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TGF[3 dependent airway hyperreactivity
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Abstract

Background The primary underlying defect in cystic fibrosis (CF) is disrupted ion transport in epithelia throughout
the body. It is unclear if symptoms such as airway hyperreactivity (AHR) and increased airway smooth muscle

(ASM) volume in people with CF are due to inherent abnormalities in smooth muscle or are secondary to epithelial
dysfunction. Transforming Growth Factor beta 1 (TGFp) is an established genetic modifier of CF lung disease and a
known driver of abnormal ASM function. Prior studies have demonstrated that CF mice develop greater AHR, goblet
cell hyperplasia, and ASM hypertrophy after pulmonary TGF exposure. However, the mechanism driving these
abnormalities in CF lung disease, specifically the contribution of CFTR loss in ASM, was unknown.

Methods In this study, mice with smooth muscle-specific loss of CFTR function (Cftr”™. SM-Cre mice) were exposed
to pulmonary TGFB. The impact on lung pathology and physiology was investigated through examination of lung
mechanics, Western blot analysis, and pulmonary histology.

Results Cftr'"": S\M-Cre mice treated with TGFB demonstrated greater methacholine-induced AHR than control mice.
However, Cfir'"™: SM-Cre mice did not develop increased inflammation, ASM area, or goblet cell hyperplasia relative to
controls following TGF3 exposure.

Conclusions These results demonstrate a direct smooth muscle contribution to CF airway obstruction mediated by
TGFR. Dysfunction in non-epithelial tissues should be considered in the development of CF therapeutics, including
potential genetic therapies.
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Background

Cystic Fibrosis (CF), a genetic disorder characterized by
progressive lung disease, results from mutations in the
gene encoding the cystic fibrosis transmembrane con-
ductance regulator (CFTR) protein that disrupt anion
transport in epithelia and other tissues throughout the
body [1]. Recently approved CFTR modulator therapies
increase CFTR function, drastically improving symptom
burden and lung function for many people with CF [2].
CFTR dysfunction is not limited to epithelial cells, how-
ever. Pathologic alterations in smooth muscle, myeloid
cells, endothelial cells, and cartilaginous development
have been described in CF [3-8]. These abnormalities
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may significantly contribute not only to CF disease pro-
gression but also to residual disease manifestations after
current modulator therapy or future gene therapy.

Airway smooth muscle (ASM) dysfunction is particu-
larly important to understand in the context of CF and
plays an important role in symptoms and disease trajec-
tory. Structurally, children with CF have a larger volume
of ASM around airways [9]. ASM function is also altered
in CF and associated with airway hyperresponsiveness
(AHR), which often manifests clinically as wheezing
and dyspnea. The majority of people with CF demon-
strate significant drops in lung function when challenged
with the bronchoconstrictor methacholine, indicating
AHR [10]. AHR is particularly worrisome in those with
CFE. Carrying even a single CFTR mutation is linked to
a greater risk of asthma [10]. Clinically, people with CF
and AHR also have more rapid loss of lung function and
an increased number of pulmonary exacerbations which
together may contribute to reduced quality of life and
survival [11]. Intrinsic susceptibility to bronchospasm in
people with CF may be compounded by commonly used
therapies including hypertonic saline and CFTR modu-
lators such as lumacaftor/ivacaftor. Unfortunately, the
associated symptoms of chest tightness, cough, and dif-
ficulty breathing due to bronchoconstriction may lead to
discontinuation of beneficial therapies [12, 13]. Together,
these data implicate a defect in CF ASM that leads to
worse pulmonary outcomes in people with CF.

ASM function in CF is complex and likely influenced
by signaling factors in the pulmonary microenviron-
ment produced by chronic inflammation, infection, prior
therapies (e.g. corticosteroid exposure), and/or ASM
structure. Previous studies have identified ASM defects
but have not clearly demonstrated if ASM-specific CFTR
loss is the mechanism driving AHR in vivo [14—17]. Prior
studies of human CF ASM in vitro have produced con-
flicting results regarding CF ASM contractility [6, 15,
16]. Studies of the neonatal CF pig (prior to the onset
of infection and inflammation) have shown that loss of
CFTR function leads to increased contractility in ASM
[14]. These findings point to an inherent CFTR-depen-
dent phenotype in CF ASM. Whether CFTR-indepen-
dent signaling contributes to this phenotype, however, is
unknown. To better understand the mechanism driving
increased AHR in people with CF, selective knockout of
CFTR in smooth muscle coupled with measurements of
lung mechanics in live animal models are necessary.

