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Abstract

Rationale: Bronchial thermoplasty is an alternative treatment for
patients with severe, uncontrolled asthma in which the airway
smooth muscle is eliminated using radioablation. Although this
emerging therapy shows promising outcomes, little is known about
its effects on airway inflammation.

Objectives:We examined the presence of bronchoalveolar lavage
cytokines and expression of smooth muscle actin in patients
with severe asthma before and in the weeks after bronchial
thermoplasty.

Methods: Endobronchial biopsies and bronchoalveolar
lavage samples from 11 patients with severe asthma were
collected from the right lower lobe before and 3 and 6 weeks
after initial bronchial thermoplasty. Samples were analyzed for
cell proportions and cytokine concentrations in bronchoalveolar
lavage and for the presence of a-SMA in endobronchial
biopsies.

Measurements and Main Results: a-SMA expression was
decreased in endobronchial biopsies of 7 of 11 subjects byWeek 6. In
bronchoalveolar lavage fluid, both transforming growth factor-b1

and regulated upon activation, normal T-cell expressed and secreted
(RANTES)/CCL5 were substantially decreased 3 and 6 weeks post
bronchial thermoplasty in all patients. The cytokine tumor-necrosis-
factor–related apoptosis-inducing ligand (TRAIL), which induces
apoptosis in several cell types, was increased in concentration both
3 and 6 weeks post bronchial thermoplasty.

Conclusions:Clinical improvement and reduction in a-SMA after
bronchial thermoplasty in severe, uncontrolled asthma is associated
with substantial changes in key mediators of inflammation. These
data confirm the substantial elimination of airway smooth muscle
post thermoplasty in the human asthmatic airway and represent the
first characterization of significant changes in airway inflammation in
the first weeks after thermoplasty.
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Asthma continues to be one of the most
prevalent health conditions, affecting 25
million individuals in the United States and
more than 200 million worldwide (1).
Although only 10% of patients have severe,
uncontrolled, persistent asthma, these
patients account for an estimated 80% of
the economic burden of healthcare costs
attributed to this disease (2, 3). One key
pathogenic feature is chronic airway
inflammation stemming from the
infiltration of eosinophils and Th2 cells

into the airways (4) that contribute
significantly to the immune response in
asthma (5, 6). Recent studies suggest
that Th17 cells, induced by cytokines such
as transforming growth factor-beta
(TGF-b), also may worsen airway
inflammation (7–9). Th17 cells produce
a signature of cytokines, including IL-17A,
IL-17F, IL-21, and IL-22 (10), which
in turn stimulate the production of
proinflammatory cytokines and
chemokines, such as IL-6, IL-1b, tumor

necrosis factor (TNF)-a, and granulocyte-
macrophage colony-stimulating factor
(GM-CSF) (11). These cytokines,
chemokines, and adaptive immunity cells
together with the response of structural
cells within the airway generate the
ongoing airway inflammation that is the
hallmark of severe asthma.

Severe asthma is defined by the
requirement for guidelines-suggested
medications for Global Initiative for Asthma
steps 4 to 5 asthma, including high-dose
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inhaled corticosteroids and long-acting
b-adrenergic agonist or leukotriene blocker
for the previous year or the use of systemic
corticosteroid for greater than 50% of the
previous year to prevent loss of control, or
is uncontrolled despite addition of such
therapies (12). Uncontrolled asthma, in
which poor symptom control, frequent
serious exacerbations, and severe airflow
limitation with an FEV1 less than 80%
predicted after correction of adherence
and other factors that limit treatment,
remains a substantial issue in severe
asthma (12). Recent addition of
monoclonal antibody therapy directed
against immunoglobulin E has also
emerged as a potential treatment (13)
but may also not control severe asthma.
New therapies may extend the use of
monoclonal antibodies against cytokines
such as IL-5 or IL-13 (14) that are believed
to have a key role in airway inflammation
in asthma, but these therapies are not yet in
clinical use (15).

