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Introduction

Cystic Fibrosis (CF) is an autosomal recessive genetic dis-
order that was a terminal illness in young children. Standardized
care in accredited CF Centers and medical advances in main-
tenance medications targeting nutritional health, CF bacterial
pathogens, inflammation, mucociliary clearance, and the under-
lying defect in the cystic fibrosis transmembrane conductance
regulator (CFTR) protein, improved life expectancy and quality
of life for people with CF [1,2]. Today, half of the United States
CF population is of adult age. According to the 2018 Cystic Fi-
brosis Foundation (CFF) Patient Registry, 54.6% were 18 years
and older[3]. The life expectancy of people with CF born be-
tween 2014 and 2018 is predicted to be 44.4 years (95 percent
confidence interval: 43.4-45.9 years) [3,4].

The discovery of the CFTR gene 1989 triggered a a surge
in basic research [5]. While this enhanced knowledge of the
pathophysiology of CF and clarified genotype-phenotype rela-
tionships, it was not until 2012 that an agent targeted towards
correcting the defective protein became a reality [6]. Until then,
the available therapies could only improve symptoms and slow
down the progression of the disease. Nevertheless, such thera-
pies transformed CF from a fatal disease of children to a more
treatable, albeit still fatal, chronic disease of adults [7].

The most recent and swiftly evolving therapies in CF thera-
peutic pipeline are the CFTR modulator targeting the abnormal
protein. The CFTR protein is a cAMP protein kinase chloride ion
channel that regulates chloride and bicarbonate transport across
the epithelial cell surface and, in turn, inhibits the absorption of
sodium absorption. CFTR protein is encoded by the CF gene lo-
cated on chromosome 7 (7q31.2) and is found in epithelial cells
of the airway, intestine, pancreas, and sweat gland. In CF, the
CFTR protein defect is dependent on the Class of CFTR muta-
tions, and total CFTR activity is determined by the CFTR quan-
tity and function [8]. There are six classes of CFTR mutations
(Table 1)

The full explanation of CF airway pathology is beyond this

Table 1
| Completely absent due to nonsense or frame shift mutation G542X, W1282X, R553X
n Misfolded protein does not reach cell surface F508del, N1303K
1] Protein at cell surface but has decreased activity G551D, S549N, V520F
v Protein at cell surface but chloride conductance is reduced R117H, D1152H, R347P
v Quantity of protein is reduced A455E, 3849 + 10kbC ->T
Vi Decreased protein stability 4326delTC, GIn1412X

review. Briefly, normal cilia require a hydrated airway surface
liquid layer to function appropriately in mucociliary clearance.
When chloride ion transport is impaired or absent based on the
type of CFTR mutation, sodium is hyper-absorbed along with
water, resulting in a poorly hydrated airway surface liquid layer.
This leads to a continual cycle of thick mucus, airway obstruc-
tion and inflammation, tissue injury and resultant bronchiectasis.
Once bronchiectatic airways develop, airway clearance is not
optimal. This environment promotes the acquisition of bacteria
that become pathogenic in CF lungs [9,10].

This article summarizes the available treatments for CF cat-
egorized by the mechanism of action.We begin by explaining
traditional CF therapies and go on to describe CFTR modulator
therapy in more detail.

Airway Clearance Therapies

Airway clearance remains a mainstay of CF therapy and is
encouraged from birth to adulthood [10]. However, since many
clinical trials assessing airway clearance therapies were not ade-
quately powered and often not randomized, definitive evidence
supporting the use of airway clearance therapies in CF is lack-
ing. The recommendations to use airway clearance therapies in
CF rely instead on sound theoretical principles [11]. Techniques
include percussion, device assistance including vibrating vest,
flutter, positive expiratory pressure, and breathing modalities
(autogenic drainage). One study compared the conventional ac-
tive cycle of breathing technique, routinely practiced in many
countries, to the more costly, albeit more convenient, vibrating
vest. The active cycle modality was superior to the vest and as-
sociated with fewer pulmonary exacerbations [12].

Mucolytics And Hydrator Therapies

Human recombinant deoxyribonuclease was the first ap-
proved therapy for CF. This nebulized medication decreases
sputum viscosity, improves lung function, and reduces exacer-
bations. It works by breaking down DNA derived from degrad-
ing neutrophils that accumulate in the airways of CF patients
[13]. Further studies demonstrated benefits in CF patients with
advanced lung disease (FEV1 <40% predicted) and in younger
patients with mild disease [11].

Nebulized hypertonic saline behaves as an osmotic hydrat-
ing agent that increases mucociliary clearance, improves lung
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function, and reduces exacerbations. In a 48-week study, 164 CF
patients were randomized to receive either 5 ml of 7% hyperton-
ic saline or placebo [0.9% saline] with quinine sulfate added to
mask the taste. FEV1 was higher, and pulmonary exacerbations
were fewer in the hypertonic saline group [14]. While subse-
quent studies did not observe a reduction in exacerbations in
children aged four months to 5 years, sub-studies demonstrated
positive effects on lung function [11].

