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Abstract

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family, exists in several isoforms, which differentially
impacts neuronal and immune cell survival and differentiation. The role
of BDNF and its isoforms in asthma remains unclear. The objectives of
this study were to compare the BDNF protein isoforms and specific
splice variant expression in sputum and bronchoscopic samples from
healthy control subjects and participants with asthma, and to relate
these changes to findings in IL-13-stimulated human airway epithelial
cells. Sputum and bronchoscopic samples from healthy control subjects
and participants with asthma were evaluated for BDNF protein (ELISA
and Western blot) and BDNF mRNA (gel and quantitative real-time
PCR) in relation to asthma severity and type 2 inflammatory processes.
BDNF mRNA was measured in cultured primary human airway
epithelial cells after IL-13 stimulation. Total BDNF protein differed
among the groups, and its mature isoform was significantly higher in
sputum from subjects with severe asthma compared with healthy
control subjects (overall P = 0.008, P = 0.027, respectively). Total BDNF
was higher in those with elevated fractional exhaled nitric oxide and
sputum eosinophilia. In vitro, IL-13 increased BDNF exon VIb splice
variant and the ratio to BDNF common exon IX mRNA (P < 0.001,

P =10.003, respectively). Epithelial brushing exon VIb mRNA and
total BDNF protein differed among the groups and were higher in
subjects with severe asthma than in healthy control subjects (overall
P =0.01, P=0.02, respectively). The mature BDNF isoform and the
exon VIb splice variant are increased in human asthmatic airways.
The in vitro increase in response to IL-13 suggests that type 2
cytokines regulate BDNF levels and activity in asthma.
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Clinical Relevance

In this article, we report that brain-derived neurotrophic factor
(BDNF) protein and its mature isoform are increased in

the sputum and epithelial cells of patients with airway
hyperresponsiveness and asthma in association with type 2
cytokine-associated biomarkers. Furthermore, we report that
expression of the BDNF exon VIb splice variant in response to
IL-13 could contribute to the higher protein levels observed.

Brain-derived neurotrophic factor (BDNF)
is a member of the neurotrophin family
involved in the maintenance, survival, and
differentiation of central and peripheral
neurons. BDNF also supports survival and

and smooth muscle cells in the human lung
(1-4). Although any of these functions

could be relevant to human asthma (5, 6),
little is understood regarding its expression
and activity in human lung disease. BDNF

bronchoalveolar lavage fluid of subjects
with mild asthma after segmental allergen
challenge (7), with a more recent study
reporting higher levels of total BDNF
protein in neutrophilic sputum from

activation of immune cells, epithelial cells,  has been reported to be increased in participants with asthma as compared with
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those without neutrophils (8). No previous
studies have addressed the relationship of
BDNF levels to asthma severity, clinical
parameters, and type 2 cytokine—associated
inflammatory processes or factors that can
increase its activity or levels in human asthma.

Human BDNF is a large complex gene,
consisting of 17 known splice variants,
including 12 noncoding exons, and only one
coding exon (common exon IX). Little is
understood regarding the purpose of these
splice variants, but relatively high levels of
several alternative BDNF splice variants have
been measured in nonneural tissues, including
lung (9, 10). To add complexity, BDNF
consists of three known protein isoforms of
different molecular weight (precursor,
truncated, and mature BDNF). Precursor
BDNF binds to the p75 neurotrophin
receptor, where it promotes apoptosis
(11-13). In contrast, mature (cleaved) BDNF
supports cell survival and activation through
binding to the tropomyosin-related kinase B
(TrkB) receptor (14, 15). Truncated BDNF
represents a poorly understood isoform,
known to be cleaved from precursor BDNF
(16). Thus, the isoform mix present in tissues
could profoundly impact downstream
processes.