Previously, we have identified ASM abnormalities in a
CF mouse model mediated by TGFp [18]. Although CF
mice do not develop spontaneous lung disease analogous
to human CF disease, exposure to TGEp, a known genetic
modifier of CF lung disease, elicits relevant lung disease
in CF mice compared with littermate controls [19]. In CF,
higher producing TGFP polymorphisms have been linked
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to more severe lung disease; furthermore, higher levels of
TGEP in the BAL and plasma are associated with worse
outcomes in children with CF [20-22]. Higher producing
TGEP polymorphisms are also associated with worsening
asthma severity, highlighting a connection between ASM
abnormalities and TGEP exposure [23]. TGFf is known
to enhance methacholine-induced ASM contraction in
vivo via the Smad signaling pathway [24]. The mecha-
nism of TGFP modification of CF lung disease is unclear
and likely multifactorial.

We have previously demonstrated that subacute expo-
sure to physiologic levels of pulmonary TGFp in F508del
CF mice triggers greater abnormalities in lung mechan-
ics, ASM hypertrophy, goblet cell hyperplasia, and
methacholine response compared to non-CF mice [18,
19]. The relative contribution of CFTR loss in the ASM
versus other tissue types in driving these changes, how-
ever, remains a significant knowledge gap. To better
understand the role of CFTR specifically in the smooth
muscle without the contribution of CFTR dysfunction
from other tissue types, we used a smooth muscle-spe-
cific knockout mouse in this study.

To date, no prior studies have examined the impact of
smooth muscle-specific loss of CFTR function on lung
physiology using a whole animal model. In this manu-
script, we utilized a floxed Cfir mouse model to inves-
tigate the mechanism driving TGEP-dependent lung
disease in CF, specifically examining the role of CFTR
function in smooth muscle and AHR [25]. We examined
whether isolated loss of CFTR function in ASM was suf-
ficient to produce AHR in response to TGFp, indepen-
dent of the other TGFp effects on epithelial morphology
or inflammation present in F508del mice [19]. We identi-
fied increased AHR in mice with CFTR-deficient ASM,
without concurrent ASM or goblet cell hyperplasia, indi-
cating an inherent defect in CF ASM as summarized in
Fig. 1. Our results highlight a non-epithelial contribu-
tor to CF lung disease that is mediated in part by TGEp
and represents a novel target for future therapies. These
findings also emphasize how CFTR dysfunction outside
of the epithelial compartment can directly contribute to
airway obstruction, with relevance to nucleic acid-based
therapies in development. Some of the results of these
studies have been previously reported in the form of an
abstract [26].

Methods
Institutional Approval. This study was approved by the
Cincinnati Children’s Hospital Research Foundation’s
Institutional Animal Care and Use Committee (IACUC).
Transgenic Mice. Conditional CFTR knockout mice
(Cftrﬂ/ﬂ mice) were obtained from the Case West-
ern Reserve University Cystic Fibrosis Mouse Models
Core (Cleveland, OH) [25]. Cftrﬂ/ﬂ mice have loxP sites
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Fig. 1 Graphical summary of this study. A. At baseline, smooth muscle-specific knockout mice Cftr"": SM-Cre mice) do not demonstrate altered lung
mechanics or lung morphology compared to control Cft” mice. B. Three days after exposure to Ad-TGFB or empty vector control, Cfir"": SM-Cre mice
had similar pulmonary inflammation and lung morphology (goblet cell hyperplasia and ASM area) compared to control mice. However, only Cfer”": sm-
Cre mice developed elevated AHR after TGF( treatment. This study demonstrates that loss of CFTR function in smooth muscle contributes to CF airway

obstruction mediated by TGF{. Created with BioRender.com

flanking exon 10 of Cftr, causing loss of CFTR function
in the presence of Cre recombinase as previously verified
through functional testing [25]. Mice expressing Cre in
smooth muscle under the control of the Sm22 promoter
(SM-Cre mice; strain #017491) were obtained from The
Jackson Laboratory (Bar Harbor, ME). Smooth muscle-
specific CFTR loss of function mice (Cft"/s; SM-Cre
mice) were generated. Non-Cre expressing littermates
(Cftrﬂ/ﬂ mice) were used as controls.

