millions of people, where risk of failure is lower and the potential return-on-investment is much greater.
Smaller biotechnology firms are often willing to take a chance on orphan diseases where the competition is
less but frequently lack the capital to carry drug development to its completion. These smaller firms become
dependent on outside support, such as angel funding and venture philanthropy to continue to move drug
development forward. Despite these realities, the vision of the CF Foundation, particularly in its development
of the Therapeutics Development Network in 1998(5), has led to an astounding number of new therapies being
approved for people with CF considering the status of CF as an orphan disease. More industry sponsors
are willing to consider developing new drugs for CF because the financial support of the CF Foundation
has mitigated some of the risks associated with drug development and helped smaller firms bridge the gap
between angel funding and venture capitalism.

In 1993, the FDA approved dornase alfa, the first drug developed specifically for CF(6). Since that time,
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multiple drugs have been approved to treat a variety of aspects of CF, including the abnormal cystic fi-
brosis transmembrane conductance regulator (CFTR) protein, mucus obstruction, bacterial infection, and
gastrointestinal and nutritional disease (Figure 1). Many other candidate drugs are currently in clinical
trials or preclinical evaluation, including potential therapies that can repair/replace abnormal RNA or DNA
(https://www.cff.org/Trials/Pipeline. Accessed June 20, 2020). The development of modulator therapy to
address the primary defect in the CFTR protein began in the late 1990s when high-throughput screening
was first used to identify small molecules that could potentiate or correct CFTR dysfunction. This culmi-
nated with the 2019 approval of elexacaftor/tezacaftor/ivacaftor which provides highly-effective modulator
therapy for approximately 90% of people with CF 12 years of age and older(7). Drug development for CF
has become increasingly complex over the last 20 years, and clinical trial endpoints are changing because
traditional endpoints are becoming less common events. In this manuscript, we will provide an overview
of how a molecule goes from a drug candidate in the laboratory to an approved drug therapy for a patient
(Figure 2).

Pre-Clinical Drug Development

All drug development starts in the laboratory in the phase that is termed pre-clinical development. This
process generally takes up to 6 years or longer. When considering drug development, researchers must
consider several fundamental questions during the pre-clinical phase. These questions are especially crucial
in an orphan disease like CF where the margin for error is much smaller than for more common diseases.
First and foremost, investigators must determine whether there is an unmet need. Are there any therapies
available that addresses a certain area of the disease? Are the available therapies insufficient either from
an efficacy or safety standpoint? Of the currently approved drugs, are there limitations on availability to
everyone, whether due to cost, lack of effectiveness or adverse reactions? Other questions that must be
considered include: what aspect of the disease will be targeted? Will the drug have to be active in several
organs or just one organ? Within an organ, what process will be targeted? For example, in the lungs,
will the drug impact the basic defect, abnormal airway environment, mucus obstruction, chronic infection
or exaggerated inflammation (Figure 1)? Is the target a cell, a receptor, or a molecule? Will the drug
correct an abnormal protein structure like a CFTR corrector, decrease something produced in excess like
a pro-inflammatory mediator, or increase something that is not produced or produced in relatively low
concentrations like anti-inflammatory molecules or CFTR in people with two nonsense mutations?

In a complex target like airway inflammation where there are many triggers impacting dozens of molecular
pathways that result in the increased production of pro-inflammatory molecules or decreased production
of counter-regulatory molecules, it is often difficult to determine the most efficacious target that is also a
safe target. These complexities have made developing new anti-inflammatory therapies for CF extremely
difficult. Over the last 30 years, dozens of anti-inflammatory drugs being considered for CF have failed along
the way during the various phases of drug development(8-10). One candidate drug was actually associated
with increased pulmonary exacerbations, the opposite of the intended effect(11). The clinical trial of this
investigational product provided a lesson that highlights the importance of having adequate pre-clinical
safety data in a disease-relevant animal model(12). The past provides a cautionary tale for all future drug
development, not just for anti-inflammatory drugs.

