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Abstract

Rationale: An asthma-like airway phenotype has been described in
people with cystic fibrosis (CF). Whether these findings are directly
caused by loss of CF transmembrane conductance regulator (CFTR)
function or secondary to chronic airway infection and/or
inflammation has been difficult to determine.

Objectives: Airway contractility is primarily determined by airway
smooth muscle. We tested the hypothesis that CFTR is expressed in
airway smooth muscle and directly affects airway smooth muscle
contractility.

Methods: Newborn pigs, both wild type and with CF (before the
onset of airway infection and inflammation), were used in this study.
High-resolution immunofluorescence was used to identify the
subcellular localization of CFTR in airway smooth muscle. Airway
smooth muscle function was determined with tissue myography,
intracellular calcium measurements, and regulatory myosin light

chain phosphorylation status. Precision-cut lung slices were used to
investigate the therapeutic potential of CFTR modulation on airway
reactivity.

Measurements and Main Results: We found that CFTR localizes
to the sarcoplasmic reticulum compartment of airway smooth muscle
and regulates airway smooth muscle tone. Loss of CFTR function led
to delayed calcium reuptake following cholinergic stimulation and
increased myosin light chain phosphorylation. CFTR potentiation
with ivacaftor decreased airway reactivity in precision-cut lung slices
following cholinergic stimulation.

Conclusions: Loss of CFTR alters porcine airway smooth

muscle function and may contribute to the airflow obstruction
phenotype observed in human CF. Airway smooth muscle CFTR may
represent a therapeutic target in CF and other diseases of airway
narrowing.
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At a Glance Commentary

Scientific Knowledge on the
Subject: An asthma-like airway
phenotype has been described in
people with cystic fibrosis (CF), often
referred to as “CF asthma.” Whether
these findings are directly caused by
loss of CF transmembrane
conductance regulator (CFTR)
function or secondary to chronic
airway infection and/or inflammation
is unknown.

What This Study Adds to the
Field: This study highlights the direct
role of CFTR in airway smooth muscle
function and suggests that part of the
airflow limitation seen in individuals
with CF may be caused in part by
airway smooth muscle dysfunction.
Moreover, CFTR potentiation with
ivacaftor decreased airway reactivity
and may represent a therapeutic target
in individuals with CF and airway
narrowing diseases.

Cystic fibrosis (CF) is caused by loss of CF
transmembrane conductance regulator
(CFTR) function. CF pulmonary disease
manifestations include bacterial infection,
airway inflammation, mucus accumulation,
and airflow obstruction. Although the causes
of airflow obstruction are multifactorial,
alterations in airway smooth muscle (ASM)
physiology may contribute. Whether these
changes reflect indirect effects of CF airway
disease on ASM or direct/intrinsic defects in
CF ASM is largely unknown.

Three lines of evidence support the
hypothesis that CFTR plays a role in ASM
function. First, people with CF commonly
have symptoms typical of asthma and
bronchial hyperresponsiveness, a condition
sometimes referred to as “CF asthma”
(1-4). More than 50% of people
with CF show evidence of airway
hyperresponsiveness and/or
bronchodilator-induced reversible airway
obstruction, a phenomena commonly
seen in people with asthma (1, 5-7).
Interestingly, one study found that people
with asthma had a higher than expected
carrier frequency of CFTR mutations,
suggesting a potential role for CFIR in the
asthma phenotype (8). Moreover, airway
remodeling is present in both CF and
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asthma (9). Although host inflammation
likely contributes to the altered ASM
phenotype in the later stages of CF, the role
of CFTR in ASM function in earlier stages
of CF is not known.

Second, prior studies have
demonstrated a potential role for CFTR in
smooth muscle function (10-17). For
example, CFTR activators cause vascular
and ASM relaxation in mouse, rat, and
human cells (10, 13, 14). However, CFTR ™/~
mice do not develop lung disease typical
of human CF and human CF studies
generally use tissues from individuals with
long-standing airway infection and
inflammation, thereby limiting conclusions
for a direct role of CFTR in ASM function.
Evidence from CFTR™’~ pigs, which
develop airway disease typical of human CF
(18, 19), suggests that CFTR may be
important for ASM function. On the day
that CFTR™’™ pigs are born, they have no
airway inflammation or infection, yet
newborn CFTR ™'~ pigs have abnormal-
appearing trachealis smooth muscle and
airflow obstruction (20, 21). These
observations in the absence of airway
inflammation suggest that CF ASM may
have an intrinsic defect and that CFTR in
ASM may play a role in underlying
pathophysiology.