Adenoviral Vector. Ad-TGEp is a nonreplicating ade-
noviral vector that contains a TGFB1 transgene; its pul-
monary effects have been previously described [27]. To
control for vector effects, an empty adenoviral vector
(Ad-d170-3) was used [28]. Both vectors were delivered at
a dose of 5x107 pfu. At this dose, the empty vector does
not induce lung pathology and is equivalent to PBS intra-
tracheal injection [19]. Adult male and female mice, 4—7
per group, underwent anesthesia with ketamine-xylazine
prior to intratracheal administration of Ad-TGEB (5x 10’
pfu) or empty vector (5% 107 pfu). Mice were sacrificed at
day 3 after administration.

Lung Mechanics. After anesthetization with ketamine-
xylazine-acepromazine solution, mice were cannulated
and measurement of lung mechanics performed with
the flexiVent system (SCIREQ, Montreal, Canada). After

measurement of baseline lung mechanics, increasing
doses of the bronchoconstrictor methacholine (Acetyl-
B-methylcholine chloride, Sigma, St. Louis, MO) were
administered via nebulization to determine AHR. Pulmo-
nary resistance was measured with twelve forced oscilla-
tion perturbations obtained every 12 s.

Bronchoalveolar Lavage and Cell Counts. After pulmo-
nary mechanics measurements were completed, bron-
choalveolar lavage fluid (BALF) was collected by flushing
1 mL sterile PBS through the tracheal cannula. Total cell
count was obtained and Kwik-Diff Stain (Thermofisher
Scientific, Ontario, Canada) was performed on cells. Dif-
ferential cell counts were performed by identifying and
counting two hundred cells per mouse.

Lung Histology and Immunostaining. After inflation
with 10% formalin at a pressure of 25 cm H,O, lungs were
embedded in paraffin blocks. Staining for tissue structure
was performed using Masson’s Trichrome method (Poly
Scientific R&D, Bay Shore, NY). Periodic Acid-Schiff
(PAS) stain (Poly Scientific R&D, Bay Shore, NY) was per-
formed to stain goblet cells, and airway goblet cell per-
centage was calculated as previously described [19]. ASM
was stained with alpha-smooth muscle actin antibody
(aSMA; A2547, Sigma). Morphometric analysis of ASM
area corrected to basement membrane (BM) perimeter
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squared was performed as previously described using
MetaMorph software (Molecular Devices, Sunnyvale,
CA) [18].

TGFp ELISA. Quantification of active and total TGFf
was measured via ELISA (R+D Systems, Minneapolis,
MN) of BALE fluid.

Western blot analysis. Whole mouse lungs were col-
lected and homogenized. Analysis of pathways down-
stream of TGFp was performed. Primary antibodies used
were phosphorylated Smad2 (Ab3849, Millipore, Biller-
ica, MA), Smad2 (CS5339, Cell Signaling, Danvers, MA),
phosphorylated Akt Ser 473 (CS4060, Cell Signaling), Akt
(CS9272, Cell Signaling), phosphorylated extracellular
signal-regulated protein kinases (ERK) 1/2 (CS4370, Cell
Signaling), and ERK1/2 (CS9102, Cell Signaling). Phos-
pholmager (Fujifilm, Valhalla, NY) with MultiGauge soft-
ware (Fujifilm) was used to quantify protein expression.

Statistical Analysis. Statistical analysis was performed
with GraphPad Prism (GraphPad Software, San Diego,
CA). Comparison between two groups was completed
using two-tailed Student’s t-test (for normal distribu-
tions) or Mann-Whitney test (for non-normal distribu-
tions) as appropriate. Comparisons between three or
more groups was performed using one-way ANOVA with
Tukey multiple comparisons test. Values are expressed as
meantstandard deviation.