Murine studies suggest that the
bronchial epithelium may be the primary
source of BDNF in the lungs, especially after
allergen challenge (17). However, the source
of BDNF in the lungs of humans or the
impact of type 2 cytokines on BDNF
expression is unknown. We hypothesized
that specific BDNF splice variants and
protein isoforms would be increased in
asthmatic airways in association with a type
2 cytokine inflammatory signature, and that
the type 2 cytokine, IL-13, would regulate
expression of these specific splice variants in
primary human bronchial epithelial cells. To
address this hypothesis, BDNF mRNA and
protein were measured in sputum and
bronchial epithelial brushings from
comprehensively characterized participants
with asthma and healthy control subjects, and
the impact of IL-13 on the expression of
protein isoforms and specific splice variants
in vitro was addressed.

Materials and Methods

Subjects

Participants with asthma met American
Thoracic Society criteria for asthma, and
were recruited as part of the National

Institutes of Health Severe Asthma Research
Program or the Electrophilic Fatty Acid
Derivatives in Asthma studies (18). Mild
asthma (Mild), mild-moderate asthma
(Mild-Mod/inhaled corticosteroid [ICS]),
and severe asthma (SA) was defined by the
American Thoracic Society 2000 workshop
definition (19). Healthy control subjects
(HCs) had no history of respiratory disease
or recent respiratory infection, and normal
lung function. Participants underwent
extensive testing, including spirometry,
bronchodilator reversibility, airway
hyperresponsiveness (methacholine
challenge testing), allergy skin testing,
complete blood counts, and measurement
of fractional exhaled nitric oxide (FeNO;
Niox; Aerocrine, New York, NY), as
previously described (20). Full details are
provided in the online supplement.

Sputum

Induced sputum was collected and processed
as described by Fahy and colleagues (21). Cell
differentials derived from 300 total cells
counted by two blinded readers were
reported as percentage of total white blood
cells (values obtained by the Severe Asthma
Research Program sputum core).

Bronchoscopy with Endobronchial
Airway Brushings

Bronchoscopy with endobronchial epithelial
brushing was performed as previously
described (22, 23), and details are provided
in the online supplement.

Primary Air-Liquid Interface Epithelial
Cell Culture

Primary human airway epithelial cells
(HAEC:) obtained from bronchoscopic
brushings were cultured under air-liquid
interface (ALI) as previously described
(22-24), and details are provided in the
online supplement.

Measurement of BDNF Protein by
ELISA

BDNF protein was measured in sputum
supernatants and bronchial epithelial cell
lysates by ELISA. Additional details are
provided in the online supplement.

Western Blots for BDNF Isoforms
BDNF in sputum supernatants, fresh
HAEGs, and cultured epithelial cells were
also measured by Western blot analysis.
Full details are available in the online
supplement.
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Quantitative Real-Time PCR and
Semiquantitative Gel PCR

We performed quantitative real-time PCR
on total BDNF mRNA expression and
each splice variant, and also performed
semiquantitative gel PCR on each splice
variant. Additional details are provided in
the online supplement, and the gene
structure of human BDNF and the exons
measured in this study are shown in
Figure El in the online supplement.

BDNF mRNA Stability

In ALI cells cultured for 8 d, IL-13 or media
was added for 1 h, followed by actinomycin
D (5 pg/ml) (Sigma, St. Louis, MO). Cells
were harvested for RNA at 0, 0.5, 1, 2, 4, 6,
and 10 h, and mRNA measured by real-
time PCR. The differences in total BDNF
(exon IX), IV, and VIb splice variant
mRNA stabilities were compared between
IL-13 stimulated and unstimulated cells.