Finally, ivacaftor, a CFTR potentiator
that increases the open probability of CFTR
(22, 23), has been shown to improve
pulmonary function demonstrated by
increased FEV in people with CF by nearly
200 ml after only 3 days of treatment (24).
Of note, ivacaftor blood levels reach steady
state in 3-5 days. Given the rapid
improvement in airflow obstruction, these
effects might be mediated, in part, by
improvements in ASM function.

In this study, we tested the hypothesis
that CFTR is present in ASM and that loss of
CFTR directly affects ASM function. By
investigating ASM from newborn wild-type
(WT; CFTR™" and CFTR"'") and
CFTR ™/~ pigs, we found that CFTR is
intracellularly expressed in ASM and is
relevant for ASM physiology. Data from
CFTR ™/~ pigs suggest that impaired
smooth muscle activity seen in CF ASM can
occur before and independently of airway
inflammation. Thus, CFTR could play an
important role in regulating airway tone
and may represent a potential therapeutic
target for ASM dysfunction not only in the
context of CF but also in other diseases,
such as asthma. Some of the results of these

studies have been previously reported in the
form of abstracts (25, 26).

Methods

For additional information, see the
METHODs section in the online supplement.

Animals

We previously reported production of
CFTR"’™ and CFTR™/" pigs (27). Animal
studies were reviewed and approved by the
University of Iowa Animal Care and Use
Committee.

ASM Tissue and Cells

Cells and tissues were isolated from
newborn WT (CFTR™" and CFTR*'")
and CFTR™’™ pigs using previously
described protocols (28, 29).

Immunoblotting

For CFTR immunoblotting, cultured ASM
cells or Calu-3 cells were lysed and
supernatant was collected. CFTR was
immunoprecipitated from the supernatant
(1 mg for Calu-3 cells or 16 mg for ASM
cells) using the CFTR antibodies, MM13-4
and M3A7 (Abcam, Cambridge, MA).
The immunoprecipitant was run on a
polyacrylamide gel, transferred to a
polyvinylidene difluoride membrane, and
immunoblotted using anti-CFTR mouse
monoclonal primary antibody (1:100, clone
596, recognizes the NBD2 domain [aa
1204-1211]; University of North Carolina,
Chapel Hill, NC) and with subsequent
secondary antibody. Myosin light chain
(MLC) blotting was performed as
previously described (29) using trachealis
muscle and cultured ASM cells from
CFTR™'* and CFTR™'™ pigs.

Immunofluorescence

Cultured ASM cells were fixed and
immunostained based on previously
described methods (27, 30). Tyramide
signal amplification kit #2 (Life
Technologies, Foster City, CA) was used to
label endogenous CFTR. Paired images
were immunostained, visualized, and
normalized to CFTR™~ controls.

Measurement of ASM Force
Generation

Tracheal rings or trachealis smooth muscle
strips were mounted in individual muscle
baths (Radnoti Glass, Monrovia, CA). The
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smooth muscle force was determined by
obtaining concentration-response curves to
acetylcholine (10™° to 10~> M) in the
muscle bath. For GlyH-101 (CFTR
inhibitor) studies, the muscle strips were
hung in the muscle bath under 0.5 g tension
and baseline force was measured before and
after treating with GlyH-101 (100 pM).

Precision-Cut Lung Slice Preparation
Previously described techniques for
precision-cut lung slices preparation were
used (31). Lung tissue blocks were
isolated from the caudal region of the
porcine tracheal lobe or WT mice. For
bronchodilator response measurements,
lung slices were perfused with
isoproterenol (10 mM). For CFTR
potentiation studies, lung slices were
pretreated with ivacaftor (10 wM; Selleck
Chemical, Houston, TX) or dimethyl
sulfoxide (0.1% final concentration) for
30 minutes and subsequently perfused
with increasing concentrations of
methacholine (10~7 to 10™* M; Sigma-
Aldrich, St. Louis, MO).