During the pre-clinical phase of drug development, the efficacy of an investigational product is typically
demonstrated in both in vitro and in vivo models. During pre-clinical experiments, having the correct
assay is the cornerstone. The ideal assay is simple, high-throughput, directly relevant to the intended
therapeutic target, and has the ability to discriminate between more or less efficacious analogous molecules.
The investigator must consider what outputs should be used to measure efficacy and safety and how those
outputs might be adapted for use in a clinical trial. Toxicology studies in disease-relevant animal models
are important in order to determine dose-limiting toxicities and establish initial dosages that are likely
to be safe in human studies. These are required as a part of the regulatory process and are ultimately
geared toward minimizing risk of untoward effects happening in human trials. For example, when studying
anti-inflammatory drugs, an important determination is at what dose might an anti-inflammatory (the
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target effect) become an immunosuppressive (an untargeted and potentially deleterious effect)(13)? This
points to the importance of studying anti-inflammatory drugs in a representative model system, e.g., a
CF mouse model with an active infection similar to what might occur in the human CF airway, versus a
dissimilar animal model, e.g., a sterile mouse model. Adequate safety must be established in animals before
proceeding to clinical trials in humans. Pre-clinical safety studies should be conducted under good laboratory
practice (GLP) guidelines, which is defined as “a quality system concerned with the organisational process
and the conditions under which non-clinical health and environmental safety studies are planned, performed,
monitored, recorded, archived and reported ”(14).

The ultimate goal of the pre-clinical phase of drug development is to file an Investigational New Drug (IND)
application with the FDA. The FDA’s primary objective in evaluating pre-IND research is to ensure the
rights and safety of human subjects are being protected. During the pre-clinical phase, several molecules in
the same drug class may be under investigation, but eventually, a single lead compound, typically with a
similar, backup compound, must be selected. Prior to the selection of the lead molecule, various modifications
are considered to optimize activity and chemical properties to help ensure that the sponsor has the ability to
make enough of the investigational product under good manufacturing practice (GMP) guidelines to complete
all of the non-clinical safety tests. Under these guidelines, the production of an investigational compound
must be consistently of high quality between batches. In the pre-clinical phase, animal studies provide
information regarding the pharmacology and toxicology of the molecule under consideration. Animal studies
also provide a basis for conducting a clinical trial. Typically, animal studies consist of a rodent species and a
large non-rodent species. Once short-term toxicology data are available, a clinical trial can start, but human
studies cannot be longer in duration than the duration of animal toxicology studies. For therapies intended
for chronic use, six-month animal toxicology data are necessary for registration of the drug. The purpose
of the animal studies is to provide information on a dose range or therapeutic window, initial dosages, an
estimation of the risk:benefit ratio for humans, identification of target organ toxicities and safety margin, and
identification of surrogate markers to monitor during clinical trials(15). At this point, an IND application is
submitted to the FDA prior to proceeding to a clinical trial (Box 1). Once the FDA approves an IND, the
investigator is able to proceed to human trials.

No overview of the pre-clinical phase of drug development would be complete without some discussion of
funding. It is during the pre-clinical phase that collaborations between academic and industry colleagues
are often forged. Prior to this point, academicians often secure research funding for pre-clinical studies
from government agencies such as the NIH or private foundations such as the Cystic Fibrosis Foundation,
amongst other sources. However, for development to proceed, academicians often must seek out industry
collaborators. Industry sponsors must determine whether the area of research aligns with their priorities and
whether the benefits of developing a new therapy in a specific disease area outweighs the costs and risks.
Occasionally, a biotech firm may spinout from a university and the investigator who owns the intellectual
property. These companies often support nascent projects through angel funding, which is start-up funding
provided by an individual or a group of individual investors in return for equity in the company. The hope
is to develop a candidate drug to the point that the company becomes an attractive investment for venture
capitalists. Occasionally, these small biotech firms become cash strapped as drug development proceeds and
angel funding begins to dwindle before the company becomes an attractive investment option for venture
capitalists. Intellectual property (i.e., the drug in development) is often sold to a larger, more financially
viable company; otherwise, development may stop. The Cystic Fibrosis Foundation has tried to bridge the
gap between angel funding and venture capitalism through a process known as venture philanthropy. In this
process, the CF Foundation supports drug development in return for equity in the sponsor/drug. The CF
Foundation has in turn reinvested equity in development programs for other candidate drugs.