Statistical Analysis

BDNF protein and mRNA data were not
normally distributed, and were analyzed
using nonparametric tests. Kruskal-Wallis
variation of the Wilcoxon test was used to
compare overall differences among the four
groups. When the overall P value was less
than 0.05, intergroup comparisons were
made using the Wilcoxon test, applying
Bonferroni correction for multiple
comparisons (uncorrected P < 0.0083
considered significant for four groups with
six comparisons). Spearman’s correlations
(rs) were performed to evaluate
relationships between BDNF and type 2
cytokine inflammatory makers. Pearson x*
tests compared categorical variables. The
Wilcoxon signed rank (nonparametric)
matched-pair test compared baseline or
IL-13-stimulated BDNF mRNA expression
and stability. Statistical analysis was
performed with JMP SAS software (SAS
Institute, Cary, NC), and P values less than
0.05 were considered significant.

Results

Demographics

Samples from a total of 106 subjects

(26 HCs, 11 Milds, 25 Mild-Mod/ICSs, and
44 SAs) were used. The groups did not differ
by race. SAs were predominantly female,
older, more obese, and had the lowest FEV; %
predicted (overall P=0.04, P < 0.0001,
P=0.009, and P < 0.0001, respectively).
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FeNO was lower in HCs as compared with
asthma (overall P =0.007). Serum IgE was
numerically lowest in HCs as compared with
asthma (overall P=0.008). A total of
34 (77%) SAs were using systemic CS for
50% or more of the previous year (Table 1).
In all cases throughout this study, we
attempted to match samples from different
cell compartments when at all possible.
However, there is competing access to the
extremely limited human samples obtained
in these studies, and not all samples were
available for each experiment. Epithelial cell
data were available from 74 (70%)
participants, sputum data from 62 (58%),
and cell culture studies from 15 (14%).
Demographics for these subgroups were
similar to the overall subject population
(Tables E1-E3).

The Mature Form of BDNF Is
Increased in SA Sputum

Total sputum BDNF protein (by ELISA)
differed overall (P =0.008), but after
Bonferroni correction was not different
between the groups (Mild and SA tended to
be higher than Mild-Mod/ICS [P =0.01
and P =0.014, respectively; Figure 1A]).
Truncated and mature BDNF isoforms
were detectable in all subjects by Western
blot. Precursor isoform bands were not
routinely seen. The mature isoform (as the
ratio of total) differed among the groups
(P =0.027), and was significantly higher in
SAs compared with HCs (Figures 1B

and 1C). In addition, the total amount of
mature BDNF (the ratio of mature to total
BDNF by Western blot X BDNF protein by
ELISA [pg/ml]) differed among the groups
(overall P=0.006), was higher in SAs
compared with HCs (P =0.006), and was

marginally higher in Mild compared with
HCs (P=0.011) (Figure 1D).

Sputum BDNF Protein Associates

with Type 2 Cytokine Inflammatory
Markers and Airway
Hyperresponsiveness

Participants were divided into those with
high and low FeNO or percent sputum
eosinophils based on median splits in entire
populations (32 ppb [FeNO] or 2% [%
sputum eosinophils]) as surrogates for
type 2 cytokine-associated asthma

(8, 22, 25, 26). The FeNO high (high

type 2 cytokine) group had a significantly
higher ratio of mature to total BDNF and
total mature BDNF levels (P =0.024 and

P =0.032, respectively; Table 2). The
sputum eosinophil high group also had
significantly higher total BDNF protein
(P=0.015). Interestingly, the ratio of
mature isoform to total BDNF significantly
correlated with provocative concentration
of methacholine causing a 20% drop in
FEV] in a subset of the population (r;= —0.48,
P=0011, n =26).