Calcium Measurements

To measure intracellular Ca** levels, freshly
isolated ASM cells were loaded with Fura-2-
AM (5 pM; Molecular Probes; Life
Technologies) based on previously described
protocols (28). Baseline fluorescence ratios
(340/380) were measured before adding
acetylcholine (1 wM). For analysis, the 340/380
response to acetylcholine was normalized to
the baseline fluorescence ratio for an individual
cell. A minimum of 15 cells per animal were
analyzed.

Statistical Analysis

Data are expressed as mean * SD or mean
alone. For analyses that compared two
groups, we used a paired or unpaired
Student’s ¢ test. For time course and drug
dose response studies, the analysis used
either a one-phase decay or a four-
parameter logistic regression algorithm
(sigmoidal curve fit), respectively, to fit
and plotted the mean data values and the
95% confidence interval as a band.
Datasets not significantly different from
each other are plotted as a single curve fit,
whereas datasets that are significantly
different are plotted as two separate
curves (GraphPad PRISM v6.0b;
GraphPad Software, La Jolla, CA). P less
than 0.05 was considered statistically
significant.

Results

CFTR Is Present in Porcine ASM

To investigate whether newborn porcine
ASM expresses CFTR, we isolated RNA
and performed reverse transcriptase
polymerase chain reaction. CFTR mRNA
was present in CFTR*’* ASM cells, but
absent in CFTR™/~ ASM cells

(Figure 1A). Consistent with these
findings, we detected CFTR protein in
ASM cells from CFTR*'* pigs

(Figure 1B). Similar to Calu-3 cells, an
epithelial cell line that expresses high
levels of CFTR (32), most CFTR protein
in ASM cells was in the band C or the
mature, glycosylated form (Figure 1B).
We also tested for CFTR protein with
immunocytochemistry using a tyramide
signal amplification system (30).
Immunostaining showed that CFTR
primarily localized to an intracellular
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compartment in CFTR™* ASM. CFTR was
not detected in ASM cells from CFTR™/~
pigs (Figure 1C). Because CFTR typically
localizes to the plasma membrane in
epithelial cells (27, 33, 34), we were
surprised to find the intracellular CFTR
staining pattern in ASM cells. To confirm
these findings, we expressed a functional
CFTR, tagged at the N-terminal end with
green fluorescent protein (GFP) (CFTR-
GFP), in ASM cells (35). Similar to
endogenous CFTR immunostaining, we
found that recombinant CFTR was
primarily localized intracellularly and
expressed as band C (Figures 1D and 1E).
In contrast, using the same CFTR-GFP
construct, CFTR almost exclusively
localized to the apical membrane of primary
airway epithelial cells (Figure 1F). These
findings demonstrate that CFTR is present
in porcine ASM cells where it primarily
localizes to an intracellular compartment.

Calu-3 ASM

/=

+/+

F  Ad-CFTR-GFP
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Figure 1. Cystic fibrosis transmembrane conductance regulator (CFTR) is present in porcine airway
smooth muscle (ASM). (A) Reverse transcriptase polymerase chain reaction for CFTR mRNA
(predicted size of 155 bp; arrow) in CFTR™* and CFTR ™~ porcine ASM. Lane 1 is a 100-bp ladder.
(B) CFTR protein in porcine ASM (CFTR*'* and CFTR ™) compared with Calu-3 epithelial cell
control. For the immunoprecipitation step, differing amounts of total cell lysate were used (1 mg for
Calu-3 and 16 mg for ASM cells). (C) Immunostaining of CFTR (yellow-green), a-smooth muscle actin
(red)), and nuclei (blue) in porcine ASM cells (CFTR™* and CFTR™™). Scale bar =40 pm. (D and F)
CFTR localization (green) with WGA (red, membrane lectins) following Ad-CFTR-GFP transduction of
ASM cells and associated CFTR immunoblot. (F) CFTR localization (green) and a-acetylated tubulin
(red, apical membrane) following Ad-CFTR-GFP transduction of porcine airway epithelial cells. AP and
BL = apical and basolateral membranes, respectively; GFP = green fluorescent protein. For D and F,

scale bar =20 pm.
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CFTR Localizes to the Sarcoplasmic
Reticulum in ASM