There are other mechanisms to encourage industry sponsors to work in CF, including financial benefits
conferred by the Orphan Drug Act of 1983. The Orphan Drug Act recognizes that small populations of
patients make it difficult for companies to profit from developing drugs for those diseases. The Orphan
Drug Act provides benefits that include tax incentives, enhanced patent protections and marketing rights
for seven years after approval, clinical research subsidies in the form of grants, FDA support for protocol
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development and study design, and waiving of Prescription Drug User Act filing fees. In addition, many
drugs can be granted fast track status from the FDA if they are developed for rare pediatric diseases like
CF. Fast track status will reduce the costs for sponsors and shorten the time to approval, thus providing
financial incentives for sponsors to develop drugs for CF. These initiatives have induced industry sponsors
into CF drug development.

Clinical Development

Once pre-clinical development has reached a promising stage, the clinical stage of development can follow.
All clinical studies must follow standards developed by the International Conference on Harmonisation of
Good Clinical Practice (GCP). GCP standards guide the overall conduct of clinical trials, including the
reporting of results that are credible and accurate, and ensure that all rights of study subjects are protected.

Clinical trials are generally categorized into four phases. Phase I trials represent the initial in-human studies
during drug development. Achieving this step does not guarantee that the drug will be approved(2). The
primary aim of Phase I studies is to determine tolerability, pharmacokinetics, and pharmacodynamics in
humans to find the appropriate dose range for safety and toxicity. Initial dosing and dose ranges are based
on pre-clinical animal studies; the results of Phase I studies identify the dose range that is anticipated to
be safe in future clinical studies. Depending on the molecule, pre-clinical results, and mode of delivery
(e.g., oral or inhaled), absorption, distribution, metabolism, and/or excretion (ADME) are evaluated. In
orphan diseases like CF, some information on efficacy may be sought as a secondary endpoint in Phase I
studies. Obtaining some efficacy data may be beneficial to pharmaceutical companies if the data can inform
a “go-no-go” decision prior to proceeding to increasingly costly Phase II and III studies. Phase I studies may
cost up to $5 million, Phase II and Phase III costs may range between $10 and $16 million and $10 and $30
million, respectively (https://aspe.hhs.gov/system/files/pdf/77166/rpt_erg.pdf, accessed June 11, 2020).

Phase I studies are most often conducted in a small number, e.g., 20-30, healthy adult volunteers, who are
typically male. These studies are very short (a participant may receive the candidate drug for days to weeks),
open label, uncontrolled, and are usually conducted at centers that specialize in Phase I trials. Some studies
may be conducted in people with the target disease if the mechanism of action is specific to the condition,
e.g., chronic endobronchial infection with Pseudomonas aeruginosa in people with CF(16). Up to 75% of
drug candidates move on to Phase II trials(17).

Safety

Safety is a focus of all clinical trials, but a top priority in Phase I and early Phase II trials. In the
US, the FDA’s regulations for IND details safety reporting in clinical trials and the definitions used
(https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application, accessed June 15,
2020). Adverse Events (AE) are any untoward medical occurrence associated with the use of a drug in
humans, whether or not if it is considered to be drug related [IND Application 21 CFR § 312.32 (2020)].
This can be any unfavorable and unintended sign, symptom, laboratory result, or disease that coincides with
the use of a drug; there is no implication of causality. AEs are considered Serious AEs (SAE) when the
outcome of the AE is death, life-threatening, hospitalization or prolongation of an existing hospitalization,
a persistent or significant disability or incapacity, or a congenital abnormality or birth defect. SAEs are
reported to the FDA within 7-15 calendar days. In CF clinical trials, hospitalizations are handled as SAEs,
even though they occur frequently in people with CF who are not enrolled in clinical trials and changes in
the rates or risk of hospitalizations may be used as an efficacy outcome measure in CF clinical trials. Because
CF is a multiorgan disease with substantial comorbidities, AEs occur commonly in people with CF enrolled
in extended duration clinical studies, e.g., 94% of subjects with CF in a 96-week interventional clinical trial
had at least one AE;(18) contrasted with a 60-week study of severe asthma were about 45% of subjects had
at least one AE(19).

AEs and SAEs are recorded without regards to the potential for causality. All need to be reported during
the course of the study. However, the focus of reporting during clinical trials is on events that may not be
anticipated, unless mounting evidence suggests causality. An Unexpected Adverse Drug Experience is any
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adverse drug experience that is not included in the prior pre-clinical and clinical trial experience. These may
include adverse reactions that are more severe than have been reported previously, e.g., the development of
hepatic necrosis would be considered unexpected if prior experience had only demonstrated mild elevation of
hepatic enzymes. Suspected Adverse Reactions (SAR) include events where there is a reasonable possibility
that the experience may have been caused by the drug. Suspected Unexpected Serious Adverse Reactions
(SUSAR) are those events that may be related to the study drug and have not been previously recorded.