Inhaled dry powder mannitol is another osmotic agent that
demonstrated lung function improvements in two trials with the
effects being more consistent in adults [15]. The drug was first
approved in Australia in 2011, subsequently in the EU and Is-
rael. In May 2019, the US-based Federal Drug Administration
[FDA] advisory panel recommended approval. Concerns in-
clude a high dropout rate since some patients could not tolerate
inhaled mannitol [11]. Subsequent trials stressed education and
training to achieve adequate treatment adherence [16]. . Before
starting mannitol, patients must complete the mannitol tolerance
test [sequential administrations of incremental doses of mannitol
up to a maximum dose of 400 mg] to identify those at risk for
mannitol-induced bronchospasm [16]. Those who develop bron-
chospasm should not use mannitol.

Inhaled Antibiotics

Inhaled antibiotics offer advantages over systemic therapy
since they deliver high drug concentrations to the site of lung
infection with minimal systemic absorption [17]. In patients
with chronic P. aeruginosa infection, nebulized tobramycin (an
aminoglycoside) improved lung function, reduced exacerba-
tions, and increased weight [18]. Nebulized tobramycin [tobra-
myecin inhaled solution or TIS] was first approved in 1997 and
subsequently manufactured by other drugmakers when its pat-
ent expired. Inhaled aztreonam (a B-lactam) is effective when
compared with both placebo and inhaled tobramycin and was
approved in 2010 [19,20].

Sixteen years following the deployment of TIS, a dry pow-
der preparation became available. This new preparation substan-
tially decreases delivery time, is more portable, and does not re-
quire refrigeration [21].

To thwart the potential emergence of resistant bacteria, the
protocols for inhaled antipseudomonal antibiotics in CF called
for every other month administration: 28 days “on” therapy,
alternating with 28 days “off” therapy. The problem with this
approach is that during the “off” periods, lung function deterio-
rates, and patients report lower quality of life [22]. Consequent-
ly, many CF physicians shifted to continuous inhaled antibiotic
therapy, either as monthly monotherapy or as continuous alter-
nating therapy (CAT) with two or more agents [22].

Flume and colleagues [23], conducted a randomized, pro-
spective trial to determine whether a continuous antibiotic reg-
imen offers further improvement in pulmonary outcomes com-
pared with the intermittent strategy. Unfortunately, the study
experienced limited enrolment since practice patterns had al-
ready changed with CAT becoming routine in many CF centers.
Even though this study was underpowered, CAT -one month of
nebulized aztreonam alternating with one month of dry inhaled
tobramycin- reduced exacerbation rates by 25.7% (p = 0.25;
primary endpoint) and rates of respiratory hospitalizations by

35.8% compared with dry inhaled tobramycin alone (p = 0.14).

Amikacin liposome inhalation (ALI) is only approved to
treat chronic lung infections caused by nontuberculous myco-
bacteria (NTM). ALI is approved in adults in combination with
an anti-NTM drug regimen. Patients should have documented
failure/inadequate response after at least six consecutive months
of an anti-NTM multidrug regimen. ALI is administered via a
specific nebulizer once daily at a dose of 590 mg [23].

As far as ALI for pseudomonal infection in CF, a phase
II trial demonstrated once-daily ALI tolerability, safety, biolog-
ic activity, and efficacy in CF patients with P aeruginosa infec-
tion [24]. A recent study compared ALI to tobramycin inhaled
solution and found a comparable effect on FEV1. ALI patients
demonstrated improvement in CFQ-R respiratory symptoms.
Furthermore, subjects reported less treatment burden in the ALI
arm [Once daily ALI compared to twice daily tobramycin]. Fur-
thermore, there was increased biofilm penetration with ALI when
compared to tobramycin [25]. Thus far, ALI is not approved for
pseudomonal CF infections.

Other antibiotics such as nebulized colistin [Colisteneb] and
colistimethate sodium dry powder inhaler [Colobreath] have re-
ceived European approval. Several new preparations of inhaled
antibiotics are under study [11,26]. Specifically, dry powder
vancomycin for the increasing rate of MRSA chronic infections
-presently, about 20% of the US CF population- demonstrated a
significant reduction in MRSA density in the sputum compared
with placebo [26]. A phase 3 study to test AeroVanc™ in adults
and children over six years old with CF is underway [AVAIL
NCTO03181932]. Few studies have so far examined the role of
inhaled antibiotics for other bacterial infections that are common
in patients with cystic fibrosis (B. cepacia complex and S. malto-
philia [26].

Pseudomonas Eradication Therapy

Once Pseudomonal chronic infection is established, it is vir-
tually impossible to eradicate and is associated with increased
mortality and morbidity [10,11,17,27,28]. At the time of the first
culture of P aeruginosa, CF physicians prescribe antibiotic treat-
ment with the aim of eradicating. A Cochrane review concluded
that nebulized antibiotics, alone or in combination with oral an-
tibiotics, were better than no treatment for early infection with P.
aeruginosa and that eradication may be sustained for up to two
years. A regimen of oral ciprofloxacin and inhaled colistin for
three months has been prescribed based on evidence from a pro-
spective study that used historical control data. Further studies
demonstrated that inhaled tobramycin, either TIS or in dry pow-
der form, for one month eradicates P. aeruginosa in 70-80% of
cases. More importantly, this regimen is equivalent to the cip-
rofloxacin plus colistin combination [28]. Experts recommend
both regimens for Pseudomonas eradication therapy. Ensuring
eradication of P aeruginosa is routine in CF care, with many pe-
diatric centers reposting a prevalence of chronic P acruginosa of
less than 10% [11].