Given our finding of intracellular CFTR
immunostaining pattern and the well-defined
role of the sarcoplasmic reticulum (SR) in
ASM contraction, we hypothesized that
mature, glycosylated CFTR was localizing to
the ASM SR compartment. Although
stimulated emission depletion microscopy
showed low levels of plasma membrane-
associated CFTR-GFP, most CFTR-GFP had a
high degree of colocalization with ER-Tracker
(Invitrogen, Carlsbad, CA), which has
previously been used to label the SR
compartment (Figures 2A and 2B) (36, 37).
As a control, we overexpressed the
coxsackievirus and adenovirus receptor

A

(9}

(GFP-labeled) (38). In ASM cells,
coxsackievirus and adenovirus receptor-GFP
predominantly localized to the plasma
membrane and we found minimal
colocalization with ER-Tracker dye (Figures
2C and 2D). These data suggest that CFTR
predominately resides within the SR of ASM.

CFTR Regulates ASM Basal Tone

We previously reported that CFTR™/~ pigs
have narrowed airways and increased
baseline airway resistance (20, 21), possibly
suggesting increased ASM basal tone. To
determine if CFTR regulates ASM
contraction, we performed three
experiments. First, we predicted that if
CFTR™’™ airways have increased basal tone
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then they would show greater dilation
following bronchodilator treatment. We
prepared precision-cut lung slices from
newborn WT and CFTR™’~ pig lungs and
measured airway dilation following
isoproterenol treatment. WT airways had
minimal change in lumen area following
isoproterenol treatment, but CFTR ™/~
airways increased their lumen area by nearly
10% under resting conditions (Figure 3A).
Second, we hypothesized that
CFTR inhibition would increase resting
or basal tone in WT muscle. WT ASM tissue
strips were calibrated to a resting tension of
0.5 g and GlyH-101 (a CFTR inhibitor)
was added to the bath solution. Following
GlyH-101 exposure, basal tone increased in
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Figure 2. Cystic fibrosis transmembrane conductance regulator (CFTR) localizes to the sarcoplasmic reticulum (SR) in airway smooth muscle (ASM) cells.
(A) ER-Tracker (blue) and CFTR-GFP (green) staining in live porcine ASM cells. (B) Colocalization of CFTR-GFP to ER-Tracker as quantified by using
JACOP (58, 59). Significant colocalizations were observed for CFTR-GFP and ER-Tracker with an average Pearson colocalization coefficient of 0.743. (C)
ER-Tracker (blue) and coxsackievirus and adenovirus receptor (CAR)-GFP (green) staining in live ASM cells. (D) Localization of CAR-GFP and ER-Tracker
as quantified by using JACoP. Localization plot for CAR-GFP and ER-Tracker showed a weak association with an average Pearson colocalization
coefficient of 0.296. In B and D, horizontal and vertical lines indicate automated thresholding. Scale bar =20 pm. ER =endoplasmic reticulum; GFP =

green fluorescent protein.
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Figure 3. Cystic fibrosis transmembrane conductance regulator (CFTR) regulates normal airway
smooth muscle (ASM) force generation. (A) Percent change in airway lumen area of precision-cut lung
slices in response to isoproterenol (wild type [WT], n=34 slices from 11 animals; CFTR ™", n=238
slices from 15 animals were studied). (B) Basal isometric force measurements before and after GlyH-
101 treatment in WT ASM strips (n =5 animals). (C) WT (n =9 animals) and CFTR™~ (n =10 animals)
tracheal ring isometric force generation following acetylcholine (ACh) treatment. (D) WT (n =5 animals)
and CFTR™~ (n=5 animals) ASM trachealis muscle strip isometric force generation following ACh
treatment. Solid circles denote WT and open circles denote CFTR ™. In A, data are mean = SD.
*P < 0.05. In C and D, data are shown as mean values with the accompanying curve fit (solid line) and
the 95% confidence interval displayed as a band (dashed lines).

trachealis muscle, further activation of the
muscle will result in production of less
force (above the basal tone) because some
of the myosin-actin cross-bridges will have
already been recruited in tone generation.
We measured isometric force development

the WT muscle strips (Figure 3B).

