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Cystic fibrosis (CF) is caused by mutations in the CF transmembrane
conductance regulator (CFTR) gene that impair the function of
CFTR, an epithelial chloride channel required for proper function
of the lung, pancreas, and other organs. Most patients with CF
carry the F508del CFTR mutation, which causes defective CFTR pro-
tein folding and processing in the endoplasmic reticulum, resulting
in minimal amounts of CFTR at the cell surface. One strategy to
treat these patients is to correct the processing of F508del-CFTR
with small molecules. Here we describe the in vitro pharmacology
of VX-809, a CFTR corrector that was advanced into clinical devel-
opment for the treatment of CF. In cultured human bronchial
epithelial cells isolated from patients with CF homozygous for
F508del, VX-809 improved F508del-CFTR processing in the endo-
plasmic reticulum and enhanced chloride secretion to approxi-
mately 14% of non-CF human bronchial epithelial cells (ECsp, 81 +
19 nM), a level associated with mild CF in patients with less disrup-
tive CFTR mutations. F508del-CFTR corrected by VX-809 exhibited
biochemical and functional characteristics similar to normal CFTR,
including biochemical susceptibility to proteolysis, residence time in
the plasma membrane, and single-channel open probability. VX-
809 was more efficacious and selective for CFTR than previously
reported CFTR correctors. VX-809 represents a class of CFTR correc-
tor that specifically addresses the underlying processing defect in
F508del-CFTR.

cystic fibrosis transmembrane modulator | VX-770

ystic fibrosis (CF) is a fatal autosomal-recessive genetic dis-

order caused by loss-of-function mutations in the CFTR gene,
which encodes for the CFTR protein (CF transmembrane con-
ductance regulator) (1, 2). CFTR is a chloride ion channel that
regulates epithelial salt and fluid transport in numerous tissues,
including the lung, pancreas, intestine, reproductive tract, and
sweat gland (3). CFTR mutations that reduce CFTR protein
function cause accumulation of thick, sticky mucus in the bronchi
of the lungs, loss of exocrine pancreatic function, impaired in-
testinal secretion, and an increase in the concentration of chloride
in the sweat (4, 5). Patients with CF require numerous therapies to
manage these symptoms (3), including mucolytic and antibiotic
agents and chest physiotherapy to treat the airway disease and
digestive enzymes to replace the loss of exocrine pancreatic
function. These and other interventions have increased life ex-
pectancy dramatically, but improvement is needed to reduce the
high treatment burden and increase survival (6, 7).

Since the discovery that a loss of CFTR function causes CF (1,
2), there have been efforts to restore CFTR function with gene
therapy or drugs to ameliorate the disease (8). In support of this
approach, the CFTR potentiator VX-770 (9) improved in vivo
measures of chloride transport and lung function in patients
with CF with the G551D CFTR channel gating mutation (10).
Although these results support increasing CFTR function as a
strategy to treat CF, the G551D CFTR mutation is present in
fewer than 5% of patients with CF (11).

www.pnas.org/cgi/doi/10.1073/pnas.1105787108

To restore or improve CFTR function in the majority of the
population of patients with CF, it will likely be necessary to
target the underlying molecular defect in CFTR caused by the
F508del CFTR mutation, which is present in 90% of patients
with CF (1, 11). The F508del CFTR mutation impairs CFTR
processing in the endoplasmic reticulum (ER) by preventing the
protein from folding properly (12-14). Misfolded F508del-CFTR
is retained by the ER and degraded, reducing F508del-CFTR
delivery to the cell surface (15). In addition, the small amount of
F508del-CFTR that is delivered to the cell surface exhibits de-
fective channel gating and increased turnover (16, 17). To en-
hance chloride transport via F508del-CFTR, drugs that increase
the delivery of functional F508del-CFTR to the cell surface may
be required. Such agents are called CFTR correctors (18, 19).
Our goal was to discover CFTR correctors that could advance
to clinical studies in patients with CF with the F508del CFTR
mutation.

