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Abstract

Cystic fibrosis (CF) is a lethal genetic disease characterized by
progressive lung damage and airway obstruction. The majority
of patients demonstrate airway hyperresponsiveness (AHR), which
is associated with more rapid lung function decline. Recent
studies in the neonatal CF pig demonstrated airway smooth muscle
(ASM) dysfunction. These findings, combined with observed CF
transmembrane conductance regulator (CFTR) expression in ASM,
suggest that a fundamental defect in ASM function contributes to lung
function decline in CF. One established driver of AHR and ASM
dysfunction is transforming growth factor (TGF) b1, a genetic
modifier of CF lung disease. Prior studies demonstrated that TGFb
exposure in CF mice drives features of CF lung disease, including
goblet cell hyperplasia and abnormal lung mechanics. CF mice
displayed aberrant responses to pulmonary TGFb, with elevated PI3K
signaling and greater increases in lung resistance compared with
controls. Here, we show that TGFb drives abnormalities in CF ASM
structure and function through PI3K signaling that is enhanced in
CFTR-deficient lungs. CF and non-CF mice were exposed
intratracheally to an adenoviral vector containing the TGFb1 cDNA,
empty vector, or PBS only. We assessed methacholine-induced AHR,
bronchodilator response, and ASM area in control and CF mice.

Notably, CF mice demonstrated enhanced AHR and bronchodilator
response with greater ASM area increases compared with non-CF
mice. Furthermore, therapeutic inhibition of PI3K signaling mitigated
the TGFb-induced AHR and goblet cell hyperplasia in CF mice.
These results highlight a latent AHR phenotype in CFTR deficiency
that is enhanced through TGFb-induced PI3K signaling.
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Clinical Relevance

Airway hyperresponsiveness (AHR) is found in the majority of
people with cystic fibrosis (CF) and is associated with worse
outcomes, but there is little understanding of the mechanism
driving this abnormality. This study demonstrates that
transforming growth factor b, a well-known modulator of
CF disease, causes AHR in a mouse model of CF. This may
allow for development of therapeutics targeting AHR and
improved symptom management and lung function for
people with CF.

Cystic fibrosis (CF) is a lethal genetic
disorder characterized by progressive
lung damage secondary to altered ion
transport, mucus obstruction, infection,

and inflammation (1). In addition to
defects typically associated with epithelial
CF transmembrane conductance
regulator (CFTR) dysfunction, evidence

is building regarding a fundamental
defect in airway smooth muscle (ASM)
structure and function in CF. Airway
hyperresponsiveness (AHR) is found in
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over half of patients with CF and is
associated with more rapid pulmonary
function decline (2). Children with CF have
increased ASM quantified on
endobronchial biopsies (3). Although
increased ASM burden and AHR are also
found in individuals with asthma, the
diagnosis of asthma in a given patient with
CF is difficult, and the best therapies to
address AHR in CF are unclear (4).
Bronchospasm related to AHR may also
lead to intolerance of efficacious CF
therapies, such as hypertonic saline and
lumacaftor/ivacaftor (5, 6).

For years, it has remained unclear if the
alterations in ASM found in CF are primary
defects or secondary to the cumulative impact
of recurrent pulmonary inflammation and
infection. However, recent studies in the CF pig
have identified abnormalities in ASM tone and
contractility before the onset of
inflammation/infection (7, 8). Cook and
colleagues (7) reported in 2016 that
uninflamed, uninfected newborn CF pigs have
increased baseline smooth muscle
tone, increased airflow obstruction, and
delayed reuptake of calcium in the ASM
sarcoplasmic reticulum (SR) after cholinergic
stimulation. CFTR was identified in the SR of
wild-type pigs, leading the authors to
hypothesize that the loss of CFTR-dependent
chloride transport in the SR delays calcium
reuptake due to disturbed electrochemical
gradients within the myocytes. Further
analysis of the transcriptome of isolated CF
pig ASM identified abnormal increases in
mitogen-activated protein kinase (MAPK) and
PI3K signaling that were associated with
CFTR deficiency (8).