Bronchial thermoplasty (BT) offers an
alternative therapeutic for patients with
severe, uncontrolled asthma that targets
airway smooth muscle, a key component
of bronchoconstriction and the elevated
airway resistance seen in severe asthma,
especially during asthma exacerbations (16).
BT is performed by the delivery of
controlled, therapeutic radiofrequency
energy to the visible, accessible airways via
bronchoscopy. BT is delivered in three
sessions each separated by 3 weeks. The
benefits of BT as demonstrated in clinical
trials include reduced asthma symptoms,
fewer acute exacerbations, and improved
quality of life (16–23). The mechanism is
believed to be radioablation of airway
smooth muscle mass within the central
airways with consequent reduction in
bronchial reactivity (19, 20). Changes in
muscle mass have been demonstrated
in canine models (24) and in normal
human airways in the setting of resection
surgery (25). One recently published
preliminary study suggests that BT
decreases airway smooth muscle mass in
asthmatic airways (26). However, to date
there have been no studies that examine
changes in airway inflammation,
including inflammatory cells and local
mediators, in the airway in the immediate
period after BT.

Here, we present findings from
a single-center case series to examine local
airway changes and inflammation in patients

with severe, persistent asthma who met the
clinical criteria for performance of BT.

Methods

Subjects
This was a prospective, observational
clinical study. Adult subjects with severe,
uncontrolled asthma were sequentially
recruited from the Refractory Obstructive
Lung Disease Clinic at the University of
Chicago. Subjects met the criteria for step 4
through step 6 asthma as defined by the
Expert Panel Report 3 Guidelines on
Asthma (27). Confirmation of airway
reactivity in subjects with asthma was done
using methacholine challenge when
baseline FEV1 was greater than or equal to
60% of predicted value; when this could not
be done, measurement of reversibility
before and after treatment with nebulized
0.083% albuterol (minimum 12%
improvement in FEV1) was done per
guidelines of the American Thoracic
Society (28).

Approval for the use of samples
generated from these subjects was obtained
from the Institutional Review Board at the
University of Chicago (IRB 12-1739). All
subjects provided written, informed consent
for the BT procedure that reflected the
severe nature of their disease, published
guidelines for the procedure, and
modifications to the guidelines based on
their pulmonary function. Only after that
consent was obtained were patients
recruited for the research protocol, for
which a separate written, informed consent
for the collection of research samples,
including endobronchial biopsies, was
obtained.

All patients were treated with 50 mg
prednisone 3 days before, the day of, and
1 day after each BT in addition to any
oral or inhaled corticosteroid therapy
required for asthma control before the
procedure. Bronchoscopy was done
using standard methods and sedation.
Bronchoalveolar lavage (BAL) was
performed before biopsy by instillation of
120 ml saline into the medial segment
(RB7) of the right lower lobe followed by
in-line trap suction recovery. Airway
biopsies, four to six total, were collected at
right lower lobe airway carinas using
Precisor Forceps (ConMed, New York,
NY) as previously described (29). Samples
were collected from the same location

before the first BT and then 3 and
6 weeks later. No samples were collected
from any other segments of the lung. After
this, BT then was performed at the
appropriate locations using the standard
clinical protocol (16) using the Alair
Bronchial Thermoplasty System (Boston
Scientific, Inc., Natick, MA), which
includes the Alair RF controller and Alair
RF catheter. All subjects tolerated
bronchoscopy and thermoplasty without
severe adverse events or complications. All
subjects were monitored appropriately by
clinical staff, and treatment with oral
corticosteroids and short-acting b-agonists
was provided as required to manage
asthma exacerbations between BT
procedures.

Sample Analysis
BAL was kept at 48C during all handling.
Lavage fluid was centrifuged at 1,5003 10
min; cells were collected for count and
differential, and lavage supernatant then
was stored at 2808C until use. For
Bio-Plex analysis, 10 ml of BAL fluid was
concentrated to 500 ml at 48C using
Amicon Ultra-15 Centrifugal Filter Units
(Millipore, UFC900308). These samples
then were analyzed for cytokine/
chemokine concentrations using
Milliplex multiplex Assay kits (EMD
Millipore, Darmstadt, Germany) using
Luminex according to manufacturer’s
protocol. Endobronchial biopsies
collected from the same airway in each
BT procedure (RB7) were paraffin
embedded, after which 5-mm sequential
slices were stained with hematoxylin and
eosin or were labeled with an antibody
directed against a-smooth muscle actin
(a-SMA) (Sigma, Inc., St. Louis, MO)
using a standard immunoperoxidase
protocol.