Results
Discovery of VX-809. To discover CFTR correctors, we screened
164,000 small molecules for compounds that increased F508del-
CFTR-mediated chloride transport in a recombinant cell-based
assay (18). Active compounds were prioritized based on evidence
of improved F508del-CFTR processing in the ER and increased
functional F508del-CFTR at the cell surface. Immunoblot
techniques were used to measure F508del-CFTR exit from the
ER and passage through the Golgi, which is characterized by an
increase in the molecular weight of CFTR (from a 135-140-kDa
band to a 170-180-kDa band) as a result of glycosylation (20).
After CFTR is processed by the Golgi, the mature, complex-
glycosylated CFTR form is delivered to the cell surface. To allow
sufficient time for de novo synthesis, ER processing, and cellular
trafficking of F508del-CFTR to reach steady state, cells were
incubated with compounds for 48 h before measurement. One
active compound, VRT-768 (Fig. 14), increased F508del-CFTR
maturation by 2.5 + 0.1 fold (ECsq, 16 = 6 pM; n = 4) and en-
hanced chloride transport (ECsg, 7.9 + 1.1 uM; n = 4) compared
with vehicle-treated controls in Fischer rat thyroid (FRT) cells
expressing F508del-CFTR (Fig. 1B and Fig. S14).

Extensive medicinal chemistry and structure activity analyses
were used to improve in vitro potency, efficacy, and other drug-
like properties of the chemical scaffold represented by VRT-768.
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Fig. 1. VRT-768 and VX-809 increased F508del-CFTR maturation and chloride transport in FRT cells. (A) Chemical structures of VRT-768 and VX-809. (B) F508del-CFTR
maturation, expressed as a ratio of mature CFTR to total CFTR (mature and immature), in FRT cells treated for 48 h with the indicated VRT-768 (@) or VX-809 (O)
concentrations (n = 4). (C) F508del-CFTR function in FRT cells preincubated for 48 h with the indicated VRT-768 (@) or VX-809 (O) concentrations (n = 3). Forskolin was
added to activate CFTR through the cAMP/PKA pathway, and CFTR function was measured as transepithelial currents in the presence of basolateral to apical chloride

gradient. Asterisks indicate significant difference vs. VRT-768 (P < 0.05; t test).

By using the central amide bond to synthesize analogues, the role
of the amine and the acid moieties were probed independently,
resulting in the identification of several distinct chemical scaf-
folds, one of which led to VX-809 (Fig. 14). Compared with VRT-
768, VX-809 had greater potency and improved in vitro efficacy as
determined by enhanced F508del-CFTR maturation and chloride
transport (Fig. 1B). In FRT cells, VX-809 improved F508del-
CFTR maturation by 7.1 + 0.3 fold (n = 3) compared with vehicle-
treated cells (ECsg, 0.1 = 0.1 uM; n = 3: Fig. 1B and Fig. S14) and
enhanced F508del-CFTR-mediated chloride transport by ap-

proximately fivefold (ECsy, 0.5 = 0.1 pM; n = 3: Fig. 1C). At VX-
809 concentrations greater than 10 pM, the response was reduced,
resulting in a bell-shaped dose-response relationship with an ICs,
of approximately 100 pM. VX-809 was orally bioavailable in rats
and achieved in vivo plasma levels significantly above concen-
trations required for in vitro efficacy (SI Materials and Methods).

VX-809 Corrected Folding and Processing Defect of F508del-CFTR. The
efficiency of F508del-CFTR correction in the presence of VX-
809 was determined by measuring the fractional conversion of
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the ER-associated, core-glycosylated CFTR form to the mature,
complex-glycosylated CFTR form by using metabolic pulse-chase
techniques (20). In HEK-293 cells expressing F508del-CFTR, 24-h
treatment with 3 pM VX-809 increased F508del-CFTR exit from
the ER by sixfold compared with vehicle-treated cells, reaching
levels comparable to 34 + 4% (n = 3) of CFTR (Fig. 2 A and B).
F508del-CFTR that did not exit the ER in the presence of VX-809
appeared to be degraded at a similar rate compared with vehicle-
treated cells (Fig. 2C and Fig. S1B). These data suggest that VX-
809 allowed proper processing of a fraction of the F508del-CFTR
in the ER (12, 21). Consistent with this hypothesis, blocking ER
export to the Golgi with brefeldin A (BFA) (22) revealed that
28% + 10% (n = 3) of the F508del-CFTR trapped in the ER was
resistant to degradation in the presence of VX-809, as the rate of
decay was slower compared with vehicle-treated cells (Fig. 2C and
Fig. 1B). The effect of VX-809 did not appear to be caused by
inhibition of the proteasome degradation pathway, as VX-809 did
not inhibit the degradation of a proteosome reporter substrate
(Fig. S1C). Taken together, these results suggested that VX-809
increased the conformational stability of a fraction of F508del-
CFTR in the ER, allowing it to exit the ER and traffic to the
cell surface.