Taken together, these findings in
patients with CF and animal models
implicate alterations in ASM function as a
clinically relevant source of variability in the
CF lung phenotype. CF lung disease severity
cannot be predicted simply by CFTR
genotype; over 50% of this variability is
attributable to non-CFTR genetic influences
(9). These observations have led to a search
for genetic modifiers of CF lung disease,
identifying transforming growth factor
(TGF) b1 as a potent disease modifier in
genome-wide association studies (10, 11).
TGFb is a cytokine that drives diverse and
context-dependent cellular activities in the
lung, including remodeling, inflammation,
and fibrosis; it has been proposed as a
master regulator of lung health and
disease (12). Higher-producing TGFb
polymorphisms (at the 2509 promoter

region and in codon 10) predispose patients
with CF to more severe lung disease, and
higher levels of TGFb1 in the BAL fluid
(BALF) are linked to worse outcomes (10,
13, 14). Downstream of TGFb, two general
cellular pathways are activated: canonical
Smad signaling pathways and noncanonical
pathways, including the MAPK and PI3K
signaling cascades. These pathways have
been implicated in driving CF-relevant lung
pathology, including goblet cell hyperplasia,
pulmonary fibrosis, aberrant inflammation,
and CFTR downregulation (12, 15).

Despite these findings, we lack a clear
mechanistic understanding of how TGFb
modifies CF lung disease (16). One possible
mechanism is direct downregulation of
CFTR in CF-affected epithelia. Several
groups have demonstrated that exposure to
TGFb downregulates expression and
function of CFTR in airway epithelial cells
(15, 17, 18). The relevance of this is unclear
however, as CFTR function is already very
low/absent in patients with CF at baseline
(before CFTR modulation). TGFb also
reverses F508 del CFTR rescue with the
CFTR corrector VX-809 (15). In addition to
these direct effects on CFTR, another
potential mechanism through which TGFb
may impact CF lung disease is through
exacerbation of ASM abnormalities.

We hypothesized that chronic, low-level
TGFb exposure would drive increased AHR
and altered ASM function in CF. Traditional
transgenic mouse models of TGFb
overexpression do not accurately replicate
what happens in the lungs of patients with CF,
where TGFb exposure is low and protracted.
Conditional overexpression in the airway
epithelium of adult mice causes a devastating,
obliterative lung disease characterized by
overwhelming fibrosis (19). To achieve
physiologically relevant pulmonary TGFb1
exposure in mice, we use a nonreplicating
adenoviral vector carrying a constitutively
active TGFb1 transgene, adenoviral (Ad)-
TGFb (20). We have previously published
a study of pulmonary Ad-TGFb exposure
in CF and non-CF mice, focusing on the
effects on pulmonary remodeling and
function (21). CF mice exposed to Ad-TGFb
display more pronounced increases in PI3K
signaling and worse lung mechanics
abnormalities compared with Ad-TGFb–
exposed non-CF mice (21). This novel model
therefore allowed us to investigate the impact
of isolated exposure to physiologic levels of
TGFb in the CF lung in vivo. Our results
elucidate fundamental abnormalities in CF

pulmonary responses, including altered ASM
structure and function, triggered by TGFb
exposure. Some of the results of these studies
have been previously reported in the form of
an abstract (22).

Methods

Institutional Approval
This study was approved by the Institutional
Animal Care and Use Committee at Cincinnati
Children’s Hospital Research Foundation.

Adenoviral Vector
Ad-TGFb is a previously described,
nonreplicating adenoviral vector containing
a TGFb1 transgene (20). Empty vector
(Ad-dl70-3) was used to control for vector
effects (23). At our dose of 53 107 plaque-
forming unit (pfu), Empty vector does not
produce appreciable lung pathology and Ad-
TGFb produces a nonfibrotic lung disease at
Day 7 (20, 21).

Mouse Studies
F508 del CFTR homozygous C57BL/6J mice
with gut correction (CFTRtm1kth, “CFmice”)
were obtained from Case Western Reserve
University (24). Heterozygous littermates
(“non-CF mice”) were controls. Adult male
and female mice were anesthetized with
ketamine-xylazine and intratracheally
administered Ad-TGFb (53 107 pfu), empty
vector (53 107 pfu), or vehicle (PBS) on
Day 0. Mice were killed at Day 7. A subgroup
was intraperitoneally treated with pan-PI3K
inhibitor, LY294002 (25 mg/kg; Calbiochem)
or vehicle (DMSO) at Days 21 and 2 and
killed at Day 1 or Day 3.

