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CFTR Modulator Therapy for Cystic Fibrosis

Hartmut Grasemann, M.D.

Cystic fibrosis is a disease of abnormal ion trans-
port through epithelium that results in progres-
sive lung disease as well as the involvement of
other organs including the pancreas, gut, and
liver. Cystic fibrosis is caused by mutations in
the gene encoding the cystic fibrosis transmem-
brane conductance regulator (CFTR), and inheri-
tance is autosomal recessive, meaning that peo-
ple with cystic fibrosis carry two CFTR mutations,
one on each allele. In general, CFTR mutations
cause reduced quantity or function of CFTR pro-
tein at the cell surface, but the specific mecha-
nisms leading to CFTR deficiency are quite dis-
tinct among different classes of mutations (Fig. 1).
For instance, Phe508del, a class II mutation and
by far the most common cystic fibrosis—causing
mutation, results in minimal or no functional
expression of CFTR, whereas other mutations
allow for residual CFTR function (class IV to VI).
Residual-function mutations are often associated
with milder disease.

CFTR modulator therapies are being developed
to treat cystic fibrosis at the origin of the dis-
ease. Potentiators such as ivacaftor increase the
channel gating of CFTR to enhance chloride ion
transport, and ivacaftor therapy improves pulmo-
nary function and increases weight in patients
with gating mutations such as Gly551Asp (class
III).! Despite these positive effects, patients who
receive ivacaftor still need other treatments to
control the disease, including pancreatic-enzyme
replacement, inhaled mucolytic drugs, and anti-
biotic therapies. In addition, such gating muta-
tions are rare (affecting approximately 5% of
patients with cystic fibrosis), whereas patients
who are homozygous for the Phe508del mutation

represent 40 to 50% of the population with cys-
tic fibrosis in Europe and North America. Iva-
caftor is ineffective in persons with two Phe508del
mutations.?

In contrast to potentiators, CFTR correctors
work by improving intracellular trafficking of
CFTR protein to the cell surface. Although this
mechanism results in CFTR expression, mono-
therapy with correctors such as lumacaftor is also
ineffective in patients with two Phe508del muta-
tions,> because the Phe508del protein is not
functioning properly. However, Phe508del CFTR
once expressed at the cell surface responds to
potentiators; therefore, combination therapy has
been explored. The first such combination of
CFTR modulators that was approved for people
with cystic fibrosis who are homozygous for the
CFTR Phe508del mutation was lumacaftor—iva-
caftor (Orkambi).* Although this medication was
shown to be effective in clinical trials, the over-
all efficacy was modest and less than that of
ivacaftor in patients with Gly551Asp, a finding
that is possibly related to drug—drug interaction
between lumacaftor and ivacaftor.”> Concerns
were also raised about the side effects of luma-
caftor—ivacaftor, including (transient) dyspnea,
liver damage, and potential interactions of luma-
caftor with other drugs.

Two clinical trials now reported in the Journal
examine tezacaftor, a new corrector agent, given
in combination with ivacaftor. Taylor-Cousar and
colleagues® report improved pulmonary function
after tezacaftor—ivacaftor therapy given to pa-
tients 12 years of age or older who had cystic
fibrosis and were homozygous for the Phe508del
mutation. The primary end point of the trial was
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Figure 1 (facing page). Classes of Mutations in the Gene
Encoding Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR).

Depending on the molecular defect, CFTR mutations
can result in no functional CFTR protein expression
because of premature stop codons, frameshifts for
deletions or insertions (class 1), or a CFTR trafficking
defect caused by intracellular degradation of misfolded
protein (class Il). Other mutations can result in CFTR
protein expression but defective channel regulation or
gating (class 1), reduced chloride conductance (class
1V), reduced synthesis (class V), or decreased stability
of CFTR (class VI).

the absolute change in the percentage of pre-
dicted forced expiratory volume in 1 second
(FEV,) from baseline through week 24. FEV , a
measure of pulmonary function, increased by
3.4 percentage points in the tezacaftor—ivacaftor
group and decreased by 0.6 percentage points in
the placebo group; thus, the treatment effect
was 4.0 percentage points. As in other trials of
CFTR modulators, the improvement in pulmo-
nary function was seen early after initiation and
persisted throughout the trial period. In addition
to the increase in FEV,, the annual pulmonary
exacerbation rate was lower by 35% with teza-
caftor—ivacaftor than with placebo, and the qual-
ity of life was improved. Treatment did not result
in increased respiratory symptoms or a decline in
postdose FEV, or in abnormal liver-function tests,
results that were different from the experience
with lumacaftor—ivacaftor therapy.