Limited proteolysis assays were used to test whether the in-
creased ER export of F508del-CFTR following VX-809 treat-
ment was associated with changes in F508del-CFTR protein
conformation. This technique is based on the premise that folded
proteins are more compact and therefore typically more resistant
to proteolytic digestion than unfolded or partially folded proteins
and has been used to probe differences in protein folding be-
tween CFTR and F508del-CFTR (12, 23-25). As previously
shown (3, 12), full-length F508del-CFTR and the second nu-
cleotide binding domain (NBD2) fragment (~25-kDa band) of
F508del-CFTR were more susceptible to proteolytic digestion
than those of CFTR (Fig. 2 D and E and Fig. S2). The trypsin
concentrations required to eliminate 50% (Cyyso%) of both full-
length and the NBD2 fragment of F508del-CFTR were signifi-
cantly higher in VX-809-treated cells compared with vehicle-
treated cells (Fig. 2 D and E and Fig. S2). These data indicate
that VX-809 allowed a fraction of the F508del-CFTR in the ER
to form a more compact protease-resistant conformation, con-
sistent with improved folding of F508del-CFTR.

Defects in F508del-CFTR folding have been linked to its im-
paired channel gating (26-28). To determine whether correction
of F508del-CFTR by VX-809 resulted in CFTR protein with
normal channel gating, the channel open probability (P,) of
F508del-CFTR was assessed by using single-channel patch-clamp
techniques (Fig. 2F and Fig. S2D). The F508del-CFTR delivered
to the cell surface following treatment (24—48 h) with 3 uM VX-
809 had a P, of 0.39 + 0.04 (n = 9), which was indistinguishable
from that of CFTR (P, 0.40 + 0.04; n = 6) and higher than that
reported for uncorrected F508del-CFTR [P,, 0.1 (27)]. The P, of
F508del-CFTR in VX-809-treated cells was also higher than the
P, of F508del-CFTR in cells incubated at 27 °C for 24 to 48 h
(Po, 0.15 £ 0.04; n = 9), a treatment previously shown to improve
F508del-CFTR processing but not channel gating (16). Acute
addition of VX-809 had no effect on F508del-CFTR function
(Fig. S3), suggesting that VX-809 is not a CFTR potentiator.
Acute addition of the CFTR potentiator VX-770 further in-
creased the P, of F508del-CFTR following VX-809 treatment
(Po, 0.59 = 0.07; n = 9), indicating that VX-770 potentiated the
channel gating activity of VX-809-corrected F508del-CFTR.

VX-809 Enhanced Chloride and Fluid Transport in Cultures of CF
Airway Epithelial Cells. The pharmacology of VX-809 was assessed
in cultured human bronchial epithelial (HBE) cells isolated from
the lungs of seven patients with CF homozygous for the F508del-
CFTR mutation (F508del-HBE). Incubation of F508del-HBE
with VX-809 for 48 h increased CFTR maturation by approxi-
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mately eightfold, with an ECsy of 350 + 180 nM, and enhanced
chloride transport by ag)proximately fourfold, from 1.9 + 0.4 nA/
cm?to 7.8 + 1.3 pA/cm”, with an ECsq of 81 + 19 nM (Fig. 3 A-D
and Table S1). This corresponded to an increase in chloride
transport from 3.4 + 0.7% to 13.9 + 2.3% of that measured in
HBE isolated from four non-CF donor lungs (56 + 6 pA/cm?;
Fig. 3D and Table S1). The increased chloride transport in VX-
809—corrected F508del-HBE exhibited pharmacological hall-
marks of normal CFTR, such as dependence on stimulation by
the cAMP/protein kinase A (PKA) signaling pathway and in-
hibition by a specific CFTR blocker (Fig. 3C). The maximum
effect of VX-809 occurred following 24 h of treatment (t; 5, ~3 h;
Fig. 3E), consistent with the time required for newly synthesized
F508del-CFTR to reach a steady state at the cell surface (17).
Following VX-809 washout, chloride transport returned to un-
corrected levels within 48 h (t;/,, ~13 h; Fig. 3F). The t;; of VX-
809—corrected F508del-CFTR was similar to that of CFTR [ty,,
16-24 h (17)] and considerably longer than vehicle-treated (ty,,,
<4 h) or 27 °C-corrected F508del-CFTR (Fig. S4). The long
residence time in the plasma membrane suggests that VX-809—
corrected F508del-CFTR is not recognized as unfolded by the
peripheral protein quality control mechanism (29), supporting
the biochemical and functional data that VX-809 improved
F508del-CFTR protein folding.