IL-13 Induces the Mature BDNF
Isoform, BDNF Exon IV, and Vib

Splice Variants in Primary Bronchial
Epithelial Cells In Vitro

To determine whether the association of
BDNF with type 2 cytokine inflammatory
markers was related to an ability of the type
2 cytokine, IL-13, to induce BDNF mRNA
and protein expression, HAECs in ALI were
stimulated, or not, with IL-13 (10 ng/ml
for 8 days). Moreover, to determine whether
IL-13 stimulated expression of specific
splice variants previously reported in lung
tissue (9), expression of exons IV, Va, Vb,

Table 1. Overall Subject Demographics (n = 106)

V-VIII-VIIIh, VIa, VIb, and VIb-IXbd was
also evaluated by semiquantitative gel PCR.
Although IL-13 did not induce an increase
in total (common exon IX) BDNF mRNA
expression (Figure 2A), semiquantitative
gel PCR showed that IL-13 increased exon
IV and VIb splice variants (n =3,

Figure 2B). Furthermore, IL-13
quantitatively (quantitative PCR) increased
expression of both exon IV and VIb splice
variants (n=11; P=0.04 and P < 0.001,
respectively), although the absolute levels of
the exon IV splice variant were lower
(Figures 2C and 2D). In addition, the ratio
of exon VIb to total mRNA increased with
IL-13 stimulation (n =11, P =0.003;

Figure 2E). Of note, in small numbers, there
were no differences in basal or IL-13-
stimulated mRNA by asthma presence or
severity. Given recent evidence that
antisense BDNF can impact overall BDNF
levels (27), we performed RT-PCR for this
variant, but levels were extremely low and
not affected by IL-13 stimulation (data not
shown).

To determine whether IL-13 altered
expression of the three BDNF isoforms in
cultured HAECs, Western blot was
performed on HAEC lysates. IL-13 induced
the mature isoform, while generally
decreasing the truncated isoform. Precursor
bands were not seen, whereas increases in
unknown, possibly unglycosylated bands
were variable (20-24 kD; n = 4; Figure 3)
(13, 15, 28). There were no differences in the
pattern of BDNF isoforms by subject group.

Total Exon IX BDNF mRNA Stability
with and without IL-13

To determine whether the increase in exon
IV or VIb splice variants impacted overall

HC

Demographics (n =26)
Sex, M/F 15/11
Age, yr 27 (24-35)
Race, W/AA/other 20/3/3
BMI, kg/m?* 24 (22-28)
FEV; % predicted* 95 (92-102)
Serum IgE, kU/L* 25 (8-86)
Exhaled NO, ppb* 18 (13-34)
Use of OCS, % NA

Mild Mild-Mod/ICS
(n=11) (n=25)
2/9 6/19
21 (20-38) 31 (23-51)
9/1/1 16/7/2
26 (24-30) 26 (24-31)
87 (84-98) 89 (73-98)
80 (48-217) 119 (36-349)
31 (18-66) 24 (16-69)
NA NA

SA
(n=44) Overall P Value
18/26 0.04
47 (35-55) <0.0001
35/5/4 0.62
30 (25-34) 0.009
52 (39-71) <0.0001
141 (28-358) 0.008
38 (22-63) 0.007
77 —

Definition of abbreviations: AA, African American; BMI, body mass index; F, female; HCs, healthy control subjects; M, male; Mild, subjects with mild
asthma; Mild-Mod/ICS, subjects with mild-moderate asthma/inhaled corticosteroid; NA, not applicable; NO, nitric oxide; OCS, oral corticosteroid; SA,

subjects with severe asthma; W, white.
*Median (interquartile range).
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Figure 1. Total brain-derived neurotrophic factor (BDNF) protein and its mature isoform in sputum.
(A) Total BDNF protein (by ELISA) in sputum supernatants. (B) Representative Western blots of the
three BDNF isoforms (precursor, truncated, and mature) in sputum supernatants from four healthy
control subjects (HC), three subjects with mild asthma (Mild), four with mild-moderate asthma
(Mild-Mod/inhaled corticosteroid [ICS]), and five with severe asthma (SA). (C) The ratio of the mature
isoform to total BDNF measured by densitometry. (D) Total amount of mature BDNF (pg/ml). Data are
presented as median, 25th, and 75th percentiles with maximum/minimum whiskers.

