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METHODS FOR INCREASING CFTR ACTIVITY

Steven M. Rowe and Mark Drancfield
FIFLD OF THE DISCLOSURE

The present disclosure relates to mothods of angmenting mucociliary
clearance in a subject. In a specific embodiment, the present disclosure relates to
methods of asgmenting rucociliary clearance in a subject wherein the subject is
free from a congenital or genetic defect in the cellular mucociliary clearance
apparaius and/or an acquired abnormality in the cellvlar mucociliary clearance
apparatus.

BACKGROUND

Disorders of wucus clearance {mucous stasis) and increased mucous
production are common problems that impact a variety of human conditions, This
is true even in the setting of normal epithelial function and a normally fusctioning
cellular mucociliary clearance apparatus whereupon mucociliary clearance is
suboptimal for the particular condition. A number of diseases and/or conditions
may lead to suboptimal mucous clearsnce and/or excess mucous production. In
such situations, mucociliary clearance may be considered impaired even though no
defects or abnormalities exist in the cellular mucociliary clearance apparatus as the
normall functioning cellular mucocifiary apparatus is not sufficient given the
underying condition of the patient.

For example, individuals with neuromuscular wealmess caused by
congeniial or genctic conditions, such as, bui not Hmited to, nuscular dystrophy,
spinal muscular atrophy, and ALS, suffer from recurrent pneumonia due to poor
cough clearance which leads to mucous stasis. In addition, individuals with
acquired anatomic problerns resulting in muscular weakness, such as but not Hmited
to, paraplegia, quadriplegia, diaphragmatic paralysis and the like, suffer the same
fate. Other subjects, such as those suffering from excess mucous production due to
conditions such as, but not limited to, asthma and status asthmaticus, those
suffering from impaired ity due to conditions such as, but not Hmited to,
immunoglobulin deficiency, SCID, hyper-IgE syndrome, and similar conditions,

those suffering from anatomic respiratory abnormalities impairing mucus clearance,
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and those suffering from recurrent pneumonia for unclear causes and those
suffering from ovopharnygeal abnormalities, suffer from atelectasis and/or
pueumonia due to excess mucus production that overwhelms the capacity of the
mucociliary clearance apparatus to transport it effectively. These disorders due to
or resulting in suboptimal mucous clearance and/or excess mucous production are a
serious recurreni problem causing considerable morbidity and are also g
contributing cause o mortality. Thus even in diseases where mucociliary clearance
is normal, enhancement of mucociliary clearance to supernormal levels is beneficial
to combat particular diseases.

The art is lacking compounds and treatment methods fo augmeni
mucociliary clearance and/or airway epithelial cell function. The art is particularly
lacking compounds and treatment methods to enhance mucociliary clearance and/or
airway epithelial cell function in subjects that do not have a congenital or genetic
defect in the cellular mucociliary clearance apparatus and/or an acquired
abnormality in the cellular nucociliary clearance apparatus. Such compounds and
tfreatment methods wonld offer substantial benefits to those subjects by treating
conditions arising from suboptimal mucous clearance and/or excess mucous
production and similar conditions.

The present disclosure provides a solution to the problems encountered in
the art by providing compounds and treatment methods to enhance mucociliary
clearance and/or airway epithelial cell function to overcome suboptimal mucous
clearance and/or excess mucous production. In addition, the present disclosure
provides a solution to the problems encountered in the art by providing compounds
and treatment methods to induce supra-normal mucociliary clearance to enhance
mucociliary clearance and/or airway epithelial cell function to overcome
suboptimal mucous clearance and/or excess mucous production. Furthermore, the
present disclosure provides the foregoing benefits in a subject wherein the subject is
free from a congenital or genetic defect in the cellular mucociliary clearance
apparatus and/or an acquired abnormality in the cellular mucociliary clearance
apparatus, In one embodiment, the suboptimal mucous clearance and/or increased

mucous production is due to or associated with neuromuscular diseases, anatomic
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respiratory abnormalities, acquired anatomic problems resulting in muscular
weakness, anatomic weakness, asthma and status asthmaticus, relative susceptibility
to respiratory infection (such as due to impaired immunity), and/or excess mucous
production.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows the CFTR potentiator ivacaftor augments wild-type CFTR activity.
FIG. 1A shows CFBE41o- cells with and withouwt complementary expression of
wild type CFTR were grown ai air-liguid interface, then mounted in Ussing
chambers and stmulated with ivacaftor (VX-770; 10 pM) or vehicle coutrol
following amiloride (100 pM) and forskolin (100 nM) in the setting of a Cl-
secretory gradient. CFBE4le- cells complemented by stable expression of WT-
CFTR (by a lentivirus promoter) ar¢ shown in comparison to CFBE4lo- cells
without WT CFTR complementation {parental cells). P < 0.05, ¥*P < 0.005, n =
S/condition.

FIG. 1B shows representative Isc tracings of cells were sequentially exposed to
forskolin (100 nM) and ivacaftor (VX-778; 10 uM) or vehicle control, followed by
CFTR Inh-172 (10 uM) in the setting of amiloride (100 uM)}.

FIG. 2 shows the CFTR potentiator ivacaftor augments ASL depth and increases
mucociliary clearance,

FIG. 2A shows represeniative Z-scan confocal images derived from the surface of
HBE cells following exposure to vehicle control or ivacaftor (VX-770; 10 uM) to
the basolateral compartment for 24 h prior to assay. White scale bars designate 10
g,

FIG. 2B shows summary data from experiments shown in FIG, 2A. **P <0.005, »
= 1{J/condition. Dotted line indicates ASL depth of a panel of CF HBE cells using
the exact same method.

FIG. 2C shows mucociliary transport rates derived from HBE cells. ivacaftor (VX-
770, 10 uM) or vehicle conirol was added to basolateral compartruent of
monolayers co-stimulated with the cAMP agonist VIP (30 nM) immediately after
the time = 0 h rmecasurement. **P < 0.001 wvs. vehicle control, # = 10

particles/condition.
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FIG. 2D shows representative SD-0OCT images of fully-differentiated HBE cells
were exposed to CSE (2%) or vehicle {media with 2% DMS(O) apically and VX-
770 (10 ub) or vehicle {(0.1% DMSQO) basclaterally for 24 hrs. ASL depth is shown
as red bar. White scale bar = 10 um.

FIG. 3 shows the CFTR potentiator ivacaftor augments wild-type CFTR activity.
FIG. 3A shows representative Isc tracing of bronchus derived from a normal human
subject following dissection of the mucosal layer that was then mounted in an
Ussing chamber under voltage clamp conditions and bathed in symmetric Ringer’s
solution. Serial addition of amiloride (100 uM), forskolin (100 nM), and ivacaftor
(VX-770; 10 uM) or vehicle control is shown, followed by addition of ATP (10
b}, and CFTR Inh-172 (10 pM x 2) as control additions,

FIG. 3B shows summary data derived from experiments shown in FIG. 3A. The
change in Isc following addition of ivacafior (VX-770) or vehicle control is shown.
AP < (.05, n= 19, 24 samples/condition.

FIG. 4 shows the effects of CFTR activators on airway epithelial function in human
bronchial epithelial cells by pOCT. Control HBE cells containing a defective CFTR
{designated control, CF) and HBE cells containing a WT-CFTR {(designated control
and VX-770, wild-type) received vehicle alone (control; $.2% DMSO) or ivacaftor
{10 uM). Panels A-D show ASL depth (&), PCL depth (B), cilia beat frequency
(), and mucociliary transport (MCT) rate (D) as quantified from pOCT images.
FIG. § shows the effects of CFTR activators on airway epithelial function in human
bronchial epithelial cells by pOCT. Panel A shows representative pOCT images of
fully-differentiated HBE cells were exposed o vehicle (control; media with 2%
DMSO), CSE (2%, CSE (2%) and ivacafior (10 uM) or ivacaftor slone (10 pM |
0.1% DMSO). CSE was applied apically and ivacaftor basolaterally. Cells were
exposed to each condition for 24 hrs. ASL depth is shown as & dark bar. White
scale bar = 10 um. Panels B-D show ASL depth (B), cilia beat frequency (C), and
mucociliary transport (MCT) rate (D) as quantified from pOCT images. Data are
derived from 5 measures per well, and 3 wells per condition.

FIG. 6 shows the effects of CFTR activators on airway epithelial funciion in human

bronchial tissue by wOCT. Pancls A-C show ASL depth, CBF and MCT,
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respectively,  Panels A-C show ASL depth, CBF and MCT, respectively, m
response to ivacaftor treatment (10 pM).

FIG. 7 shows the effects of CFTR activators on airway epithelial function in intact
porcine trachea by nOCT. Panels A and B show representative pOCT images for a
CFTR /- {panel A) and CFTR +/+ {panel B) animal. Panels C-F, respectively,
show ASL depth, PCL depth, CBF and MCT measurements derived from pOCT
images from CFTR -/~ and CFTR +/+ animals, Panels G and H show the response
of epithelial functional parameters, namely ASL depth and MCT in CFIR -/~ and
CPTR +/+ animals in response io sequential pharmacologic intervention by
itvacaftor {10 pd), forskolin (100 nM) and acetyicholine (100 uM).

DETAILED DESCRIPTION

Mucociliary transport and the function of the airway surface is an area of
active study of the hurnan respiratory systern. In healthy airways, a layer of cilia
continuously transports airway nucus, a vital mechanism for defense against
particulate contamination and biclogical invaders.

Defects in mucociliary clearance are known in the art.  Une common
example is cystic fibrosis (CF). CF is caused by mutations in the cystic fibrosis
fransmembrane conductance regulator {CFTRY The CFTR is an epithelial anion
channel expressed predominantly in exocrine tissnes. Muiations in the gene
encoding CFTR are the proximate cause of CF. In the lung, loss of CFIR function
resuls in airway surface Hquid {ASL) depletion, thickened muecous, reduced
mucociliary clearance, chronic bacterial infection, and excess inflarnmation. Over
time, pulmonary obstruction due to inspissated respiratory secretions and
bronchiectasis ensues, resulting in respiratory fatlore.

CF and other condilions affecting mucociliary clearance are caused by
congenital defects in the mucociliary clearance apparatus, such as, but not limited
to, the CFTR. Compounds are known in the art that increase the activity of CFIR
in subjects with congeniial defects in the CFTR.

However, the present disclosure is based on the enhancement of wucociliary
clearance and/or atrway epithelial cell function in a subject with suboptimal roucous

clearance and/or excess mucous production and on the enhancement of mucociliary
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clearance and/or airway epithelial cell function in a subject with suboptinnal mucous
clearance and/or excess mucous production in a subject wherein the subject is free
from congenital or genetic defect in the cellular mucociliary clearance apparatus
and/or acquired abnormality in the cellolar moucociliary clearance apparaius. As a
result, the fonction of the mucociliary clearance apparatus is improved.