Lung Mechanics
Mice were anesthetized with ketamine-
xylazine solution. After cannulation, lung
mechanics were measured on a flexiVent
system (SCIREQ). To determine AHR, PBS or
the bronchoconstrictor methacholine (acetyl-
b-methylcholine chloride; Sigma) was
administered via nebulizer (Aeroneb Lab
Nebulizer, Aerogen). Resistance was
calculated from 12 forced oscillation
perturbations (single frequency) obtained
approximately every 12 seconds. Albuterol
sulfate (5 mg/ml; Akorn) was nebulized in a
subset of animals before methacholine, as
previously described (25).

BAL
BALF was collected via tracheal cannula by
flushing of 1 ml sterile PBS. Total cell count
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was determined. A total of 200 cells
per mouse was counted to determine
differential cell counts after Kwik-Diff Stain
(Thermofisher Scientific).

Lung Histology
Lungs were inflated with 10% formalin,
25 cm H2O, and embedded in paraffin
blocks. Staining for ACTA2 (a-smooth
muscle actin [aSMA], A2547; Sigma) was
performed to stain ASM. All transversely
cut airways with diameters of 100–400 mM
were analyzed. Morphometric analysis
of aSMA staining was performed as
previously described (26) using MetaMorph
software (Molecular Devices). Goblet cells
were identified by periodic acid–Schiff
(PAS) stain (Poly Scientific R&D). Airway
goblet cell percentage was calculated as
described previously (21).

Western Blot Analysis
Whole lungs and BAL cell pellets were
homogenized and prepared for Western
blot analysis. Primary antibodies used
were: phosphorylated-S6 (CS4858; Cell
Signaling), S6 (CS2217; Cell Signaling),
phosphorylated extracellular signal-
regulated protein kinases (ERKs) 1/2
(CS4370; Cell Signaling), ERK1/2 (CS9102;
Cell Signaling), phosphorylated Smad2
(Ab3849; Millipore), and Smad2 (CS5339;
Cell Signaling).

TGFb ELISA
A TGFb ELISA (R&D Systems) was used
to quantify TGFb levels in mouse BALF.
Total TGFb levels were measured after
acidification to activate TGFb; active TGFb
levels were measured without acidification.

Statistical Analysis
Statistical analyses were performed using
GraphPad Prism (GraphPad). Student’s
two-tailed t test was used for two-group
comparison, whereas one-way or two-way
ANOVA where appropriate, were used to
compare three or more groups. Data are
expressed as mean (6SD).

Results

TGFb Induces AHR in CF, but Not
Non-CF Mice
Previously, we have shown that Ad-TGFb
administered intratracheally at 53 107

pfu produces a nonfibrotic lung disease
characterized by goblet cell hyperplasia,

reduced CFTR expression, and heightened
resistance and elastance (21). Despite the
lack of intrinsic lung disease in CF mice,
this physiologically relevant, subacute
TGFb exposure caused greater increases in
resistance as well as PI3K signaling in CF
mice compared with non-CF littermates
(21). Notably, empty vector adenoviral
administration did not induce discernable
lung disease at this dosage. To determine if
pulmonary Ad-TGFb exposure produced
alterations in AHR, CF and non-CF mice
were treated with PBS, empty vector, or
Ad-TGFb and exposed to increasing doses
of the bronchoconstrictor, methacholine
(Figure 1A). Consistent with previous
results, Ad-TGFb induced greater baseline
increases in maximal lung resistances in CF
mice. This heightened resistance was seen
at all doses of methacholine in CF mice,
where non-CF mice treated with TGFb
did not have significantly different
methacholine responses compared with
PBS-treated non-CF control mice. Empty
vector treatment did not induce altered
methacholine responses in either CF or
non-CF mice (see Figure E1A in the data
supplement).