These findings suggest that CFTR

controlsvcontraction in ASM and loss of

CFTR increases basal tone in CF airways.
Third, we hypothesized that if there

is an increase in basal tone in CFTR ™/~

A ASM cells B C
WT CFTR™- %0 . 10 T
MLC- - 40 - —I_ 8 _ T
MLC..-
P & 30 S 6-
i = =
ASM tissues < 20 < 4-
WT CFTR- ° °
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MLC.- 0 0
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Figure 4. Cystic fibrosis transmembrane conductance regulator (CFTR) activity decreases regulatory
myosin light chain (MLC) phosphorylation. (A) Immunoblot for total MLC and phosphorylated
regulatory MLC (MLC,) in wild-type (WT) and CFTR™~ airway smooth muscle (ASM) cells and
tissues. (B) Quantification of percent MLC phosphorylation in ASM cells from WT (n = 3) and CFTR™/~
(n=4) pigs. (C) Quantification of percent MLC phosphorylation in ASM tissue from WT (n=7) and
CFTR™~ (n=5) pigs. Data are mean = SD. *P < 0.05, *P < 0.01.
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by tracheal rings from newborn WT and
CFTR™'™ pigs. Acetylcholine-induced force
generation was decreased in CFTR /™~
compared with WT tracheal rings

(Figure 3C) (P < 0.0001 WT vs. CFTR™'~
curves). To limit the effect of ring strain
and cartilage and epithelial contributions to
force production, and to further investigate
for a smooth muscle-specific effect, we
isolated and studied tracheal ASM tissue
strips. Similar to the tracheal rings, the
contractile response to acetylcholine was
significantly reduced in CFTR™’~ muscle
strips, and the ECs, was similar between
groups (Figure 3D) (P < 0.0001 WT vs.
CFTR™’~ curves). These data suggest that
CFTR™'~ ASM has an increased contractile
tone before measurements and is thus
nearer its maximal force response before
cholinergic stimulation.

CFTR Regulates MLC

Phosphorylation

To investigate if CFTR activity is associated
with molecular changes in the contractile
machinery of ASM cells, we assayed
regulatory MLC phosphorylation. Increased
MLC phosphorylation is necessary for
actin-myosin interactions, leading to
contraction. Baseline MLC phosphorylation
levels were increased in CFTR™/~ trachealis
muscle and in cultured CFTR™'~ ASM
cells, compared with WT samples (Figures
4A-4C). These results suggest that CFTR
regulates MLC phosphorylation and loss of
CFTR increases MLC phosphorylation,
further supporting the conclusion that
CFTR regulates ASM contractile tone.

CFTR Regulates Ca?* Reuptake in
ASM

Identification of CFTR in the SR and
alterations in MLC phosphorylation
suggested that ASM Ca®" handling might
be regulated, in part, by CFTR. We
measured Fura-2 fluorescence to quantify
intracellular Ca® levels in freshly
dissociated WT and CFTR™’~ ASM cells
(Figure 5A). Under basal conditions and
following acute cholinergic treatment,
intracellular Ca®" levels were similar
between WT and CFTR™/~ ASM cells
(Figures 5A-5C). However, after
cholinergic stimulation, Ca** reuptake was
delayed in CFTR™/~ ASM cells (Figures 5A
and 5D, P < 0.0001 WT vs. CFTR '~
curves; and Figure 5E). These data suggest
that CFTR regulates proper ASM cell Ca**
handling and that an SR-mediated
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Figure 5. Cystic fibrosis transmembrane conductance regulator (CFTR) regulates airway smooth muscle (ASM) cell Ca®* handling. (4) The ratiometric
indicator Fura-2 was used to quantify intracellular Ca2* levels in freshly isolated ASM cells. A tracing from wild-type (WT) (black line) and CFTR ™~
(gray line) cells after acetylcholine stimulation (arrow) is shown. (B) Baseline Fura-2 fluorescence values in CFTR™~ and WT ASM cells (n=6 animals
per genotype). (C) Maximal Fura-2 fluorescence normalized to baseline fluorescence in WT and CFTR ™~ ASM cells (n =6 animals per genotype).