Increasing or enhancing the activity of the cellular mucociliary clearance
apparatus has important clinical significance, even among individuals without
congenital or genetic defect in the cellular mucociliary clearance apparatus and/or
acquired abnormality in the cellnlar mmcociliary clearance apparatus.  Umne
important member of the cellalar mucociliary clearance apparatus is the CFTR. As
discussed above, mutations in the CFTR can lead to suboptimal mucous ¢learance,
In one embodiment, the present disclosure employs compounds that increase the
activity and/or function of the CFTR in subjects without congenital or genetic
defect and/or acquired abnormality in the CFTR to enhance mucociliary clearance
in a subject. In one embodiment, mucociliary clearance is enhanced to supernormal
fevels. Recenily, the CFTR potentiator ivacafior (Kalydeco™, VX-770} was
recently approved for use in CF patients with the G351D-CFTR gating mutation
based on marked improvements in phase 2 and 3 trials (Ramsey BW, et al,, The
New England Jouranal of Medicine 2011.365:1663-1672; Accurso FJ, et al,, N Engl
J Med 2010:363:1991-2003). Ivacafior robustly enhances anion secretion by
potentiating cAMP mediated CFTR channel gating (Van Goor, F. et al., Proc Nai
dead Sei U8 4 2009;106:18825-1883() leading 1o increased atrway fluid secretion.

The present disclosure is based on enhancing mucociliary clearance and/or
airway epithelial cell function in a subject by increasing the activity of a component
of the cellular mucociliary clearance apparatus in a subject. In one embodiment,
the component of the cellular mucociliary clearance apparatus s the CFTR. In one
embodiment, the subject free from congenital or genetic defects in the celiular
mucociliary clearance apparatus. In another embodiment, the subject is free from
an acquired abnormality in the celiular mucociliary clearance apparatus, In another

embodiment, the subject is free from congenital or genetic defects in the cellular
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mucociliary clearance apparatus and an acquired abnormality in the cellular
mucociliary clearance apparatus.

In one embodiment, the suboptimal mucociliary clearance in a subject 1s due
to or asscciated with a neuromuscular disease. Neuromuscular disease may be
caused by or associated with congenital or acguired genetic conditions, such as, but
not limited to, muscular dystrophy, spinal mouscular atrophy, ALS,

In another embodiment, the suboptimal mucociliary clearance in a subject
is due to or associated with an acquired anatomic problem resulting in muscular
weakness. Such acquired anatomic problems resulting in muscular weakness may
be caused by or associated with conditions, such as, but not limited to, paraplegia,
quadriplegia, and diaphragmatic paralysis.

In still ancther embodiment, the suboptimal muccciliary clearance in g
subject is due to or associated with excess mucous production.  Such excess
mucous production may be caused by or associated with conditions, such as, but not
Hmited to, asthma and asthmaticus.

I still another embodiment, the mucociliary clearance in a subject is normal
but the subject suffers increased prevalence of respiratory infections due to immune
deficiency. Risk of respiratory infection could be reduced by enhancement of
mucociliary clearance,

in any of the foregoing embodiment, the subject is free from a congenutal or
genetic defect in the celhidar mucociliary clearance apparatus and/or an acquired
abnormality in the cellular mucociliary clearance apparatus. In one ersbodiment of
the foregoing, mucociliary clearance is enhanced to supranormal levels. In one
embodiment of the foregoing, an acquired abnormality in the cellular nmucociliary
clearance apparatus may be due to environmental factors, such as, but not hmited
to, smoking or chronic obstructive pulmonary disease.

Compounds useful in the methods disclosed herein include any known
activators of the celiular mucociliary clesrance apparatus. In one emabodiment, such
activators are CFTR activator compounds. In one embodiment, the CFTR activator

is a CFTR potentiator. Known CFTR potentiators include, but are not lunited to, are
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anthracene-O-carboxylic acid (9-Anthroic acid), phloxine B, benzimidazolone
analogs NEO04 and NS1619, genistein, 7-n-Butyl-0-{4-
hydroxypheny}[SHlpyrrolo{2,3-blpyrazine {aloisine A), 2-(2-{1H-indol-3-y1}-N-
methylacetamide -N-(4-isopropylphenyl-2-phenylacetamide (PG, N-
cyeloheptyl-6-(N-ethyl-N-phenylsulfamoyl)-4-oxo-1,4-dihydroquinoline-3-
carboxamide (SFO1 ), sulfonamide  6-(N-ethyl-N-phenylsulfamoyl}-N-(2-
methoxybenzyl)-4-oxo-1,4-dihydroquinoline-3~carboxamide

{SF(3 ), capsaicin and curcumin.

In one embodiment, the compound is a compound of the general formula I

below.
H
e ':-:\‘\ - N ~
e ~
il i \] 24 2
L Cow ]
\:;t.: L \\{\\T *“‘u\\ \ﬂ»{_@ N \\;\' e o~ _-\v\\
O 1 Q\:}\ - 1 S,
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) N
R, ( y

In this structure, Ry and R are each independently, H, OH or substituted or
unsubstituted C1-C7 alkyl chains and Ry is OH or H.

As used herein, the term “alkyl”, whether used alone or as part of a
substituent or linking group, includes siraight hydrocarbon groups comprising from
one to 4 carbon atoms. Thus the phrase includes straight chain alkyl groups such as
methyl, ethyl, propy! and the like. The phrase also includes branched chain isomers
of straight chain alkyl groups, including but not limited to, the following which are
provided by way of example: ~-CH{CHa}, -C{CH3}, -
CH{CH:)}(CH,CH;), -CH{CH,CHs), and others. The phrase also includes cyclic
alkyl groups such as cyclopropyl and cyclobutyl.

In one embodiment, each of R and Ry is -C({CHa 3 and Ry 1s OH.

in a specific embodiment, the compound is ivacaftor (VX-770), and has the

structure shown in il
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in one embodiment, the CFTR activator compound is a CFTR potentiator,
In another embodiment, the CFIR activator compound is a compound of the
general formula I In still another embodiment, the CFTR activator compound is
ivacafior (VX-T7703.

in another embodiment the CFTR activator compound is roflumilast and
other PDE analogues that activate CFTR through clevation of cAMP.

In ancther embodiment, the CFTR activator is a flavonoid such as ap
iseflavone {e.g. genistein, quercetin, elc.)

In another embodiment, the CFTR activaior is an agonist of cAMP or PKA.

In another embodiment, the agent could activate other modulators of anion

transport, such as calcium activated chloride channels.

The present disclosure shows that activators of the cellular mucociliary
clearance apparatus, such as but not lmited to, s CFTR activator, are effective in
enhancing mucociliary clearance and/or alvway epithelial cell function in a subject.
Therefore, such compounds are effective In treating suboptimal mucociliary
clearance in a subject. In one embodiment, such compounds are compounds of the
general formula I The present disclosure further shows that compounds effective
in increasing activity and/or function of the CFTR are effective in enhancing
mucociliary clearance and/or airway epithelial cell function in a subject, thereby
increasing mucociliary clearance in the subject. The foregoing benefits are
achioved oven in cases where the mucociliary apparaius is considered to function
normally. In one embodiment, such compounds induce mucociliary clearance o
supernormal levels in a subject through enhancement of a component of the

mucociliary clearance apparatus.



17

10

13

L3
fo]

WO 2013/151758 PCT/US2013/032268

The present disclosure further shows that such compounds are effective in
increasing a parameter of airway epithelial cells function. Relevant parameters of
airway epithelial cell function include, but are not limited to, depth of airway
surface liquid (ASL), depth of periciliary Hguid (PCL), ciliary beat frequency
(CBF) and rate of mucociliary transport (MCT). In one embodiment, a single
parameter of airway epithelial cell funciion is increased.  In an alternaie
embodiment, two or more parameiers of airway epithelial cell function are
increased. In an alternate embodiment, three or more parameters of airway
epithelial cell function are increased.  In an altemnate embodiment, all four more
parameters of airway epithelial cell function are increased. In a particular
embodiment, the rate of MCT is increased. In a particular embodiment, the depth of
ANL is increased. In a particular embodiment, depth of the ASL and the rate of
MCT are increased. fo another particular embodiment, depth of the ASL, CBF and
the rate of MCT are increased. In another particular embodiment, depth of the ASL,
depth of PCL and the rate of MCT are increased. In another particular embodiment,
depth of the ASL, depth of PCL, CBF and the rate of MCT are increased. In
another particular embodiment, mucus viscosity is improved {(Le., decreased) as a
result of increasing a parameter of airway epithelial cell function. In cerfain
cmbodinments, mucous viscosity is improved without a noticeable difference or
corresponding improvement in an airway epithelial cell parameter, such as depth of
ASL, depth of PCL or CBF. Improvements in muous viscosity may result from
augmenting fluid and/or bicarbonate ransfer via the CFTR or calcium activated
chloride channels.

As a result of increasing one or wore parameters of airway epithelial cell
function, mucociliary clearance in the subject is evhanced. In one embodiment,
mucociliary clearance is enhanced to supernormal levels. In one embodiment of
each of the foregoing, the subject is free from congenital or genetic defect in the
celtular mucociliary clearance apparatus. In one embodiment of the foregoing, the
subject is free from a congenital or genetic defect in the CFTR. In one embodiment

of the foregoing, the subject is free from an acquired gbnormality in the cellular

10
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mucociliary clearance apparatus. In one embodiment of the foregoing, the subject is
free from an acquired abnormality 1 the CFTRL

In one embodiment, the present disclosure provides methods for treating
suboptimal mucociliary clearance in a subject. Such method comprises the step of
5 administering to the subject an amount of an activator compound capsble of
enhancing the activity of the cellular mucociliary clearance apparatus. In one
embodiment, such activator compound is a CFTR activator or a pharmacologically
acceptable salt thereof.  In one embodiment, such administration cnhances the
activity and/or function of the CFTR. In another embodiment, the activator
10 compound activates, directly or indirectly, other anion fransport mechanisms, such
as, but not imited to, calcium activated chlovide channels. In ancther embodiment
of this method, such administration enhances mucociliary clearance in a subject. In
another embodiment of this method, such administration enhances mucociliary
clearance in a subject to supernormal levels, In still another embodiment of this
15 method, such administration increases a parameter of airway epithelial cell
function. In one aspect of this embodiment, such parameter is depth of ASL, depth
of PCL, CBF, rate of MCT or any combination of the foregoing. In another aspect

such parameter is depth of ASL, rate of MCT or a combination of the foregoing.
In another embodiment, the present disclosure provides wmethods for
20 increasing mucociliary clearance in a subject. Such method comprises the step of
administering to the subject an amount of an activator compound capable of
enhancing the activity of the cellular muceociliary clearance apparatus. In one
embodiment, such activator compound is a CFTR activator or a pharmacologically

acceptable salt thereof. In one embodiment, such administration enhances the

j\]
A

activity and/or function of the CFTR. In another embodiment, the activator
compound activates, directly or indirectly, other anion transport mechanisms, such
as, but not Hmited to, calcium activated chloride channels. In another embodiment
of this method, such administration enhances mucociliary clearance in g subject. In
another embodiment of this method, such administration enhances mucociliary
30 clearance in a subject to supernormal levels. In still another embodiment of this

method, such administration increases a parameter of airway epithelial cell
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function. In one aspect of this embodiment, such parameter is depth of ASL, depth
of PCL, CBF, rate of MCT or any combination of the foregoing, In another aspect
such parameter is depth of ASL, rate of MCT or a combination of the foregoing.