Results

Cftr"”f; SM-Cre mice have normal ASM architecture and
function at baseline

To specifically target the knockout of CFTR function in
smooth muscle, we utilized a previously developed con-
ditional null Cftrﬂ/ﬂ mouse model [25] bred with mice
expressing Cre recombinase in smooth muscle (SM-cre).
Cftrﬂ/ﬂ mice have normal CFTR function [25]. Constitu-
tive CETR null (Cft¥"": protamine-cre) mice have been
generated and described as phenotypically nearly iden-
tical to other CFTR knockout models [25]. However,
baseline lung physiology has not been analyzed in Cft";
SM-Cre mice, which lack CFTR function in all smooth
muscle cells. We hypothesized that at baseline, these
mice would be phenotypically identical to control litter-
mate Cftr"”/ mice without additional stimuli.

As we anticipated, Cfi¥"; SM-Cre mice have
unchanged lung architecture compared to control
Cft'™" mice as seen on Trichrome staining (Fig. 2A).
Similarly, ASM morphology at baseline is comparable
in Cftr""; SM-Cre and Cftr"" mice, as demonstrated by
aSMA staining and morphometric analysis of ASM area
(Fig. 2B). Pulmonary resistance is unaffected by loss of
CFTR in smooth muscle with no significant changes in
baseline resistance, although a nonsignificant trend of
lower pulmonary resistance was noted in Cftr"/; SM-Cre
mice (Fig. 2C). No significant differences in response to
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methacholine exposure were noted in Cftr"/; SM-Cre
versus Cftr"/ mice (Fig. 2D).

TGF exposure elicits similar weight loss and inflammation
in Cftr"”" and Cftr"®: SM-Cre mice

Our lab has previously demonstrated that F508del homo-
zygous CF mice demonstrate enhanced TGFfB-induced
AHR, bronchodilator response, and goblet cell hyperpla-
sia when compared to littermate controls [18]. To inves-
tigate ASM morphology and behavior in the absence
of CFTR function in smooth muscle, Cftr"/; SM-Cre
and control Cft"/! mice were treated with intratracheal
Ad-TGEp to expose lungs to a physiologically relevant
concentration of TGEB [19]. Control mice were treated
with the same dose of intratracheal empty adenoviral
vector. In our previous studies in the F508del mouse
model, we demonstrated that goblet cell hyperplasia
and ASM hypertrophy develop after seven days of TGEP
exposure, while AHR develops after only three days [18,
19]. To explore the role of CFTR dysfunction in driving
AHR in the absence of increased mucus secretion and
ASM proliferation, a TGFP exposure time of three days
was selected for this study. Three days after intratra-
cheal injection, total TGFp levels in BAL fluid were sig-
nificantly increased in Ad-TGEp treated mice compared
to empty vector treated mice in both Cft#" and Cftr';
SM-Cre groups (Fig. 3A). As expected, active TGFP was
undetectable in empty vector exposed mice and elevated
in both Ad-TGFp exposed Cftr" (3.00+3.96 ng/mL) and
Cftr™"; SM-Cre (1.00+1.28 ng/mL) mice with no signifi-
cant difference between TGFf exposed groups (p=0.366
by Mann-Whitney test). Ad-TGFf exposed mice demon-
strated greater weight loss as compared to empty vector
treated mice of the same genotype (Fig. 3B).

Consistent with our previous studies, Ad-TGFf} expo-
sure provoked pulmonary inflammation [19]. CFTR
knockout in ASM did not appear to impact the cellular
response to luminal TGEp. Total cell counts in BAL fluid
trended towards an increase in both TGEp treated groups
but did not reach statistical significance (Fig. 3C). Per-
cent macrophages was reduced in both Cftr"; SM-Cre
and control Cft¥"/! mice after Ad-TGFB treatment, while
percent lymphocytes and neutrophils were significantly
increased (Fig. 3D).