Azithromycin

Macrolides exhibit bacteriostatic activity by inhibiting pro-
tein synthesis through disturbance of the 50S large ribosomal
subunit and subsequent interruption of bacterial protein syn-
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thesis. Relevant to CF, azithromycin reduces biofilm growth
of bacteria such as Pseudomonas aeruginosa by impairing quo-
rum-sensing signals. Additionally, azithromycin increases P.
aeruginosa susceptibility to other antibiotics [29]. Moreover,
azithromycin possesses well-documented immunomodulating
properties. These include an acute phase of inhibition of inflam-
mation and a late phase of the resolution of chronic inflammation
reviewed in [30].

To determine whether azithromycin improves clinical pa-
rameters and reduces inflammation in CF adults, Wolter, and
colleagues conducted a 3-month prospective randomized, dou-
ble-blind, placebo-controlled study of 250 mg of daily azithro-
mycin [31]. This study recruited 60 subjects and concluded that
azithromycin improved quality of life, reduced the number of re-
spiratory exacerbations, and the rate of decline in lung function.
Saiman and colleagues conducted a more extensive, 24-week
study that randomized 185 participants, all chronically infected
with Pseudomonas. The group that received 500 mg of azithro-
mycin thrice weekly showed an increase in FEV1, had a more
substantial weight gain while experiencing fewer exacerbations
[32].

A subsequent study sought to determine the effects of azi-
thromycin in CF patients uninfected with Pseudomonas. In this
trial, treatment with azithromycin for 24 weeks did not result in
improved pulmonary function. Nevertheless, azithromycin was
associated with a reduction in pulmonary exacerbations and an
increase in weight gain [33].

As would be expected, bacterial resistance increases with
chronic antibiotic use. A meta-analysis of six trials using azithro-
mycin therapy in chronic lung diseases such as asthma, COPD,
and CF, concluded that the risk of bacterial resistance was 2.6
times higher in the treatment group (RR =2.59; 95% CI: 1.294—
5.31; p=0.007) [29,30]. Of concern in the CF population, is the
emergence of nontuberculous mycobacterial infections. There-
fore, CF centers routinely screen for such infections before start-
ing and during chronic azithromycin therapy.

Further concerns about the chronic use of azithromycin in
CF revolve around its potential antagonism of inhaled tobramy-
cin. An in vitro model demonstrated that azithromycin upreg-
ulated the MexXY efflux pump of P. aeruginosa, reducing the
aminoglycoside concentration within the bacterial cell [34].

A secondary analysis of a clinical trial of the inhaled an-
tipseudomonal antibiotics tobramycin and aztreonam, with and
without concomitant azithromycin concluded that combined
azithromycin and inhaled tobramycin resulted in a decrease in
% predicted FEV1 after one and three courses of inhaled tobra-
mycin when compared with those not using azithromycin (28 d:
20.51 vs. 3.43%, P, 0.01; 140 d: 21.87 vs. 6.07%, P, 0.01). Ad-
ditionally, chronic azithromycin with inhaled tobramycin -and
not inhaled aztreonam- was associated with an earlier need for
additional antibiotics, smaller improvement in the quality of life,
and a trend toward less reduction in sputum P. aeruginosa density
[35].

On the other hand, the Optimizing Treatment for Early Pseu-
domonas aeruginosa Infection in Cystic Fibrosis (OPTIMIZE)
sought to improve early eradication of P. acruginosa. The in-
vestigators hypothesized that adding azithromycin (vs. placebo)
to the inhaled tobramycin would reduce the risk of pulmonary

exacerbation, inflammation and could prolong the time to pseu-
domonas recurrence. While adding azithromycin to inhaled to-
bramycin did not increase eradication rates among children re-
ceiving azithromycin, there was a 44% reduction in pulmonary
exacerbations, a 1.3 kg weight gain, and no changes in bacterial
milieu. These findings suggest that the addition of azithromycin
did not interact with tobramycin [36].

An ongoing clinical trial may untangle potential antago-
nism between inhaled tobramycin and chronic oral azithromy-
cin in CF: Testing the Effect of Adding Chronic Azithromycin
to Inhaled Tobramycin (TEACH; NCT02677701), randomizes
participants to receive inhaled tobramycin with azithromycin vs.
placebo [29].

Anti-Infective Therapies

In an era of multidrug-resistant bacteria, research focuses on
non-antibiotic, anti-infective therapies, including phage therapy,
inhaled nitric oxide, and IV gallium. Bacteriophages or phages
are viruses found in the environment. They invade and replicate
a hundred-fold within targeted bacteria, ultimately bursting the
host bacterial cell. Technological advances allow for the cre-
ation of viruses with more accuracy to their bacterial targets. For
example, phages have been modified for nebulization against
P. aeruginosa, Mycobacterium abscessus, and Achromobacter
[37]. A case report describes a 15-year old CF patient with a
double-lung transplant who received a genetically engineered
intravenous and topical 3-phage regimen against M. abscessus,
which helped wound healing and improved lung function [38].