In another embodiment, the present disclosure provides methods for
increasing the activity of the CFTR in a subject. Such method comprises the step of
administering to the subject an amount of an activaior compound capable of
enhancing the activity of the cellnlar mucociliary clearance apparatus. In one
embodiment, such activator compound is a CFTR activator or & pharmacologically
acceptable salt thereof. In one embodiment, such administration enhances the
activity and/or function of the CFTR. In another embodiment of this method, such
administration enhances mucociliary clearance in a subject. In another embodiment
of this method, such administration enhances mucociliary clearance in a subject to
supernormal  levels.  In still another embodiment of this method, such
administration increases a parameter of airway epithelial cell function. In one
aspect of this embodirnent, such parameter is depth of ASL, depth of PCL, CBF,
rate of MCT or any combination of the foregoing. In another aspect such parameter
is depth of ASL, rate of MCUT or a combination of the foregoing.

in another embodimeni, the present disclosure provides methods for
improving mucus viscosity (l.e., decreased mucus viscosity) in a subject. Such
method comprises the step of administering to the subject an amount of an activator
compound capable of enhancing the activity of the cellular mucociliary clearance
apparatus. Methods for determining viscosity of mucus are known in the art and
include i suit  {luovescence after photobleaching and particle tracking
microrheclogy. In one embodiment, such activator compound is a CFTR activator
or a pharmacologically acceptable salt thereof. In one embodimeni, such
administration enhances the activity and/or function of the CFTR. In another
embodiment, the activator compound activates, directly or indirectly, other anion
transport mechanisms, such as, but not himited to, calciom activated chloride
channels. In another embodiment of this method, such adminisiration enhances
mucociliary clearance in a subject. In another embodiment of this method, such

administration enhances mucociliary clearance in a subjoct to supernormal levels.

12
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In one embodiment of this method, mucus viscosity is improved as a resuit of
increasing a parameter of airway epithelial cell function, such as, but not limited to,
depth of ASL, depth of PCL, CBF and rate of MCT. In one embodiment of this
method, mucous viscosity is improved without a noticeable difference or
corresponding improvement in an airway epithelial cell parameter, such as depth of
ASL, depth of PCL or CBF. In such embodiment, improvements in mucus viscosity
may result from augmenting fluld and/or bicarbonate transfer via the activation of
the CFTR or calcium activated chloride charnnels.

In another embodiment, the present disclosure provides methods for
enhancing a parameter of alrway cpithelial cell function in a sabject. Such method
comprises the step of administering fo the subject an amount of an activator
compound capable of enhancing the activity of the cellular mucociliary clearance
apparatus. In one embodiment, such activator compound is a CFTR activator or a
pharmacologically accepiable salt thereof. In one embodiment, such administration
enhances the activity and/or function of the CFTR. In another embodiment, the
activator compound activates, directly or indirectly, other anion transport
mechanists, such as, but not Hmited to, calcium activated chloride channels. fn
another embodiment of this method, such administration enhances mucociliary
clearance in a subject. In another embodiment of this method, such admindstration
enhances mucociliary clearance in a subject to supernormal levels. In one aspect of
this embodiment, such parameter is depth of ASL, depth of PCL, CBF, rate of MCT
or any combination of the foregoing. In another aspect such parameter is increasing
the depth of ASL. In yet another aspect such parameter is increasing the rate of
MCT. In still a further aspect, such parameter is increasing the depth of ASL and
increasing the rate of MCT. In still a further aspect, such parameter is increasing the
depth of ASL, increasing the depth of PCL, increasing CBF, increasing the rate of
MCT or a combination of the foregoing.

In another embodiment, the present disclosure provides methods for
increasing the rate of MUT in a subject. Such method comprises the step of
administering to the subject an amount of an activator compound capable of

enhancing the activity of the cellular mucociliary clearance apparatus. In one
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embodiment, such activator compound is a CFTR activator or a pharmacologically
accepiable salt thereof. In one embodiment, such administration enhances the
activity and/or function of the CFTR. In another embodiment, the activator
compound activates, directly or indirectly, other anion transport mechanisms, such
as, but not limited to, calcium activated chloride channels. In another embodiment
of this method, such administration enhances mucociliary clearance in a subject. In
another embodiment of this method, such administration enhances mucociliary
clearance in a subject {o supernormal levels. In still another embodiment of this
method, such administration increases the rate of MCT as well ag increases in
addition to another parameter of airway epithelial cell function. In one aspect of
this embodiment, such parameter is depth of ASL, depth of PCL, CBF or any
combinaiion of the foregoing. In another aspect such parameter is depth of ASL.

fn another embodiment, the present disclosure provides methods for
increasing the depth of ASL in a subject. Such method comprises the step of
administering to the subject an amount of an sctivator compound capable of
enhancing the activity of the cellular mucociliary clearance apparatus. In one
embodiment, such activator compound is a CFTR activator or a pharmacologically
acceptable salt thereof In one embodiment, such administration enhances the
activity and/or function of the CFTR. In another embodiment, the activator
compound activaies, directly or indirectly, other anion transport mechanisms, such
as, but not limited to, calcium activated chioride channels. In another embodiment
of this method, such administration enhances mucociliary clearance in a subject. In
another embodiment of this method, such administration enhances mucociliary
clearance in a subject to supernormal levels. In still another embodiment of this
method, such administration increases the depth of ASL as well as increases in
addition to another parameter of airway epithelial cell function. In one aspect of
this embodiment, such parameter is depth of PCL, CBF, rate of MCT or any
combination of the foregoing. In another aspect such parameter is rate of MCT.

in another embodiment, the present disclosure provides methods for
increasing the depth of PCL in a subject. Such method comprises the step of

administering to the subject an amount of an activator compound capable of
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enhancing the activity of the cellular mucociliary clearavce apparatus. In one
embodiment, such activator compound is a CFTR activator or a pharmacologically
acceptable sall thereof In one embodiment, such admivistration enhances the
activity and/or function of the CFTR. In another embodiment, the activator
compound activates, directly or indivectly, other anion transport mechanismus, such
as, but not limited to, calcium activated chloride channels. In another embodiment
of this method, such administration enhances mucociliary clesrance in a subject. la
another embodiment of this method, such adminisiration enhances mucociiary
clearance in a subject to supernormal levels. In still another embodiment of this
method, such administration increases the depth of PCL as well as increases in
addition to another parameter of atrway epithelial cell function. In one aspect of
this embodiment, such parameter is depth of ASL, CBF, mate of MCT or any
combination of the foregoing. In another aspect such parameter is depth of ASL,
rate of MOT or a combination of the foregoing.

In ancther embodiment, the present disclosure provides methods for
increasing CBF in a subject. Such method comprises the step of administering o
the subject an amount of an activator compound capable of enhancing the activity
of the celtular mucociliary clearance apparatus. In one embodiment, such activator
corapound is a CFTR activator or a pharmacologically acceptable salt thereof. In
one embodiment, such administration enhances the activity and/or function of the
CFTR. In another embodiment, the activator compound activates, divectly or
indirectly, other anion transport mechanisms, such as, but not Hmited to, calcium
activated chloride channels. In another embodiment of this method, such
adminisiration enhances mucociliary clearance in a subject. In another emnbodiment
of this method, such administration enhances mucociliary clearance in a subject to
supernormal levels. In still another embodiment of this method, such administration
increases CBF as well as increases in addifion o another parameter of airway
epithelial cell function. In one aspect of this embodiment, such parameter is depth
of ASL, depth of PCL, rate of MCT or any combination of the foregoing. In another
aspect such parameter is depth of ASL, rate of MCT or g combination of the

foregoing.
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In one aspect of the forepgoing methods, the subject is free from congenital
or genetic defects in the cellular mucociliary clearance apparatus. In another aspect
of the foregoing methods, the subject is free from an acquired abnormality in the
cellular mucociliary clearance apparatus. In still another aspect of the foregoing
methods, the subject is free from congenital or genetic defects in the cellular
mucociliary clearance apparatus and an acquired abnormality in the cellular
mucociliary clearance apparatus. In still another aspect of the foregoing methods,
the subject is free from a congenital or genetic defect in the CFTR. In still another
aspect of the foregoing methods, the subject is free from an acquired abunormality in
the CFTR.

In one aspect of the foregoing methods, suboptimal mucociliary clearance in
a subject is due io or associated with a neuromuscular disease. Newromuscular
disease may be caused by or associated with congenital or acquired genetic
conditions, such as, but not lmited to, muscular dystrophy, spinal muscular
atrophy, ALS.

In anocther aspect of the foregoing methods, the suboptimal mucociliary
clearance in a subject is due to or associated with an acquired anatomic problem
resuliing in muscular weakness. Such acquired anatomic problems resulting in
muscular weakness may be caused by or associated with conditions, such as, but
not limited to, paraplegia, guadriplegia, and diaphragmatic paralysis.

In still another aspect of the foregoing methods, the mucociliary clearance in
a subject is normal but suffers increased prevalence of respiratory infections due to
immune deficiency.  Risk of respiratory infection could be reduced by
augmentation of mucociliary clearance,

In yet another aspect of the forepoing methods, the suboptimal mucociliary
clearance in a subject is due to or associated with excess mucous production. Such
excess mucous production may be caused by or associated with conditions, such as,
but not limited to, asthma and asthmaticus,

fn still a further aspect of the foregoing methods, the suboptimal
mucociliary clearance in a subject is due to or associated with environmental

factors. Such environmental factors include, but are not lmtied to, smoking.
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I one aspect of the foregoing methods, the compound is a CFTR activator
compound. In another aspect of the foregoing methods, the CFTR activator is a
CFTR potentistor. in still ancther aspect of the foregoing methods, the CFTR
activator compound is a compound of the compounds of the general formula L In
vet another aspect of the foregoing methods, the CFTR activator compound is
ivacafior (VX-770). In another aspect of the foregoing methods, the CFIR
activator is a ¢cAMP elevating agonist, such as, but not limited to, roflamulast, In
another aspect of the foregoing methods, the CFTR activator compound is a PDE
analogue that activates CFTR through elevation of cAMP. In another aspect of the
foregoing methods,the CFTR activator is a flavonoid such as, but not limited 1o, an
isoflavone. Suitable isoflavones include, but are not Hmiled to, genisiein, and
quercetin, In another aspect of the foregoing methods, the CFTR activator is an
agonist of cAMP or PKA. In another aspect of the foregoing methods, the
compound activates other anion transports, such as, but not Hmiled to, calcium
activated chloride channels.

