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Abstract

Increased reactive oxygen species (ROS) contribute to asthma, but little is known about the
molecular mechanisms connecting increased ROS with characteristic features of asthma. We show
that enhanced oxidative activation of the Ca2*/calmodulin-dependent protein kinase (ox-CaMKI1)
in bronchial epithelium positively correlates with asthma severity and that epithelial ox-CaMKI|I
increases in response to inhaled allergens in patients. We used mouse models of allergic airway
disease induced by ovalbumin (OVA) or Aspergillus fumigatus (Asp) and found that bronchial
epithelial ox-CaMKII was required to increase a ROS- and picrotoxin-sensitive CI™ current (I¢y)
and MUCS5AC expression, upstream events in asthma progression. Allergen challenge increased
epithelial ROS by activating NADPH oxidases. Mice lacking functional NADPH oxidases due to
knockout of p47 and mice with epithelial-targeted transgenic expression of a CaMKII inhibitory
peptide or wild-type mice treated with inhaled KN-93, an experimental small molecule CaMKI|
antagonist, were protected against increases in I, MUC5AC expression, and airway hyper-
reactivity to inhaled methacholine. Our findings support the view that CaMKII is a ROS-
responsive, pluripotent pro-asthmatic signal and provide proof-of-concept evidence that CaMKI|
is a therapeutic target in asthma.

Introduction

Asthma afflicts 8.5% of the U.S. population and is estimated to cause over 3000 deaths and
cost over $56 billion annually in lost work and medical expenses (1). Adequate asthma
control cannot be achieved with standard treatment approaches in a majority of patients (2),
suggesting that improved understanding of disease mechanisms and identification of new
therapies will be necessary to reduce the suffering and expenses associated with asthma.
Asthma patients have increased reactive oxygen species (ROS) measured in exhaled gas (3)
compared to healthy controls; ROS signaling is implicated in characteristic features of
asthma, including goblet cell hyperplasia (4), airway inflammation (5), and airway hyper-
reactivity (AHR) (6). Despite the clear connection between elevated pulmonary ROS and
asthma, molecular mechanisms explaining ROS-triggered asthma progression and
therapeutic approaches addressing the role of ROS in asthma are lacking. Ca2*/calmodulin-
dependent protein kinase (CaMKII) is a master regulatory molecule and an attractive
candidate signal for promoting diseases where elevated ROS contributes to disease initiation
or progression (7). Under resting conditions, CaMKI|I is held in an inactive state, but
increased levels of calcified calmodulin (Ca2+/CaM) activate CaMKII by binding to the
regulatory domain (8). Once activated, CaMKII can retain activity in the absence of
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Ca%*/CaM binding by oxidation at Met281/282 (9). CaMKII activity is enhanced by
Met281/282 oxidation (ox-CaMKII) because these modifications prevent inhibitory re-
occlusion of the catalytic domain by the autoinhibitory domain (8). Active CaMKI|I
catalyzes the phosphorylation of proteins that increase inflammatory signaling (10), cell
proliferation (11), and ion channel activity (12). Excessive ROS promotes diseases (7), but
few examples are known in which molecular signals couple ROS to clearly defined
downstream signaling pathways in specific cell types. We recently found that excessive
levels of ox-CaMKI|I contribute to heart disease (9, 13, 14), suggesting that ox-CaMKI|I
could participate in disease processes initiated or aggravated by increased ROS in non-
cardiac tissues. We asked whether CaMKII could be an important, but previously
unrecognized, pro-asthmatic signal and whether CaMKI|I inhibition could protect against
asthma. Here we show that ox-CaMKII expression positively correlates with asthma severity
and is increased by exposure to inhaled allergens in patients. We developed a genetic mouse
model of bronchial epithelium—targeted CaMKII inhibition to provide experimental
evidence validating a previously unrecognized pathway where CaMKII in bronchial
epithelium is required for ROS-induced pro-asthmatic responses. We found that genetic and
pharmacological CaMKII inhibition reduces the severity of core disease markers in
ovalbumin (OVA)- and Aspergillus fumigatus (Asp)-treated mice, models of allergic
airway disease (15, 16). Our findings point to CaMKI|I as a candidate target for asthma
therapies.