Safety monitoring is conducted through a combination of several mechanisms. Institutional review boards
(IRB) or Ethics Committees are responsible for evaluating a trial to determine if risks to study participants
are appropriate in comparison to the potential anticipated benefits (21 CFR 56.111(a)). Evaluation of the
informed consent process is an important component of the responsibilities of the IRB. A medical monitor
may work on behalf of the pharmaceutical company to closely monitor study participants. In this role,
they evaluate and categorize potential AEs and ensure timely reporting to the sponsor and FDA. A data
monitoring committee (DMC) is comprised of a group of individuals with relevant expertise that reviews
accumulating data from ongoing clinical trials on a regular basis. The DMC advises the pharmaceutical
company regarding the safety of trial participants who remain in the study, as well as future participants.
The DMC may recommend that a study stop early for clear signal of benefit or risk.

In clinical trials where investigators are blinded to the treatment assignment (i.e., drug or placebo), unblin-
ding may occur if knowledge of the treatment received is necessary for treating the subject medically or if it
will provide critical safety information that could have implications for the ongoing conduct of the trial.

Phase II

Whereas Phase I studies are typically performed in healthy volunteers, Phase II studies are often the first
clinical trials in people with the disease. These studies typically focus on safety, but often include exploratory
efficacy measures that are based upon a candidate drug’s mechanism of action. In addition to evaluating
safety and assessing some efficacy endpoints, other goals of Phase II studies include determining optimal
dose and dosing regimens and identification of contraindications. There are no regulatory requirements for
conducting Phase II studies. However, they serve an important function by confirming proof-of-concept
studies, helping to reduce risks to participants prior to larger Phase III studies, and can streamline future
Phase III studies, e.g., by selecting a single dose level.

Initial Phase II studies are typically in adults. It is important to start with adults as they understand the risks
associated with participation in a research study. Once enough safety data are obtained in adults, studies
then proceed to children. Children of all ages may be enrolled simultaneously, but it is often customary to
enroll children ages 12 to 17 years first, then 6-11 years, followed by 2-5 years, and finally under two years of
age, if it is anticipated that a candidate drug will benefit patients in the youngest age groups. Phase II trials
are often complex and may incorporate specialized outcome measures. These trials frequently are conducted
at research centers that are expert in Phase II studies.

Phase II studies are often double-blind, and there are usually two general treatment groups: drug-treated vs.
placebo-treated. While Phase II studies are primarily safety studies, they often include a dose ranging design
in order to choose the best doses to be used in the next study. Phase II studies may be single ascending dose
(SAD) or multiple ascending dose (MAD). In a SAD trial, subjects are randomized to placebo or a drug
cohort. The first drug cohort gets 1 dose of the lowest dose of the drug or placebo. A review of the safety
data for the first dose cohort by the data safety monitoring board (DSMB) will occur, and if the study is
determined to be safe, enrollment in the next highest dose cohort will begin. This process will continue as
long as each proceeding dose cohort is safe or until the study ends. A MAD study is similar to a SAD study,
but instead of getting just one dose of the candidate drug, study participants will receive multiple doses of
the same dose of drug or placebo over time before the next highest dose cohort is enrolled. The number of
study subjects in a Phase II clinical trial is variable. A trial that employees a SAD design may have less
than 20 subjects whereas a MAD design may enroll over 400 subjects. As the primary objective for Phase II
studies is safety and tolerability, the outcome measures reflect that. Typical Phase II safety outcomes include
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but are not limited to subject diaries, subject quality of life questionnaires, adverse events, vital signs, safety
laboratories (electrolytes, liver function tests, renal function tests, CBC with differential count, urinalysis),
ECG, radiographic imaging, pulmonary function testing, and occurrence of pulmonary exacerbations. While
many people consider measures of lung function, changes in quality of life questionnaires, and frequency or
time to pulmonary exacerbations efficacy outcomes, in Phase II studies, they are often considered safety
outcomes to ensure that the investigational product under evaluation does not cause an acute worsening of
underlying disease. Most Phase II studies are of insufficient duration or power to evaluate these parameters
as measures of efficacy. Lack of a positive efficacy signal in Phase II often does not stop the development of
a candidate drug. However, demonstration of negative effects and safety concerns will stop the development.
Occasionally investigators will sub-classify Phase II studies into Phase IIa and Phase IIb. Phase IIa studies are
often shorter (4-8 weeks) smaller pilot studies that are dose ranging in nature and focus almost exclusively on
safety and tolerability with some exploratory efficacy measures. Phase IIb studies are larger, often longer (12
to 24 weeks) studies that focus on both safety and efficacy. These studies are frequently used by study sponsors
to support the efficacy of their candidate drug in seeking regulatory approval, and usually significantly more
expensive. The results of Phase IIb studies are critical in determining whether a candidate drug should go on
to a much larger, longer, and more expensive Phase III registration study. Therefore, the sites that conduct
Phase II studies must be experts in clinical trials and produce data of the highest quality.