In still another aspect of the foregoing methods, the compound may
administered alone or as a part of a pharmaceutical composition as described
herein, A single compound of the present disclosure may be adroinistered or
muliiple compounds of the present disclosure may be adwinistered. In one aspect
of this embodiment, the compound is a compound of the general formula L
Furthermore, in still another aspect of the foregoing methods, the compound
administered 18 1vacaftor (VX-7706),

in still another aspect of the foregoing methods, the subject is determined to
be in need of such treaiment. In still another aspect of the foregoing methods, the
compound is administered in a therapeutically effective amour.

In yet another aspect of the foregoing methods, the subject may be a
mammal, In certain embodiments, the subject 15 a human,

In still another aspect of the foregoing methods, the subjects treated can be
further treated with one or more additional active agents. The one or more
additional active agents and the compounds described herein or pharmacentically

acceptable salis or prodrugs thereof, can be administered together in a single
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composition or in separale compositions in any order, including simultanecus
admintstration, as well as temporally spaced on the order of up 1o several days
apart. The methods can also include more than a single administration of the one or
more additional active agents and/or the compounds described herein or
pharmaceutically acceptable salts or prodrugs thereof. The administration of the
one or wmore additional agents and the compounds described herein or
pharmaceutically accépiabie salis or prodrugs thereof can be by the same or
different routes and concurrently or sequentially.

Inn still another aspect of the foregoing methods, the compounds of the
present disclosure are administered at a dose of 75-730 mg/day. The compounds of
the present disclosure may be administered once per day, twice per day or more
than twice per day. In one embodiment, the compound is ivacaftor (VX-770} and
the compound is administered 1-2 times per day for a total dose of 300 myg/day.

Pharmaceutical Compositions

Pharmaceutical compositions are provided that comprise an amount of a
compound of the present disclosure. In one embodiment, such pharmaceutical
compositions contain a therapeutically effective amount of a compound. In a
particular embodiment, the compound is a compound of the general formula I, such
as, but not limited to, tvacafior (VX-770). In addition, other active agents may be
included in such pharmaceutical compositions. Additional active agenis to be
included may be selected based on the disease or condition to be treated.

The pharmaceutical compositions disclosed may comprise one or more
compound of the present disclosure, alone or in combination with additional active
agents, in combination with a pharmaceutically acceptable carrier. Examples of
such carriers and methods of formulation may be found in Remington: The Science
and Practice of Pharmacy (20" Bd., Lippincott, Williams & Wilkins, Daniel
Limmer, editor). Such pharmaceutical compositions may be used in the
ranufacture of a medicament for use in the methods of treatment and prevention
described herein. The compounds of the disclosure are useful in both free form and

in the form of pharmaceutically acceptable salts.
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The pharmacentically acceptable carriers described berein, including, but
not Hmited o, vehicles, adiuvants, excipients, or diluents, are well-known {o those
who are skilled in the art, Pharmaccutically accepiable excipients are also well-
known to those who are skilled in the art, The choice of excipient will be
determined in part by the particular compound{s), as well as by the particular
method used o administer the composition, Accordingly, there is a wide variety of
suitable formulations of the pharmaceutical composition of the present invention
The following methods and excipients are merely exemplary and are in no way
fimiting. Suitable carriers and excipients include solvents such as water, alcohol,
and propylene glyeol, solid absorbants and diluents, surface active agents,
suspending agent, tableting binders, lubricants, flavors, and coloring agents. The
pharmaceuiically acceptable carriers can include polymers and polymer matrices.
Typically, the pharmaceutically acceptable carier is chemically inert to the active
agents in the composition and bas no detrimental side effects or toxicity under the
conditions of use.

The compounds of the present disclosure and pharmaceutical compositions
containing such compounds as deseribed in the instant disclosure can be
adminisiered by any conventional method available for use in conjunction with
pharmaceunticals, either as individual therapeutic agents or in combination with
additional therapeutic agents,

In one cmbodiment, the compounds of the present disclosure are
administered in therapeutically effective amount, whether alone or as a part of 2
pharmaceutical composition. The therapeutically effective amount and the dosage
administered will, of course, vary depending upon kuown factors, such as the
pharmacodynamic characteristics of the particular agent and its mode and route of
administration, the age, health and weight of the recipient; the severity and stage of
the disease state or condition; the kind of concurrent treatment; the frequency of
treatment; and the effect desired.

The total amount of the compound administered will also be determined by
the route, timing and frequency of adminpistration as well as the existence, nature,

and extent of any adverse side effecis thal might accompany the adminisiration of
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the compound and the desired physiological effect. It will be appreciated by one
skitled in the art that various conditions or disease states, in particular chronic
conditions or disease states, may require prolonged irestment involving multiple
administrations,

5 In these pharmaceutical compositions, the compound(s) of the present
disclosure will ordinarily be present in an amount of abowt 0.5-95% weight based
on the total weight of the composition. Maultiple dosage forms roay be administered
as part of a single treatment.

The active agent can be administered enterally in solid dosage forms, such

10 as capsules, tablets, and powders, or in hiquid dosage forms, such as milk, elixirs,
syrups and suspensions, It can also be administered parenterally, in sterile liguid
dosage forms. The compound(s) of the present disclosure can also be administered
infranasally (nose drops) or by inhalation via the pulmonary system, such as by
propellant based metered dose inhalers or dry powders inhalation devices, Other

15 dosage forms are potentially possible such as administration transdermally, via
patch mechanism or ointment.

Formulations suifable for enteral or oral administration may be liquid
sohutions, such as a therapeutically effective amount of the compound(s) dissolved
in diluents, such as milk, water, saline, buffered solutions, infant formula, other

20 suitable carriers, or combinations thereof, The compound(s) can then be mixed fo
the diluent just prior to administration. In an alternate embodiment, formulations
suitable for enteral or oral adminisiration may be capsules, sachets, tablets,
fozenges, and itroches. In each embodiment, the formulation may confain a
predetermined amownt of the compound(s) of the present disclosure, as solids or

25  granules, powders, suspensions and suitable emulsions. Liguid formulations may
inchude diluents, such as water and alcohols, for example, ethanol, benzyl alcohol,
propylene glveol, glveerin, and the polyethylene alcohols, either with or without the
addition of a pharmaceutically zcceptable surfactani, suspending agent, or
ermulsifying agent. Capsule forms can be of the ordinary bard- or soft-shelled

30 gelatin type containing, for example, surfactants, lubricants, and inert fillers, such

as laciose, sucrose, calclum phosphate, and comn starch. Tablet forms can include
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one or more of the following: laciose, sucrose, mannitel, corn starch, potato starch,
alginic acid, microcrysialline celiulose, acacia, gelatin, guar gom, colloidal silicon
dioxide, croscarmellose sodium, tale, magnesium stearate, calcium stearate, zinc
stearate, siearic acid, and other excipients, colorants, diluents, buffering agents,
disintegrating agents, moistening agenis, preservatives, flavoring agents, and
pharmacologically compatible carriers,

Lozenge forms can comprise the active ingredient in a flavor, usually
sucrose and acacia or tragacanth, as well as pastilles comprising the active
ingredient in an inert base, such as gelatin and glycerin, or sucrose and acadis,
srnulsions, and gels containing, in addition to the active ingredient, such carriers as
are known in the art,

Formulations suitable for parenteral administration include agueous and
non-agueous, isotonic sterile injection solutions, which can contain anti-oxidants,
buffers, bacteriostats, and solutes that render the formulation isotonic with the
blood of the patient, and agueocus and non-agueous sterile suspensions that can
include suspending agents, solubilizers, thickening agents, stabilizers, and
preservatives, The compound(s) can be administered in a physiologically acceptable
diluent in a pharmaceutically acceptable carrier, such as a sterile liquid or mixture
of Hguids, including water, saline, agueous dextrose and related sugar solutions, an
aleohol, such as ethanol, isopropanol, or hexadecyl alcohol, glycols, such ag
propylene glycol or polyethylene glyeol such as poly{ethyleneglycol) 400, glycerol
ketals, such as 2,2-dimethyl-1,3-doxolane-4-methanol, sthers, an oil, a fatty acid, a
fatty acid ester or glyceride, or an acetviated fatty acid glyceride with or without the
addition of a pharmaceutically acceptable surfactant, such as a soap or a detergent,
suspending  agent, such  as  pectin, carhomers,  methyleellulose,
hydroxypropyimethyleetiulose, or carboxymethyleellulose, or emulsifying agents
and other pharmaceuntical adjuvants,

(s, which can be used in parenteral formulations include petroleur,
animal, vegetable, or synthetic oils. Specific examples of oils include peam,
soybean, sesame, cottonseed, corn, olive, petrolatum, and mineral. Suiigble fatty

acids for use in parenteral formulations include oleic acid, stearic acid, and
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isostearic acid. Fthy! oleate and isopropyl myristate are examples of suitable fatty
acid esters, Suitable soaps for use in parenteral formulations include fatty alkali
metal, ammonium, and triethanclamine salts, and suitable detergents include {(a)
cationic detergents such as, for example, dimethyldialkylammenium halides, and
alkylpyridiniam halides, (b} anionic detergents such as, for example, alkyl, aryl, and
olefin  sulfonates, alkyl, olefin, ether, and monoglyceride sulfates, and
sulfosuccinates, () nonionic detergenis such as, for example, fatty amine oxides,
fatty acid alkanolamides, and polyoxyethylene polypropylene copolymers, {d)
amphoteric detergents such as, for example, alkyl beta-aminopropionates, and 2-
alkylimidazoling quaternary amrooniurn salts, and (e} mixtures thereof.

The parenteral formulations typically contain from about 0.3% fo about 30%
by weight of the compound(s) in solution. Suitable preservatives and buffers can be
used in such formulations. In order to minimize or eliminale irrttation at the site of
injection, such compositions may contain one or more nonionic surfactanis having a
fydrophile-lipophile balance (HLB) of from about 12 to about 17. The quantity of
surfactant in such formulations ranges from about 5% to about 15% by weight.
Suitable surfactants include polyethylene sorbitan fatly acid esters, such as sorbitan
monooleate and the high molecular weight adducts of sthylene oxide with a
hydrophobic base, formed by the condensation of propylene oxide with propylene
glycol.