Loss of smooth muscle CFTR function does not impact
goblet cell or airway smooth muscle histology after TGF3
exposure

Lung sections were obtained from Ad-TGEP and empty
vector exposed mice to compare relevant lung histol-
ogy. Trichrome staining did not reveal significant fibro-
sis after TGFP exposure in either group while airway
epithelial thickening and patchy inflammatory infiltrates
were noted in both Cftr"" and Cf#'"; SM-Cre groups
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tance. A. Trichrome stain of lung sections from Cftr": SpM-Cre mice, which lack CFTR function in smooth muscle, do not reveal abnormalities at baseline
compared to control Cftr”? lung sections. B. Staining and morphometric analysis of airway smooth muscle (ASM) with aSMA immunohistochemistry
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(Fig. 4A). PAS staining was performed to determine
if goblet cell hyperplasia was induced by pulmonary
Ad-TGEp, as previously noted in the F508del mouse
model after longer TGFB exposure [18]. Goblet cell
counts trended slightly upward in both TGFf exposed
groups, but as expected based upon prior work in the
F508del CF mouse model, this did not reach significance
(Fig. 4B) [18]. ASM burden was also investigated through
immunohistochemistry for aSMA. Morphometric analy-
sis of ASM area demonstrated that neither Cft#"/ nor
Cftr'""; SM-Cre mice developed significantly more ASM
burden three days after Ad-TGFp exposure, which is
consistent with our prior data at this time point (Fig. 4C)
[18].

cfer ”; SM-Cre mice demonstrate increased airway
hyperresponsiveness without ASM hyperplasia

Previously, we have demonstrated that pulmonary TGEB
provokes AHR without ASM hypertrophy in the F508del
CF mouse model [18]; however, it was unclear if this was
due to inherent abnormalities in CF ASM or secondary
effects produced by absent CFTR function in the overly-
ing airway epithelium. In the current study, baseline lung
resistance was not impacted by Ad-TGEp treatment in
either genotype (Fig. 5A). Despite similar ASM architec-
ture and baseline resistance, TGFp treatment produced
significant increases in pulmonary resistance in only the
Cftr™; SM-Cre mice following 50 and 100 ng/mL doses
of nebulized methacholine (Fig. 5B). The results indicate
that TGFP-dependent increases in AHR were specific to
mice lacking CFTR function in the ASM.
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We further hypothesized that TGFp signaling pathway
activation would have a greater correlation with lung
resistance in Cftr"/; SM-Cre mice lacking CFTR function
in ASM. Smad?2 signaling, determined by Western blot
analysis of phospho-Smad2 corrected to total Smad2, was
quantified in whole lung homogenates to assess canonical
intracellular signaling downstream of TGFf. Non-canon-
ical PI3K signaling (indicated by phospho-Akt corrected
to total Akt) and MAPK signaling (phospho-ERK1/2 cor-
rected to total ERK1/2) were also measured. TGFp treat-
ment increased pSmad2/total Smad2 signaling in control
Cftr™" mice; while a trend towards increased Smad sig-
naling was seen in Cftr"/; SM-Cre mice, this did not
reach significance (P=0.1) (Additional File 1: Figure S1).

As whole lung homogenates were used in the Western
blot analysis, it is likely that Smad signaling in Ad-TGEp
exposed tissues, primarily the bronchioles and alveoli
[27], is underestimated. Non-canonical PI3K and ERK
pathways were unchanged in both groups (Additional
File 1: Figure S1).

To determine the relationship between canonical Smad
signaling and bronchoconstriction, phospho-Smad2/
total Smad2 detection was compared to maximal lung
resistance after stimulation of bronchoconstriction with
high dose (100 mg/mL) methacholine (see box, Fig. 5B).
Comparison of regression lines for each TGFfB-exposed
mouse group showed that while the slopes were not
significantly different (p=0.085), the Y intercept for the
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Cftr™; SM-Cre group was significantly higher than con-
trol Cftr" mice (Fig. 5C; p=0.0068). This indicates that
mice lacking CFTR in smooth muscle demonstrated sig-
nificantly higher methacholine-induced pulmonary resis-
tance associated with any given level of TGE signaling
pathway activation.

Discussion

Although prior studies have supported the concept that
CF is associated with ASM defects, this study is the first
to identify and quantify ASM-specific effects of CFTR
dysfunction on pulmonary function in a whole animal
model. The novel mouse model studied in this paper uti-
lizes the Cre-lox system to eliminate CFTR function only
in smooth muscle cells. This contrasts with our prior
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function. *P < 0.05 versus Ad-TGFp exposed control Cftr" mice by ANCOVA analysis. Data are presented as mean +SD