Bronchial ox-CaMKIl is increased in asthma patients and OVA mice

Asthma patients have increased ROS in lung tissue and in their exhaled breath (3), which we
hypothesized may favor increased levels of ox-CaMKII. We measured ox-CaMKI|, using an
antiserum raised against oxidized Met281/282 (9), in bronchial biopsy specimens from
normal (n = 11) and severely asthmatic (n = 14) individuals with treatment-resistant disease
(table S1). Although CaMKII expression was evident in bronchial epithelium and airway
smooth muscle, ox- CaMKII was predominantly present in the bronchial epithelium (Fig. 1,
A and B). Severe asthmatics showed a significant increase in ox-CaMKII [P =0.009, n =11
healthy, 14 severely asthmatic, Mann-Whitney (MaWh) used to determine significance; Fig.
1, A and C] without change in total CaMKII (tot-CaMKII) (Fig. 1, B and D). We next turned
to the OVA model to investigate whether ox-CaMKII contributes to OVA-induced airway
disease. The OVA model (see Materials and Methods for details) recapitulates key features
of human asthma, including increased ROS, airway inflammation, goblet cell hyperplasia,
mucus secretion, and AHR (15). Lungs from OV A mice showed significantly increased ox-
CaMKII (P = 0.002, n = 6 per group, MaWh; Fig. 1, E and F) without increased tot-CaMKIl|I
(Fig. 1, E and G). Quantitative immunoblots on mouse lung homogenates showed that ox-
CaMKII expression was significantly increased in OVA mice compared to saline-treated
controls (P = 0.004, n = 8 per group, MaWh; Fig. 1, H and I). Epitope competition assays
validated the specificity of our ox-CaMKII antisera in human and murine lung sections (fig.
S1), and we detected increased ox-CaMKII in OVA compared to vehicle treated mouse
lungs by mass spectrometry (fig. S2). The OVA model represents sub acute allergen
exposure; thus, we next analyzed ox-CaMKII levels in bronchial biopsy sections from mild
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asthmatics, naive to steroid treatment, before and after allergen challenge. Ox-CaMKII in
the bronchial epithelium was significantly increased after allergen challenge in mild
asthmatics, suggesting that ox-CaMKII levels correlated with sub acute allergen exposure in
asthma patients (P = 0.023, n = 15 mild asthma before allergen challenge, n = 15 mild
asthma after allergen challenge, Wilcoxon; Fig. 1, J and K). We saw no variation in tot-
CaMKIlI levels in the epithelium or smooth muscle before or after allergen exposure (Fig. 1,
L and M). We next compared epithelial CaMKII levels in healthy individuals, mild
asthmatics before allergen challenge, and severe asthmatics, and found that ox-CaMKI|I
levels increased significantly with increasing disease severity [P = 0.039, n =17, 15, and 10
respectively, analysis of variance (ANOVA); fig. S3]. In contrast, tot-CaMKII levels did not
vary between these groups. These data show that ox-CaMKII expression positively
correlates with asthma severity and is increased in bronchial epithelium from asthmatic,
allergen-challenged patients and in OVA mice compared to controls. We interpret these
findings to support the view that bronchial ox-CaMKI|1 is an indicator of asthma severity,
and to suggest that ox-CaMKII may contribute to the pathophysiology of allergic asthma.