Altered Bronchoconstriction
Dynamics in TGFb-treated CF Mice
Previous studies in the CF pig implicated
delayed Ca21 reuptake, and thus delayed
relaxation, as a fundamental defect in CF
ASM (7). To investigate the kinetics of
AHR in our model, the time course of acute
lung resistance changes after 25 and
100 mg/ml methacholine were determined
in CF and non-CF mice. TGFb-treated
CF mice demonstrated delayed peak
methacholine response and delayed
resolution of methacholine-induced
heightened resistance (Figure 1B). The area
under the curve of the methacholine-
induced change in resistance from baseline
was significantly higher at both 25 and
100 mg/ml methacholine in CF mice
compared with non-CF mice (Figure 1C).

b-Agonist Treatment Does Not Alter
Baseline Resistance, but Reverses
AHR in TGFb-treated CF Mice
To determine if enhanced ASM
contraction was responsible for the
heightened baseline resistance in CF mice,
Ad-TGFb–transduced CF and non-CF mice
were treated with nebulized albuterol
and lung resistance was measured.
This treatment did not significantly alter

resistance in either group, indicating that
increases in baseline resistance secondary to
Ad-TGFb treatment were not primarily
due to reversible increases in ASM tone
(Figure 2A).

In contrast to the failure of albuterol to
reverse the increase in baseline resistance
produced by Ad-TGFb in both CF and
non-CF mice, albuterol pretreatment
reduced the TGFb-dependent AHR
phenotype specifically in CF mice.
Pretreatment with albuterol before each
methacholine dose blunted the resistance
increases in CF mice (Figure 2B), with a
concomitant reduction in the methacholine
response slope in CF mice only (Figure 2C).

ASM Area Is Increased in
TGFb-exposed CF Mice
To determine the ASM burden
and time course of ASM remodeling,
immunohistochemistry for aSMA was
performed at Days 3 and 7 after Ad-TGFb
administration (Figure 3A). Quantification
of aSMA staining around airways was
performed and corrected to basement
membrane perimeter squared. CF mice
examined at 7 days after Ad-TGFb
treatment demonstrated a significant
increase in ASM area (Figure 3B). Non-CF
mice trended toward increased ASM area at
Day 7, but this did not reach significance
(P= 0.296). At Day 3, both groups
demonstrated an intermediate phenotype
with a slight, nonsignificant increase in
ASM area. Empty vector–treated controls
did not demonstrate alterations in ASM
burden (Figure E1B).

PI3K Inhibition Decreases AHR and
Goblet Cell Hyperplasia in CF Mice
The studies above demonstrated minimal
ASM remodeling at Day 3 after Ad-TGFb
transduction, providing a logical time point
to further investigate the mechanism
driving AHR (vs. ASM increase) in CF mice
produced by TGFb. Based on our previous
findings identifying heightened PI3K
signaling in CF mice after Ad-TGFb
transduction (21) and heightened PI3K
signaling as a potential driver of ASM
abnormalities in CF pigs (8), CF and non-
CF mice transduced with intratracheal Ad-
TGFb were pretreated with intraperitoneal
LY294002, a pan-PI3K inhibitor, or vehicle.
LY294002 pretreatment reduced PI3K
signaling compared with vehicle in both CF
and non-CF mice 1 day after Ad-TGFb
exposure (Figure 4A). Interestingly, PI3K
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signaling inhibition was overcome in CF
mice 3 days after Ad-TGFb exposure,
whereas inhibition continued in non-CF
mice (Figure 4A). Neither MAPK (ERK1/2)
nor canonical Smad signaling was
measurably impacted by LY294002
treatment (Figures 4B and 4C). In the
predominantly inflammatory cells
recovered from BAL, PI3K signaling was
not altered by LY294002 pretreatment
(Figure E2). Similar to previously published
findings at Day 7 after Ad-TGFb treatment
(21), CF and non-CF mice at Day 3 after
Ad-TGFb treatment demonstrated similar
total cell counts and cell type distribution
in BALF, and this was not altered by
LY294002 treatment (Figures 5A and 5B).
Active and latent TGFb levels in the BAL
were also similar in CF and non-CF
controls and unchanged by vehicle or

LY294002 treatment (Figure 5C). ASM area
was likewise unaffected by PI3K inhibition in
TGFb-exposed CF and non-CF mice
(Figure 5D). Despite similar levels of
pulmonary inflammation, pulmonary TGFb
concentration, and ASM burden, PI3K
inhibition significantly reduced methacholine-
induced AHR in CF mice, but not in non-CF
controls (Figures 5E and 5F). The percent of
goblet cells per airway was also significantly
reduced by LY294002 treatment in CF mice
only (Figures 6A and 6B).