Proof-of-concept (POC) or proof-of principle studies bridge Phase I and Phase II dose ranging/safety studies.
POC studies are typically small, short, biomarker-based studies. POC studies are designed to detect a signal
in a disease-relevant mechanism or biomarker relevant to the disease. POC studies assess changes in biologic
outcomes which would presumably translate into clinical benefit. A biomarker is defined as“a characteristic
that is objectively measured and evaluated as an indicator of normal biologic processes, pathogenic processes,
or pharmacologic response to a therapeutic intervention” (20). With respect to efficacy biomarkers for both
Phase II studies and POC studies, selection depends upon a candidate drug’s mechanism of action. A
biomarker in a clinical trial of CFTR modulator likely would not be useful in a clinical trial of an anti-
inflammatory drug. Biomarkers that have been used in the past based upon where in the pathophysiologic
cascade a drug exerts its affect are given in the Table. POC studies provide preliminary data on clinically
relevant endpoints. The stronger the link between the biomarker and a clinical endpoint, the more likely
that biomarker can be used in later phase studies(21). Whereas the typical Phase II study includes a placebo
group and a drug treatment group, this is not always the case with POC studies in which there might not
be a placebo group. In the absence of a placebo group, POC studies are usually open label; end-of-treatment
outcomes are compared to their pre-treatment values in this design. This reduces the number of subjects that
need to be enrolled in the study as well as the duration of the study, thereby reducing the overall cost. These
trials frequently are too small to provide significant data about the clinical efficacy of a candidate drug, and
in fact, POC studies may not reach statistical significance for the targeted biomarkers. The question then
becomes whether trends in the right direction for a panel of biomarkers provides enough information to make
a decision to proceed to Phase II safety studies, particularly if the POC study is being used as a method to
screen for the most promising candidates to move forward. It is entirely possible that a beneficial therapy
might be discarded if it doesn’t show any trends in a small, quick POC study.

One example that illustrates the risk of POC studies is the low-hanging fruit project initiated in the early
millennium. In this project, anti-inflammatory drugs methotrexate, hydroxychloroquine, pioglitazone, and
simvastatin, which were approved for other non-CF pro-inflammatory diseases were evaluated in people
with CF. In these studies, subjects provided induced sputum samples at the beginning and end of 1-month
of treatment to determine if the drug impacted inflammatory markers in CF sputum. None of the drugs
demonstrated statistically significant differences in any inflammatory marker when post-treatment values
were compared to pre-treatment values. High-dose ibuprofen was also studied using a similar study design
because it was the only currently recommended anti-inflammatory drug for CF(22). Although it was already
used clinically to treat inflammation in CF, high-dose ibuprofen demonstrated only trends in changes in
sputum neutrophils and a statistically significant decrease in sputum IL-6(23). One wonders - had anti-
inflammatory drugs been screened by changes of inflammatory markers in induced sputum in the 1980s,
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would ibuprofen have moved forward to a clinical trial? This then leads to the concern that other potentially
beneficial anti-inflammatory drugs may have been removed from consideration using this study design. It is
likely that the study design for the low hanging fruit project was flawed for a variety of reasons: other than
ibuprofen, the anti-inflammatory dose of each drug for CF was unknown, the study was underpowered to
detect a difference in stable subjects, the study duration was too brief to detect a drug’s anti-inflammatory
effect, and sputum measures were too variable. However, if the studies were larger and longer, the benefit of
using sputum as a screening tool diminishes.