To enhance chloride transport through F508del-CFTR cor-
rected by VX-809, the CFTR potentiator VX-770 (ivacaftor) (9)
was added to maximize the P, of the CFTR channel. Acute
application of 1 pM VX-770 increased forskolin-stimulated
chloride transport in cultured F508del-HBE pretreated with VX-
809 for 48 h (Fig. 3G). At the maximally effective concentrations
of both compounds, F508del-CFTR-mediated chloride trans-
port reached levels equivalent to approximately 25% of that
measured in non-CF HBE (Fig. 3G and Table S1). These results
are consistent with the increase in P, of VX-809-corrected
F508del-CFTR by VX-770 in recombinant cells (Fig. 2F).

The in vitro efficacy of VX-809 was compared with several
previously described CFTR correctors and low-temperature cor-
rection in Ussing chamber studies by using cultured F508del-HBE.
These included drugs approved for non-CF indications [e.g., 4-
phenylbutyrate, miglustat, sildenafil, suberoylanilide hydroxamic
acid (SAHA)] (19, 30-32) and compounds identified through
high-throughput screening (e.g., corr-4a, VRT-325) (18, 19). The
cultured F508del-HBE cells were preincubated with each com-
pound at the maximally effective concentration and treatment
duration (Fig. 3H). In cultured F508del-HBE, VX-809 (3 uM) was
significantly (P < 0.05; ANOVA followed by Tukey multiple-
comparison test) more efficacious than Corr-4a (10 pM) and
VRT-325 (6.7 pM; Fig. 3H), as well as 27 °C-corrected F508del-
CFTR (Fig. S4B). No significant correction of F508del-CFTR was
observed in cultured F508del-HBE for the other known CFTR
correctors (Fig. 3H), although SAHA did increase forskolin-
stimulated chloride secretion in recombinant FRT cells expressing
F508del-CFTR (Fig. S5). The ability of some CFTR correctors to
act in recombinant cells expressing CFTR but not in native HBE
cultures has been previously reported (33) and highlights the im-
portance of confirming activity in native epithelial cells.

In the CF lung, the loss of CFTR-mediated chloride transport
is believed to cause an imbalance between fluid secretion and
absorption, resulting in airway surface dehydration (4). Confocal
microscopy was used to test if VX-809 increased the airway
surface liquid (ASL) height in cultured F508del-HBE. To acti-
vate CFTR, vasoactive intestinal peptide was added to the
basolateral surface throughout the treatment period (9). Addi-
tion of VX-809 to the basolateral surface for 5 d increased
the ASL height from 4.5+ 0.2 pm to 6.7 = 0.5 pm, indicating
less fluid absorption, more secretion, or both. Addition of 3 uM
VX-770 with VX-809 further increased the ASL height to
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Fig. 3. VX-809increased CFTRmat- A
uration and chloride secretion in
cultured F508del-HBE. (A) Glycosyla-
tion pattern of CFTR (Upper) and
F508del-CFTR pretreated for 48 h
with VX-809 at the indicated con-
centrations (Lower). (B) Quantifica-
tion of the data in A (n = 3) expressed
as a percentage of the mature/total
CFTR in the absence of VX-809 (as
percent of control). (C) Representa-
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770 (O) in F508del-HBE from a single donor. (H) Mean (+SEM) forskolin-stimulated Iy values in F508del-HBE pretreated for 48 h with VX-809 (3 uM), 4-phenylbutyrate
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compound were based on the maximally effective experimental conditions published for the previously described CFTR corrector (18, 30, 43, 44). Asterisks indicate

significant (P < 0.05; paired t test) increase in Iy vs. untreated levels.