The metal gallium is postulated to inhibit iron-dependent
bacterial enzymes by impeding many iron-dependent synthetic
and metabolic pathways [39]. The advantages to gallium are
that the IV form is already FDA-approved for the treatment of
malignancy-associated hypercalcemia, and gallium has been
used for decades in radiological studies. Goss et al. enrolled 20
CF adults chronically infected with P. aeruginosa, who received
IV gallium. Lung function improved, and this improvement
persisted until day 28. Bacterial density, however, was not sig-
nificantly decreased. Moreover, the IV form of gallium involves
a 5-day continuous infusion, making it quite inconvenient for
patients [39]. AR-501 is an inhalable form of gallium citrate;
safety and pharmacokinetic study of inhaled gallium are under-
way (NCT03669614).

The antimicrobial activity of nitric oxide (NO) had been rec-
ognized for decades [40]. In a twelve-patient randomized proof
of concept study, Howlin and colleagues [41]. used an ex-vivo
model and studied 12 patients randomized to receive ten ppm
NO inhalation or placebo. They found a significant reduction
in P. aeruginosa biofilm aggregates compared with placebo
across seven days of treatment. Other measurements of clinical
parameters favored NO without an increase in overall bacterial
load or the severity of acute exacerbations. There was no evi-
dence of NO-induced vasodilatation. Additionally, these inves-
tigators demonstrated enhanced in vitro activity of tobramycin
and tobramycin plus ceftazidime when combined with NO.
An ongoing phase II clinical trial of inhaled NO is underway
(NCT02498535).

Anti-Inflammatories
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Studies investigating immune cell function in CF over-
whelmingly concluded that the CF inflammatory response is
abnormal and hyperinflammatory. Furthermore, the pulmonary
inflammation observed in CF may not be solely the result of
chronic infection and may occur in the absence of prior infection
(26). While the relationship between abnormal CFTR function
and inflammation is not fully understood, evidence points to the
CFTR mutation in airway epithelial cells as either instigating or
at least contributing to the CF inflammatory response. It is yet
undetermined whether CFTR potentiators and correctors, and
the ensuing improved CFTR function will translate into down-
stream improvements in inflammatory profiles [42].

Investigators have long established that neutrophils have
the highest accumulation density of any inflammatory cell in the
lungs of CF patients. Even though an enormous number of neu-
trophils are recruited to the CF lungs during infection, this does
not result in an increased ability to clear the infection; instead, it
leads to hyperinflammation and tissue injury. Subsequently, in
the CF airway, chronic inflammation leads to chronic obstruction
and permanent destruction and dilation of the airway. Thus, an-
ti-inflammatory drugs are attractive agents to modify this chronic
inflammation and preserve lung function in CF [42].

Earlier studies examined the effects of corticosteroids (CS)
in CF children. Results from the first trial were reported in 1985.
CF patients age 1 to 12 years with mild to moderate lung disease
who received alternate-day oral prednisone (2 mg/kg) had bet-
ter pulmonary function and growth and fewer hospitalizations.
However, growth retardation, glucose intolerance, osteoporosis,
and cataracts were frequent. In 1995, a much larger multicenter
trial compared two alternate- day dosing regimens (2 mg/kg and
1 mg/kg) with placebo over four years in 285 CF patients, aged
6 through 14 years. Although there were beneficial effects on
lung function, notably in those chronically infected with Pseu-
domonas, growth retardation, glucose abnormalities, and cata-
racts were frequent even with the 1 mg/kg dose [43]. Because
of adverse effects, the CF Foundation does not recommend the
chronic use of oral CS to improve lung function in CF children.
In adults with CF, oral CS have not been shown to improve lung
function. Since CF is now a chronic disease of adults, there is
a genuine concern that the prolonged use of systemic CS would
lead to the development of steroid-related diabetes mellitus, ear-
lier development of CF-related diabetes mellitus [CFRD] and
osteoporosis.

Inhaled Corticosteroids

Clinical trials did not show a benefit to lung function or re-
duction in hospitalizations with the routine use of inhaled cor-
ticosteroids [ICS]. A Cochrane Review of ICS determined that
there is not enough evidence to support the routine use of ICS
[44]. The CF Foundation recommends against the routine use of
ICS in CF without asthma.

Ibuprofen

Ibuprofen, with its specific activity against neutrophils, is an
attractive agent in CF. It is also an inhibitor of cyclo-oxygenase
that converts arachidonic acid into prostaglandins and thrombox-
anes. Oral doses of ibuprofen that result in a high plasma con-
centration (> 50 mg/ml) were associated with a decreased neu-

trophil migration to the mucosal epithelia and a slower decline in
FEV1, especially in younger patients [21,45,46]. Nevertheless,
ibuprofen has not been widely adopted, primarily because of the
challenges associated with establishing such high plasma levels,
difficulty in routinely measuring levels, and potential adverse ef-
fects, including gastrointestinal bleeding and kidney injury.

Novel anti-inflammatories under investigation

Lenabasum (JBT-101) is an oral anti-inflammatory drug that
promotes the resolution of inflammation and fibrotic responses
by binding to and activating the cannabinoid receptor type 2 on
immune cells. Preliminary studies in CF showed that this drug
was safe and well-tolerated. There were trends towards a reduc-
tion in inflammation and reduced pulmonary exacerbations. A
phase IIb multicentre, double-blind, randomized, placebo-con-
trolled study assessing the efficacy and safety of lenabasum for
the treatment of CF 12 years of age or older is underway [47].