Ox-CaMKlIl is regulated in vivo in OVA mice

We measured ROS levels in the lungs of saline and OVA mice using dihydroethidium
(DHE) staining and found a significant increase in ROS after OVA (P = 0.001, n = 8 saline,
n =9 wild-type OVA, ANOVA with Bonferonni’s correction; Fig. 2, A and B), consistent
with reports of elevated ROS in asthmatic patients (3) and in OVA mice (17). The p47phox
protein is required for Nox1 and Nox2 ROS-generating activity (18), and we found that
p47~~ OVA mice were protected from OVA triggered ROS generation, with significantly
reduced levels of ROS in the bronchial epithelium compared to wild-type OVA (P = 0.002,
n =9 wild-type OVA, n = 9 p47~/~ OVA, MaWwh:; Fig. 2, A and B). However, ROS levels in
p47~~ OVA mice were not statistically different from those in wild-type saline-treated mice
(P =0.16, n = 8 wild-type saline, MaWh; Fig. 2, A and B). To further quantify oxidative
stress in the airways, we measured the levels of ascorbate radical, a marker of oxidative
stress (19), in whole-lung homogenates using electron paramagnetic spectroscopy, and
found a significant increase in ascorbate radical levels in wild-type OVA mice compared to
p47~'~ OVA mice (P = 0.017, n = 9 wild-type OVA, n = 6 p47~/~ OVA, MaWh; fig. S4,A
and B). We next measured tot-CaMKII and ox-CaMKII in p47~/~ and wild-type littermate
controls. p47~/~ mice showed significantly less ox- CaMKII compared to wild-type mice
after OVA (P =0.017, n = 8 per groups, MaWh; Fig. 2, C and D). Tracheal epithelial cells
isolated from p47~/~ mice showed reduced levels of ox-CaMKII after cytokine challenge
compared to wild-type control cells (P = 0.05, n = 3, ANOVA with Bonferroni’s correction;
fig. S5, A and B). In contrast, the levels of tot-CaMKII were similar in both the saline-
treated and OVA mice (Fig. 2E). Our data in p47~/~ mice suggest that NADPH oxidases
contribute to increased ROS and ox-CaMKII in OVA mice. Oxidative activation of CaMKI|I
correlates with disease severity We next asked whether the reduced ROS in p47-/- OVA
mice affected disease severity. The p47~/~ OVA mice showed a significant reduction in
goblet cell hyperplasia (Fig. 3A), bronchial epithelial thickness (P = 0.0001, n = 7 per group,
MaWh; Fig. 3B), MUC5AC (mucin)—positive airway cells [P = 0.016, n = 10 per group,
MaWh (Fig. 3C), and P = 0.0003, n = 10 per group (fig. S6A)], Muc5ac mRNA expression
(P =0.005, n = 10 per group, MaWh; Fig. 3D), airway eosinophilia (P = 0.036, n = 12, per
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group, MaWh; Fig. 3E), and the eosinophil attractant chemokine Ccl-11 (P =0.022,n =6
per group, MaWh; Fig. 3F) compared to OVA wild-type mice. We interpret our data to
show that NADPH oxidases are required for increasing ox-CaMKII (Fig. 2, C and D) and
that inhibition of NADPH oxidases by p47 knockout reduces core disease outcomes in OVA
mice. The improvement of these key OVA induced pathologies in p47~/~ mice mirrors
previously published data (20) and studies from our laboratory showing improvement in
characteristic features of asthma with a clinically validated glucocorticoid therapy (fig. S7).
Our findings suggest an important role for Nox-derived ROS in oxidative activation of
CaMKII and potentially in the progression of key disease traits in OVA mice. Methionine
sulfoxide reductase A (MsrA) is an antioxidant enzyme capable of reversing methionine
oxidation (21). MsrA has been shown to reduce ox-CaMKII after angiotensin Il or
aldosterone challenge in heart (9, 14). Msra™~ OVA mice exhibited a significant increase in
goblet cell hyperplasia (Fig. 3G), bronchial epithelial thickness (P = 0.0001, n = 7 per group,
MaWh; Fig. 3H), MUC5AC-positive cells (P = 0.008, n = 9 per group, MaWh; Fig. 3l and
fig. S6B), Muc5ac mRNA levels (P = 0.018, n = 8 per group, MaWh; Fig. 3J), airway
eosinophilia (P = 0.013, n = 13 per group, MaWh; Fig. 3K), and mRNA expression of the
eosinophil attractant chemokine Ccl-11 (P = 0.05, n = 6 per group, MaWh; Fig. 3l). Our data
show that manipulation of genetic pathways for ROS generation affects the severity of
disease characteristics (reduced in p47~/~ and increased in Msra~~) and is potentially
consistent with a role of oxidatively activated CaMKII in promoting asthma. Enhanced
nuclear factor kB (NF-kB) activity is a consistent finding and central event in asthma
progression (22). NF-kB activity is believed to be important for activating inflammatory
signaling pathways in asthma (22) and increasing MUC5AC expression (23). Therefore, we
next confirmed that NF-kB activity was increased in our OVA mice. We used NF-kB
luciferase reporter mice (10, 24) interbred with p47~/~ or Msra™~ mice. OVA mice
expressing the NF-kB reporter had significant induction of NF-kB activity compared to
saline-challenged NF-kB reporter mice (P = 0.01, n > 4 saline, n > 6 OVA, ANOVA with
Bonferroni’s correction; fig. S8, A and B). OVA NF-kB reporter mice lacking p47 had a
significant reduction in NF-kB activity (P = 0.023, n = 10 per group, MaWh; fig. S8A)
compared to OVA wild type littermate control mice, whereas OVA mice lacking Msra
exhibited a significant increase in NF-kB activity (P = 0.029, n = 6 per group, MaWh; fig.
S8B) compared to OVA wild-type littermate control mice. Together, these data show that
NF-kB activity responds to genetic manipulation of ROS pathways and correlates with ox-
CaMKII expression and disease severity.

Ox-CaMKlIl increases ICl in airway epithelium

Chloride currents (I¢) are present on the bronchial epithelia (25), and increased activity of
Ic| channels, in particular g-aminobutyric acid type A receptor (GABAAR), is strongly
associated with goblet cell hyperplasia in OVA mice and in human asthmatic airways (25).
CaMKII (26) and ROS (27) can also increase I¢y, suggesting the potential interdependence
of ROS and CaMKI|I in regulating airway epithelial I activity. We measured I¢; activity in
tracheal epithelial cells isolated from OVA- and saline- treated mice using whole cell-mode
voltage (patch) clamp. Iy was significantly increased in OVA compared to saline-treated
tracheal epithelial cells (P = 0.001, n = 8 saline, n = 10 OVA, ANOVA with Bonferroni’s
correction; Fig. 4, A to C). The GABAAR antagonist picrotoxin (PTXN) significantly
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reduced peak I recorded from OVA mice toward values recorded in saline controls (P =
0.002, n =10 OVA, n =11 OVA + PTXN, MaWh; Fig. 4, A to C), consistent with previous
findings showing that OV A treatment increases a PTXN sensitive I (25). Addition of the
CaMKII inhibitor KN-93 (28) significantly reduced peak I¢) recorded from OVA mice (P =
0.015, n = 100VA, n =4 OVA + KN-93, MaWh; Fig. 4C) but did not further reduce I¢
after PTXN (Fig. 4, A to C), suggesting that the CaMKII-sensitive (27) and PTXN sensitive
(25) components of I were equivalent. In addition, we found decreased levels of MUC5AC
after interleukin-13 (IL-13) challenge in isolated human tracheal epithelial cells after
treatment with PTXN and also in cells expressing the CaMKII inhibitor CaMKIIN or an
oxidant resistant CaMKII (MM-VV) (fig. S9, A and B), suggesting that CaMKII and I¢;
contribute to mucus production in OVA mice. We next asked whether OVA-induced ¢ was
decreased in p47~/~ mice, and whether ox-CaMK I was required for OVA- and ROS-
mediated increases in Ic). We measured I¢) in tracheal epithelial cells from saline- and
OVA-treated wildtype and p47~/~ mice and tracheal epithelial cells from saline-treated mice
infected with lentivirus to overexpress wild-type CaMKII or an oxidant-resistant CaMKII
mutant (MM-VV) (9). We found that peak 1) was equivalent in cells isolated from saline-
treated wild-type and p47~/~ mice, but reduced in OVA p47~/~ mice compared to OVA
wild-type mice (P = 0.001, n = 10 OVA, n = 6 p47~~ OVA, MaWh; Fig. 4, D to F),
suggesting that ROS derived from NADPH oxidases enhanced I in OVA mice. We added
H,0, (200 mM) to tracheal epithelial cells over expressing wild-type CaMKIIl, MM-VV
CaMKIlI, or CaMKIIN (29), a CaMKI|I inhibitory peptide. We found a significant increase in
Iy in cells over expressing wild-type CaMKII compared to mock-infected cells (P = 0.05, n
= 6 mock, n = 5 wildtype CaMKII, MaWh; Fig. 41), but cells over expressing the oxidant
resistant MM-VV CaMKII mutant (Fig. 4, G to I) or CaMKIIN (fig. S10, A to C) were
unable to increase I¢j. Over expression of wild-type or MM-VV CaMKII in the absence of
H,0, did not affect baseline I¢) (fig. S10D). The relative lentiviral-driven CaMKI|I
expression levels were similar (fig. S11), indicating that differential responses to H,O, were
not due to different levels of wild-type or MM-VV CaMKII expression. We interpret these
findings to show that ox-CaMKII promotes I¢) in OVA- and HoOo-treated pulmonary
epithelium, actions that are anticipated to increase airway mucus (25).