mRNA stability, total exon IX BDNF mRNA
stability was analyzed in IL-13-stimulated
cells compared with unstimulated cells. The
addition of IL-13 did not change the overall
stability of the total mRNA (data not

shown). However, as the total percent of
exon IV and VIb were less than 50% of total
BDNF mRNA, the stability of exon IV and
VIb mRNA in the presence of IL-13, as
compared with total exon IX mRNA, was

also performed. In contrast to total exon IX
BDNF mRNA in the presence/absence of
IL-13, expression of the exon VIb splice
variant declined more quickly than total
exon IX BDNF mRNA in IL-13-stimulated
cells (Figure 4). The rate of decline in
unstimulated exon VIb and in IL-13-
stimulated or unstimulated exon IV mRNA
levels was indeterminable, as mRNA levels
were extremely low after actinomycin D
addition (data not shown).

BDNF Protein Is Associated with
Expression of BDNF Exon Vib Splice
Variant, but Not Total BDNF mRNA
Expression

To determine whether the BDNF splice
variants identified in HAECs in vitro after
IL-13 stimulation were present ex vivo, total
BDNF and its IL-13-induced splice variants
were evaluated in bronchial epithelial cell
brushings. Similar to the in vitro study,
total BDNF mRNA expression did not
differ by asthma severity (overall P=0.167;
Figure 5A). Expression of the exon VIb
splice variant differed overall (P =0.01),
and was significantly higher in SA than in
Mild-Mod/ICS (Figure 5B). The ratio of
exon VIb to total mRNA also differed
among the groups (overall P=0.028;
Figure 5C). The ex vivo expression of exon
IV mRNA was extremely low, and could
not be accurately evaluated (data not
shown).

Total BDNF epithelial cell brushing
protein differed among the groups (overall
P=0.02), and was higher in SAs than HCs
(P=0.005) (Figure 5D). These levels

Table 2. Relationship between Fractional Exhaled Nitric Oxide and Percent Sputum Eosinophil and Brain-Derived Neurotrophic

Factor Parameters in all Participants

BDNF Parameters

FeNO % Sputum Eosinophils

BDNF Parameters n Low (<32 ppb) n High (=32 ppb) PValue n Low (<2%) n High (=2%) P Value

Sputum total BDNF, pg/ml 33 0 (0-11) 26 12 (0-20) 0127 31 8 (8-10) 28 11 (8-24) 0.015

Sputum mature isoform/ 23 35 (29-50) 17 50 (44-56) 0.024 20 42 (30-52) 19 48 (34-55) 0.623
total BDNF ratio

Sputum total mature 21 3.9 (2.5-5.5) 17 5.2 (4.0-11.7) 0.032 19 4.0 (2.4-5.7) 18 4.6 (3.8-11.6) 0.107
BDNF isoform

Epithelial cell total BDNF, 21 27 (9-45) 20 34 (21-54) 0234 14 27 (8-50) 11 52 (20-71) 0.118
pg/mi

Epithelial cell total MBNA 28 75 (42-145) 15 56 (25-101) 0.541 17 76 (55-133) 12 96 (60-148) 0.330

Epithelial cell VIb splice 28 1.07 (0.66-1.69) 15 1.82 (0.56-2.57) 0.437 17 0.85(0.44-1.73) 12 1.19 (0.6-2.0) 0.352
variant mRNA

Epithelial cell VIb/total 28 0.014 (0.007-0.045) 15 0.039 (0.01-0.074) 0.139 17 0.011 (0.006-0.04) 12 0.016 (0.007-0.062)  0.565
ratio

Definition of abbreviations: BDNF, brain-derived neurotrophic factor; FeNO, fractional exhaled nitric oxide.
Data are divided into high/low FeNO groups (median split in all participants = 32 ppb; high, =32 ppb; low, <32 ppb), and high/low % sputum eosinophil
groups (high, =2%; low, <2%). Data are presented as median (25th—75th percentiles).