studies of TGFP-mediated effects on CF lung disease
[18, 19] in the F508del CF mouse model lacking CFTR
function in all pulmonary tissues. Use of this smooth
muscle-specific CFTR knockout model allows clearer
assignment of observed physiologic changes produced
by TGEP to a primary CFTR defect in ASM (see sum-
mary Fig. 1). We first established that, at baseline, mice
lacking CFTR function in ASM were similar to litter-
mate controls (Fig. 2) and have similar phenotypic, his-
tological, and inflammatory responses to TGEB exposure
compared with littermate controls expressing smooth
muscle CFTR (Figs. 3 and 4). After provocation with
TGEFpP, mice with CFTR-deficient ASM had increased
methacholine-induced AHR when compared to controls
(Fig. 5). There was no concurrent ASM or goblet cell

hypertrophy. As goblet cells and pulmonary inflamma-
tion are similar in both Cft#"/; SM-Cre and control mice,
TGEB-induced AHR in the knockout mice cannot be
attributed to increased inflammation or mucus burden.
Our results suggest that dysfunctional CFTR in smooth
muscle drives increased airway resistance and obstruc-
tion, which is consistent with prior studies in both the CF
pig model and in people with CF treated with ivacaftor
[14, 29]. This inherent abnormality in CF ASM function
highlights an understudied role of CFTR that may have
important clinical implications.

TGEFp is an established genetic modifier of CF lung
disease, with higher producing polymorphisms linked
to more severe CF lung disease [20]. In addition, TGEp
is increased with CF pulmonary exacerbations and
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Pseudomonas aeruginosa infection [21, 22]. People
with higher producing TGEB polymorphisms have an
increased risk of developing asthma, demonstrating the
relevance of TGFp in driving AHR in pulmonary disease
beyond CF [23]. In studies of isolated human airways,
TGEFp increased both basal and methacholine-induced
contraction through the Smad pathway [24]. TGEp
enhanced ASM excitation-contraction coupling path-
ways, thereby driving increased ASM contraction and
AHR [24]. These results are consistent with our prior
work demonstrating increased AHR in CF mice after
exposure to pulmonary TGFf [18]. Thus, TGEFf exposure
is a clinically relevant stimuli that contributes to several
pathologic features of CF lung disease including airway
obstruction.

In the era of highly effective CFTR modulators, many
individuals with CF have extended life expectancy.
Understanding the complex pathophysiology result-
ing from CFTR dysfunction will be critical to provide
focused clinical care and identify residual symptoms.
ASM abnormalities in people with CF are clinically rele-
vant and may result in airway obstruction and symptoms
including dyspnea and cough that detract from quality of
life [9, 10]. AHR in people with CF has also been linked
to loss of lung function and increased pulmonary exac-
erbation rates, important sources of morbidity among
patients with CF [10]. Certain medical therapies (CFTR
modulator lumacaftor-ivacaftor, hypertonic saline, and
inhaled antibiotics) may be especially difficulty to tolerate
in patients prone to AHR due to bronchospasm-induced
cough and chest tightness; in some cases, AHR may pre-
clude patients from experiencing the full benefits of these
therapies [12, 13]. CFTR localizes to the sarcoplasmic
reticulum (SR) and loss of function results in prolonged
cytosolic calcium release, suggesting that reduced anion
transport through CFTR impairs SR calcium reuptake,
causing prolonged and dysfunctional contraction of CF
ASM [14, 30]. Previous studies have identified CF ASM
defects but have not clearly demonstrated if ASM-spe-
cific CFTR loss is the mechanism driving AHR in vivo
[14-17]. Thus, our work to elucidate the ASM-specific
effects of CFTR dysfunction in an animal model is criti-
cal to understand the nature of airway obstruction and
improve clinical care for people with CF.

Although highly effective CFTR modulator therapy
improves clinical outcomes for many people with CE,
definitive evidence is not yet available regarding the spe-
cific effects of CFTR modulator therapy on ASM in CE.
Evidence from precision cut porcine lung slices shows
that ivacaftor pretreatment attenuates methacholine-
induced airway narrowing [14]. Ivacaftor has been
shown to quickly improve lung function and air trap-
ping within 48 h in people with CF; it is unclear if this
is due to smooth muscle effects, restored mucociliary
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clearance, or both mechanisms [29]. Even if CFTR modu-
lators do lessen ASM dysfunction in CF, ongoing inflam-
mation and infection occur even with modulator therapy,
which may also drive continuing AHR despite modulator
use [31, 32]. Case studies have described how interrup-
tion of modulator therapy can provoke a rapid decline
in lung health [33]. If modulators do improve CF ASM
dysfunction, abrupt cessation of a modulator may trig-
ger bronchospasm in susceptible people. A better under-
standing of the impact of modulators on CF ASM will be
important to monitor and treat the effects of interrup-
tions in modulator therapy. Ultimately, more research is
needed to determine the impact of CFTR modulators on
ASM and AHR and to identify the effects of modulator
withdrawal.