9.2 + 0.2 pm (Fig. S6), which was consistent with the additive
effects of VX-770 and VX-809 on chloride transport (Fig. 3G).

VX-809 Showed Selectivity for Correction of CFTR Processing. To
assess the selectivity of VX-809 action, we compared the ability of
VX-809, VRT-325, and Corr-4a to correct the normal and ER-
arrested mutant forms of CFTR (CFTR and F508del-CFTR),
the human ether-a-go-go-related K* channel (hERG; G601S-
hERG), and P-glycoprotein (P-gp; G268V-P-gp or Y490del-P-gp)
in HEK-293 cells. VX-809 corrected CFTR and F508del-CFTR
(Fig. 1 and Fig. S7), but did not improve the processing of the
normal or mutant forms of hERG or P-gp (Fig. 4 A-C and Fig.
S7). Furthermore, VX-809 did not correct other disease-causing
mislocalized proteins, including ol-antitrypsin Z mutant (E342K-
al-AT) or N370S-B-glucosidase (Fig. S7). In contrast, VRT-325
and Corr-4a increased the processing of all proteins tested (Fig. 4
and Fig. S7). Although the amount of F508del-CFTR correction
by VRT-325 and Corr-4a was similar (Fig. 44), VRT-325 was
more effective in increasing the processing of non-CFTR pro-
teins. Also, all compounds tested showed greater effects on the
processing of mutant vs. normal proteins.

The different in vitro selectivity profiles of VX-809, VRT-325,
and Corr-4a suggest that they may act through distinct pathways
and/or molecular targets to correct F508del-CFTR. Consistent
with this hypothesis, VX-809 was additive with VRT-325 and
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Corr-4a in Ussing chamber studies of CFTR-mediated chloride
transport in cultured F508del-HBE (Fig. 4 D and E).

Discussion

Several CFTR correctors have been previously reported to be ac-
tive in vitro, including drugs approved for non-CF indications (e.g.,
4-phenylbutyrate, miglustat, sildenafil, SAHA) (19, 30-32) and
compounds identified through high-throughput screening (e.g.,
corr-4a, VRT-325) (18, 19). Therapies for CF have not advanced
from these efforts, possibly due to insufficient restoration of CFTR
function and/or poor selectivity for processing of CFTR compared
with other proteins and other off-target actions. VX-809 represents
aclass of CFTR correctors, distinguished from previously described
CFTR correctors by the magnitude of its increase in F508del-
CFTR-mediated chloride transport in cultures of F508del-HBE
and its selectivity for CFTR vs. other normal and misfolded pro-
teins. Based on its favorable in vitro and in vivo profiles, VX-809
was advanced into clinical studies evaluating the safety and efficacy
of VX-809 alone and in combination with VX-770 in patients with
CF homozygous for the F508del-CFTR mutation.

Several lines of evidence suggest that VX-809 works by pro-
moting the proper folding of a fraction of F508del-CFTR during its
biogenesis and processing in the ER, allowing it to exit the ER,
traffic to the cell surface, and function normally. First, VX-809
increased the efficiency of F508del-CFTR ER export, suggesting
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Fig. 4. VX-809 did not improve the processing of non-CFTR misfolded
proteins. The effects of 48 h treatment with 10 pM VX-809, 6.7 uM VRT-325
(18), and 10 uM Corr-4a (19) on the maturation of normal and mutant hERG
(G601S-hERG) (A) and P-gp (G268V-P-gp) (B) transiently expressed in HEK-
293-cells. (C) Summary of the effects of VX-809, Corr-4a, and VRT-325 on the
cellular processing of normal (i.e., WT) and mutant (mut) CFTR, P-gp, and
hERG (Fig. S7). Dash indicates no significant difference vs. vehicle-treated
controls. A single plus sign indicates a significant difference compared with
vehicle-treated controls, whereas a double plus sign indicates a significant
difference between vehicle-treated controls and the other compound
treatments (ANOVA followed by Tukey multiple-comparison test; n = 3-5).
(D and E) Additive effects of VX-809 and VRT-325 (D) or Corr-4a (E) at the
indicated concentrations on CFTR-mediated chloride transport in cultured
F508del-HBE isolated from a single donor bronchi (n = 4).