Watanabe, Fajt, Trudeau, et al.: BDNF Expression in Asthma
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Figure 2. IL-13 induces BDNF exon IV and Vlb splice variants in human airway epithelial cells (HAECs) in air-liquid interface (ALI). (A) BDNF total (common
exon 1X) mRNA expression in HAECs in ALI (n = 11). (B) Semiquantitative gel PCR analysis of exons IV, Va, Vb, V-VIII-VIIIh, Vla, and VIb splice variants of
BDNF stimulated by IL-13 in vitro (n = 3). (C and D) Quantitative real-time PCR analysis of BDNF exon IV (C) and exon VIb (D) splice variant mRNA induced
by IL-13 in vitro (n=11). (E) The ratio of BDNF exon VIb splice variant to total BDNF mRNA. *, exon Va; **, exon Vb; GUSB, B-glucuronidase; N.S., not

significant.

correlated with the ratio of exon VIb to total
mRNA (r,=0.54, P=0.031, n = 16). Sputum
total BDNF protein levels marginally
correlated with the ratio of exon VIb to total
mRNA (r,=0.33, P=0.131, n = 22), but not
with total BDNF mRNA. The ratio of VIb to
total mRNA and total epithelial BDNF
protein also tended to be higher in the FeNO
high group (Table 2). Interestingly, Western
blots of epithelial cell brushings routinely
demonstrated the presence of truncated
BDNF isoform across the groups, whereas
precursor and mature BDNF bands were not
routinely seen. An unknown, possibly
unglycosylated 20kD band seen in vitro, was
also present ex vivo primarily in participants
with asthma (Figure 6) (13, 15, 28).

Discussion

The current study confirms previous studies
that identified BDNF in relation to asthma,
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but expands upon those studies to identify
the specific isoforms present, the
relationship to asthma severity and type 2
cytokine biomarkers, as well the
contribution of several splice variants to

IL-13
32kDa precursor

28kDa truncated

20-24kDa unknown
or unglycosylated

14kDa mature

B-actin

overall epithelial cell expression. BDNF
protein, typically in the mature isoform, is
present in high amounts in the sputum of
patients with SA, and to a somewhat lesser
degree in milder asthma, especially those

Oh 6h 12h
l

Figure 3. IL-13 increases mature BDNF isoform in HAECs in ALl in vitro. Representative Western
blots of the BDNF isoforms (precursor, truncated, and mature) and unknown, possibly unglycosylated
bands in HAECs untreated (at 0 h) and stimulated with IL-13 at Day 8 (n =4).
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Figure 5. BDNF mRNA and protein expression in fresh bronchial epithelial cell brushings. (A and B)
Quantitative real-time PCR analysis of (A) total BDNF mRNA and (B) exon Vib splice variant mRNA,
respectively. (C) The ratio of BDNF exon Vb splice variant to total BDNF mRNA. (D) Total BDNF
protein expression (by ELISA). Data are presented as median, 25th, and 75th percentiles with

maximum/minimum whiskers.
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increases in BDNF exon VIb mRNA splice
variant in vitro, previously reported to be
present in lung tissue (9) and associated
with an increase in the mature isoform.
Returning to fresh HAECs, only expression
of the exon VIb splice variant differentiated
the groups and correlated with epithelial
cell lysate BDNF protein. Thus, these data
demonstrate a robust BDNF signal in
asthma, likely arising from HAECs, which
is luminally released into sputum where it
could contribute to the pathobiology of
type 2 cytokine-associated disease.