Table 1. Patient demographics

Patients (n = 11)

Sex, male/female 3/8
Age, mean6 SE, yr 406 4
Race, white/other 10/1
Medication use, % (n/total)
Oral corticosteroids 73 (8/11)
Inhaled corticosteroids/
long-acting b-agonists

73 (8/11)

Inhaled corticosteroids 27 (3/11)
Short-acting b-agonists 27 (3/11)
Other 18 (2/11)
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Data Analysis
As this was a clinical series and patients were
recruited for the research protocol after
a clinical decision had beenmade to perform
BT, no subjects were recruited for
a “placebo” or sham-bronchoscopy trial.
Data from the two time points after first
BT were compared in a paired manner to
data generated at the first BT for each
patient.

For airway smooth muscle mass
analysis, total area and a-SMA–positive
area were measured from three
endobronchial biopsy sections at each time
point for each patient using ImageJ (30).
Samples that were considered inadequate
were excluded from analysis. Data are
presented as the percentage of a-SMA–
positive tissue related to the total tissue
area. For cytokine/chemokine expression,
analytes were measured according to
manufacturer’s protocol. Observed
concentrations were determined by
comparison to known standards analyzed
at the same time.

All data are expressed as the mean6
SEM. Statistical analysis of clinical and
demographic data was done using paired
t tests or by F tests followed by t tests with
correction using the Bonferroni method as
appropriate. Statistical analyses were
conducted in STATA (version 13.1;
StataCorp, College Station, TX), or R (version
3.0.2; http://www.r-project.org) as required.

Results

Eleven adult patients (Table 1) with severe,
uncontrolled, persistent asthma underwent
BT per a standard protocol as described
previously (16). Three men and eight
women ranged in age from 19 to 56 years
old. At the time of the first BT procedure,
all 11 patients were receiving
corticosteroids. Of these, eight (73%) were
treated with oral corticosteroids: one
patient received 10 mg prednisone daily
and seven patients received 50 mg
prednisone daily. All 11 patients received
50 mg oral corticosteroids 3 days before
and 1 day after each BT. Patients taking
oral corticosteroids for asthma treatment
remained on oral corticosteroids during
the days between BT (Table 2). Of the
11 patients, 8 (73%) also received
combination inhaled corticosteroid/long-
acting b-agonists in a combination inhaler
device, and 3 (27%) received inhaled

corticosteroid alone. All 11 patients also
received short-acting b-agonist treatment
as required for symptom control, and 2
(18%) were treated with other asthma
medications (Table 1).

Patients underwent spirometry at each
time point just before BT. Eight of the
11 patients (73%) had an FEV1, 60%
predicted before the first BT (Table 3). By
3 weeks, five of these eight (63%) patients
had improved to an FEV1 above 80%
predicted (P, 0.001). This increased
FEV1 was maintained at 6 weeks post BT
(P, 0.001). Three patients (27%) with an
initial FEV1 greater than 60% predicted
remained unchanged at both 3 and 6 weeks
(Table 3). Three patients (27%) with
FEV1, 60% predicted did not improve
after BT.

Endobronchial biopsies and BAL
fluid were collected during each
procedure. Differential BAL cell
counts were determined at each time
point (Table 4). The percentage of
eosinophils decreased from 46 1% to
16 0% by week 3 and remained low
6 weeks after the initial BT (P, 0.001),
and macrophage percentages did not
significantly change at either time point.

We measured the expression of a-SMA
in endobronchial biopsies collected at each
time point (Figure 1). a-SMA expression,
measured as a percentage of total tissue area,
decreased, though not significantly, from
386 5% from Week 0 (Figures 1A–1C) to
296 4% at Week 3. By Week 6 (Figures 1A,
1B, and 1D), SMA expression had
significantly decreased to 166 5% (P,
0.001). These data suggest a time course over
which smooth muscle presence decreased
after the initial BT procedure to this airway.