Phase III

Phase III trials are the pivotal and confirmatory clinical trials required to demonstrate benefit and support
approval of a new therapy. While safety continues to be carefully monitored, the primary focus of Phase III
trials is efficacy. These studies are conducted in a randomized, blinded fashion and compare the candidate
drug either to a placebo or, if it would not be considered ethical to withhold, standard treatment. The scope
and design of Phase III trials are often negotiated with regulators prior to trial initiation. The candidate
drug must be manufactured and administered in the same manner as would be expected after completion
of the clinical trial. In CF, these studies may enroll anywhere from 200 to 600 participants, though these
studies may be much larger in more common disease conditions. Phase III trials require multiple institutions
to participate, and may include international sites. Two successful “adequate and well-controlled” (21 CFR
314.126) Phase III clinical trials are typically required to obtain FDA approval; these may be conducted in
parallel. In some cases, regulatory agencies have negotiated with sponsors to consider drug approval with
a single Phase III trial if there is a supporting Phase II study conducted under similar conditions, i.e.,
randomized, controlled, blinded, etc. Because CF drugs have been chronic therapies, extended safety data
is needed, even when clinical benefit is seen after a short interval (e.g., CFTR modulators). This has led to
most studies being at least 6 months long. In addition, GCP requires 12 months of drug exposure to assess
safety, so many studies have open-label follow up evaluations.

Clinical Trial Endpoints

To gain regulatory approval, Phase III trials need to evaluate accepted clinical endpoints, which directly
measures how a patient feels, functions, or survives. Survival is not a pragmatically feasible endpoint in the
development of chronic CF drugs because these trials would take years and only enroll patients with the
most severe lung disease. A surrogate endpoint is a laboratory measure or a physical sign that can substitute
for a clinically meaningful endpoint(24). Surrogate endpoints may be used if they are strongly associated
with direct clinical endpoints and have been validated. Lung function is a surrogate endpoint accepted by
regulatory agencies based on the relationship between lung function and mortality(25). However, how changes
in lung function are measured will influence study design. Most CF drugs have been approved on the basis of
an acute improvement in forced expiratory volume in 1 second (FEV1), evaluated after weeks-months. While
an acute improvement in FEV1 may be beneficial to people with CF, a more meaningful goal of chronic CF
therapies would be to slow the decline in lung function. This has been shown for a few CF therapies,(26,
27) but these studies can take years to detect a meaningful slowing of lung function decline. Longer studies
may require fewer patients, but such studies are also difficult to manage and can become very costly. In the
era of highly effective modulator therapy (HEMT), the number of patients required in any study in CF may
increase significantly as health outcomes improve(28, 29).

Deciding between evaluating acute improvements in FEV1or slowing the chronic decline of lung function
may depend on both the intervention being studied and the patient population of interest. Patients with
mild disease may not be able to demonstrate acute improvements in FEV1 (the so-called ceiling effect);
these patients may also experience the fastest decline in lung function(30). Thus, drugs designed to address
early lung disease or prevent the development of more severe disease, such as anti-inflammatory therapies,
may opt for longer studies in healthier patients. More recent studies have focused on acute improvements
in FEV1, and then been followed by prolonged open-label, observational studies (see more details in Phase
IV below), but as overall lung function improves, demonstrating acute improvements in FEV1 may become
more difficult(29).

7



P
os

te
d

on
A

ut
ho

re
a

1
Ju

l2
02

0
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

36
33

21
.1

63
50

06
7

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Reduction in the risk or rate of pulmonary exacerbations would seem to be an attractive clinical endpoint to
demonstrate efficacy of a new drug because they directly affect how a patient feels, functions, and in people
with severe lung disease, survives(31, 32). However, pulmonary exacerbations have proven problematic for
several reasons(33). First, there is no widely accepted and validated prospective definition. Several definitions
have been put forward and used in clinical studies(6, 34, 35); the FDA has seemed to prefer a version
of the Fuchs criteria first used in the pivotal study of dornase alfa. Second, there are several methods
for determining changes in pulmonary exacerbations: time to the first pulmonary exacerbation, frequency
of pulmonary exacerbation, total number of pulmonary exacerbations, etc. Time to the first pulmonary
exacerbation requires the smallest number of participants, but may not be considered an acceptable outcome
for registration studies by regulatory agencies. Alternative measures of pulmonary exacerbation require larger
numbers of patients; this can be mitigated by enriching a study population for patients who have a higher
risk of pulmonary exacerbations, but these patients may not be the ideal population for the drug, and such
a study could lack generalizability to the wider CF population.