Acebilustat (CTX-4430) is a once-daily oral inhibitor of
LTA4 hydrolase that prevents the formation of LTB4, a po-
tent neutrophil chemoattractant. In a 200-patient study, [EM-
PIRE-CF] once-daily acebilustat reduced the frequency of ex-
acerbations by 19% over 48 weeks in CF patients, regardless of
genotype. However, the investigators did not observe any differ-
ence in lung function [48]. A phase III study is planned.

Cftr Modulators

There are four FDA- approved CFTR modulators that
demonstrate enhanced functional activity of the abnormal CFTR
protein [Figure 1]. Vertex Pharmaceuticals is the manufacturer
[2,6,7,9,49].

Ivacaftor (VX770; Kalydeco®)

Ivacaftor (IVA) is a CFTR potentiator that increases the open
probability of the CFTR channel resulting in augmented chloride
transport. It is the first FDA-approved CFTR modulator for those
six years and older with CF mutation G551D. In a randomized,
double-blind, placebo-controlled trial, a total of 161 CF patients
12 years of age or older with at least one G551D mutation were
randomly assigned to receive 150 mg of IVA every 12 hours or
placebo for 48 weeks [50]. Baseline mean %predicted FEV1
was 63.6. Improvement in %predicted FEV1 and reduction in
pulmonary exacerbation rate was observed in the IVA group
compared to the placebo group by week 24 [Figure 1]

In the post-approval GOAL study on patients six months
after IVA initiation, sweat chloride values were decreased to a
mean value of 49 (P<0.001) [51]. Body mass index (BMI) also
improved by an average of 0.8 kg/m2 (P<0.001).

Subsequently, IVA was approved for CF mutations that pro-
duce a CFTR protein with residual function [Classes IV and V]
based on in vivo and in vitro data [52-54].

Lumacaftor-IVA (VX809-VX770; Orkambi®)

Lumacaftor (LUM) is a CFTR corrector that corrects
Phe508del CFTR misprocessing and increases the amount of cell
surface-localized protein.

Two-phase 3, randomized, double-blind, placebo-controlled
studies, TRAFFIC, and TRANSPORT assessed the effects of
LUM combined with IVA at different dosages for 24 weeks
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Ivacaftor
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G5515, G1349D, 5549R,
S1251N 51255P, 5549N

Residual Function Mutations
A455E, AL1067T, D110E,
D110H,

Splice Mutations
EB831X
T1143A->G
278945G-=A
3272-26A->G
3849 + 10khC->T

Conduction Mutation
R117H

Lumacaftor/Ivacaftor

2 years and older

Protein Processing Mutations
2 copies of F508del
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D110H, D579G, D1152H
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Elexacaftor/Tezacaftor/Ivacaftor

2019: (12 years and older)
2 copies of F508del

1 copy of F508del + another mutation

Figure 1. Current FDA-approved CFTR Modulators for specific muta-
tions

in CF patients ages 12 years and over who were homozygous
for the Phe508del CFTR mutation [55]. Study design and data
analysis were identical, apart from TRAFFIC, including ECG
assessments and TRANSPORT, incorporating adolescent phar-
macokinetic assessments. A total of 1,108 patients were random-
ly assigned to one of three groups: (1) placebo; (2) LUM 600
mg once daily plus IVA 250 mg every 12 hours; and (3) LUM
400 mg every 12 hours plus IVA 250 mg every 12 hours. Pooled
analyses from both studies for the subgroup LUM 400 mg/IVA
250 mg every 12 hours improved %predicted FEV1 by a mean
of 2.8 points (P<0.001). Pulmonary exacerbations rate was 30 to
39% lower in the LUM/IVA groups than in the placebo group.
The rate of pulmonary exacerbations leading to hospitalization
and the use of intravenous antibiotics through week 24 in the
LUM/IVA group was reduced by 61% (P < 0.001) and by 56%
(P <0.001), respectively when compared to the placebo group.

Pulmonary exacerbations were fewer in the LUM (400
mg every 12 h)/IVA group (35.8%), favoring this dose over the
LUM 600 mg daily/IVA (39.3% patients with pulmonary exac-
erbations). The most common adverse events were mild to mod-
erate in severity and included pulmonary exacerbations, cough,
headache, dyspnea, and hemoptysis. Respiratory events occurred
within 1 to 2 days after starting therapy and resolved within the
first 2 to 3 weeks. The rate of discontinuation due to adverse
events was 4.2% in the LUM/IVA group versus 1.6% in the pla-
cebo group.

Elborn et al. examined the subpopulations of CF patients
who developed a decline in %predicted FEV1 of <40 % during
the TRAFFIC and TRANSPORT trials and found improvement
in %predicted FEV1 compared to placebo. However, there were
more respiratory adverse events in the more advanced FEV1
subgroup [56]. Caution is therefore advised when patients with

%predicted FEV1 < 40% are prescribed LUM/IVA.

An extension study over an additional 72 weeks of treatment
was conducted to assess the safety and efficacy of long-term
with LUM/IVA. PROGRESS enrolled 1,030 patients from the
TRANSPORT and TRAFFIC in phase 3, parallel-group, study
[57]. LUM (400mg every 12 h) combined with IVA (250 mg
every 12 h) was associated with a 42% slower rate of %predicted
FEV1 decline compared to matched registry controls. The annu-
alized pulmonary exacerbation rate through extension week 96
in TRAFFIC (0.65) and TRANSPORT (0.56) was lower than
that in the placebo group (0.75). The safety profile of LUM/IVA
was the same as the original trials.