Discussion

Several published reports have linked
increased TGFb with abnormalities in
ASM structure and function. TGFb
drives ASM contraction, proliferation, and

hyperresponsiveness in vitro and in mouse
models (27, 28), and inducible TGFb
overexpression in the mouse lung leads to
ASM enlargement (29). Mice deficient
in Smad3, which is critical for Smad-
dependent canonical TGFb signaling, fail to
develop ASM thickening in an allergic
mouse model of asthma compared with
wild-type mice (30). Noncanonical
pathways activated downstream of TGFb,
such as PI3K, have also been implicated in
driving AHR in experimental mouse
models (31). TGFb has been implicated as a
genetic modifier and biomarker in asthma,
and TGFb levels are increased in BALF of
children with severe asthma compared
with control subjects (32). Finally,
overproducing TGFb1 polymorphisms in
patients are linked to worsening asthma
severity, indicating a potential link between
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TGFb signaling and ASM dysfunction in
humans (33).

In our studies reported here, we have
demonstrated that CF mice have greater
alterations in ASM structure and function
after TGFb exposure, despite lack of ASM
abnormalities or AHR at baseline. CF mice
treated with intrapulmonary Ad-TGFb
have increased AHR that is rescued with
b-adrenergic agonist treatment and greater
ASM burden compared with littermate non-
CF mice. These data correlate with clinical
studies in patients with CF that show
heightened ASM burden on biopsies and
enhanced AHR, even in the absence of a clear

asthma diagnosis (2, 3). Combined with
recent studies in the CF pig demonstrating a
hypercontractile ASM phenotype observed at
birth and contributing to airway obstruction
(7, 8), our study supports the notion that
loss of CFTR function in ASM results in
alterations in ASM structure and function. In
the CF mouse model, TGFb exposure reveals
a latent ASM phenotype contributing to
enhanced lung pathology and airway
obstruction.

A recent study of ASM strips isolated
from patients with CF and those without CF
revealed IL-13–induced hypercontractility
in CF ASM, supporting our findings

that CFTR-deficient ASM have altered
responses to cytokine stimuli (34). This
study also demonstrated decreased
response of CF ASM strips to the b-agonist
isoproterenol after IL-13 exposure.
This contrasts with our finding of
increased bronchodilator response during
methacholine challenge in TGFb-exposed
CF mice. We speculate that IL-13 and
TGFb may produce differential responses
in CF ASM, or that chronic b-agonist use
in patients with CF contributes to tolerance
to bronchodilator effects, as has been
reported in patients with asthma (35). Of
note, over 90% of patients with CF use
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short-acting b-agonists (such as albuterol)
or long-acting b-agonists daily (36).

Although CF and asthma are distinct
clinical entities, there are clear shared
pathologies and disease drivers: sustained
inflammation; goblet cell hyperplasia; and
ASM hypercontractility and proliferation
(4). Heterozygosity for CFTR mutations
has been associated with both asthma and
AHR (37). However, few studies have
investigated the use of typical asthma
therapies in CF, although AHR in CF is
associated with more rapid pulmonary
decline (2). CF pulmonary guidelines
from the Cystic Fibrosis Foundation
recommend against routine use of inhaled

corticosteroids, as there is little evidence of
efficacy, and chronic use may increase the
risk of airway infection and impair growth
(38). Ivacaftor, a CFTR modulator that
rapidly improves CFTR function in CFTR
mutations causing gating defects, relieves
pulmonary obstruction within 48 hours,
indicating acute improvements in ASM
function after restoration of CFTR activity
(39). These results suggest that AHR and
associated ASM abnormalities are a
potential mechanism for airway obstruction
and TGFb disease modification in CF.
Given its complex regulation of injury and
repair response, TGFb itself may be a
difficult therapeutic target in CF. However,

a better understanding of the effects of
TGFb in CF might lead to more focused
therapies targeting the downstream drivers
of pathology.