Epithelial-targeted CaMKIl inhibition reduces disease severity

To test whether increased bronchial epithelial CaMKII activity was important for in vivo
disease markers in OVA mice, we designed mice with tetracycline-induced (tetO) transgenic
expression of a CaMKII inhibitory peptide (AC3-1) (30) fused with enhanced green
fluorescent protein (tetO-eGFP-AC3-1). Details of the development of this epithelial targeted
CaMKII inhibition model (Epi-AC3-1) can be found in fig. S12 and in Supplementary
Methods. Wild-type OVA mice showed a significant increase in AHR compared to saline
controls (P = 0.005, n = 4 saline, n = 9 OVA, MaWh; Fig. 5A). The OVA epi-AC3-I mice
showed reduced AHR (in response to methacholine; P = 0.0002, n = 9 wild-type OVA, n =8
Epi-AC3-1, MaWh; Fig. 5A), goblet cell hyperplasia (Fig. 5B), bronchial epithelial
thickening (P = 0.008, n = 7 per group, Mawh; Fig. 5C), airway MUC5AC (P =0.019,n=7
per group, MaWh; Fig. 5, B and D), Muc5ac mRNA (P = 0.038, n = 10 per group, MaWh;
Fig. 5E), and airway mucus levels (P = 0.035, n = 10 per group, MaWh; fig. S6C) compared
to OVA wild-type mice. There was a significant increase in ICl in cells from OVA wild-type
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mice compared to wild-type saline (P = 0.01, n = 7 per group, ANOVA with Bonferroni’s
correction; Fig. 5, F to H). However, epi-AC3-1 mice were resistant to OVA-triggered
increases in Ic; compared to tracheal epithelial cells isolated from OVA wild-type mice (P =
0.017, n =7 per group, MaWh; Fig. 5H). Epi-AC3-I mice also exhibited decreased Ccl-11
MRNA expression (P = 0.004, n = 7 per group, MaWh; Fig. 51), eosinophilic airway
infiltration (P = 0.013, n = 12 wild-type OVA, n = 11 Epi-AC3-1 OVA, MaWh; Fig. 5J), and
CaMKII activity (P = 0.015, n = 5 wild-type OVA, n = 4 Epi-AC3-1 OVA, MaWh; Fig. 5K).
We found that bronchial epithelial CaMKII inhibition was also protective in the Asp model
of allergic airway disease. In this model, epi-AC3-1 mice exhibited a significant reduction in
AHR, airway MUC5AC, epithelial thickness, MUC5AC-positive cells, Muc5ac mRNA
levels, Ccl-11 mRNA levels, and airway eosinophils (fig. S13). The airway epithelium
expresses cytokines such as granulocyte macrophage colony-stimulating factor (GM-CSF),
IL-5, and IL-1b that can enhance airway smooth muscle contraction and contribute to AHR
(31-34). Lipopolysaccharide challenge in isolated tracheal epithelial cells, infected with
adenovirus expressing CaMKIIN or an empty vector, showed that CaMKII inhibition
reduced GM-CSF, IL-1f, and IL-5 mRNA expression at 12 and 24 hours (fig. S14). These
data obtained from mice with genetic, epithelial-targeted CaMKII inhibition and from
murine cultured tracheal epithelial cells support the concept that epithelial CaMKII
inhibition is protective against allergic airway disease. KN-93 reduces disease severity and
suppresses NF-kB activity We next performed a proof-of-concept study to test the potential
therapeutic value of CaMKII inhibition in asthma by inhalation of an experimental small-
molecule CaMKII inhibitor (KN-93) (28). The OVA mice treated with inhaled KN-93
showed a significant decrease in AHR (P = 0.013, n = 8 wild-type OVA, n =7 OVA +
KN-93, MaWh; Fig. 6A), goblet cell hyperplasia (P = 0.011, n = 7 wild-type OVA,n=6
OVA + KN-93, MaWh; Fig. 6, B and C, and fig. S6D), epithelial thickness (P =0.004,n =7
wild-type OVA, n =6 OVA + KN-93, MaWh; Fig. 6D), and Muc5ac mRNA levels (P =
0.029, n = 7 wild type OVA, n = 10 OVA + KN-93, MaWh; Fig. 6E). KN-93 also inhibited
Iy in tracheal epithelial cells from OVA mice (P = 0.008, n = 10 wild-type OVA, n =4
OVA + KN-93, MaWh; Fig. 6, F to H). These results suggest that inhaled CaMKI|I inhibitor
drugs may be a useful therapeutic approach in allergic asthma. Increased NF-kB activation
in the bronchial epithelium is sufficient to induce AHR in OVA mice (33), and the
expression of cytokines able to modulate smooth muscle activity, such as GM-CSF (33). We
previously showed that CaMKII inhibition is able to reduce the expression of GM-CSF in
isolated epithelial cells (fig. S14); therefore, we next asked whether CaMKI|I inhibition
could also reduce NF-kB activity. OVA mice had significant induction of NF-kB activity
compared to saline-challenged NF-kB reporter mice (P = 0.05, n = 4 saline, n =7 OVA,
ANOVA with Bonferroni’s correction; fig. S8C). KN-93 inhalation significantly reduced
NF-kB activity (P = 0.037, n = 7 per group, MaWh; fig. S8C) in OVA mice. Furthermore,
KN-93 inhalation reduced Ccl-11 expression (P = 0.006, n = 8 wild-type OVA, n = 10 OVA
+ KN-93, MaWh; Fig. 61), airway eosinophilia (P = 0.03, n > 8 per group, MaWh; Fig. 6J),
and CaMKII activity in whole-lung homogenates (P = 0.035, n = 3 wild-type OVA, n=5
KN-93 OVA, MaWh; Fig. 6K) from OVA mice. These new data suggest that CaMKI|I
inhibition reduces AHR, at least in part, as a consequence of diminished NF-kB activity.
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Discussion