Albeit transient, side effects of LUM such as worsening
cough, chest discomfort, and dyspnea led some CF patients, es-
pecially those with more advanced disease, to discontinue the
drug. A few CF providers questioned whether the aggravated
cough and dyspnea justified the potential benefit of a 2.8% im-
provement in FEV1 that was statistically significant, but was
it clinically meaningful? Additionally, LUM is a potent induc-
er of CYP3A, while IVA is a CYP3A-sensitive substrate. The
combination could impact on medications that are substrates of
CYP3A by modifying their effect. Despite its side effects and
potential drug interaction, LUM/IVA targeted those with the
most common CF mutation [detaF508] and lowered the inci-
dence of acute pulmonary exacerbations [58]. CF physicians
prescribed LUM/IVA in the hope that it would further impede
disease progression and maintain lung health. Nevertheless, the
CF community awaited the development of a better agent. This
was Tezacaftor [TEZ].

Tezacaftor-IVA (VX661-VX770; Symdeko®)

TEZ is a CFTR corrector that improves cellular processing
and trafficking of the CFTR protein, thereby increasing the quan-
tity of CFTR at the cell surface and resulting in increased chlo-
ride transport. TEZ has fewer respiratory side effects than LUM
and TEZ is not an inducer of CYP3 A, thus reducing the potential
for drug-drug interactions

The combination of TEZ/IVA was approved for those with
homozygous F508del mutation or heterozygous for one of 26
mutations based on the EVOLVE and EXPAND trials. EVOLVE
was a phase 3, randomized, double-blind, placebo-controlled,
parallel-group trial evaluating the efficacy and safety of TEZ/
IVA in patients 12 years and older with CF who were homozy-
gous for the Phe508del CFTR mutation [59]. Patients were ran-
domly assigned to receive either placebo or treatment consisting
of a combination tablet of TEZ 100 mg/IVA 150 mg once daily
in the morning and IVA 150 mg once daily in the evening for 24
weeks. The mean absolute change from baseline was 3.4 per-
centage points in the TEZ/IVA group and -0.6 percentage points
in the placebo group, a difference of + 4.0 points in %predicted
FEV1 from baseline between TEZ/IVA and placebo groups (P <
0.001). The pulmonary exacerbation rate in the TEZ/IVA group
was 35% lower compared to the placebo group. Serious adverse
events occurred less frequently in the TEZ/IVA group compared
to placebo.

The EXPAND trial (51) randomized patients(51) to receive
two 8-week intervention periods separated by a washout period
of 8 weeks. Interventions included: (1) TEZ 100 mg once daily/
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IVA 150 mg every 12 h; (2) IVA 150 mg every 12 h; (3) placebo.
Compared to placebo, the mean difference in absolute change
in %predicted FEV1 for TEZ/IVA and IVA alone was 6.8 and
4.7 percentage points, respectively (P < 0.001). Similar to the
EVOLVE trial, most adverse events were mild to moderate.

Elexacaftor-Tezacaftor-IVA (VX445-VX661-VX770; Tri-
kafta®)

Elexacaftor (ELX) is a “next-generation” corrector since
it has a different structure and mechanism when compared to
first-generation correctors such as LUM and TEZ. The concept
is to combine ELX with TEZ to further increase CFTR protein
processing and trafficking to the cell surface. IVA is added to
this combination to improve potentiation and chloride channel
opening [60].

Patients were randomized to the combination of ELX 200
mg once daily/TEZ 100 mg once daily/IVA 150 mg every 12
hours or placebo. Compared to placebo, %predicted FEV1 im-
proved by 13.8 points at four weeks and 14.3 points by week 24.
The rate of pulmonary exacerbations was 63% lower than the
placebo. The triple combination drug had an acceptable safety
profile.

CF patients homozygous for the Phe508del mutation were
enrolled in the triple ELX/TEZ/IVA combination. All were start-
ed in a 4-week TEZ/IVA run-in period, followed by randomiza-
tion to 4 weeks of ELX 200 mg once daily/TEZ 100 mg once
daily/IVA 150 mg every 12 hours OR TEZ 100 mg once daily/
IVA 150 mg every 12 hours [61]. Compared to the TEZ/IVA
group, the ELX/TEZ/IVA group had a 10-point increase in %pre-
dicted FEV1 (Table 2).

Unanswered Questions

Patients with Class I mutation who make up 10% of CF pa-
tients globally have yet to benefit from the existing modulator
therapies. Class I mutations are nonsense mutations that cause
in-frame premature termination codons (PTCs) that interrupt ri-
bosomal translation and produce a truncated and nonfunction-
al CFTR protein. This activates a regulatory mechanism called
nonsense-mediated mRNA decay that degrades PTC-containing
mRNA, further decreasing the production of the shortened pro-
tein. Consequently, patients with Class I mutations have severe
clinical phenotype (64). Ataluren, also known as PTC-124, is
an oral compound that was tested for its ability to read through
the mRNA resulting in full CFTR expression (64). Early results
were encouraging, yet phase III trials concluded that Ataluren
improved neither lung function nor exacerbation rate [62].