that a fraction of F508del-CFTR attained a more stable protein
conformation that was not recognized as defective by the ER
quality control pathways (12, 21, 34, 35). Second, VX-809 de-
creased the proteolytic sensitivity of full-length F508del-CFTR and
the NBD2 fragment of F508del-CFTR, consistent with a more
compact protein conformation (12, 23, 24). Third, the channel
gating activity of VX-809—corrected F508del-CFTR was normal,
indicating that VX-809 promoted the proper domain-domain
interactions previously shown to be essential for normal channel
gating (26, 28). Fourth, the cell surface stability of VX-809—cor-
rected F508del-CFTR was similar to that of CFTR, suggesting that
it was not recognized as defective by the peripheral quality control
pathways and degraded (29).

Under the conditions tested, the maximal level of chloride
transport in cultured F508del-HBE treated with VX-809 reached
14% of non-CF HBE. In recombinant HEK cells, we observed
that approximately 34% of the F508del-CFTR pool showed im-
proved processing in the ER. Thus, while VX-809 is affecting
a fraction of the F508del-CFTR pool, it does not correct F508-del
CFTR processing to normal levels. It is not clear if this reflects
a fundamental limitation of the mechanism of VX-809 action or if
additional optimization of the VX-809 chemical scaffold would
lead to compounds that further improved processing. However,
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the additivity of VX-809 with Corr-4a or VRT-325 suggests that
the available pool of F508del-CFTR in the ER is not limiting the
efficacy of CFTR correction by small molecules.

A notable feature of VX-809 compared with previously de-
scribed CFTR correctors was its improved ability to increase the
processing of normal and F508del-CFTR selectively. Although
only a small number of proteins were included in the present
study, they represented proteins that use similar trafficking
pathways as CFTR (hERG, G601S-hERG) or are from the same
superfamily as CFTR (G268V-P-gp, Y490del-P-gp), as well as
other ER-arrested misfolded proteins that likely use chaperone
pathways distinct from CFTR (a1-ATZ and N370S-p-glucosi-
dase) (36-39). The effect of VX-809 on F508del-CFTR and
Corr-4a and VRT-325 on F508del-CFTR and other mutant
proteins was greater than that observed for the normal protein
forms. This is likely a result of the efficient processing of nor-
mally folded proteins compared with misfolded proteins in the
ER. These results suggest that VX-809 acts directly with CFTR
and/or CFTR-associated proteins, whereas VRT-325 and Corr-
4a may act on multiple proteins or on a more general mechanism
involved in protein processing. Additional studies are required to
determine the mechanism of action of VX-809.

The different in vitro efficacy and selectivity profiles of VX-
809, Corr-4a, and VRT-325 along with the functional additivity
of the CFTR correctors in cultured F508del-HBE show that
several distinct pathways and/or molecular targets are amenable
to small-molecule correction of F508del-CFTR. Previous studies
have shown that effects of Corr-4a and VRT-325 on the pro-
cessing of F508del-CFTR are additive (40). These in vitro results
support the rationale of combining corrector compounds as one
strategy to achieve more correction of F508del-CFTR.

Genotype-to-phenotype studies correlating in vivo CFTR
function, as determined by nasal potential difference techniques,
with disease severity suggest that more than 10% of normal
CFTR chloride transport is associated with milder CF as char-
acterized by a lower incidence of pancreatic insufficiency, later
age at diagnosis, a more moderate lung function decline, and
lower sweat chloride levels (~80 mmol/L) compared with those
with minimal (<10% normal CFTR function) CFTR chloride
transport (i.e., patients with F508del-homozygous CF) (41, 42).
The in vitro results presented here show that VX-809 increased
chloride transport in cultured F508del-HBE to approximately
14% of that measured in non-CF HBE, which was sufficient to
increase the ASL height. These results suggest that VX-809
correction might reach levels that affect airway epithelial func-
tion and therefore may be clinically meaningful. Recently, results
from a 28-d study of up to 200 mg/d of VX-809 in CF subjects
homozygous for F508del-CFTR demonstrated evidence of in-
creased transport as determined by a decrease in sweat chloride.
However, no change in lung function was observed (45). Addi-
tional clinical studies are planned to determine if VX-809 can
produce clinical benefit in patients with CF. If additional efficacy
is required, the in vitro results presented here suggest that
combinations with CFTR potentiators, such as VX-770, and/or
different classes of CFTR correctors could further increase
F508del-CFTR-mediated chloride transport. The discovery of
an efficacious and selective CFTR corrector suitable for ad-
vancement into clinical studies represents a step forward in the
development of potential new therapies to treat the basic defect
in patients with CF with the F508del CFTR mutation.