A now extensive body of evidence shows that excessive CaMKII activation promotes
cardiovascular disease and that CaMKI|I inhibition improves pathological responses to ROS
(7). On the basis of the emergent success of CaMKII inhibition in experimental models of
heart disease, we reasoned that CaMKII inhibition may also be a feasible approach to
treating asthma. Here, we provide evidence that ox-CaMKII positively regulates the activity
of GABAA receptors and MUCS5AC expression, established epithelial pro-asthmatic
mechanisms (25). An intriguing feature of CaMKII is that it couples to many different
downstream targets; thus, CaMKI|I inhibition may lead to benefit in asthma by actions at
multiple pathways contributing to maladaptive phenotypes. CaMKII appears to orchestrate
diverse asthma mechanisms in bronchial epithelium, a cell type accessible by inhaled drugs,
and believed to be a key mediator of asthma (35). CaMKI|I inhibition and treatment with
dexamethasone show similar therapeutic efficacy against disease defining markers in the
OVA mice, suggesting that CaMKII inhibition may benefit a large number of steroid-
unresponsive patients (2) and potentially avoid untoward side effects of chronic steroid use
(36Because CaMKII inhibition also reduced NF-kB activity and the pro-inflammatory
cytokine Ccl-11 (eotaxin-1), it is possible that inhaled CaMKII inhibitor drugs may be able
to prevent inflammatory responses to pro-asthmatic stimuli by actions on the bronchial
epithelium. The airway epithelium is believed to be an active participant in numerous
remodeling and inflammatory events contributing to the progression of asthma (35). Our
data provide new mechanistic understanding for the role of epithelium in pathological
responses to ROS and may present a new target for therapeutic intervention. As our data
places CaMKII downstream to ROS signaling in the epithelium, there may be “off target”
effects of CaMKI|I inhibition on systems requiring ROS signaling to fight bacterial, viral, or
fungal pathogens (37). Recent work has shown that I1L-13, a cytokine implicated in asthma
progression by GABA receptor activation and MUCS5AC expression (25), initiates a ROS
burst that is required for MUCS5AC production in cultured epithelial cells (38). Our data
show that CaMKI|1 is an essential component of the epithelial ROS-sensing machinery in
OVA mice and suggest that ox-CaMKII may participate in epithelial responses to asthma in
patients.

The OVA and Asp mice represent models of allergic airway disease, so it is unclear whether
our results in these mice will be relevant to patients with non allergic asthma. Additionally,
there are differences in murine airway structure and response to both OVA and Asp
challenge, which means that translation into human studies requires further work.
Furthermore, the number of human samples in our study does not allow us to make
definitive conclusions about the presence of ox-CaMKI|I in various asthma subtypes (39).
However, ox-CaMKII expression was sub acutely increased by allergens in patients with
mild asthma and basal ox-CaMKII expression positively correlated with asthma severity,
suggesting that ox-CaMKII is a marker of asthma severity.