The compound(s) of the present disclosure can be formulated into agrosol
formulations 1o be administered via nasal or pulmonary inhalation. These aerosol
formulations can be placed into pressurized acceptable propellants, such as
dichlorodifinoromethane, propane, and nitrogen. Such acrosol formulations may be
administered by metered dose inhalers,  They aleo may be fornulated as
pharmaceuticals for non-pressured preparations, such as in a nebuliver or an
atomizer.

The compeound(s) of the present disclosure, alone or in combination with
other suitable components, may be administered in an agueous solution as a nasal
or pubmonary spray and may be dispensed in spray form by a variely of methods

known {0 those skilled in the art. Systerns for dispensing liquids as a nasal spray are
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disclosed in ULS, Pat. No. 4,511,069, The formulations may be presented in mulii-
dose containers, for example in the sealed dispensing system disclosed in U8, Pat.
Mo. 4,511,069, Additional aerosol delivery forms may mclude, e.g., compreased
air-, jet~, ulirasonic~, and pleroelectric nebulizers, which deliver the active agent
dissolved or suspended in a pharmaceutical solvent, e.g., water, ethanol, or a
mixiure thereof,

Nasal and pulmonary solutions of the present invention typically comprise
the drug or drug to be delivered, optionally formulated with a surface-active agent,
such as a nonionic surfactant {e.g., polysorbate-80), and one or more buffers. Io
some embodiments of the present invention, the nasal spray solution further
comprises a propellant. The pH of the nasal spray sclution is optionally between
about pH 3.0 and 6.0, preferably 4.5.+-.0.5. Suitable buffers for use within these
compositions are as described above or as otherwise known in the art. Other
components may be added to enhance or maintain chemical stability, including
preservatives, surfactants, dispersants, or gases. Suitable preservatives include, but
are not limited to, phenol, methyl paraben, paraben, m-cresol, thiomersal,
chlorobutanol, benzylalkonimum chloride, and the like. Suitable surfactants
include, but are not limited to, oleic acid, sorbitan trinleate, polysorbaies, lecithin,
phosphatidyl cholines, and various long chain diglyeerides and phospholipids.
Suitable dispersants include, but are not Hmited to, ethylencdiaminetetraacetic acid,
and the like. Suitable gases include, but arc not limited {o, nitrogen, heliam,
chlorofluorocarbons (CFCs), hydroflusrocarbons (HEFCs), carbon dioxide, atr, and
the like.

Within alternate embodiments, nasal and pulmonary formulations ave
administered as dry powder formulations comprising the active agent in a dry,
usually lyophilized, form of an appropriate particle size, or within an appropriate
particle size range, for intranasal delivery. Miniwum particle size appropriate for
depostiion within the nasal or pulmonary passages is often about 0.5 pm. mass
median equivalent aecrodynamic diameter (MMEAD), comumonly about 1 um
MMEAD, and more typically abouwt 2 um MMEAD, Maximum particle size

appropriaic for deposition within the nasal passages is ofien about 10 um MMEAD,
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commonly about 8 ym MMEAD, and more typically about 4 pm MMEAD
Intranasally and pulmonarvly respirable powders within these size ranges can be
produced by a variety of conventional techniques, such as jet milling, spray drying,
solvent precipitation, supercritical fhid condensation, and the like. These dry
powders of appropriate MMEAD can be administered o a patienl via a
conventional dry powder inhaler (D3P, which relies on the patient's breath, upon
pulmonary or nasal inhalation, to disperse the power into an acrosolized amount.
Alternatively, the dry powder may be administered via air-assisted devices that use
an e}(te,ma} power source to disperse the powder into an asrosolized amount, e.g., a
piston pump,

To formulate compositions for nasal or pulmonary delivery, the active agent
can be combined with various pharmaceutically acceptable additives, as well a3 2
base or carrier for dispersion of the active ageni(s). Desired additives inclnde, but
are not limited to, pH control agents, such as arginine, sodium hydroxide, glycine,
hydrochloric acid, coitric acid, cte. In addition, local anesthetics {(e.g., benzyl
aleohol), isotonizing agents {e.g., sodium chloride, mannitol, sorbitol}, adsorption
inhibitors {e.g., Tween 80), solubility enhancing agents {e.g., cyclodexirins and
derivatives thereof), siabilizers {(e.g., serum albumin), and reducing agenis {e.g.,
glutathione) can be included. When the coroposition for vasal or pulmonary
delivery is a lguid, the tonicity of the formulation, as measured with reference o
the tonicity of 0.9% (w/v) physiclogical saline solution taken as unity, is typically
adjusted to a value at which no substantial, irreversible tissue damage will be
induced in the nasal mucosa at the site of administration. Generally, the tonicity of
the solution is adjusted to a value of about 1/3 to 3, more typically 1/2 to 2, and
most often 3/4 10 1.7,

The compound(s) of the present disclosure may be dispersed jn a base or
vehicle, which may comprise a hydrophilic compound having a capacily to disperse
the active agent and any desired additives. The base may be selected from a wide
range of suitable carriers, including but not limited to, copolymers of
polyearboxylic acids or salts thereof, carboxylic anhydrides (e.g., maleic anhydride)

with other monomers {e.z., methyl (meth)acrylate, acrylic acid, etc.), hydeophilic
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vinyl polymers such as polyviny! acetate, polyvinyl aleohol, polyvinylpyrrolidone,
celtulose derivatives such as hydroxymethyleellulose, hydroxypropyicelinlose, eic,,
and natural polymers such as chifosan, collagen, sodivm alginate, gelatin,
hyaluronic acid, and nontoxic metal salts thereof. Often, a bodegradable polymer is

selecied as a base or carrier, for example, polylactic acid, poly{lactic acid-glycolic

W

acid) copolymer, polyhvdroxybutyric acid, poly(hydroxybutyric acid~glyeolic acid)
copolymer and mixtures thereof. Allernatively or additionally, synthetic fatty acid
esters such as polyglyeerin fatty acid esters, sucrose fatly acid esters, efc. can be
employed as camriers. Hydrophilic polymers and other carriers can be used alone or
10 in combination, and enhaneced structural integrity can be hmparted to the carmier by
partial crystailization, lonic bonding, crosslinking and the like. The carrier can be
provided in a variety of forms, including, flnid or viscous solutions, gels, pastes,
powders, microspheres and films for direct application to the nasal mucosa. The use
of a selected carrier in this contexi may result in promotion of absorption of the
15 active agent.

The compounds of the present disclosure may alternatively contain as
pharmaceutically acceptable carriers substances as required o approximate
physiclogical conditions, such as pH adjusting and buffering agents, toniCity
adjusting agents, wetting agents and the like, for example, sodiurg acetate, sodium

20 lactate, sodium  chloride, potassium  chloride, calcium  chloride, sorbatan
monclaurate, tricthanolamine oleate, efc. For solid compositions, conventional
nontoxic pharmaceutically acceptable carriers can be used which include, for
example, pharmaceutical grades of mannitol, lactose, starch, magnesium stearate,

sodium saccharin, talcum, magnesium carbonate, and the like.

[\
(v g

Compaositions of the present disclosure can also be formulated as a solution,
wicroemulsion, or other ordered structure sudiable for high concentration of active
ingredients. The carrier can be a solvent or dispersion medium containing, for
example, water, ethanol, polyol (for example, glyeerol, propylene glycel, and Hquid
polyethylene glycol, and the tike), and suitable mixtures thereof. Proper fuidity for

30 solutions can be maintained, for example, by the use of a coating such as lecithin,
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by the maintenance of a desired particle size in the case of dispersible formulations,
and by the use of surfaciants.

In certain embodiments, compound(s} and composifions of the present
disclosure are administered in a fime-release formulation, for example in a
comnposition which includes a slow release polymer. Such compositions can be
prepared with carriers that will protect against rapid release, for example a
conirojled release vehicle such as a polymer, microencapsulated delivery system or
bicadhesive gel. Prolonged delivery, in various compositions of the invention can
be brought about by including in the composition agents that delay absorption, for
example, aluminum monosierate hydrogels and gelatin. When controlied release
formulations 15 desired, conirolled release binders suitable for use in accordance
with the invention include anyv biocompatible controlied-release material which is
inert 1o the active agent and which is capable of incorporating the biologically
active agent, Numerous such materials are known in the art. Formulations
suitable for fopical administration include creams, emulsions, and gels containing,
in addition to the active ingredient, such carriers as are known in the art.

The compounds and compositions of the present disclosure can be presented
in unit-dose or multi-dose sealed containers, such as ampules and vials, and can be
stoved in a freeze-dried (bvophilized) condition requiring only the addition of the
sierile Hauid excipient, for exarnple, water, for injections, immediately prior {o use.
Extemporaneous injection solutions and suspensions can be prepared from sterile
powders, granules, and iablets. The requirements for effective pharmaceutically
acceptable carriers for injectable compositions are well known fo those of ordinary
skill in the art. See Pharmaceutics and Pharmacy Practice, J.B. Lippincott Co,,
Philadelphia, Pa., Baoker and Chalmers, Eds, 238-250 (1982} snd ASHP
Handbook on Injectable Drugs, Toissel, 4th ed,, 622-630 (1986).

Additionally, formulations suitable for rectal administration may be
presenied as supposiiories by mixing with a variety of bases such as emulsifying
bases or water-soluble bases. Formulations sutiable for vaginal adnuinistration may

be presented as pessaries, tampons, creams, gels, pastes, foams, or spray formulas

26



14

| ]

WO 2013/151758 PCT/US2013/032268

containing, in addition to the active ingredient, such carriers as are known in the art
o be appropriate.

One skilled in the art will appreciale thal suitable methods of administering
a compound of the present invention to an patient are avatlable, and, although more
than one route can be used to adminisier a particular compound, a particular route
can provide a more immediate and more effective reaction than another route.
Assays

The present disclosure provides a method for identifving a compound
effective for treating suboptimal mucociliary clearance and/or increasing alrway
epithelial cell function in a subject. The present disclosure also provides a method
for identifying a compound effective for increasing the activity of the CFTR in a
subject, The present disclosure provides a method for identifying a compound
effective for increasing a parameter of airway epithelial cell function in a subject in
a subject. In one aspect of this embodiment, such parameter is depth of ASL, depth
of PCL, CBF, raie of MCT or any combination of the foregoing. In another aspect
such parameter is increasing the depth of ASL. In yet another aspect such parameter
is increasing the rate of MOT, In still a further aspect, such parameter i increasing
the depth of ASL and increasing the raie of MCT. In still a further aspect, such
parameter is increasing the depth of ASL, increasing the depth of PCL, increasing
CBF, increasing the rate of MCT or a combination of the foregoing.

In each of the foregoing, the subject is free of a congenital or genetic defect
in the cellular mucociliary clearance apparatus and/or acquired abnormality in the
cellular mucociliary clearance apparatus, including, but not limited to, the CFTR.