Patient reported outcomes (PROs) that directly measures a patient’s health or their quality of life without
interpretation by medical professionals may be validated as surrogate endpoints(36). There are several CF-
related PRO tools (e.g., CFQ-R, CFRSD) (37, 38), and improvement in symptoms using the CFQ-R was the
endpoint for the study that led to the FDA approval of inhaled aztreonam (Cayston ®)(39). Growth has
been used in the past as a validated surrogate endpoint, though not in any recent drug trials(40). As CFTR
modulator studies expand to younger population, treatment associated effects on linear growth is affected
may become of interest(41).

The use of surrogate endpoints such as PROs may present difficulties with study interpretation(24). Outside
of CF, pivotal studies may be so large that even small clinical differences may be statistically significant.
The difference may be less important in pediatric and/or orphan disease studies, because these are typically
smaller studies and any statistically significant results are likely to also be clinically meaningful. However,
determining what difference is clinically meaningful is important in many situations. An example would
be a non-inferiority study, which is designed to show that a new therapy is not unacceptably worse than
current standard therapy. This situation may arise in CF when comparing a new drug within the same
therapeutic class (e.g., CFTR modulator or new inhaled antibiotic) to an established drug when comparison
with a placebo would not be acceptable(42). Clinician surveys have indicated that many are uncomfortable
withdrawing efficacious medications(43).

Biomarkers may be used as surrogate endpoints and could potentially speed up drug development. Biomarkers
require validation to show they reflect the biologic activity of a therapy as well as the relationship with clinical
outcomes(21). Biomarkers that have been explored in CF include those that would reflect changes in CFTR
activity (e.g., sweat chloride, nasal potential difference, intestinal current measurement), infection (e.g.,
bacterial density, detection of CF pathogens, and inflammation (e.g., sputum neutrophil elastase activity,
cell counts, cytokines, and serum CRP). In order to validate biomarkers as useful clinical surrogate endpoints,
the relationships between biomarker changes/clinically meaningful changes or thresholds and the likelihood
of subsequent clinical benefit must be clearly understood(24). Otherwise, the use of biomarkers is limited
because risks and benefits cannot be fully assessed.

Recently, the FDA has demonstrated willingness to expand the use of results from biomarker studies in the
approval process for CFTR modulators. Theratyping, the process of matching medications to specific CFTR
mutations based upon in vitro testing results, has been used to expand the indication for ivacaftor beyond
the original mutations for which it was approved through the traditional regulatory approval pathway(44).
In 2017, after ivacaftor had been approved by the FDA for people with at least one G551D mutation and
deemed safe in people with CF, ivacaftor was approved for people with CF with one of 23 other residual
function mutations based on how cells from people with CF responded to ivacaftor in laboratory experi-
ments(45). Similarly, elexacaftor/tezacaftor/ivacaftor has been approved for all CFTR mutations that can
be demonstrated to respond in laboratory experiments and has not been restricted to just those mutations
present in clinical trial participants.
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Identifying appropriate clinical trial endpoints in young children may be particularly difficult. Many endpoints
that may be used in studies in adults occur less frequently (e.g., deaths, pulmonary exacerbations), have not
been validated (e.g., age-appropriate PROs), or cannot be measured readily (e.g., lung function in young
children). Pivotal Phase III studies have been pursued in older adolescents and adults in part to avoid these
limitations. Once drugs have been approved for use in older children, the FDA has relied on safety data alone
as the primary endpoint in clinical trials in younger children with CF(46-48). This has the added benefit
of significantly reducing study size: pivotal trials of ivacaftor included 100 patients 12 years and above, but
only 38 children ages 2-5 years(48, 49). However, this strategy may not allow for the detection of rare adverse
events.

FDA approval

After successful completion of the required pivotal Phase III studies that demonstrate efficacy, drug
developers submit a New Drug Application (NDA) to the FDA. Standard review is approximate-
ly 12 months, though more rapid reviews are becoming more common through specific pathways
developed by the FDA (https://www.fda.gov/patients/learn-about-drug-and-device-approvals/fast-track-
breakthrough-therapy-accelerated-approval-priority-review, accessed June 15, 2020). These are reserved for
priority drugs that represent an advance in treatment, diagnosis, or disease prevention when compared to
marketed products. This process was used in the approval of elexacaftor/tezacaftor/ivacaftor (Trikafta®).