It will be important and interesting to learn if increased ox-CaMKII is a general feature of
asthma and if CaMKII inhibition is a viable approach to treating or preventing asthma
exacerbations induced by multiple stimuli. Our new data are aligned with previous
observations (5) showing that the activity of NADPH oxidases is an “upstream” ROS

Sci Transl Med. Author manuscript; available in PMC 2015 February 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sanders et al.

Page 9

generating mechanism that responds to proasthmatic allergens. However, we must also
acknowledge the potential contribution of Duox 1 and 2, which are also found in human
airway epithelium (40), to increased epithelial ROS. Our findings are consistent with the
view that allergen evoked NADPH oxidases couple to disease-defining events in asthma
through ox-CaMKII. We developed a mouse model with epithelial CaMKII inhibition to
localize the pro-asthmatic effects of CaMKII to bronchial epithelium, but our findings do
not exclude the possibility that CaMKII activity may also promote asthma by actions in
other cell types, including airway smooth muscle (41) and macrophages (42). We
investigated the contribution of airway smooth muscle to the OVA model used in our study,
and found that CaMKII may play a role in modulating smooth muscle function through the
release of cytokines known to effect smooth muscle constriction, such as GM-CSF, IL-5,
and IL-1 (32-34). We interpret these data in combination with the finding that epithelial-
delimited CaMKII inhibition was sufficient to prevent core asthma responses to support the
view that bronchial epithelium provides an essential contribution in sub acute OVA and Asp
models of allergic airway disease.

Our studies provide evidence for a previously unrecognized pro-asthmatic pathway where
CaMKIlI is oxidatively activated by NADPH oxidases and where ox-CaMKII promotes I¢,
goblet cell hyperplasia, activation of an inflammatory gene program transcription factor,
expression of inflammatory cytokines, eosinophil invasion, and AHR. In particular, we show
that NF-kB activation is positively regulated by ROS in our OVA model. NF-kB is a redox-
responsive transcription factor, and ROS can either potentiate (43) or inhibit (44) its
activation, depending on the inflammatory milieu. Although our findings are discrepant with
one chronic granulomatous disease study (45), they agree with another study from the same
group (46). Because NF-kB activation responses to injury are dependent on stimulus, timing,
and cell type (10), it seems likely that variability of the NF-kB response is sensitive to
differences in experimental models and protocols. Our study suggests that asthma is a
disease in which excessive ox-CaMKII may contribute to important, disease-defining
characteristics, in part by promoting the activity of NF-kB. Our findings are consistent with
another recent study showing that the NADPH oxidase antagonist apocynin significantly
attenuated OVA-induced AHR and inflammation (47). Current asthma therapies lack a
target to mediate ROS signaling pathways, which significantly contribute to asthma severity
(4-6). Here, we provide a new and potentially drugable target that is able to link upstream
ROS signaling with downstream cellular outcomes relevant to the pathology of asthma.

Materials and design

Study design

To comply with the University’s animal ethics policies, experimental design was such that
the fewest number of animals were used to provide the required data. This was typically
achieved by using <10 animals. Our OVA and Asp groups of n > 6 animals allowed us to
perform sufficiently powered statistical analysis. Predefined endpoints were selected as key
pathologies associated with asthma. Our study aimed to determine whether ox-CaMKI|I
expression is increased in asthma and if ox-CaMKII contributes to asthma manifestations in
two established mouse models of allergic airway disease. Oxidized CaMKII levels were
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assessed via immunofluorescence in human and mouse tissue sections; goblet cell
metaplasia and cytokine expression were quantified after CaMKI|I inhibition in mouse tissue
and human epithelial cells. Chloride current activity was measured via patch clamp in
murine epithelial cells, and AHR was determined in response to methacholine in mice, in
response to CaMKII inhibition, using the Scireq flexiVent. Mice were assigned randomly to
each treatment group after genotyping. Mucus scoring and measurement of epithelial
thickness were performed by investigators blinded to treatment and genotype.

All animal care and housing requirements of the National Institutes of Health (NIH)
Committee on Care and Use of Laboratory Animals were followed. All protocols were
reviewed and approved by the University of lowa Animal Care and Use Committee. p47~/~
(48), C57BI/6, B6D2, and CCSP-rtTa (49) mice were obtained from The Jackson
Laboratory. p47~/~ mice were bred into a B6D2 background (>8 generations). Mice lacking
the protein MsrA [Msra™'~ (21)] were supplied by the NIH. Details regarding the generation
and characterization of tetO-GFP-AC3-I mice can be found in the Supplementary Materials.

Human lung tissue

Human lung tissues were obtained from bronchoscopy or organs donated for research with
informed consent following approved protocols (NHLBI grant 1 R43 HL088807-01 to
P.J.H., National Disease Research Interchange, Philadelphia, PA, Vanderbilt University
Committee for the Protection of Human Subjects, Southampton and South West Hampshire
Local Research Ethics Committees). Details of collection and fixation can be found in the
Supplementary Materials.

OVA and Asp sensitization and challenge

Six- to eight-week-oldmale and female mice were sensitized by intraperitoneal injection of
10 pg of OVA (Sigma) mixed with 1 mg of alum (or saline alone, for control mice) at days 0
and 7. Mice were subsequently challenged with inhaled OVA (1% solution in 0.9% saline,
40-min challenge) or saline on days 15, 16, and 17 as previously described (15). Airway
reactivity to methacholine was assessed 24 hours after the final exposure to OVA (day 18).
Asp sensitization was performed as previously described (16) with the following
modifications.