Defining tissue-specific contributions of CFTR dys-
function to CF disease is of growing importance as CFTR
restorative therapies advance to new and younger CF
populations and as the degree of effectiveness of modula-
tors across various tissues is unknown. The relative role
each tissue type plays in driving symptoms may differ, or
even evolve, in the context of CFTR modulator therapy.
In contrast to our prior results in the F508del CF mouse
model, Cft¥"; SM-Cre mice do not demonstrate goblet
cell hyperplasia after TGFEP treatment [18]. These findings
support the notion that more extreme goblet cell hyper-
plasia in the CF lung is driven by non-smooth muscle
effects of CFTR dysfunction, potentially including epi-
thelial and inflammatory cells. Studies of isolated human
CF epithelial cells have not found an inherent tendency
toward excessive goblet cell hyperplasia, indicating this
may be influenced by multiple cell types in the complex
CF pulmonary environment [34]. Tissue-specific knock-
out models may help to determine which cell types con-
tribute to specific pathologies in CF. Understanding the
relative role of each tissue will be crucial as gene therapy
for CF advances. This knowledge may be key to develop-
ing targeted therapies and providing these when patients
are most likely to benefit.

This study has limitations. CF mouse models do not
develop the spontaneous, mucopurulent and progressive
lung disease historically seen in people with CF [35-37].
In this regard, they may be a useful model for defining
pulmonary abnormalities that persist in the absence of
mucus plugging or overwhelming infection, as would be
the case for many individuals with CF who are treated
with highly effective modulators. In this study, use of
murine models has allowed us to identify unique rela-
tionships between CFTR expression in different cell and
organ compartments. The Cft#"/%; SM-Cre mouse dem-
onstrates Cre expression in all smooth muscle types, not
solely ASM. It is possible, therefore, that there are other
smooth muscle pathologies in Cft#"%; SM-Cre mice, such
as vascular and intestinal smooth muscle dysfunction;
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abnormalities in these types of smooth muscle would be
unlikely to contribute to AHR. Our study also does not
rule out the possibility that loss of CFTR function in
other non-ASM tissues also contributes to ASM dysfunc-
tion. Prior studies have demonstrated that both epithelial
and smooth muscle CFTR loss contribute to the bowel
obstruction phenotype in CF mice [38, 39]. A similar
combined effect of the epithelium and ASM may be nec-
essary to provoke the full ASM phenotype.

Further studies are needed to better understand the
role of TGEP and ASM dysfunction in CF lung disease.
Loss of CFTR function in non-ASM tissue types, such as
the pulmonary epithelium, may also drive AHR and air-
way obstruction; a conditional epithelial CFTR knock-
out model would allow this to be tested. Longer TGFf
exposure will be necessary to determine if loss of smooth
muscle CFTR is associated with ASM hypertrophy or
goblet cell hyperplasia, as noted after seven days of TGFp
exposure in the F508del mouse model [19]. Infection in
the CF lung drives loss of lung function [40], and pulmo-
nary LPS exposure in a CFTR knockout mouse model
induced more extreme lung remodeling and increased
pulmonary resistance compared to control mice [41]. The
effect of LPS and infection on lung function and remod-
eling in this smooth muscle-specific CFTR knockout
model is a direction for future study.

Conclusions

In summary, the results of our studies clarify an ASM-
specific defect in CF that is directly attributable to loss
of CFTR function which requires TGEp to fully mani-
fest. They also highlight the power of organ-specific
expression to define disease mechanisms. Strategic use
of advanced animal models in which CFTR function can
be systematically eliminated in specific tissues may help
clarify the benefits and limitations of new CF therapies
and identify tissues that should be targeted with gene
therapy or other therapeutic agents.
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