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Summary/Abstract

Small molecules that address fundamental defects underlying cystic fibrosis (so called
“modulators,” such as the approved drugs ivacaftor, lumacaftor, and tezacaftor) have advanced
dramatically during the past few years and are transforming care and prognosis among individuals
with this disease. The new treatment strategies are predicated on established scientific insight
concerning pathogenesis, and applying “personalized” or “precision” interventions for specific
abnormalities of the cystic fibrosis transmembrane conductance regulator (CFTR). Even with the
advent of highly effective triple drug combinations — which are anticipated to markedly benefit
most patients with CF worldwide — challenges to precision therapy remain. These include
refractory CFTR variants (premature truncation codons, splice defects, large indels, severe
missense mutations, and others) not addressed by available modulators, and access to leading-edge
therapeutic compounds for patients with ultrarare forms of cystic fibrosis. The CF experience is
emblematic of other conditions for which personalized interventions are actively being sought.
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A transformative era for cystic fibrosis therapy

The emergence of modulator treatment (primarily “potentiators” and “correctors™) has
dramatically changed the prognostic landscape for patients with CF1. CFTR, the responsible
gene, encodes an epithelial anion channel, and “potentiators’ of channel function such as
ivacaftor have led to dramatic clinical improvement for individuals carrying mutations such
as G551D*2, as well as several other variants (described below). Clinically approved
‘corrector’ molecules (i.e., lumacaftor and tezacaftor) designed to overcome maturational
processing abnormalities were initially directed towards the common F508del mutation34.
Experimental next-generation correctors such as VX-445 (elexacaftor) and VX-659 work in
concert with ivacaftor and tezacaftor, and appear to act by mechanism(s) independent of the
approved agents®®. Triple combination therapies (TCTSs) (e.g., ivacaftor + tezacaftor +
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*Nomenclature here reflects replacement of an aspartic acid (D) for glycine (G) normally found at position 551 of the 1480 amino
acid CFTR.
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elexacaftor) have recently shown pronounced benefit in Phase 2 and 3 clinical testing among
patients with at least one copy of F508del, leading to a new drug application currently under
FDA review® 11, Individuals encoding at least one F508del variant represent a sizable
majority of patients with CF’, and TCT benefit can be achieved even when the second (non-
F508del) allele lacks measurable activity.

The original notion that specific drugs would be tailored (personalized) to address discrete
CFTR defects has evolved substantially over the past decade. CFTR abnormalities have
traditionally been grouped or binned into 5-6 subcategories defined by underlying molecular
dysfunction (Figure 1). It has become increasingly clear, however, that most CFTR
mutations confer numerous protein defects1213, Moreover, active modulator drugs typically
exhibit beneficial effect across a broad range of CFTR variants and disease subcategories?3.
Ivacaftor, for example, was originally developed for G551D CFTR (currently in use by
patients with this variant who are six months of age and older), but has subsequently shown
pronounced CFTR stimulatory effect and gained registration (FDA approval) as a single
agent for 38 CFTR mutations (primarily class 11 (gating) abnormalities). Among these,
ivacaftor is approved as a single agent for other (sometimes unanticipated) categories of
CFTR mutation; e.g., variants such as E831X (class I), A455E (traditionally grouped in class
IV), and 2789+5 G—A (class V). Moreover, the drug has become part of leading-edge
combination treatments (together with lumacaftor or tezacaftor) among patients homozygous
for the common F508del abnormality (class Il). Twenty-six other CFTR variants have also
been approved for the combination of ivacaftor with tezacaftor.

Activity of ivacaftor against E831X is attributable to occurrence of this nonsense variant as
part of a splice donor/acceptor site, with a portion of the translation product leading to full-
length CFTR lacking only the aspartate at position 83114. The resulting E831del encodes a
protein responsive to gating activation by ivacaftor. In similar fashion, mRNA splicing
defects such as 2789 + 5G—A or 3849 + 10 Kb C—T are translated in alternatively spliced
forms, some of which maintain partial CFTR activity and can be potentiated by ivacaftor.

complexity of CFTR variants

In broad terms, the concept of personalized CF treatment presupposes mutations that exhibit
discrete abnormalities — many of which are remediable by a specific small molecule.
Detailed studies of numerous CFTR variants, however, belie that notion. The prevalent
F508del CFTR, for example, exhibits not only a class Il (aberrant protein maturation)
phenotype, but also defective ion channel gating (class I11), and cell surface instability12.
Initial characterization of P67L — a very rare mutation found predominantly among
individuals of Scottish descent — described a problem with the CFTR ion conducting pore
(class 1V), whereas more complete studies have shown profound abnormalities involving
protein instability (class I1) and defective channel gating (class 111)1%16, Relatively common
mutations such as N1303K exhibit severely inadequate biogenesis that appears
mechanistically distinct from other class Il variants. Unlike F508del, for example, N1303K
leads to expression of high-level immature (endoplasmic reticulum restricted) CFTR which
is not rescued by tezacaftor or lumacaftorl’. The clinically important finding that a single
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CFTR mutation typically confers numerous and complex abnormalities underscores a need
to view CF precision therapeutics from an updated perspective.