Mice were sensitized via intraperitoneal and subcutaneous injections with 20 pg of Asp
crude extract (Greer Laboratories) dissolved in 0.2 ml of incomplete Freund adjuvant
(Sigma-Aldrich). After four intranasal instillations of 10 ug of Asp at days 14, 21, 28, and
32, AHR in response to methacholine was measured on day 33.

Assessment of AHR

AHR in response to methacholine was measured on a flexiVent small animal ventilator
(Scireq) using a single compartment model, giving the dynamic resistance of the respiratory
system (R), as described previously (15). A full description of the protocol can be found in
the Supplementary Materials.
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Bronchoalveolar lavage

After the assessment of AHR, mice were euthanized. The trachea was cannulated and
phosphate-buffered saline/1% bovine serum albumin washings were collected (BAL) for
total and differential counts of lavage cells.

Intranasal administration of KN-93

Intranasal administration of KN-93 (Axxora) was performed as previously described (50)
with modifications. Thirty minutes before inhalation of OVA on days 15, 16, and 17, B6D2
or HLL mice were anesthetized with isoflurane (5%); 20 pl of 100 uM KN-93 or deionized
H20 was delivered into the nares as themice awoke. After administration, mice were
monitored to ensure no solution was expelled, and their recovery, before returning to the
cage.

Lung histology

Murine lungs were fixed with 4% paraformaldehyde and then processed by paraffin-
embedding. Five-micron tissue sections were cut and stained with MUC5AC (Abcam) to
score mucin distribution. MUC5AC-stained sections were scored using a ranking system
(51) with modifications, as described. Mucus distribution (intensity of stain): 0, none; 1,
<33%; 2, 34 to 66%); 3, 67 to 100% of positively stained epithelium per airway; further
details on the methodology can be found in the Supplementary Materials. The thickness of
the epithelial layer was measured in airways less than 500um in diameter. Five separate
measurements of five individual airways per sample were made in a blinded manner at x400
magnification. Images were taken on an Olympus BX-61 light microscope at x400 and
x1000.

Immunofluorescence

Human lung tissue (donor details in table S1) or lung sections from mice were probed for a-
SMA (Santa Cruz Biotechnology) and oxidized or total CaMKII. Immune sera developed
against total (52) and oxidized (9, 52) (Epitomics) CaMKII were used to visualize CaMKII.
Alexa Fluor secondary antibodies (Invitrogen) were used to visualize staining, and
TOPRO-3 was used to stain nuclei (Invitrogen). Sections were mounted with VectaShield
mounting medium (VectaShield). Images were taken with a Zeiss 510 confocal microscope
at x400 or x630 magnification. Intensity of oxidized or total CaMKI| staining was
determined using image acquisition and analysis software (ImageJ, NIH) and presented as
mean fluorescence intensity per square micrometer. All images were taken at the same time
and using the same imaging settings.

Immunoblots

Homogenate of flash-frozen lungs was prepared in radio immunoprecipitation assay buffer
(52). Twenty micrograms of soluble proteins was separated by SDS—polyacrylamide gel
electrophoresis under non-denaturing conditions. Total actin was used to confirm loading
(Santa Cruz Biotechnology).
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Quantitative real-time polymerase chain reaction

Total RNA was isolated using the Qiagen RNeasy column-based kits. Complementary DNA
was prepared using the SuperScript Il reverse transcription system (Invitrogen) with
random nanomer primers. Expression of mMRNA was quantified with the iQ LightCycler
(Bio-Rad) and SYBR Green dye system, normalized to acidic ribosomal phosphoprotein
(Arp) mRNA. Primer sequences can be found in the Supplementary Materials.

CaMKII activity assays

CaMKII activity was measured in whole-lung homogenates as a function of [32P]adenosine
triphosphate incorporation into a synthetic substrate (syntide-2, Sigma-Aldrich) at 30°C, as
previously described (9).

ROS detection

ROS levels were assessed with DHE (5 uM; Invitrogen) in snap-frozen 10-um sections of
whole lung, as described previously (53). Sections were imaged with the Bio-Rad 1024
confocal microscope, and analyzed with ImagelJ. Values were obtained from the epithelial
layer of three airways per sections, measuring less than 500 um in length, at x200
magnification. All images were taken at the same time and using the same imaging settings.
Data are presented as mean fluorescence intensity per square micrometer.

Epithelial cell culture

Primary murine tracheal epithelial cells were isolated as previously described (54). Cells
were either used immediately after isolation and removal of adherent cells, to assess CI~
currents in OVA- and saline challenged mice, or plated onto collagen (BD Biosciences)—
coated coverslips and maintained in MTEC Plus culture medium as described previously
(54). After 24 hours, cells were infected with lentivirus containing wild-type CaMKIId,
empty vector, or an oxidant-resistant CaMKIIl mutant with a methionine-methionine to
valine-valine mutation at M281/282 (MM-VV) (9). Virus was incubated for 24 hours before
patching.