Pulmonary Outcomes

The existing CFTR modulators improve quality of life, lung
function, and decrease morbidity in people with CF, who will
invariably live longer. Nevertheless, questions remain as to the
impact of partially restoring CFTR function on microbiology,
inflammation, and the effects of non-pulmonary organs. Further
uncertainties include the effect of CFTR modulators in the pedi-
atric CF population, which is generally healthier and with little or
no end-organ damage. For example: Would initiation of CFTR
modulator therapies in CF during the first year of life delay or
even prevent the onset of irreversible lung damage. If modulator

therapies are started in older children, with established yet mild
disease, will they be at a lesser risk of developing chronic infec-
tions? Will the partial restoration of CFTR function obviate the
need for other CF therapies? The bulk of the available data is on
IVA since it has been in use since 2012, and most of the studies
are in adults and adolescents since approval for children came
later.

Hisert and colleagues [63]. studied 12 subjects before and
following IVA therapy. The median age was 29.5 years, with a
mean FEV1 of 64.2 %predicted. All the patients were cared for
by the same CF center in Ireland. The decline in sputum P. aeru-
ginosa began within 48 hours of IVA therapy and continued in
the first year of treatment. However, no subject eradicated their
infecting P. aeruginosa strain, and after the first year, P. aerugino-
sa densities rebounded. The authors noted that sputum total bac-
terial concentrations also decreased, but less than P. aeruginosa.
Sputum inflammatory measures diminished within the first week
and continued to decline over two years. Chest CTs obtained be-
fore and one year of therapy demonstrated that IVA decreased
airway mucous plugging. Rowe and co-workers [64]. evaluated
CF patients six years of age and older who had positive cultures
for P. aeruginosa 12 months before and 12 months after starting
IVA. The proportion of subjects with P. aeruginosa significantly
decreased from 55% (69 of 126) to 35% (38 of 108) in the 12
months on IVA.

Similarly, another study [65]. demonstrated that IVA ther-
apy decreased Pseudomonas [mucoid and non-mucoid strains]
and aspergillus and increased H. influenzae. These findings sug-
gest a reversion to an earlier phenotype of CF microbiology as
the mucoid phenotype is associated with chronic infections, and
H. influenzae is more common in children than adults. A cohort
study using longitudinal Irish CF Registry data concluded that
IVA improved clinical outcomes while decreasing healthcare re-
source utilization (66).

On the other hand, Harris et al. [67]. Evaluated 31 CF pa-
tients with a mean age of 27 years, and FEV1 > 41 % predict-
ed. In this multicenter study, six months of IVA treatment were
not associated with changes in airway microbial communities or
indices of inflammation. These results suggest that despite ef-
fective CFTR modulator therapy, concomitant antimicrobial and
anti-inflammatory treatments will be required to manage airway
disease, especially in older patients with more advanced disease.
The differences between this and other studies may have to do
with differences in the CF populations, sputum processing, as
well as baseline pseudomonas infection.

Non-Pulmonary Effects

Analyses of long-term outcomes from registries around the
globe offer insight into the non-pulmonary effects of IVA. Re-
ductions in CF-related diabetes [CFRD] and improved measures
of bone health were noted in the US CF Foundation registry and
the UK CF Registry, but not in the French CF Registry [68].
Kelly and colleagues studied 12 subjects, all with at least one
gating mutation, all but one under 18 years of age. None of these
participants had CFRD, exhibiting no or only mild glucose intol-
erance. The authors discovered that multiple measures of insu-
lin secretion improved following four months of IVA treatment.
While this was a small observational study, it alludes to the pos-
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Table 2
CFTR Modulator Targeted Gen- | Week 24 Week 24 Week 24 Week 48 Week 96 | Week 96 Change from baseline
otype Absolute Reduction | Absolute Absolute Absolute | Absolute CFQR-Respiratory
change in Pex vs. | change change change change domain vs. Placebo
from placebo from from from from base-
baseline in baseline baseline baseline line BMI
ppFEV1 vs. in BMI vs. | in Sweat ppFEV1
placebo placebo chloride
vs. placebo
Ivacaftor G551D 10.6 higher | 55% lower | 0.8 kg/m2 | 48.1 mmol | NA NA 8.6 points higher at week
150 mg twice daily P <0.001 P <0.001 per liter 48
lower P<0.001
P<0.001
Lumacaftor-Ivacaftor* | Homozygous 2.8 higher 39% lower | +0.24 NA NA NA 2.2 points higher at week
Phe508del P <0.001 P <0.001 P <0.001 24
P=0.05
Lumacaftor-Ivacaftor® | Homozygous NA NA NA NA +0.5 +0.96 3.5 higher at week 96
Phe508del = P=0.4231 | P=0.0018
0.4231
Tezacaftor-Ivacaftor® Homozygous 4.0 higher P | 35% lower | +0.06 10.1 mmol 5.1 at week 24
Phe508del <0.001 P =10.005 per liter (95% CI 3.2 t0 7.0)
lower
ppFEV1 LSM difference CFQR-Respiratory
vs. placebo from baseline domain LSM difference
to the average of week vs placebo from baseline
4and 8 to the average of week 4
and week 8
Tezacaftor-Ivacaftor? ResidualFunc- TEZ/IVA IVA TEZ/IVA IVA
tion Heterozy-
gotes 6.8 higher | 4.7 higher 11.1 higher | 9.7 higher
P <0.001 P <0.001 P<0.001 P <0.001
Week 24 Change from baseline
Respiratory domain of
CFQ-R
Elex- One 14.3 higher | 63% lower | NA 41.8 20.2 higher at week 24
acaftor-Tezacaftor-Iva- | Phe508del-Mini- | P <0.001 P <0.001 mmol/L P<0.001
caftor mal Function lower
P<0.001
Week 4 ppFEV1 LSM Week 4 Sweat chloride Week 4 CFQR-Respi-
difference in ELX/TEZ/ | LSM difference in ELX/ ratory domain LSM
IVA vs. TEZ/IVA TEZ/IVA vs.TEZ/IVA difference in ELX/TEZ/
IVA vs. TEZ/IVA
Elex- Homozygous 10.0 higher 45.1 mmol/L lower 17.4 points higher
acaftor-Tezacaftor-Iva- | Phe508del P <0.0001 P <0.0001 P <0.0001
caftor