Previous mouse studies reported
increased expression of BDNF protein/
mRNA in response to allergic inflammation
in vivo, as well as in response to IL-1j3,
TNF-a, and type 2 cytokines in epithelial
cells in vitro, consistent with the increases
seen in humans after allergen challenge
(7, 17). A prominent epithelial source for
BDNF has also been suggested, as well as
smooth muscle cell and ganglionic neurons
in human lung (1). Importantly, a recent
large-scale epithelial gene expression
profiling study showed that: (1) BDNF was
strongly correlated with the type 2
biomarker, FeNO; and (2) its expression
was increased in patients with elevated
FeNO and more severe asthma (30). This
study builds on those reports to clarify
BDNF mRNA and protein expression
across asthma severity, with type 2
inflammation and in vitro, in response to
the type 2 cytokine, IL-13. Although the
mature isoform is the prominent form seen
in sputum across asthma severity, total
BDNF protein and total mature BDNF are
highest in mild/no ICS and in SA. The
inhibition of BDNF production by ICSs
were reported in previous studies (2, 31);
these studies support that CSs decrease
BDNF expression in Mild-Mod/ICS,
whereas refractoriness to suppression by
CSs is observed in SA, the mechanism of
which remains unknown.

Mature BDNF is typically generated by
proteolytic cleavage of precursor BDNF by
furin of intracellular Golgi transnetwork, or
by plasmin or matrix metalloproteinase 7
extracellularly (14, 15). In our system,
mature BDNF was the most common
isoform in asthmatic sputum. It was also
the isoform most strongly increased after
IL-13 stimulation in cultured HAECs, but
there was no difference by subject group. In
contrast, in fresh HAECs, the mature
isoform was rarely detected, whereas the
truncated isoform and an unknown,
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Figure 6. Representative Western blots of the three BDNF isoforms (precursor, truncated, and
mature) and unknown, possibly unglycosylated, 20kD band from two HC, one Mild, two Mild-Mod/

ICS, and two SA.

possibly unglycosylated isoform were
prominent (13, 15, 28). Although the
reasons for these discrepancies are not
clear, as IL-13 increased expression of
mature BDNF very quickly (within 6 h), it
is conceivable that the bulk of the BDNF
present in fresh HAECs at baseline is not
due to acute IL-13 stimulation. Previous
studies report that precursor BDNF is
initially deglycosylated intracellularly in the
Golgi, producing truncated and/or mature
BDNF. As very little precursor BDNF was
found in either cultured or fresh HAECs,
this deglycosylation process appears active
in HAECs whether or not IL-13 is present.
However, the rapid increase in mature
BDNF in vitro in response to IL-13 suggests
that specific/acute cell stimulation and
activation is required for formation of
mature BDNF, which may not have been
present in vivo at the time of the
bronchoscopic sampling. In contrast, the
higher levels of mature BDNF observed in
asthmatic sputum may have accumulated
over time, reflecting an activated

plasmin system and induced matrix
metalloproteinase 7 (32, 33), or may have
been cleaved extracellularly from precursor
BDNF. As 40-60% of unprocessed
precursor BDNF is secreted and cleaved
extracellularly before it is metabolized to
the mature form (13, 15, 34), differences in
the extracellular environment between
asthmatic and healthy airways likely play an
important role in the observed imbalance of
BDNF isoforms. It is also possible that
mature BDNF is secreted from other
cellular sources within the epithelium or
immune cells (35, 36). However,
understanding the mechanisms for
generation of the dominant mature isoform
observed extracellularly in asthmatic
sputum is critical, as the mature isoform
exclusively activates TrkB, the downstream
effects and association with disease of
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which are distinctly different from those
of the alternate known receptor,
P75 neurotrophin receptor (28, 37).