The presence of key cytokines and
chemokines believed to have a potential role in
asthmatic airway inflammation was measured
in the BAL samples collected at each time
point using EMD Millipore Milliplex assay
microplates. Results for each cytokine and
chemokine measured are summarized in
Table 5. Three of these cytokines/chemokines
were observed to have significant changes in
concentration over time after BT (Figure 2).
Three weeks post BT, TGF-b1 concentration
decreased more than twofold from 4.96 1.3
pg/ml to 2.36 0.9 pg/ml (P = 0.04) (Figures
2A and 2B). At 6 weeks post initial BT; the
average TGF-b1 concentration had decreased
further to 1.26 0.7 pg/ml (P = 0.03). A
second mediator, TNF-related apoptosis-
inducing ligand (TRAIL) was dramatically
increased in concentration at both 3 and 6
weeks post BT from 9.16 2.7 pg/ml before
BT to 21.76 6.5 pg/ml and 56.46 15.2
pg/ml (P, 0.05) (Figures 2C and 2D).
Regulated upon activation, normal T-cell
expressed and secreted (RANTES)/CCL5
decreased in concentration from 84.76 25.8
pg/ml at Week 0 to 5.26 2.0 pg/ml and
8.936 3.30 pg/ml at 3 and 6 weeks (P, 0.05)
(Figures 2E and 2F). These data demonstrate
clear changes in select, key mediators that may
modulate airway inflammation and fibrosis in
the early weeks after BT.

Discussion

In this study we analyzed pulmonary
function, BAL cellular content and cytokine/

Table 2. Oral corticosteroid use before
and during bronchial thermoplasty

Patient Pre-BT
(mg)

BT1–BT2
(mg)

BT2–BT3
(mg)

1 None None None
2 None None None
3 50 50 50
4 None None None
5 10 10 10
6 50 50 50
7 50 50 50
8 50 50 50
9 50 50 50
10 50 50 50
11 50 50 50

Definition of abbreviation: BT = bronchial
thermoplasty.

Table 3. Spirometry before and after bronchial thermoplasty

Week 0 Week 3 Week 6

FEV1 % predicted, mean6 SE 59.16 7.9 63.76 6.5 61.36 7.3
FEV1, 60% predicted, n 8 3* 3*

*P, 0.01 by paired t test and Bonferroni correction as appropriate.
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chemokine concentration, and a-SMA
abundance in a single asthmatic airway
immediately before and both 3 and 6 weeks
after BT. Our study design thus used

each patient as her/his own control in
a before-and-after examination of airway
inflammation and airway smooth muscle
mass. We demonstrate that airway

obstruction as measured by FEV1 predicted
improved significantly by Week 3 after
the initial BT, and this improvement
correlated with significant changes in both
airway smooth muscle mass and airway
inflammation.

Airway smooth muscle mass is in
increased abundance in patients with severe
asthma (31, 32) and is an active participant
in the pathophysiology of asthma. This
increase in airway smooth muscle
exacerbates airway constriction through
hypertrophy and hyperplasia of airway
smooth muscle cells (33) and contributes to
the inflammatory response through the
production of cytokines and chemokines
(34). BT was designed to target airway
smooth muscle directly. We show here that

Table 4. Cellular composition of bronchoalveolar lavage fluid before and after
bronchial thermoplasty

BAL cellular content (%)* Week 0 Week 3 Week 6

Eosinophils 46 1 16 0† 16 0†

Macrophages 926 2 946 1 926 1
Lymphocytes 36 2 46 1 66 2

Definition of abbreviation: BAL = bronchoalveolar lavage.
Data presented as mean6 SE.
*Proportions of neutrophils and epithelial cells were ,1% in the majority of samples counted.
†P, 0.01 by repeated measures F test followed by paired t test and Bonferroni correction as
appropriate.
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airway smooth muscle mass within the
airway is significantly reduced, as
demonstrated by labeling for smooth
muscle–specific actin, 3 and 6 weeks after
the initial BT. A reduction in airway
smooth muscle mass was previously
demonstrated in the first trial of BT in
humans without asthma performed by
Miller and colleagues (25). Very recently,
a clinical trial of 10 subjects conducted in
France demonstrated reduction in airway
smooth muscle mass in Paris, France in
airways treated with BT at about 3 months
after the procedure (26). Our study thus
confirms the reduction in airway smooth
muscle mass within asthmatic airways after
BT and further demonstrates that this
reduction occurs early, within 6 weeks of
the procedure.