(D) Time course of Fura-2 fluorescence (normalized to baseline values) in WT (solid circles) and CFTR™~ (open circles) ASM cells in response to acetylcholine
(arrow) (n =6 animals per genotype). (E) Percent peak recovery of [Ca®*]; to baseline following cholinergic stimulation in WT and CFTR™~ ASM cells. Values
at 15, 45, 75, and 105 seconds are shown. In B, C, and E, data are mean = SD. *P < 0.05. NS=P > 0.05. In D, data are shown as mean values
with the accompanying curve fit (solid line) and the 95% confidence interval displayed as a band (dashed lines).

mechanism may underlie the increased
contractile tone observed in CFTR™/~
ASM.

CFTR Potentiation Inhibits
Cholinergic-induced Airway

Narrowing

In contrast to the studies described
previously in which we eliminated or
inhibited CFTR, we predicted that
increasing CFTR activity would have the
opposite effect, attenuating contraction.
To test this, we used the CFTR potentiator
ivacaftor, which increases the open-state
probability of human WT CFTR and some
mutant CFTR channels (22, 24, 39, 40).
We first confirmed that ivacaftor
potentiates porcine CFTR by studying
airway epithelial cell cultures from WT
pigs and comparing the response to
human and murine airway epithelial cell
cultures. After forskolin and IBMX
treatment, airway epithelial cell cultures
were treated with ivacaftor and CFTR-
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mediated transport was determined
(Figure 6A). Ivacaftor increased the
transepithelial current in both porcine and
human airway epithelial cells, but not
murine (Figure 6B). These data show that
ivacaftor potentiates porcine CFTR to
levels observed in human airway epithelial
cell cultures.

Adding methacholine to WT porcine
lung slices quickly reduced airway lumen
area. Pretreating lung slices with ivacaftor
attenuated airway narrowing by nearly 50%
(Figures 6C and 6D; see Movies E1 and
E2 in the online supplement) (P < 0.0001
dimethyl sulfoxide control vs. ivacaftor
curves in WT pig). To test if the effect of
ivacaftor was CFTR-dependent, we
repeated the studies on CFTR™’~ porcine
lung slices. As an additional control, we
performed the studies on WT murine
lung slices because ivacaftor does not
affect murine CFTR (Figure 6B) (22).
Methacholine caused a similar degree of
airway narrowing in the CFTR ™/~ pig

and WT mouse tissues, but ivacaftor

did not inhibit the response (Figure 6D).
These data indicate that CFTR potentiation
attenuated cholinergic-induced airway
narrowing, and the effect was CFTR-
dependent.

Discussion

Prior studies have shown that more than
50% of people with CF have some form of
airway hyperresponsiveness (5, 6). Despite
ASM being the primary cell type
contributing to airway narrowing, the
asthmatic-like abnormalities in ASM of
people with CF are not well characterized.
The largest confounding factor in assessing
the role of CFTR in human CF ASM is the
presence of chronic airway inflammation
and infection. Here, newborn CFTR ™/~
pigs, which lack airway inflammation and
infection at birth, provide a unique
opportunity to study the intrinsic role of
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Figure 6. Cystic fibrosis transmembrane conductance regulator (CFTR) potentiation decreases
airway contraction in porcine precision-cut lung slices. (A) Current trace in response to indicated
agents in porcine wild-type (WT) airway epithelial cell cultures. F&I =forskolin and IBMX. Akt yacaftor
represents the change in current following ivacaftor treatment. Studies were performed in the
presence of a Cl™ gradient and following basalolateral nystatin permeabilization. (B) Data show
change in current in response to ivacaftor in primary porcine (left), human (middle), and murine (right)
differentiated airway epithelial cell cultures. Epithelia were pretreated with amiloride and DIDS. Cells
were treated with forskolin/IBMX followed by ivacaftor. *P < 0.05 for dimethyl sulfoxide (DMSO) (—)
versus ivacaftor (+). (C and D) Precision-cut lung slices were prepared from porcine (WT and CFTR ™)
and murine (WT) lungs. (C) Representative images of porcine WT precision-cut lung slices with control
DMSO or ivacaftor pretreatment before and after methacholine (MCh) treatment. Scale bar = 300 pm.
(D) Percent airway lumen area contraction in response to MCh in precision-cut lung slices pretreated
with control vehicle (DMSQO, solid circles) or ivacaftor (open circles) in WT (left; n=6-8 animals per
group) and CFTR™~ (middlle; n = 4 animals per group) porcine and WT murine (right; n = 4 animals per
group) normalized to maximal untreated contractile response. In B, data are mean = SD. *P < 0.0001.
In D, data are shown as mean values with the accompanying curve fit (solid line) and the 95%
confidence interval displayed as a band (dashed lines). NS =P > 0.05.