The article by Rowe and colleagues’ summa-
rizes a crossover study of ivacaftor monotherapy,
tezacaftor—ivacaftor combination therapy, or pla-
cebo given for 8 weeks to patients with cystic fi-
brosis who were heterozygous for the Phe508del
mutation and a second allele mutation associat-
ed with residual CFTR function. With respect to
FEV,, the treatment effect versus placebo from
the baseline value to the average of the week 4
and week 8 measurements was 4.7 percentage
points for ivacaftor alone and 6.8 percentage
points for tezacaftor—ivacaftor. Again, treatment
effects on FEV, were seen early and persisted
throughout the trial. Both active treatments re-
sulted in a significantly better quality of life than
did placebo.

In summary, tezacaftor—ivacaftor combination
therapy improves lung function (as assessed by

FEV)) in patients with cystic fibrosis who have
the most common genotype, an effect similar to
that of lumacaftor—ivacaftor but with a better
side-effect profile. The combination also improves
lung function in patients with a residual-function
mutation, to a similar degree as ivacaftor mono-
therapy. Whether the combination of increased
FEV, and reduced exacerbation rate will result in
greater treatment effects over time is unclear
although conceivable, because exacerbations con-
tribute to a more rapid decline in pulmonary
function. Results from the open-label extension
studies in which the majority of the trial partici-
pants were enrolled may help clarify this in the
near future.

Nevertheless, the trials show that although
CFTR modulator therapies have measurable ben-
eficial effects on some aspects of the disease,
there is still an unmet need for truly effective
new therapies to be developed for all persons
with cystic fibrosis. The clinical efficacy of the
current combination therapies for patients with
cystic fibrosis who have the most common
CFTR genotype (Phe508del/Phe508del) is sub-
optimal and falls within the range of estab-
lished symptomatic therapies, such as nebulized
inhaled hypertonic saline or recombinant human
DNAse. Whether new combination drugs that
are in the drug-development pipeline® will ulti-
mately result in a clinically meaningful improve-
ment in lung function and clinical status needs
to be evaluated.

Although preliminary results of triple combi-
nation therapy in patients with the Phe508del
mutation look very promising,” other approaches
need to be explored as well. These should in-
clude CFTR gene replacement with new delivery
strategies that result in effective and long-lasting
expression of CFTR in airway epithelium, gene
editing with tools such as CRISPR-Cas9 (clus-
tered regularly interspaced short palindromic re-
peats associated with Cas9 nuclease), or induced
pluripotent stem-cell therapy. Because any ap-
proach aiming to increase CFTR ion transport
may still not sufficiently address all aspects of
the disease, other therapies need to be advanced
as well — for instance, in the areas of nutrition
and digestion, mucociliary clearance, and the
development of new antimicrobials.

Disclosure forms provided by the author are available with the
full text of this editorial at NEJM.org.
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Mass Administration of lvermectin in Areas Where Loa loa
Is Endemic

Frank O. Richards, Jr., M.D.

The 2015 Nobel Prize in Medicine was shared in
part by the discoverers of ivermectin.! Donated
tablets of ivermectin have been distributed in
Africa since 1988 through mass drug adminis-
tration programs for onchocerciasis, or river
blindness (caused by Onchocerca volvulus),> and
since 2000 for lymphatic filariasis (caused by
Wauchereria bancrofti).> These vectorborne filarial
parasites cause disabling and stigmatizing dis-
eases, especially in impoverished populations.
The complex lifecycles of these parasites include
male and female adult worm stages, in which
fertilized females in humans release microfilariae
that can be ingested by simulium black flies
from the skin, in the case of onchocerciasis, or by
mosquitoes from the blood, in the case of lym-
phatic filariasis. In the vectors, the microfilariae
develop into infective larvae, which must be
transmitted to humans for the lifecycle to con-
tinue. Ivermectin kills the microfilarial stage of
the parasites.

In 1996, Chippaux et al.* reported that cen-
tral nervous system adverse events were occur-
ring after mass administration of ivermectin in
Cameroon. The adverse events were linked to Loa
loa, a filarial parasite found in Central Africa.
The vector of L. loa infection is the chrysops fly,

and in humans, L. loa can produce microfilariae
counts as high as 100,000 microfilariae (mf) per
milliliter of venous blood. Central nervous sys-
tem adverse events can develop in some persons
with high L. loa microfilariae blood counts short-
ly after they receive treatment with ivermectin.
Onchocerciasis guidelines for programs oper-
ating in areas where L. loa infection is endemic
suggest that mass administration of ivermectin
can be launched if onchocerciasis occurs at meso-
endemic or hyperendemic levels, because at these
levels, the benefit of individual treatment in
preventing complications related to onchocercia-
sis has been deemed to outweigh the risk of
central nervous system adverse events. Minis-
tries of health are advised to increase surveil-
lance and enhance patient care facilities after
mass drug administration in areas in which L. loa
infection is endemic to detect, refer, and ade-
quately manage serious adverse events if they
occur.”> However, in some such areas, onchocer-
ciasis morbidity is deemed too low (hypoendem-
ic) to justify mass administration of ivermectin,
and requests for ivermectin donations in such
areas have not been approved. Current guide-
lines to eliminate lymphatic filariasis in areas
where L. loa infection is endemic do not recom-
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