TrkB is expressed in airway smooth
muscle, nerve fibers, and on human
eosinophils (36). It is known that BDNF,
acting through TrkB, inhibits apoptosis.
Importantly, TrkB has been reported to
increase bronchoalveolar lavage fluid
eosinophil viability in culture, likely
through effects on apoptosis (17, 38, 39).
The TrkB gene, also known as neurotrophic
tyrosine receptor kinase type 2 gene, was
also reported to be up-regulated in relation
to FeNO, clustering with other “Th2-like
genes,” such as periostin, eotaxin-3, and
15-lipoxygenase (30). Although Hastie and
colleagues (8) reported significantly
increased BDNF in asthmatic sputum
containing 40% or more neutrophils, it
tended to be greater in those with increases
in both neutrophils and eosinophils.
Supporting these previous findings, sputum
BDNF in this study significantly correlated
with sputum eosinophils, perhaps through
an effect on TrkB. Furthermore, blockade
of TrkB has been reported to improve
airway obstruction in response to
neurotrophic stimuli (40). Braun and
colleagues (41) also reported that anti-
BDNF inhibited allergen-induced persistent
airway obstruction and neural
hyperreactivity in an allergen challenge
and sensitization protocol in mice. Their
results suggested that development of
allergen-induced neuronal hyperreactivity
in mice is partially mediated by BDNF.
Neurotrophins, including BDNF, are
recognized as mediators of neurogenic
inflammation, reacting quickly to
modulate the activity of sensory neurons
and enhance the release of neuropeptides
after allergic stimulation (42). Thus, BDNF
may link to immune and neurogenic
processes.

No previous studies have addressed
a prominent BDNF splice variant expression
in human airways. We analyzed the
expression of splice variants, including
exons IV, Va, Vb, V-VIII, V-VIII-VIIIh,
Vla, and VIb, previously reported to be
highly expressed in lung (9). BDNF exon
VIb splice variant was the most common
splice variant expressed in HAECs by
semiquantitative gel PCR or RT-PCR, and
was induced by IL-13 stimulation. Ex vivo,
the exon VIb mRNA level and the ratio
of exon VIb to total BDNF mRNA were
highest in SA, whereas total BDNF mRNA
expression was not different. Although the
reasons are unclear, importantly, this
splice variant is the only one that correlates
with total BDNF protein expression from
the same epithelial cells. Thus, the exon VIb
splice variant might be the critical splice
variant differentiating mild asthma, SAs,
and HCs.

The BDNF gene consists of 17 known
splice variants, but their biologic function or
the functional consequences of multiple
transcripts that encode the same protein are
not understood. As splice variants are
commonly associated with an alteration in
mRNA stability (43, 44), differences in the
stability of total BDNF mRNA and exon
VIb splice variant were evaluated in the
presence and absence of IL-13. Our data
suggest that exon VIb splice variant
expression declines more quickly than the
total exon IX mRNA, suggesting that it
represents an acute and time-limited
reaction to IL-13. In addition, the medians
for the percent of total BDNF mRNA that is
present as the exon VIb splice variant are
less than 30% (19% [Figure 2E] and 26%
[Figure 4], respectively). This small
percentage likely limits the impact on total
BDNF mRNA stability. The effect of IL-13
to increase the levels of various lung
splice variants also suggests that other
splice variants may be decreased, whereas
overall impact on mRNA stability remains
unclear. Interestingly, however, the strong
correlation of the exon VIb splice variant
with total BDNF protein in HAECs
supports an ability of the exon VIb splice
variant to enhance transcription of the exon
IX (coding) portion of the gene. Further
studies are necessary to confirm this.

The limitations of the current study
include the somewhat uneven distribution
of participants across severity groups, the
lack of every parameter studied on every
sample, and the likelihood that BDNF in
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sputum may come from other cells beyond
epithelial cells alone. However, the current
study is the most extensive evaluation to
date of BDNF in asthma, across a large
number of participants and different
airway compartments, both ex vivo and
in vitro.

In summary, our study shows
significant increases in the expression of

BDNF protein, its mature isoform, and the
exon VIb splice variant in human asthmatic
airways in association with airway
hyperresponsiveness, asthma severity, and
a type 2 cytokine inflammatory signature.
Supporting this, IL-13 stimulation induced
BDNF mRNA expression and the mature
isoform in HAECs in ALI system. Trials of
BDNF pathway antagonists are needed to

better understand its function and
importance in human asthma. l
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