CFTR in ASM function in the absence
of those secondary manifestations.
Accordingly, our findings support a
primary role for CFTR in ASM function.

compartment in ASM, likely the SR.
Consistently, Ca®" handling defects were
also found in CFTR™’~ ASM cells,
highlighting an underlying mechanism for

We demonstrated that CFTR regulates
ASM Ca" reuptake and loss of CFTR
caused changes in basal tone and
contractility. In this regard, unlike epithelial
cells where CFTR is normally expressed in
the apical membrane, immunostaining
studies surprisingly showed that CFTR is
predominately localized to an intracellular

CF-associated ASM dysfunction and a
possible role for CFTR potentiation in
modulating airway narrowing.

We were initially surprised to find that
in ASM cells both endogenous and
recombinant CFTR were fully glycosylated,
but predominately localized to an
intracellular compartment. Precise CFTR
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localization within smooth muscle has been
difficult because of the low levels of
endogenous protein and lack of gene
inactivated controls needed to confirm
specificity of CFTR antibody binding.
Immunostaining for CFTR in rat tracheal
smooth muscle cells and human bronchial
ASM cells showed a diffuse cytoplasmic
distribution of CFTR, with high perinuclear
staining (12, 13). These findings and our
current data contrast with the typical
localization of CFTR to the plasma
membrane of polarized epithelial and
serous cells (27, 33, 34). We further
localized CFTR to the SR in ASM cells, a
finding consistent with earlier reports of
CFTR localization to the SR in skeletal
muscle cells (41, 42). CF disease
manifestations are typically related to loss
of CFTR function at the plasma membrane
in epithelial cells. However, differing
mechanisms of CFTR function in
nonepithelial cells have been proposed,
including intracellular vesicle acidification
and SR calcium homeostasis in skeletal
muscle (41-44). The lack of localized
plasma membrane CFTR staining in ASM
is similar to that in other nonepithelial cells
and suggests an intracellular function of
CFTR in ASM. Moreover, CFTR may be
similar to other CI™ channels, such as
Bestrophins, CLCs, and TMEM16a, which
have been reported to have dual plasma
membrane and intracellular functions
(45-47).

How might CFTR regulate ASM
contractile tone? It has been proposed that
Cl™ is the principal anion that contributes
to charge neutralization during Ca**
reuptake in smooth muscle SR (48, 49).
Hirota and colleagues (50) have shown that
contractile agonists are able to contribute to

a’" flux via Cl~ channels in the smooth
muscle SR, indicating a potential function
for CI~ channels, such as CFTR in SR Ca**
handling. We found that newborn
CFTR™~ porcine ASM cells had delayed
restoration of intracellular Ca®" levels
following cholinergic stimulation. This
finding could be consistent with decreased
CFTR-mediated Cl~ transport from the
cytoplasmic space to the SR leading to a
positive charge accumulation on the inner
SR membrane (from Ca®>" movement into
the SR) thereby impairing or delaying Ca**
reuptake. Although we found that the peak
Ca”" response following cholinergic
stimulation was similar between WT and
CFTR ™'~ porcine ASM cells, others have
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found that the Ca*" response to histamine
and IL-8 was reduced in human CF ASM
cells (51). Potential factors that might
account for the divergent Ca>* responses
could include the presence of long-standing
disease and/or remodeling in the human
CF tissues, the choice of contractile
agonists, or species-dependent differences.