LY294002 is a widely used pan-PI3K
inhibitor that has been studied extensively in
animal models, including mouse models
of asthma (31, 40). However, there are
concerns about the nonspecificity of
LY294002 inhibitory effects (41). Both
canonical Smad signaling and MAPK
signaling have been reported to be inhibited
by LY294002 in certain model systems (42,
43). Other investigators have reported that
LY294002 does not affect MAPK or Smad
signaling in their studies (44, 45). These
non–PI3K-specific effects of LY294002 are
likely dependent on concentration, timing,
mode of administration, and model system.
In this study, we observed LY294002-
induced pulmonary PI3K inhibition, and
not alterations in MAPK or Smad signaling.
However, the possibility remains that off-
target effects of LY294002 are influencing
our results. Furthermore, we cannot
exclude effects on canonical and/or
noncanonical TGFb signaling pathways
in different cell types within tissue
compartments. In future studies,
isoform-specific PI3K inhibitors and
alternative molecular approaches will be
needed to confirm the specificity of our
results. Furthermore, as LY294002 was
administered intraperitoneally, we expect
broad PI3K inhibition in extrapulmonary
tissues. As noted above, we demonstrated
PI3K inhibition in whole-lung homogenates,
but not inflammatory BAL cells after
LY294002 treatment. These results implicate
pulmonary PI3K signaling as a driver of our
findings. Comparing modes of PI3K
inhibitor delivery, such as systemic
compared with inhalation, may clarify where
inhibition of PI3K within the lung impacts
TGFb-dependent responses (e.g., epithelia,
smooth muscle, or the pulmonary
parenchyma).

In this study, PI3K inhibition reduced
AHR in TGFb-transduced CF mice; we have
previously shown greatly heightened whole-
lung activation of PI3K signaling after TGFb
exposure in CF mice only (21). The PI3K
pathway has also been implicated in driving
AHR in animal models of asthma,
potentially through a reduction in
pulmonary eosinophilic inflammation
(31, 40). We did not observe eosinophilic
inflammation in our model, however, and
PI3K inhibition with LY294002 did not
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*P,0.05 by one-way ANOVA with Tukey’s post hoc analysis. Data are presented as mean 6 SD.
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Figure 4. After treatment with the pan-PI3K inhibitor LY294002 (LY), PI3K signaling, but not mitogen-activated protein kinase (MAPK) or canonical Smad
signaling, is inhibited in the lungs of mice treated with intratracheal Ad-TGFb. Western blot analysis was performed on whole-lung homogenates from mice
treated with intraperitoneal LY before Ad-TGFb exposure. (A) PI3K signaling, as measured by phosphorylation of S6, is inhibited in both CF and non-CF
mouse lungs at Day 1 after Ad-TGFb treatment as compared with vehicle (veh)-treated mice. At 3 days after TGFb exposure, CF mice, but not non-CF
mice, have overcome PI3K inhibition. (B and C) Neither Ad-TGFb–induced MAPK (as measured by phosphorylated extracellular signal-regulated protein
kinase [ERK] 1/2) nor canonical Smad (as measured by phosphorylated Smad2) signaling is affected by LY treatment as compared with vehicle treatment.
Values are corrected to vehicle-treated mice of the same genotype and time point. *P,0.05 by two-tailed t test. ns indicates P.0.05 by two-tailed t test.
Data are presented as mean 6 SD.
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Figure 5. (A and B) Treatment with a PI3K inhibitor, LY, did not reduce total cell count (A) or alter differential cell count (B) in the BAL of Ad-TGFb–treated
CF or non-CF mice. E = eosinophils; L = lymphocytes; M=macrophages; N= neutrophils. (C) Similarly, LY treatment did not alter TGFb levels, either total
or active, in BAL of treated mice. (D) PI3K inhibition with LY did not reduce ASM area in TGFb-treated CF or non-CF mice. (E) Despite similar levels of
pulmonary inflammation, TGFb, and ASM burden, LY treatment significantly reduced airway hyperresponsiveness (AHR) in Ad-TGFb–exposed CF mice,
but not Ad-TGFb–exposed non-CF mice. *P,0.05 versus CF LY-treated mice by two-way ANOVA with Sidak’s post hoc analysis. (F) Slope of max
resistances was significantly decreased by LY in CF mice, indicating reduced AHR after PI3K inhibition in the setting of CF transmembrane conductance
regulator deficiency only. *P, 0.05 by one-way ANOVA with Tukey’s post hoc analysis. Data are presented as mean 6 SD.
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produce changes in total BALF cell count,
differential cell count, or PI3K signaling in
BAL cells. These observations suggest that,
in the current studies, the reduction of AHR
produced by PI3K inhibition is not primarily
through altered cellular inflammation. PI3K
inhibition did mitigate TGFb-induced
goblet cell hyperplasia, a major pathologic
feature of CF, in CF mice, but not in non-CF
mice, after 3 days of TGFb exposure.
Interestingly, although goblet cell
hyperplasia was similar in CF and non-CF
mice after 7 days of TGFb exposure, only CF
mice developed AHR at this time point. This
suggests that goblet cell hyperplasia alone
does not produce the AHR phenotype
uniquely seen in CF mice. Thus, we propose
that the reduction of AHR produced by
PI3K inhibition is driven, at least in part,
through ASM responses. Further studies
of isolated ASM cells will be necessary
to further define the mechanism of
TGFb-induced abnormalities in ASM
structure and function in the setting of
CFTR deficiency.