Materials and Methods

Cell Culture and Media. FRT cells or HEK-293 cells stably expressing human
normal or F508del-CFTR were cultured as previously described (9, 18) (S/
Materials and Methods). HBE cells were isolated from the bronchi of lungs
obtained from non-CF or F508del-homozygous subjects with CF and cultured
as previously described (9,18).

PNAS | November 15,2011 | vol. 108 | no.46 | 18847

PHARMACOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=SF7

Electrophysiology. Ussing chamber techniques with FRT and HBE cells were
used to record the transepithelial current (I7) resulting from CFTR-mediated
chloride transport (9). The single-channel activity of CFTR was measured by
using excised inside-out membrane patch recordings (9) Further details are
provided in S/ Materials and Methods.

CFTR Immunoblot Analysis. Inmunoblot techniques using the monoclonal CFTR
antibody 769 were used to measure CFTR maturation in FRT, HEK-293, or HBE
cells expressing CFTR or F508del-CFTR (18). Pulse-chase studies using HEK-293
cells expressing CFTR or F508del-CFTR were performed as previously described
(18). Limited proteolysis studies were performed by using HEK-293 cells
expressing F508del-CFTR or CFTR and the primary CFTR antibodies, 660 or 596
(all CFTR antibodies provided by John R. Riordan, University of North Carolina,
Chapel Hill, NC). Further details are provided in S/ Materials and Methods.

Measurement of ASL Volume. Confocal studies were used to monitor the
ASL height by using 10,000 kDa dextran conjugated to Alexa Fluor 488
(SI Materials and Methods).

P-gp and hERG Immunoblot Analysis. HEK-293 cells were transiently trans-
fected with a pcDNA3.1-based vector containing cDNA for P-gp, G268V-P-gp,
or Y490del-P-gp and processed for Western blotting by using monoclonal
P-gp antibody C219 (Abcam). HEK-293 cells stably expressing hERG or G601S-
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hERG were processed for Western blot by using a hERG antibody 373500
(Merck). Further details are provided in SI Materials and Methods.

a1-Antitrypsin Metabolic Pulse-Chase Analysis. HelLa cells were transiently
transfected with a pcDNA3.1-based vector containing cDNA for the E342K
form of the al-antitrypsin (AAT) Z mutant (gift from W. E. Balch, Scripps
Research Institute, La Jolla, CA) and processed for metabolic pulse-chase
analysis (SI Materials and Methods).

p-Glucosidase Assay. Primary skin fibroblasts isolated from a male type |
Gaucher disease patient (GM00372) were obtained from Coriell Cell Re-
positories, and the enzymatic activity of p-glucosidase was measured as
described in S/ Materials and Methods.

Statistical Analyses. Statistical comparisons were made by using ANOVA
followed by Tukey multiple-comparison test or Student t test (Prism 5;
GraphPad Software). All data are presented as mean + SEM.

ACKNOWLEDGMENTS. We thank Robert Beall, Preston Campbell, John
Chabala, Eric Gordon, Diana Wetmore, and Christopher M. Penland for
guidance; John Riordan for anti-CFTR antibodies; Bill Balch for the z-AAT
construct; Mike Welsh for FRT cell lines; and Neil Bradbury for HEK-293 cell
line expressing F508del-CFTR. This study was supported by Cystic Fibrosis
Foundation Therapeutics.

24. Fontana A, et al. (2004) Probing protein structure by limited proteolysis. Acta Biochim
Pol 51:299-321.

25. Zhang F, Kartner N, Lukacs GL (1998) Limited proteolysis as a probe for arrested
conformational maturation of delta F508 CFTR. Nat Struct Biol 5:180-183.

26. Cui L, et al. (2006) The role of cystic fibrosis transmembrane conductance regulator
phenylalanine 508 side chain in ion channel gating. J Physiol 572:347-358.