Phase IV

Phase IV clinical trials, also known as post-marketing surveillance trials, collect real-world data and occur
after FDA drug approval. A Phase IV trial is typically part of a safety surveillance program (pharmacovigi-
lance) once a drug is on the market. A Phase IV trial typically has the fewest risks for participants because
the drug has been studied in several other earlier phase clinical trials. Typically, participants do not have to
enroll in a Phase IV clinical trial, and they receive all of the usual disease treatments. Another advantage of
a Phase IV trial is that it collects data from many different patient populations who receive care at dozens
of different sites, thus increasing the robustness of the drug’s overall clinical trial data. A Phase IV study
may be required by the FDA to fill in knowledge gaps, or it may be initiated by the sponsor to gather more
information about the drug and how its use might be expanded. The goal of a Phase IV trial is to collect
long-term safety and efficacy data in large groups of people and to identify rare adverse events that may not
have been seen in smaller earlier phase studies. In addition, a sponsor may initiate a Phase IV trial to collect
data to expand the label of the drug to different groups with the same disease or for new indications in other
diseases with a similar pathophysiology, to obtain quality of life data, to evaluate drug-drug interactions, to
compare the drug to other drugs on the market, and to analyze the cost-effectiveness of the drug. Because
one of the goals is to collect information on rare adverse events, these trials often capture data on large
numbers of study participants for long periods of time (2 to 5 years or more). For example, the Phase IV
data from lumacaftor/ivacaftor demonstrated that 17% of people discontinued the drug within 6 months of
starting it compared to only 4% of participants in the randomized control trials, and 39% of people with
severe lung disease (FEV1 percent predicted < 40%) demonstrated higher rates of serious adverse events
(39% vs. 17% in RCTs) and had higher rates of discontinuation of the drug(50). These examples highlight
the importance of why sponsors must ensure a Phase IV trial is not under-powered. In addition, significant
adverse events may be identified during a Phase IV trial that result in the drug being removed from the
market.

Conclusion

Since the approval of dornase alfa in 1993, several drugs have been developed and approved by regulatory
agencies specifically for people with CF. This process has (so far) culminated in 2020, with approval of highly-
effective modulators for approximately 90% of people with CF ages 12 years and older. These transformative
therapies will surely reduce morbidity and extend longevity, yet not all people with CF will have access to
these drugs. The therapeutic development pipeline contains candidate drugs that address many different
aspects of disease, although many face particular challenges to being approved. However, the challenges of
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drug development must be met until that time when a one-time cure is available to all people with CF.
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Table. Examples of Biomarkers Used in Phase II CF Clinical Trials Based upon Pathophysiology

Respiratory System Biomarker

Abnormal gene Gene transfection in nasal or bronchial epithelial
cells Nasal potential difference

Abnormal protein Sweat Chloride Nasal potential difference Intestinal
current measurement

Abnormal airway environment Mucociliary and cough clearance
Mucus obstruction Mucociliary and cough clearance Mucus rheology
Infection Microbiology Microbiome
Inflammation Inflammatory mediators in sputum or

bronchoalveolar lavage fluid Inflammatory
mediators in serum Measures in exhaled breath

Damage to airway wall architecture Radiographic imaging Structural elements in urine
Gastrointestinal System
Pancreatic insufficiency Coefficient of fat absorption Coefficient of Nitrogen

absorption Circulating concentrations of vitamins

Figure 1. Pathogenesis of CF lung disease . This schematic provides a thought construct of how the
abnormal gene leads to lung destruction by passing through the vicious cycle of airway obstruction, chronic
bacterial infection, and persistent inflammation. Therapies are being developed to address the different levels
of pathogenesis. ASF = airway surface fluid.

Hosted file

image1.emf available at https://authorea.com/users/337201/articles/465214-drug-development-
for-cystic-fibrosis

Figure 2. Drug development overview. A summary of stages in the development of a candidate drug,
from pre-clinical to post-marketing evaluations. Regulatory applications are given in the pink boxes. IND
= investigational new drug; NDA = new drug application.

Hosted file

image2.emf available at https://authorea.com/users/337201/articles/465214-drug-development-
for-cystic-fibrosis
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