PI3K signaling has been previously
implicated in CF pathology. In an analysis
of CF human nasal mucosal tissue,
increased PI3K signaling was associated
with worse lung disease (46). Furthermore,
inhibition of PI3K in F508 del CF bronchial

epithelial cells has been shown to enhance
CFTR stability and expression (47).
These findings support the notion
that PI3K may represent a viable
therapeutic target with the potential to
improve both CFTR function and ASM
function in CF.

This study has several limitations that
should be considered when interpreting
the results. Ad-TGFb intratracheal
administration creates heterogenous
transduction primarily in the
bronchiolar–alveolar epithelium, which
may not accurately replicate TGFb
expression patterns in patients (20). CF
mice fail to develop significant spontaneous
lung disease, a clear contrast with the effect
of CFTR loss in humans. Despite this
phenotype, CF mice have been a valuable
model to study and understand CF lung
disease, including hyperinflammatory
response, delayed clearance of Pseudomonas,
susceptibility to lung fibrosis, and TGFb-
dependent AHR as described here (48, 49).
Thus, the CF mouse provides a valuable
model to investigate abnormalities in
cellular responses and lung remodeling in a
setting of functional CFTR deficiency.
Pseudomonas aeruginosa infection may also
impact TGFb-induced lung pathology in
CF, as Pseudomonas infection has been

found to be associated with increased
TGFb levels in patients with CF (14).
Examining the role of infection is beyond
the scope of this paper, but is an important
direction for future work. Finally,
heightened TGFb exposure in patients
with CF likely takes place over months
to years, whereas, here, we are studying
3–7 days of increased TGFb expression.
Despite these limitations, our studies
provide clear evidence linking TGFb to
lung pathology and ASM dysfunction
specific to CF, including a novel role for
TGFb-dependent AHR mediated by PI3K
signaling.

In conclusion, our data suggest a
fundamental defect in CF ASM, leading to
altered structure and function. Modest
elevations in pulmonary TGFb levels,
due to either high-producing TGFb
polymorphisms or as a result of
environmental stimuli, may prime the CF
airway to develop enhanced AHR, greater
ASM burden, and progressive airway
obstruction. Although it is unclear what
impact current CFTR modulators will
have on this phenotype, our results
support the examination of AHR in
future trials of CFTR therapies.
Furthermore, TGFb may contribute to
ASM dysfunction in other airway disease
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processes with altered CFTR function (37,
50), supporting a broader significance of
our observations. Targeting of pathways
that result in AHR and ASM-dependent
airway obstruction in CF has the potential

to impact the trajectory of lung disease
progression. n
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