High cost of modulator treatment and impact on drug access among
individuals with rare variants

For the majority of FDA approved agents in general pharmaceutical use, physicians in the
US are allowed flexibility to prescribe these drugs whether a treatment is “on” or “off” label
(i.e., whether or not the FDA drug approval label specifically designates use of the
compound for a particular clinical indication). In other words, if an approved antibiotic, anti-
inflammatory, or anticancer compound is believed to offer significant benefit and safety
outside the formal FDA label indications, caregivers are often provided freedom to
administer the treatment. A problem arises, however, in the case of patients with “off-label”
CFTR variants who might benefit from a therapy such as ivacaftor. In the era of personalized
medicine, regulatory approval for compounds of this type has traditionally been directed
towards specific CFTR mutations. CF clinicians may of course prescribe the drug to any
patient who might benefit — even if the patient’s genotype is not formally “on label”.
However, ivacaftor costs over $300,000 per year in the United States, and third-party payers
have been understandably concerned about providing blanket reimbursement for these CF
treatments without formal FDA or other regulatory endorsement. In practice, therefore,
although many patients might benefit “off label”, drug access is usually not available to
individuals who lack an approved genotype. Similarly, when clinical efficacy for a specific
CF indication is argued to be less robust, the cost of CFTR modulation has sometimes
impeded (or obviated) patient access (e.g., third party payment for lumacaftor/ivacaftor in
the United Kingdom)!8. Comparable issues have been appreciated in other disease contexts
where discovery (and marketing) of new compounds for rare or ultrarare conditions involves
therapies that have been approved for specific, unusual, and/or personalized treatments1®.

Addressing the challenges of patient access to modulator therapy

Because the regulatory review process often employs Phase 3 double-blind, placebo-
controlled studies, low prevalence of many CF mutations makes clinical testing of this sort
problematic — particularly when entry criteria are based strictly on genotype. It has been
estimated that over 1,000 CFTR variants are represented by less than five patients each
worldwide (Figure 2)20. Since a personalized approach that includes placebo-controlled
testing of ultrarare genotypes could therefore be viewed as impractical, important
alternatives have emerged. For example, N = 1 trials?! allow individual patients to serve as
their own controls, with comparisons made for each study subject before, during, and after
drug treatment. Establishing strong efficacy data in very small patient cohorts using the N =
1 format has been challenging due to features such as fluctuating respiratory infection,
pulmonary inflammation, disease trajectory, rebound exacerbation following omission of
drug (or beneficial effects that persist once treatment has been stopped), chronic (non-
reversible) lung scarring, and/or complexity of statistical analysis. Moreover, even if an
individual with CF exhibits significant benefit (e.g., FEV1 improvement) duringan N =1
study, precedent for expanding drug label on a patient-by-patient (rather than overall
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genotype-dependent) basis is lacking. As an alternative, recent guidance from FDA and
other regulatory agencies has described use of scientifically meaningful groupings of study
subjects by criteria not exclusively based on genotype?2. Using this framework, evaluation
of certain rare CFTR variants has incorporated clinical evidence of significant residual
function (e.g., pancreatic sufficiency, less pronounced sweat chloride abnormalities) or /in
vitro studies of modulator effectiveness?3:24, as discussed below.

“Theratype” is a term coined by T. Torphy and applied to CF drug discovery and
personalized intervention. Theratype simply asks whether improved lung function, fewer
pulmonary exacerbations, or additional beneficial effects are observed following
potentiation, correction, or other CF treatment. The concept helps address behavior of
modulators insofar as rare mutations are concerned. In particular, theratype denotes whether
or not a specific CFTR variant — irrespective of underlying mechanistic subcategory —
exhibits improvement following drug administration. Theratype represents a concession to
molecular complexity noted for many (or most) CFTR variants, and has been increasingly
employed by the research community.

In vitro model systems for identifying patients likely to benefit from

modulator treatment

In vitro data can be considered in specific cases when developing label expansion for rare
CFTR variants. For example, CFTR modulator response in primary airway epithelial cells
correlates with likelihood of improvement in FEV1 for certain genotypes tested to date>.
Fischer rat thyroid cells expressing recombinant CFTR have been employed in similar
fashion to provide evidence of residual ion channel function?4. In Europe, epithelial
organoids obtained from intestinal mucosal biopsy are being advanced to test rare variants,
and constitute another valuable approach for personalized analysis?%:27. Well-validated /n
vitro assays for predicting clinical improvement in CF may help facilitate approval of rare
CFTR genotypes that respond favorably to modulator compounds. Other parameters such as
intermediate sweat chloride levels, pancreatic sufficiency, and /7 vivo measures of ion
transport or mucociliary clearance are also being studied as a means to identify patients most
likely to benefit following modulator-based treatment23:25:28,