CFQR - Cystic Fibrosis Questionnaire—revised instrument; pp FEV1-%predicted FEV1; Pex — Pulmonary exacerbation

a. TRAFFIC/TRANSPORT trials

b. PROGRESS trial

c. EVOLVE trial

d. EXPAND trial

sibility of delaying and perhaps preventing the development of
CFRD with early IVA therapy in some patients with CF [69].
Hayes et al. [70]. chronicled a 25-year-old pancreatic insufficient
CF patient [deltaF508/G551D genotype] with a six years history
of CFRD on insulin therapy. Following 13 months of IVA, the
patient became normoglycemic with normal hemoglobin Alc
levels and no longer required insulin. These data provide hope
that restoration of CFTR function might treat and prevent CFRD.
However, given the complexity of CFRD and the limited under-
standing of its pathogenesis, considerable uncertainty remains
[71].

Gastrointestinal reports include a 17-year-old girl with CF
[deltaF508/G551D] whose hepatic steatosis improved, at least
by CT imaging, following two years of IVA therapy. The authors
postulated that improvement was due to enhanced fat metabo-

lism resulting in less hepatic fat accumulation (70). Gelfond and
colleagues (72) assessed gastrointestinal pH and intestinal transit
profiles in 10 CF patients with the G551D mutation. Following
on month of IVA, patients demonstrated an increase in mean
proximal intestinal pH, albeit there was no change in whole gut
transit time. The authors concluded that improved bicarbonate
secretion went along with CFTR restoration. These data further
substantiate that CFTR is an essential regulator of bicarbonate as
well as chloride.

Carrion et al. [73]. carried out a retrospective observational
study on six CF patients with a history of recurrent pancreatitis
who were started on IVA therapy. All patients had one copy of
deltaF508 and one copy of a mutation with residual CF func-
tion [Class III or IV]. The authors documented an impressive
decrease in the frequency of pancreatitis. Indeed, none of the
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patients suffered an episode of pancreatitis following one year
of IVA therapy. Patients required fewer opioids and fewer hos-
pitalizations.

The data on the newer deltaF508 CFTR modulators are
scant. In a retrospective analysis from a single CF center, Singh
et al. demonstrated that CF patients receiving LUM/IVA had sig-
nificantly delayed acquisition of P. aeruginosa and S. aureus [74].
Another study concluded that LUM restored the ability of mono-
cyte-derived macrophages from CF to phagocytose and kill P.
aeruginosa to levels observed in monocyte-derived macrophages
obtained from non-CF donors [75]. Kopp and co-workers con-
ducted comprehensive blood RNA-seq transcriptome analyses
on 20 patients with CF [homozygous deltaF508, mean age 21.6
years, FEV1 74 %predicted] on 6-month LUM/IVA comparing
them to 20 healthy controls. Their analysis revealed only modest
changes in gene expression following LUM/IVA treatment [76].

The changes in microbiology and inflammation using the
more effective triple combination in those with the delta F508
mutation have yet to be studied. Nevertheless, those with ir-
reversible organ damage are unlikely to stop non-modulator
therapies. A White Paper by the CF Foundation suggests that
patients with established lung disease will require daily therapy,
including chest physiotherapy, mucolytics, and inhaled antibiot-
ics. However, there will likely be much variability among indi-
viduals [77].

Cost

IVA costs approximately £180,000 or US$234280 annual-
ly. This staggering cost may well impact the financial stability
of health systems since modulators will be started at a young
age and taken for the life of the individual (2). Economists an-
alyze cost-effectiveness by calculating quality-adjusted life-year
[QALY] gained, and QALY gain for IVA cross the benchmark
set by the UK National Health Service. The arguments about
what constitutes value and how do CF providers, insurers, and
governments incorporate equity, cost, and value into decision
making are complex (2).

Conclusions

In this review, we outlined the progress in CF therapy from
nebulized recombinant human DNAse, approved in 1994, to
the triple oral combination of ELX/TEZ/IVA approved in 2019.
Initial therapies along with standardized care in accredited CF
centers, the creation of CF registries to track the disease and a
commitment to quality improvement, changed CF from a fatal
disease of children to a chronic, albeit still fatal, illness of young
adults. The introduction of oral agents with acceptable side ef-
fects that target the protein defect may well render CF a non-fatal
disease. Indeed, CF has become a model for other chronic, rare
diseases. Challenges remain, including modulator therapy for
Class I and other rare mutations as well as cost and access to
care.
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