27. Dalemans W, et al. (1991) Altered chloride ion channel kinetics associated with the
delta F508 cystic fibrosis mutation. Nature 354:526-528.

28. Serohijos AW, et al. (2008) Phenylalanine-508 mediates a cytoplasmic-membrane
domain contact in the CFTR 3D structure crucial to assembly and channel function.
Proc Natl Acad Sci USA 105:3256-3261.

29. Okiyoneda T, et al. (2010) Peripheral protein quality control removes unfolded CFTR
from the plasma membrane. Science 329:805-810.

30. Hutt DM, et al. (2010) Reduced histone deacetylase 7 activity restores function to

misfolded CFTR in cystic fibrosis. Nat Chem Biol 6:25-33.

. Rubenstein RC, Egan ME, Zeitlin PL (1997) In vitro pharmacologic restoration of CFTR-
mediated chloride transport with sodium 4-phenylbutyrate in cystic fibrosis epithelial
cells containing delta F508-CFTR. J Clin Invest 100:2457-2465.

32. Rubenstein RC, Zeitlin PL (1998) A pilot clinical trial of oral sodium 4-phenylbutyrate
(Buphenyl) in deltaF508-homozygous cystic fibrosis patients: partial restoration of
nasal epithelial CFTR function. Am J Respir Crit Care Med 157:484-490.

33. Pedemonte N, Tomati V, Sondo E, Galietta LJ (2010) Influence of cell background on
pharmacological rescue of mutant CFTR. Am J Physiol Cell Physiol 298:C866—C874.

34. Nagy JK, Sanders CR (2004) Destabilizing mutations promote membrane protein
misfolding. Biochemistry 43:19-25.

35. Wilson MH, Highfield HA, Limbird LE (2001) The role of a conserved inter-trans-
membrane domain interface in regulating alpha(2a)-adrenergic receptor conforma-
tional stability and cell-surface turnover. Mol Pharmacol 59:929-938.

36. Ficker E, Dennis A, Kuryshev Y, Wible BA, Brown AM (2005) HERG channel trafficking.
Novartis Found Symp 266:57-69.

37. Burrows JA, Willis LK, Perlmutter DH (2000) Chemical chaperones mediate increased
secretion of mutant alpha 1-antitrypsin (alpha 1-AT) Z: A potential pharmacological
strategy for prevention of liver injury and emphysema in alpha 1-AT deficiency. Proc
Natl Acad Sci USA 97:1796-1801.

38. Loo TW, Bartlett MC, Clarke DM (2005) Rescue of DeltaF508 and other misprocessed
CFTR mutants by a novel quinazoline compound. Mol Pharm 2:407-413.

39. Yu L, et al. (2006) Alpha-1-C-octyl-1-deoxynojirimycin as a pharmacological chaperone
for Gaucher disease. Bioorg Med Chem 14:7736-7744.

40. Wang Y, Loo TW, Bartlett MC, Clarke DM (2007) Additive effect of multiple pharma-

cological chaperones on maturation of CFTR processing mutants. Biochem J 406:257-263.

Rowe SM, Accurso F, Clancy JP (2007) Detection of cystic fibrosis transmembrane con-

ductance regulator activity in early-phase clinical trials. Proc Am Thorac Soc 4:387-398.

42. Strausbaugh SD, Davis PB (2007) Cystic fibrosis: A review of epidemiology and
pathobiology. Clin Chest Med 28:279-288.

43. Noél S, Wilke M, Bot AG, De Jonge HR, Becq F (2008) Parallel improvement of sodium
and chloride transport defects by miglustat (n-butyldeoxynojyrimicin) in cystic fibrosis
epithelial cells. J Pharmacol Exp Ther 325:1016-1023.

44. Pedemonte N, et al. (2005) Small-molecule correctors of defective DeltaF508-CFTR cel-
lular processing identified by high-throughput screening. J Clin Invest 115:2564-2571.

45. Clancy JP, et al. (2011) Results of a Phase 2a Study of VX-809, an investigational CFTR
corrector compound in subjects, homozygous for the F508del-CFTR mutation. Thorax,
10.1136/thoraxjnl-2011-200393.

3

=

41.

Van Goor et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105787108/-/DCSupplemental/pnas.201105787SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1105787108