Our study is the first to examine local
inflammatory events in the airways
affected by BT in the weeks after the
procedure. A striking finding is the
substantial change in select cytokines
involved in asthma-associated airway
inflammation. One of these, TGF-b, has
a complex role in the pathogenesis of
severe asthma (35). It is produced by
several cell types, including epithelial cells,
eosinophils, macrophages, fibroblasts,
and helper T cells (36, 37), and is
involved in epithelial transformation,

subepithelial fibrosis, airway smooth
muscle remodeling, microvascular
changes, mucus production, and both
suppressing and activating inflammatory
cytokines (38–41). TGF-b1 is a major
regulator as well as effector in the
immune response. TGF-b1 expression is
markedly increased in asthmatic airways
(42, 43) and further augmented by
infiltrating inflammatory cells. The clear
reduction in TGF-b1 concentration
suggests the potential to down-regulate
inflammation and fibrosis in the first
weeks after BT. Although it is tempting to
suggest that the reduction in eosinophil
proportion is responsible for the
decreased TGF-b1 concentration in BAL
fluid, we recognize the other cell
contributors to the total pool of TGF-b1

and thus suggest caution as to which cells
were responsible.

RANTES/CCL5 is a chemoattractant
that recruits eosinophils that has been
shown to account for 80% of TGF-b
expression in asthma (44, 45). Even in low
concentrations, BAL RANTES incites
eosinophil attraction and has been shown
to correlate with the proportion of BAL
eosinophils (46). Our data demonstrate
a reduction in both TGF-b1 and RANTES
in BAL fluid in the weeks after BT applied
to a single lobe, which in turn correlated

with a decrease in BAL eosinophil
proportion throughout the time period of
BT treatment. It is interesting in this
context that eotaxin, another cytokine
expressed by epithelial cells that can
elicit eosinophil recruitment into airways,
did not change significantly in the three
measurements. This suggests that
eotaxin had no significant influence on
the change in eosinophil proportion
and that RANTES/CCL5 was more
responsible.

Interestingly, the concentration of the
chemokine TRAIL was significantly
increased in the BAL fluid of our cohort
after BT. Apoptosis has been implicated in
the resolution of inflammatory processes
and reestablishment of tissue homeostasis,
and TRAIL signaling is reported to have
beneficial effects in several disease states
(47–50). In a mouse model of asthma,
increased expression of TRAIL was shown
to be responsible for increased apoptosis
of airway leukocytes and associated
with the resolution of allergy through
a reduction in Th2 production of
IL-5 (51). In human asthma, a higher BAL
eosinophil count is associated with
a decreased expression of the canonical
TRAIL death receptors (52). Conversely,
TRAIL signaling has also been linked to
nonapoptotic and proliferative events
(52–54), thus indicating that further
investigation into the role of TRAIL
after BT is necessary to establish its
function.

Surprisingly, we detected no significant
changes in select key asthma cytokines,
including IL-4, IL-5, IL-13, and IL-17. We
suspect this may be due to the nature of our
study design. In the days before each BT
procedure, patients received high doses of
oral prednisone per the clinical protocol
for purposes of safety, which very likely
altered cytokine expression. Additionally,
the times at which our patient samples were
collected may limit our ability to observe
significant changes in these inflammatory
mediators.