Earlier studies in people with CF have
found variable bronchodilator and
methacholine responses (1, 5-7). This
incomplete penetrance could reflect the
varying severity and class of CFTR
mutations on smooth muscle function. For
example, CFTR mutations, such as AF508,
which lead to aberrant trafficking still retain
some function in the endoplasmic
reticulum of epithelia (52) and might be
functionally active in the SR of ASM. In
contrast, other CFTR mutations that lead to
a nonfunctional protein may more closely
resemble the ASM alterations observed in
the CFTR™'~ pig. Additional studies
investigating the effects of different CFTR
mutations on smooth muscle function will
likely be very informative.

Our studies have both advantages and
limitations. Advantages include (1) the
CFTR™'™ pig recapitulates many of the
disease phenotypes seen in human CF (18,
19); (2) the newborn porcine airway more
closely resembles human airways than
other species (53); (3) by using newborn
CFTR™’" pigs, we were able to limit
confounding factors, such as airway
infection and inflammation, thereby
studying the primary effects of CFTR; and
(4) we used multiple approaches and
length-scales to determine the importance
of CFTR on ASM contraction. Limitations
include first that we cannot exclude the
possibility that developmental changes
might also contribute to the ASM defects in
CF pigs. However, data from acute CFTR

inhibition experiments, CFTR ™/~ pigs,
and ivacaftor studies indicate that the
phenotype is, in part, an intrinsic defect due
to loss of CFTR. For example, we found
increased MLC phosphorylation in both
freshly isolated trachealis muscle samples
and cultured ASM cells, suggesting a
primary defect. Second, although we
observed a cell-specific effect of CFTR
activity in ASM function, we cannot rule
out contributing effects of CFTR in other
cell types, such as epithelia or neurons.
Finally, although the CFTR potentiator
used promotes airway relaxation
presumably through CFTR’s ion channel
activity, we cannot exclude other effects by
CFTR, such as its role as a scaffold protein
for other protein-binding partners (43).
What are the implications of our
findings? In total, our data suggest that
CFTR regulates ASM function, whereas loss
of CFTR in ASM leads to an altered
contractile phenotype represented by
increased basal tone. Moreover, these
alterations are likely caused in part by a role
for CFTR in SR Ca>" handling. These
findings could have important implications
for both CF and non-CF diseases involving
excessive airway narrowing. Although some
of the “asthma-like” symptoms in CF are
probably secondary to chronic airway
infection and inflammation, our data
provide further support for a direct role of
CFTR in ASM and that loss of CFTR causes
a primary defect in CF ASM cells. Whether
similar smooth muscle defects are present
in other organs of the porcine CFTR™/~
model is unknown, but intestinal
dysmotility has been linked to CF intestinal
disease, consistent with a role for CFTR in
intestinal smooth muscle function (54-57).
These data also have important
implications for treating both CF and non-
CF airway diseases. Ivacaftor is a CFTR

potentiator for both WT and G551D-CFTR.
Ivacaftor improves FEV, in people with
CF and the G551D-CFTR mutation by
nearly 200 ml after only 3 days of treatment
(24), suggesting that improvements in
airflow obstruction could be, in part,
mediated by relaxation of ASM. We found
that ivacaftor inhibited cholinergic-induced
airway narrowing in WT porcine lung
slices, but had no effect in murine WT or
porcine CFTR™/™ tissues, demonstrating a
CFTR-dependent effect. These findings
suggest that CFTR potentiators may lessen
airway narrowing in individuals with select
CFTR mutations for which ivacaftor is
effective. Moreover, CFTR modulation in
ASM might represent a novel therapeutic
target for those individuals with asthma or
COPD refractory to conventional
treatment, such as in the case of
tachyphylaxis or select B-adrenergic
polymorphisms.

In summary, using a CFTR knockout
porcine model, absent the chronic airway
infection and inflammation characteristic of
CF, we found CFTR plays a primary role in
ASM function. The contribution of ASM
dysfunction to the pathogenesis of CF
airway disease remains to be determined,
but could play an important role. CFTR
might represent a novel target in airway-
narrowing diseases associated with
abnormal smooth muscle function.
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