Some embodiments of the assay comprise contacting a candidate agent with
a cellular system, such as those systems described herein; obtaining a measurernent
of a property selected from the group consisting of chloride secretion from the cell,
activity of the CFTR, rate of mucous clearance, ASL depth, PCL depth, the rate of
CBF and/or rate of MCT, said measuring occurring after the candidate agent is
contacted to the cell; comparing the measurement of the property o a baseline

value for the property; and identifying the candidate agent as a putative agent if the
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measuremnent of the property is significantly greater than the baseline value of the
property.

In one embodiment, such a screcning assay can be performed, for example,
by determining in an appropriate model system {such as, but not limited to, those
systems described herein).

Such screening assay may be in vifre, in vive or ex vive and may be cell
culture based (either with whole cells or lysates) or may be based on an animal
model. In one embodiment, the assay utilizes a murine nasal septal epithehal cell or
a human sinonasal epithelial cell. In some embodirents, the model system may be
a murine nasal seplal epithelial cell from a C57 mouse. In further embodiments the
model system may be the nasal cavity of a mouse, as deseribed by Cormet-Boyaka
et al., FASER J 23:3743-3751 (2009}, In another embodiment, this could by human
bronchial epithelial cells. In another embodiment, this could be human, porcine,
rat, or murine intact trachea.

The expression of the chloride channel may be measured electrochemically,
for example by measuring trans-layer antonic flux in an Ussing chamber.

In one embodiment, the methods involve the identification of candidate or
test compounds or agents {polypeptides, functional nucleic gcids, carbohydrates,
antibodies, small molecules or other molecules) which bind to the chloride channel,
Such compounds may then be further tested in appropriate systems {such as, but not
limited to, the models sysiems described herein} to determine the activity of the
identified compounds.

Candidate compounds are identified using a variety of assays, such as, but
not limited to, assavs that employ cells which express the chloride channel (cell-
based assays) or in assays with the isolated chioride channel (cell-free assays). The
various assays can employ a variety of variants of the chioride channel {for
example, full-length, a biologically active fragment, a mutant form of the
polypeptide or a fusion protein which includes all or a portion of the desired
polypeptide). Moreover, the chloride channel can be derived from any suitable

mammalian species {e. g., human, porcine, rat or murine}.
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If the chioride channel is CFTR, for example, it may be a CFTR from any
species, or a known mutation of CFTR from any species.  The nucleotide and
polypeptide sequences for such versions of CFTR are available to those skilled in
the art on public databases, such as Uniprot (www.auniprot.org) and GenBank.

Suitable test compounds for use in the screening assays can be obtained
from any suitable source, such as conventional compound hbraries. The test
compounds can also be obtained using any of the numercus approaches m
combinatorial library methods known in the art, including: biological libraries,
spatially addressable parallel solid phase or solution phase librarics, synthetic
ibrary methods requiring deconvolution, the “one-bead one-compound™ litwary
method and synthetic library methods using affinity clhromatography selection. The
biclogical library approach is limited to peptide lbraries, while the other four
approaches are applicable to peptide, non-peptide oligomer or small molecule
fibraries of compounds. Examples of methods for the synthesis of molecular
fibraries can be found in the art. Librarics of compounds may be presented in
solution or on beads, bacteria, spores, plasmids or phage.

A sereening assay of the disclosure is partionlarly amenable to a high
throughput format, thercby providing a means to screen, for example, a
combinatorial Hbrary of small organic molecules, peptides, nucleic acid molecules,
and the like.

Kits

The present disclosure also provides kits for use in the foregoing methods.
In one embodiment, a kit includes a compound of the present disclosure and
optionally: (i) onc or more delivery systems for such compound; {(ii} secondary
agents for use in the foregoing methods; and (i) directions for using the kit (for
example, instructions for adminisiration o a subject).

In one embodiment, the compound included in the kit is 3 CFTR activator.
In one embodiment, the CFTR activator is a CFTR potentiator. Known CFTR
activators and potentiators include, but are not limited to, are anthwacene-9-
carboxylic acid {(9-Anthroic acid), phloxine B, benzimidazolone analogs NS004 and

NS1619, genistein, 7-n-Buivl-6-{4-hydroxypheny}{$H]pyrroloi2,3-bipyrazine
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(alotsine A), 2-(2-{1H-indol-3-yD-N-methylacetamido)}-N-{4-isopropylphenyl}-2-
phenylacetamide (PGO1), N-cyeloheptyl-6-(N-ethyl-N-phenylsulfamoyl}-4-oxo-
1,4-dihydroguinoline-3-carboxamide  (SF01}, sulfonamide 6~(N-ethyl-N-
phenylsulfamoyl)-N-(2-methoxybenzyl)-4-oxo-1,4-dibydroquinoline-3-
carboxamide
(SF03), capsaicin and curcumin, In one embodiment, the CFTR activator is a
compound of the formula Tor I

In one embodiment, the kit contains a label that indicates the contents of the
kit are to be administered to a subject suffering from: (1) a neuromuscular disease
(such as, but not limited to, muscular dysirophy, spinal muscular atrophy, ALS}; (ii)
acquired anatomdic problem resulting in muscular weakness (which may be
associated with conditions, such as, but not Hmited to, paraplegia, quadriplegia, and
diaphragmatic paralysis); (ill) increased prevalence of respiratory infections due to
tmmune deficiency; (iv) excess mucous production (which may be associated with
conditions, such as, but not limited to, asthma and asthmaticus); or {v) adverse
environmental factors (which may be associated with conditions, such as, but not
Hmited to, smoking or chronic obstructive pulmonary disease).

EXAMPLES

in this example, CFTR activaiors were examined for the ability to stimulate
the anion channel activity of WT-CFTR. Recently the CFTR potentiator ivacaftor
was reported fo significantly augment cAMP mediated ion transport activity of
CFTR encoding the gating mutation G351D-CFTR, in virro and in CF subjects
harboring the G551D-CFTR defect. Ivacaftor improved measures of CFTR activity
and also enhanced pulmonary function in CF patients with G3S1D-CFIR,

The CFTR potentiator ivacaftor was chosen as an exemplary CFTR
activator. The activity of ivacaftor was examined in WI-CFTR expressing cells.
Ivacaftor induced robust increases in anion transport in CFBE4lo-cells {a human
notrmal bronchiolar epithelial cell line) complemented with stable WT-CFIR
expression; no activity was cbserved in parental cells without detectable CFTR

expression, establishing specificity for WT-CFTR (FIG. 1A).

30



10

[,
(o]

WO 2013/151758 PCT/US2013/032268

Exsvle 3- CFIR aciivators incvease the activity of WSCETR in primare honsan

bronchial epithelial cells

In primary non-CF human bronchial epithelial (HBE) cells, ivacafior also
augmented CFTR-dependent anion transport activity following pre-stimulation with
100 nM forskolin, a dose chosen o induce cAMP levels matching CSE-exposed
cells, increasing CPTR-dependent short-circuit current (Ise) compared to that
stimulated by forskolin alone (FI1G. 1B},

Example 3- CFTR activators ASL depth and MCT in primary human bronchial

epithelial cells

Because CFTR rvepulates ASL depth, which in turn permits efficient
mucociliary clearance, if follows that potentiation of WT-CFTR anion secretion by
ivacaftor in bronchial epithelia should also increase ASL depth, resulting in
augmented mucas transport compared to unstinmtlated (resting} conditions.

In FIGS. 2A and B, the addition of tvacaftor (10 uM) enhanced ASL depth
in HBE monolayers (HBE cells contain WT-CFTR}). Moreover, mucus iransport
(MCTY is markedly increased above baseline in the presence of ivacalior as
compared fo control, showing the highly responsive natwre of the mucociliary
clearance apparatus io alferations in the balance of anion transport and muous
production in healthy WT monolayers (FIG. 2C). The results shown in FIG. 2{C)
are further suppovted by reporis that inhaled hypertonic saline augments MCT
among healthy individuals, These changes are readily apparent by pOCT
montioring and indicate robust enhancement of MCT in WT epithelia by ivacaftor
{F1G. 2D).

e -ty

Example 4~ CFTR activators inoresse the setivity of WI-CETR in nosmal

explanted human trachea

Ivacaftor also potentiated CFTR-dependent current in normal explanted
human trachea examined under vollage clamp conditions (FIGS. 3A and B).

Bxarpple. 8- CFTR activeiors incrcase mucostiliary iransport in primary humag

bronchial soithelial cells as evaluated veing uOCT

As discussed above, relevant metrics for evaluation of the mucociliary

apparatus include the airway surface liguid (ASL) depth, the thickness of the thin
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layer of liquid surrounding the cilia known as the periciliary Hguid (PCL) depth, the
ciliary beat frequency {CBF), and the velocity of mucociliary transport (MCT).
uOCT imaging allows the direct and shmultaneous measurements of ASL, PCL,
MCT, ciliary stroke pattern and CHF without exogenous labeling or direct contact,
providing a new ool to interrogate the functional microanatomy of respiratory
epithelia with unegualed resolution.

The effect of CFTR activators was evaluated using pOCT imaging in HBE
cells (Fig, 4). The epithelial monolayer and the cilia can be visualized with g
resolution comparable to medium power histology. Mucus and the PCL layer that
together comprise the airway surface liguid (ASL) layer can also be clearly
visualized. As shown in FIG. 4, from top to bottom, the air has no pOCT signal,
while the mucus layer appears heterogeneous with high pOCT signal intensity. The
POL gel has a low pOCT signal intensity compared with the mucus and mopolayer
and includes ciliary structures. The air-liquid interface, mucus-PCL interface, and
apical cell surface are clearly defined so that ASL and PCL heights can be directly
rmeasured with submicrometer resolution. In addition to the different layers, cilia
tips can be readily detected by pOCT, as they are brighter than the surrounding
PCL and wucus. The tips maintain contact with the deep surface of mucus blanket
and }ift the mucus nearby by a few hundred nanometers during the effective stroke.