Previous human studies of BT have
proven the safety and long-term efficacy of
BT on patients with both mild and severe
asthma (17–23). However, sustained
improvement in pulmonary function, as
measured by FEV1 or FVC, generally has
not been demonstrated after BT in these
studies. Our data demonstrate that airway
obstruction is improved early after BT, as
indicated by an improvement in FEV1 at

Table 5. Cytokine/chemokine concentrations in bronchoalveolar lavage fluid before
and after bronchial thermoplasty

Analyte Week 0 Week 3 Week 6

EGF 27.26 4.0 22.16 6.0 23.76 7.8
Eotaxin 26.26 4.3 27.26 4.9 29.06 5.3
IL-6 0.686 0.26 0.646 0.16 1.436 0.79
IL-10 0.76 0.2 0.56 0.1 0.66 0.1
IL-12 0.136 0.02 0.166 0.3 0.176 0.04
IL-13 0.266 0.03 0.316 0.06 0.326 0.05
IL-15 1.496 0.4 1.756 0.42 1.326 0.39
IL-21 0.186 0.03 0.26 0.03 0.26 0.04
IL-33 1.366 0.91 0.56 0.2 0.56 0.26
MIP-3a 3.16 1.7 3.86 1.5 9.16 5.1
RANTES 84.76 25.8 5.26 2.0* 8.96 3.3*
TGF-a 256.36 51.9 191.06 47.8 207.26 58.0
TGF-b1 4.96 1.3 2.36 0.7* 1.26 0.4*
TNF-a 0.256 0.06 0.136 0.03 0.176 0.04
TRAIL 9.16 2.7 21.76 6.5* 56.46 15.2*

Definition of abbreviations: EGF = epidermal growth factor; MIP =macrophage inflammatory protein;
RANTES = regulated upon activation, normal T-cell expressed and secreted; TGF = transforming
growth factor; TNF = tumor necrosis factor; TRAIL = tumor necrosis factor–related apoptosis-inducing
ligand.
Undetected analytes: granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1b, IL-4, IL-5,
IL-9, IL-17A, IL-17E, IL-17F, IL-22, IL-23, IL-27, IL-28A, IL-31, IFN-g, TNF-b.
*P, 0.05 by repeated measures F test followed by paired t test and Bonferroni correction as
appropriate.
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both time points after the first procedure.
This correlates with a significant decrease
in the percentage of eosinophils in BAL
in the majority of patients in our cohort.
We interpret this finding cautiously and
note that improvement in spirometric
values in our subjects may not differ
long term compared with pre-BT
determinations, as has generally been
seen in prior studies.

We also note that several of the patients
in our study had an FEV1 as percent
predicted significantly lower than the cut-off
used in previous trials such as the Asthma
Intervention Research 2 trial (55). We have
recently demonstrated in a case series that
BT can be done with no increase in serious
adverse events in patients with FEV1 in the
range of 40 to 60% predicted (23). As
such, patients with FEV1 values in this range
were not excluded from our study.

Our data offer insight into how the
airways of patients with severe asthma
respond to BT in the first few weeks of the
procedure. However, it is important to note
the limitations of our study. Our study is
small and reflects recruitment from a single
center in the local community. Thus, our

data do not take into account the several
phenotypes of severe asthma, the potential
influences of geography, or household and
environment exposures. In addition,
although all subjects received a standard
protocol of oral corticosteroids shortly
before and after each BT procedure, it is
unknown how these and inhaled
corticosteroids, long-acting b-agonists,
and other agents influence the airway
before BT and thus how each alone or in
combination might affect the outcomes in
terms of airway inflammation and smooth
muscle mass in the weeks after the
procedure.

Finally, the follow-up time in our study
subjects was 6 weeks. We took advantage of
the need to perform bronchoscopy at the
stated intervals for the BT procedure to
collect samples from the right lower lung
lobe treated in the first procedure. We were
not able to perform bronchoscopy at time
points beyond 6 weeks; therefore, the
changes in airway inflammation,
remodeling, and smooth muscle mass
beyond that point are not known. We
further note that we do not have data
concerning ultimate clinical status and

thus cannot, in this small study, correlate
changes in airway inflammation and smooth
muscle mass to (for example) clinical
asthma symptoms, exacerbations, and
quality of life in the months after the
procedure.

In summary, we demonstrate clear
changes in the airway smooth muscle mass
and inflammatory mediators after
bronchial thermoplasty in patients with
severe asthma. This study sets the stage for
future trials that will aid in more clearly
understanding the role of BT and the
changes in airway inflammation in the early
weeks to months after BT in severe,
persistent asthma. n
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