CF precision medicine and prospects for the immediate future

Remarkable progress over the past few years has set the stage for highly active triple drug
combination therapies designed to offer pronounced benefit among patients with one copy of
F508del, irrespective of the other allelic defect. In Phase 2 and 3 clinical testing, activity of
TCTs has been robust®>8:8-11, Regulatory approval of the first TCT is hoped for within the
coming year — in which case a sizable majority of patients should have access to an effective
modulator formulation. Even if these expectations are met, it is essential to acknowledge (as
with any therapy) that certain individuals may not exhibit pronounced benefit, or could
experience side effects that limit their ability to tolerate a new, life-long treatment. Patients
such as these, together with the estimated 6-8% of those encoding refractory CFTR
mutations that are not clinically addressed by TCTs (e.g., recalcitrant splice or premature
truncation defects, large indels, severe folding abnormalities)’-29 constitute a group that
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merits intensified drug discovery efforts. Novel agents for this purpose are aggressively
being sought by pharmaceutical, academic, and other research laboratories.

Conclusions

Modulator compounds address fundamental protein defects responsible for cystic fibrosis,
and have been advanced using innovative personalized or precision-type strategies (i.e.,
alignment of molecular abnormality with a specific small molecule intervention). Based on
the large number of disease-associated variants, complexity of underlying mechanism, and
barriers to drug access among those with rare mutations, an adapted approach to CF
precision medicine has been increasingly applied. Grouping or binning unusual CFTR
genotypes according to residual function holds considerable promise in this regard. Cell
based (ex vivo) systems and other innovative refinements have emerged, and are already
enhancing personalized approaches to the disease.

Notwithstanding the unparalleled success of CFTR modulator-based therapeutics, significant
challenges remain. Even if TCTs achieve their potential, many patients with refractory
CFTR variants will still lack an approved modulator. In this context, work by numerous
laboratories to develop new and highly active modulator compounds, including drugs
directed towards CFTR variants that remain “off label”, represents an area of considerable
emphasis2®. In parallel, the field continues to pursue treatment strategies less restricted by
the underlying CFTR abnormality (for example, initiatives directed towards CF7R gene
transfer, stem cell technology, or DNA editing). Many such approaches, in contrast to more
personalized therapies, have the potential to ultimately benefit all patients with cystic
fibrosis, irrespective of underlying genotype. In addition, studies that address CF tissue
sequelae (chronic scarring, lung fibrosis, inflammation, or infection) comprise areas of
substantial need for those without access to modulators — as well as individuals with
advanced disease not fully remediable by TCTs or other CF drug formulations29:30, |n
these ways, a multifaceted approach to treatment will continue to provide new hope and
optimism for patients with CF and their families in the future.
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Figure 1. Traditional classification of CFTR mutations.
Note that a sixth group (plasma membrane instability) is sometimes included as a separate

categoryl. Alternative evaluation of CFTR variants based on modulator response offers an
additional means of binning CFTR molecular defects, with designations that constitute
greater than six categories3?:31, Modulator treatments have been shown to confer beneficial
effects across many CFTR mutational subgroups, based on increased expression of well-
folded CFTR (mediated by correctors) and enhanced residual ion channel activity
(potentiators) in a manner that is sometimes less dependent on underlying molecular
abnormality or mutation subclass.
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A Available Modulators by B Available Modulators by
Numbers of CF Patients Numbers of CFTR Mutations
39
Ivacaftor + Modulator
Tezacaftor* Available

15% Available

m lvacaftor +/-

m No Modulator
46% Tezacaftor

Available

® No Modulator

Figure2.

(A) Subset of individualswith an approved modulator from among ~30,000 patientsin
the U.S. Approximately 15% of individuals with CF are approved for treatment using
ivacaftor alone, with a subset of these (below) also approved for ivacaftor/tezacaftor. The (*)
describes F508del/F508del genotype, and denotes approval for ivacaftor together with either
lumacaftor or tezacaftor (46% of patients with CF). For another ~ 39% of patients, no
modulator drugs are yet available. The majority of these individuals carry a copy of F508del
and are anticipated to benefit from triple combination therapy (TCTs, hatched detail of
diagram, see text). (B) Subset of CF variantswith an approved modulator. Among >
2000 disease-associated mutations30, thirty-nine currently are “on label.” Ivacaftor as a
single agent is available for the following mutations (~ 15% of patients): E56K, P67L,
R74W, D110E, D110H, R117C, E193K, L206W, R347H, R352Q, A455E, D579G, E831X,
S945L, S977F, F1052V, K1060T, A1067T, R1070W, F1074L, D1152H, D1270N, 711+3A-
>G, 2789+5G->A, 3272-26A->G, 3849+10kb C->T, G551D, R117H, G178R, S549N,
S549R, G551S, G1069R, R1070Q, G1244E, S1251N, S1255P, and G1349D. Combination
treatment with ivacaftor and tezacaftor is also approved when any of the first 26 ivacaftor-
responsive variants from the list above is present at either CFTR locus, or for individuals
homozygous with F508del. Additional studies will be required to estimate numbers of
patients with CF who encode variants not formally approved for modulator treatment, but
likely to show clinical benefit following drug administration.
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