The results in this example, illastrated in FIG. 4, confirm the resulis shown
above that CFTR activators increase the activity of WT-CFTR. ln each of the
panels in FIG. 4, control HBE cells containing a defective CFTR (designated
control, CFy were used along with HBE cells containing a WT-CFTR (designated
control and VX-770, wild-type)., Control cells received vehicle alone (0.2%
DIMSO): ivacafior was used in all cases at 10 M. In panel A, ivacaftor increased
ASL depth significantly above control in conirol wild-type and control CF HBE
cells. PCL depth and CRF were not increased in a statistically significant manner
by ivacaftor addition in comparison to conirol wild-type but was increased as
compared to control CF HBE ceils (panels B and C). In terms of PCL depth, the
PCL only extends approximately 7 microns {corresponding to the depth of the full

length cilia); further increases are difficult to detect. For CBF, the rate of CBY may
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not be rate Hmiting in all conditions. For example, if the cilia were beating against
thick mucus {caused for example by mucus overproduction or the inability to clear
mucus normally), the CBF would be slower. However, in this assays the
determination of CBF is made versus a normal control making mearning an increase
in CBF may not be detected in all cases. Importantly, overall MCT was increased
significantly in ivacaftor treated cells as compared to control wild-type and control
CF cells,

FIG. 5 shows similar results using HBE cells containing WT-CFIR and
further shows the ability of CFTR activalors 1o increase CFIR activity in the
presence of environmental insults (in this cxample, cigaretie smoke extract, USE)
[ata in FIG. § are derived from 5 measurements per well, with three wells per
condition. In FIG. §, all cells contained WT-CFTR; control cells received DMSO
vehicle {2.2% DMS(), CSE indicates cells received 2% CSE extract administered
apically; CSE indicates cells received 2% CSE extract administered apically and 180
uM ivacaftor administered basolaterally, VX-770 indicates cells received 10 pM
ivacafior administered basolaterally. All data were derived frowm pOCT images as
described herein.

Panel A shows uOCT images for each condition; ASL depth is indicated by
the dark bar {white bar is for scale and equals 10 microns). Panels B, € and D
show ASL depth, CBEF and MCT, respectively, for the 4 conditions. As shown in
panel B, HBE cells exposed to CSE has decreased ASL depth as compared o
control cells; addition of ivacaftor significantly increased ASL depth. Furthermore,
addition of ivacaftor alone also significantly increased ASL depth as compared to
conirol.  Similar trends were seen with CBF {panel C). MCT is shown in panel D.
The addition of CSE decreased MCT to almost undetectable levels as compared 1o
control cells; again, addition of ivacafior increased MCT to that seen in the control
cells. Addition of ivacaftor alone also significantly increased MCT as corapared {o
conirol.

Example 6- OFTR activators increass musociliary transport in_human bronchisd

tissue as evaluated using pQCT
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To further investigate the role of CFTR activators in medulating airway
epithelial cell function, CFTR activators were studied in combination with human
bronchial tissue from a failed healthy donor. Human bronchial tissue was obtained
and maintained as described herein, Conirol experiments were performed with the

5 human bronchial tissue being exposed 1o DMEO contrel only (0.2%) and compared
to ivacafior treatment. The results are shown in FIG. 6. Panels A-C show ASL
depth, CBF and MCT, respectively. As illustrated in FIG. 6, panel A, ivacaftor (10
M) treatment significantly increased ASL depth. In control cells, ASL depth was
approximately 10 microns; ivacaftor treatment increased ASL  depth 1o

10 approximately 30 microms, Likewise CBF frequency was also significantly

increased in the presence of ivacaftor (10 M) (FIG. 6, panel B). Finally, MCT was
also significantly increased after ivacaftor treatment (10 uM) (form a control value

of less than 0.0 mm/min to almost .04 mm/min).

Bxanuple 7- CFTR sctivators neresse aeovilary fransport in porgine frached as

15 evaluated ysaine uQCT

To further investigate the role of CFTR activators in modulating airway
epithelial cell function, CFTR activators were stndied in combisation with porcine
trachea. In this example, porcine trachea from animals having a mutated CFIR
(CFTR {-/-} and from animals having a WT-CFTR (CFTR +/+) were evaluated for

20 ASL depth, PCL depth, CBF and MCT. The results are shown in FIG. 7.

Pancls A and B show representative pOCT images for a CFTR /- {panel A}
and CFTR +/+ (panel B) animal; ASL depth is indicated by the dark bar with the
light bar representing a scale bar of 10 microns. Panels C-F, respectively, show
ASL depth, PCL depth, CBF and MCT measurements derived from pOCT images

25 from CFTR -/~ and CFTR +/ animals. As can be seen, ASL and PCL depth was
significantly decreased in the CFTR -/~ apimals as compared to the CFTR +/t
anirnals, Furthermore, CBF frequency and MCT were also significantly decreased
inthe CFTR /- animals as compared 1o the CFTR +/+ animals.

Pancls G and H show the response of epithelial functional parameters,

30 namely ASL depth, CBF and MCT in CFTR ~/~ and CFTR +/+ animals in response

to sequential pharmacelogic intervention by ivacaftor (10 pM), forskelin (100 oM}
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and acetylcholine (100 uM); in this experiment, acetyicholine served as a posifive
condrol to induce glandular extrusion in CF tissue). In these experiments, agonists
were added 1o the bath sohstion and all experiments were conducted under
physiclogical conditions (37° C and 100% humidity). As can be seen in panel G,
1o response 10 ivacaftor or forskolin treatment in terms of ASL depth, CBF or MUT
was observed; a positive response to acetyicholing was observed in this tissue as
expected. In contrast to panel G, ASL depth, CBF and MCT were al increased jn
response o ivacaftor treatment in CFTR /4 animals, consistent with the resulis
described above for human tissue,

Materials and Methods

Procurement and Growth of Primary Airway Epithelial Cells

Use of human cells and tissues was approved by the UAB Institutional
Review Board. Primary human bronchial epithelial (HBE) cells were derived from
lung explants afler written jnformed consent was obtained from CF and non-CF
subjects with confirmed CFTR genetics by methods described previously. Briefly,
lissues were debrided immediately after surgical ressction, washed twice in
Minimum Hesential Media (MEM) with 0.5 mg/mi DTT (Sigma-Aldrich, St. Louis,
MO) and 25 U/ml DNAse 1 {Roche, Basel, Switzerland), and then placed i
dissociation media containing MEM, 2.5 U/m! DNAse 1, 100 pughal cetftazidime, 80
pg/ml tobramyein, 1.25 pg/ml amphotericin B, and 4.4 U/ml pronasse {Sigma-
Aldrich) for 24-36 h at 4 °C. Loosened atrway epithelial cells were then expanded
in growth media conlaining BEGM (LONZA, Basel, Switzerland) supplemented
with an additional 10 nM all trans-retineic acid (Sigma-Aldrich) that was
exchanged every 24 h. Following expansion, first or second passage cells were
seeded on permeable supports for studies,

Once B0-90% confluent, cells were seeded on Snapwell 1.13 cm? permeable
supports {1 ® 106 celis/filier; Bayer, Pitisburgh, PM) or Costar 0.4 o permeable
supports {3 x 105 celis/filter; Bethesda, MD) after coating with NIH 3T3 fibroblast
conditioned media, and grown in differentiating media containing DMEM/EI2
{Invitrogen, Carlsbad, California), 2% Ultroser-(3 (Pall, New York, NY}, 2 % Fetal

Clone 1T (Hyclone, Logan, UT), 2.5 pg/m! Insulin {Sigma-Aldrich), 0.25 % bovine
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brain extract {LONZAY 20 oM hydrocortisone (Nigma-Aldrich), 300 oM
Trindothvronine (Sigma-Aldeich), 2.5 pg/ml transferrin (Invitrogen), 230 oM
cthanolarsine (Sigma-Aldrich), 1.5 pM epineplrine (Sigma-Aldrich), 250 nM
phosphoetheanolamine (Sigma-Aldrich), and 10 oM all trans-retinoic acid until
terrainally differentiated, as previously deseribed (1, 2).
Procuremens and Growth of Normal Piglet Trachea

Normal piglet itracheas were obisined from Exemplar Genetics {Sioux
Center, lowa). Tissue were dissected from one-day-old piglets and shipped on wet
ice in DMEM. A modified protocol based on airway tissue handling and
preparation methods developed by Ballard et al. (Am J Physiol Lung Cell Mol
Physiol 208: L270-276, 2010} was eroployed. Tracheas were immersed m 80 mi
Ringer bicarbonate solution (KRB) baths at room temperature and slowly warmed
to 37°C. After four hours of pretreatment, the tracheas were removed from the
KRB, Accesaible mucus and Hguid were aspirated from the airway lumens and the
tracheal cnds were cannulated so that the serosal surface was bathed in KRB {29]
without contacting the mucosal surface, as previously described (Ballard et al., Am
J Physiol Lung Cell Mol Physiol 298 L270-276, 2010; Martens, et al, Am I
Physiol Lung Cell Mol Phystol 301 L236-246, 2011). Tracheas were allowed to
equilibrate in KRB bubbled with 95% 02 and 5% COZ at 37°C and the luminal side
cxposed to conditioned air at 100% humidity for 2 hours prior to mOCT imaging
{Sleigh et al., Comp Bicchem Physiol A Comp Physiol #4: 359364, 1989),
Procurement and Growth of Normal Human Trachea

Samples of human trachea Ussue were obtained from normal donor explant
organs not selected for lung transplantation. Lung, mainstemn bronchi, and traches
were resected en-blog, transferred on wet ice, and large airways excised. Airway
tissues were then irmamersed in ice cold DMEM following resection for transfer,
then allowed to equilibrate to room temperature prior to mOCT imaging.
Micro Optical Colerence Tomography (nOCT) Stidies

The pOCT system is a spectral-domain OCT implementation with several
improvements to standard OCT that yield high resolution in both lateral and axial

directions. The general layout and axial resclution characterization have been
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described (Liu et al., PLOSOne, 8(1), E54473- 2013). A super-contimnum source
(Fianium SC450) provides the high-bandwidth, short coherence length light
necessary for high axial resolution (1.3 mun). A typical OCT system includes an
imterferometer with the reference and sample arms infersecting at a beamsplitier.
The beamsplitter is replaced in pOCT with a 45 degree rod mirror, which apodizes
the sample beamn by introducing a circular obscuration in the center to achieve s
balance of good lateral resolution (2 pm) and long depth of focus (0.2 mm). Custom
software is employed to control the galvanometer scanning motors while acquiring
spectral data from the line camera. The system operates with user-configurable line
and frame rates and customizable scan geometry; typical settings are 32 or 40
frames per second, 512 A-lines per frame in a linear scan, and 0.5 mm by 0.5 mim
(¥ by 7) for a cross-sectional image., The effective thickness of each cross-section
is equal to the yOCT beam spot size (2 pm).

n(3CT imaging was performed on various cells cultures with illumination
incident on the apical side of the cells. The axis of the imaging optics is typically
placed within 10 degrees of normal to the cell plase to minimize errors in geometric
measurements. ASL and PCL were measured directly from the thicknesses of the
visible layers in the image with a correction applisd for the index of refraction in
the Hquid {n= 1.33). ASL and PCL were evaluated at 5 equally distributed regions
of the image. CBY and MCT were determined from a time series of images, CBF
was measured by finding the frequency of peak amplitude in the temporal Fourier
transform of the regions exhibiting oscillatory behavior. Up to 10 regions of ciliary
activity per image sequence were assessed for CBF. MCT was computed by
measuring the displacenient of 5 to 10 visible inchusions in the mucus through time.
All image analysis was performed with Imagel and Matlab, Analysis for various
tissue explants was performed in a similar manner.
Voitage clamp studies in Ussing chambers

Short-cireuit current (fsc) was measured under veltage clamp conditions
using MO8 voltage clamps and P2300 Ussing chambers (Physiologic Instruments,
San Diego, CA) as previously described (2). Monolayers were initially bathed on

both sides with identical Ringer’s solutions containing (in mM) 115 NaCl, 25
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MNaHCOs, 2.4 KHaPOy, 1.24 KHPG,, 1.2 CaCly, 1.2 MgCly, 10 D-glucose (pH 7.4}
Bath solutions were vigorously stirred and gassed with 95%02:5% COZ. Short-
circuit current measurements were obtained using an epithelial voliage clamp
{Physiologic Insiruments). A one-seeond three-mV pulse was imposed every 10
seconds to monitor resistance caleulated using Ohm's law, Where indicated, the
mucosal bathing solution was changed to a low Cl-sclution containing 1.2 NaCl and
115 Nat+ gluconate, and all other components as above, Amilonide (100 M) was
added to block residual Na+ current, followed by the agonists forskolin, ivacafior,
and ATP as indicated {minimum five-min observation at each concentration).
CFTRInh-172 (10 pM) was added 1o the mucosal bathing solution at the end of
experiments to block CFTR-dependent Isc. All chambers were maintained at 37 °C,
and agonist stimulation was initiated within 15 min of placement into the chambers.
Mucus Transpor: Studies

HRBE cells were washed with sterile PBS twice 1-2 days prior to addition of
PEG beads. Fifty (50) ul of Diamine polyvethyiene glycol (PEG) coated fluorescent
beads {1 wm, Molecular Probes, Fugene, OR, 1:500 dilution in PBS) were added to
the apieal surface by using a microsprayer acrosolizer (Penn-Century IncModel 1A~
1B, Wyndmoor, PA). Following 24 h incubation, bascline images were oblained
and then test compounds added to the basolateral compartiment. Mucociliary
transport {MCT) images were capiured by time-lapse fluorescence imaging at four
regions of interest per well located 1 mm from the periphery of the well and at each
quadrant using an inverted epiffuorescence microscope (Mikon Diaphot, Melvin,
MNY: 488 nm excitation/519 nni emission). Linear fransport rates were computed
using Metamoph 7.0 by analyzing 10-15 particles per region (7).
Airway Surface Liguid (ASL) Depth Measuremeni by Confocal Micrascopy

The apical surfaces of HBE cells were washed three times and then fest
compounds added to the basolateral compartroent 24 h prior to labeling. Cells were
stained with CMFDA (100 pb) in the cell cultwre mediuwrn for 1 hr. Texas red dye
(25 ul at 2 mg/mi in F¢70) was added apically and cells aliowed to equilibrate 2 h at
37 °C. Transwell membranes were placed in sterile glass bottorn dish ceated with

MEM, and imaged with a Carl Feiss {(Peabody, MA) confocal microscope using
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20X (mumerical aperture .88, working distance 0.55mum) air objective lens. Cells
were visualized with DIC optics o evaluate ¢ell morphology before initiating
{luorescence microscopy. Subsequently, Zscan confocal fluorescent microscopy
images were acquired from the top of the ASL through the top of the cell surface.
X7, scans were analyzed using Zen2008 software at four ROT per well each focated
I mm from the filter periphery and at each guadrant; 5 estimates of ASL depth were
iaken equally dispersed across each ROE(7, 8).
Statistics

Descriptive statistics {mean, 8D, and SEM} were compared using Student’s
t-test or ANOVA, as appropriate. Post-hoe tests for multiple comparisons following
AMOVA were caloulated using Fisher’s least significant difference. All statistical
tests were two-sided and were performed at a 5% significance level (i.e, o = .03}
using GraphPad Prism (La Jolla, CA). Error bars designate SEM unless indicated

otherwise. Correlation analysis was performed using SPSS (IBM, Armonk, NY.

39



WO 2013/151758 PCT/US2013/032268

10

i

(%

\¥

!

CLAIMS

What is claimed:

A method for increasing mucociliary clearance in a subject the method
comprising the step of administering to the subject an activator of the cystic
fibrosis transmembrane conductance regulator (CFTR), wherein the subject
is free from congeniial or genetic defect in the cellular mucociliary
clearance apparatus.

The method of clairn 1, wherein the subject is free from congenital or
genetic defect in the CFTR.

The method of claim 1, wherein the subject is free an acquired abnormality
in the cellular mucociliary clearance apparatus.

The method of claim 1, wherein the subject is free an acquired abnormality
in the CFTR.

The method of claim 1, wherein the subject is free from congenital or
genetic defect in the cellular mucociliary clearance apparatus and an
acguired abnormality in the celiular mucoctliary clesrance apparatus,

The method of claim 1, wherein the activator of the CFTR 13 a compound of

the formula;

N
TN e
o \\i—\\ N
. ?J
U
Q 3
i
Ry
wherein:

Ryis=0, OH or H; and
B, and Ri are each independently, H, OH or substituted or unsubstituted

C1-C7 alkyl

..

the formula
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The method of claim 1, wherein said treatment increases a paramefer of
airway epithelial cell function,
The method of claim &, wherein such parameter is depth of {ASL), depth of
periciliary Hquid (PCL), ciliary beat frequency (CBF), rate of mucociliary
trangsport (MCT) or any combination of the foregoing.
The method of claim 8, wherein such parameter is depth of ASL, rate of
MCT or a combination of the foregoing.
The method of claim 10, wherein the subject is free from congenital or

genetic defect in the CFTR

. The method of claim 10, wherein the subject is free an acquired abnormality

in the celiular mucociliary clearance apparatus,

. The method of claim 1, wherein said administering increases the activity of

the CFTR.

A method for treating suboptimal mucociliary clearance in a subject the
method comprising the step of administering to the subject an aclivator of
the cystic fibrosis transmembrane conductance regulator (CFTR), wherein
the subject is free from congenital or genetic defect in the cellular
mucociliary clearance apparatus .

The method of claim 14, wherein the subject is free from congenital or
genetic defect in the CFTR.

The method of claim 14, wherein the subject is free an acquired
abnormality in the cellular mucociliary clearance apparatus.

The method of claim 14, wherein the subject is free an acquired abnormality

in the CFTR.
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18.

9.
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21
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22,
23
20

The method of claim 14, wherein the subject is free from congenital or
genetic defect in the cellular mucociliary clearance apparatus and an
acgnired abnormality in the cellodar mucociliary clearance apparatus,

The method of claim 14, wherein the activator of the CFTR is a compound

of the formula:

H
TN N
i.v;/ o \g Rg
3 ﬁ
W - Pt T
\,":.’:J\\/ - Ay \\’1‘{ L ey \\\ﬂ‘,ﬁ"ﬂ) -\\Mi)’ e \\\ N
{:} O 1Q‘;‘3\:\ o -"‘i‘\,» ]
N =
N R@
E gl
Ry
wherein;

Ryis =0, OH or H; and
Ry and Rs are ecach independently, H, OH or substitited or unsubstituted

C1-C7 alkyl

. The method of claim 14, wherein the activator of the CFTR is a compound

of the formuia

e L N ~ H 3 *‘:- g J «G H'\),
s = \'\ﬁ\‘.«-’ 4 o ¥ S L
H 3 ﬁ
N L M w‘" ~ - § "‘.‘ﬁ‘l\—
\:\\Q\\ e \\\} e ~. .y e ‘\\[‘:ﬁ;« 4 \\\
o :F s tl %
O 3 \Q,\\‘\\ {“.a_v,a o p . ';,«Hg
l\\'\ o
{ T Ghy

OH  CHy

. The method of claim 14, wherein said treatment tncreases a parameter of

airway epithelial cell funciion.
The method of claim 21, wherein such parameter is depth of (ASL), depth
of periciliary Hguid (PCL), ciliary beat frequency {CBF), rate of mucociliary

transport (MCT) or any combination of the foregoing.

. The method of claim 21, wherein such parameter is depth of ASL, rate of

MCT or a combination of the foregoing.
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24. The method of claim 23, wherein the subject is free from congenital or
genetic defect in the CFTR

25, The method of claim 23, wherein the subject is free an acguired abnormality
in the cellular mucociliary clearance apparatus.

5 26. The method of claim 14, wherein said treatment increases the activity of the
CFTR.

27. A method for enhancing a parameter of airway epithelial cell function in a
subject the method comprising the step of administering to the subject an
activator of the cystic fibrosis transmembrane conductance regulator

10 (CFTR), wherein the subject is free from congenital or genetic defect in the
cellular mucociliary clearance apparatus .
28. The method of claim 27, wherein the subject is free from congenital or

genetic defect in the CFTR.

3
=

29, The method of claim 27, wherein the subject is free an acquired

(4

abnormality in the cellular mucociliary clearance apparatus.

30. The method of claim 27, wherein the subject is free an acquired abnormality
in the CFTR.

31, The method of claim 27, wherein the subject is free from congenital or
genetic defect in the cellular mucociliary clearance apparatus and an

20 acquired abnormality in the cellular mucociliary clearance apparatus.

32. The method of claim 27, wherein the activator of the CFTR is a compound

of the formula:

H
. ‘-‘-;f\\( R N -~
et N pe
7 B Ry
¥ |
N e P AN Ao
\e\\:"\\‘: o \\\,\N‘J«”‘ \\\ . rﬁe“" \\(\(\f-" ‘\\(\
7
O G ’Q}—;\h i
e )
"
Ry
wherein:
5 Ryis =0, OH or H; and
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i0

-
n

33,

35.

36,

38.

39

41.

42.

R; and R; are each independently, H, OH or substituted or unsubstiivied
C1-C7 alkyl,
The method of claim 27, wherein the activator of the CFTR is a compound

of the formula

. The method of claim 27, wherein such parameter is depth of alrway surface

liguid (ASL), depth of periciliary liguid (PCL}, ciliary beat frequency
(CBF) rate of mucociliary transport (MCT) or any combination of the
foregoing.

The method of claim 27, wherein such parameter i3 depth of ASL rate of
MOT or a combination of the foregoing.

The method of claim 27, wherein said administering increases the rate of

MCOT.

. The method of claim 27, wherein said administering increases the depth of

ASL.
The method of claim 27, wherein said administering increases the depth of

PCLL

. The method of claim 27, wherein said administering inereases CBE.

44.

The method of claim 35, wherein the subject is free from congential or
genetic defect in the CFTR

The method of claim 35, wherein the subject is free an acquired sbnormalily
in the cellular mucociliary clearance apparatus.

The method of claim 27, wherein said administering increases the activity of

the CFTR.
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