CI™ current (I¢))

lonic membrane currents were measured with an Axon 200B patchclamp amplifier using a
Digidata 1320A acquisition board driven by pClamp 8.0 software (Axon Instruments). All
experiments were conducted at room temperature. Detailed methods can be found in the
Supplementary Materials.

Statistical analysis

Data are shown as means + SE unless stated otherwise. Quantification of MUC5AC or
Alcian blue/periodic acid—Schiff staining is presented as median + range. Groups were
compared using ANOVA and post hoc comparisons tested using Bonferroni’s correction or
two-tailed nonparametric Mann-Whitney U tests, as appropriate. Wilcoxon signed rank tests
were used to compare paired biopsy samples from mild asthmatics before and after allergen
challenge. The GraphPad Prism statistical software program was used for the analyses. P <
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0.05 was regarded as statistically significant, with * representing significance versus saline
or vehicle control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increased ox-CaMKI1 in asthmatic airway epithelium

(A and B) Localization of total and oxidized CaMKII in human airways (x400). Blue

BAC AAC
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represents stained nuclei, green represents total (Tot) or ox-CaMKIlI, red represents a —
smooth muscle actin (a-SMA), and yellow shows colocalization of CaMKII and a-SMA
staining. (C and D) Mean fluorescence intensity of ox-CaMKI|I or tot-CaMKI|I staining in
sections of human tissue per square micrometer (n = 14 asthma, n = 11 healthy), (E)
Localization of ox-CaMKII or tot-CaMKII in murine airways (x400). In the panels, smooth
muscle (SM), airway lumen (LU), and bronchial epithelium (Ep) are identified. (F and G)
Mean fluorescence intensity per square micrometer of ox-CaMKII or tot-CaMKII staining in
sequential sections of murine tissue (n = 6). (H) Representative ox-CaMKII and tot-CaMKIlI
immunoblot images from murine whole-lung homogenates. (1). Quantification of
immunoblots (n = 8 per group). Blots were stripped and re-probed for tot- CaMKII and tot-
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actin. (J and K) Ox-CaMKI|I staining and quantification in the epithelium and smooth
muscle of control patients (n = 9) and patients with mild asthma before allergen challenge
(BAC; n = 15) and after allergen challenge (AAC; n = 15). (L and M) Staining and
quantification of tot- CaMKII in the epithelium and smooth muscle of control patients (n =
9) and patients with mild asthma before allergen challenge (n = 15) and after allergen
challenge (n = 15). NS, not significant. Scale bars, 50 pm. Mann- Whitney was used for
comparisons between control and asthmatic patients, and saline and OVA mice. Wilcoxon
signed rank was used for comparison of mild asthmatics before and after allergen challenge.
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Fig. 2. Increased ROSin OVA miceleadsto an up-regulation of ox-CaMKI |
(A) DHE staining showing levels of ROS (x200). (B) Quantification of DHE staining in

mouse lung sections; data show mean fluorescence intensity per square micrometer in the
epithelium. Saline, n = 8; wild-type (WT) OVA, n = 9; p47~~ OVA, n = 9. (C) Immunoblot
analysis of ox-CaMKII and tot-CaMKII in whole-lung homogenates from OVA WT and
p47~~ mice. Immunoblots for WT saline, WT OVA, and p47~/~ OVA are from the same gel
as in Fig. 1H. (D and E) Quantification of immunoblot density of OVA WT (n = 8) and
OVA p477/= (n = 8). ***P < 0.001, versus saline control. Blots were stripped and re-probed
for tot-CaMKII and tot-actin. Scale bars, 50 pm. ANOVA with Bonferroni’s correction was
used to compare saline to OVA; Mann-Whitney was used for OVA-to-OVA comparison.
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Fig. 3. ROS pathways deter mine disease severity
(A) Representative images of MUCS5AC-stained (brown) sections highlighting goblet cell

hyperplasia in saline and OVA WT and p47~/~ airways (x1000). (B) Epithelial thickness in
saline (n = 4 per group), OVAp47~/~, and OVA WT airways (n = 7 per group). (C and D)
Scoring of MUC5AC-positive cells in the airways and Mucbac mMRNA expression in whole-
lung homogenates, saline controls (h = 4), p47-/- OVA mice (h = 10), and OVA WT mice
(n =10). (E and F) Eosinophil chemo-attractant Ccl-11 mRNA levels (saline groups n > 4,
OVA groups n = 6) and bronchoalveolar lavage (BAL) eosinophils (n = 12) as a percentage
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of total cells in OVA p47~/~ mice compared to OVA WT mice. (G) Representative images
of MUC5AC staining in saline and OVAWT and MsrA~'~ airways (x1000). (H) Epithelial
thickness in murine airways (saline n > 4, OVA n =7 per group). (I and J) MUC5AC-
positive cells (saline n > 4, OVA n=9 per group) in the airways and Muc5ac mRNA
expression (saline n=4, OVA n = 8 per group) in whole-lung homogenates. (K and L) BAL
eosinophils (n = 13 per group) and Ccl-11 mRNA levels in whole-lung homogenates (saline
n=4, OVA n=6 per group). *P < 0.05, **P < 0.01, ***P < 0.001, versus saline control. Scale
bars, 50 pm. ANOVA with Bonferroni’s correction was used to compare saline to OVA,;
Mann-Whitney was used for OVA-to-OVA comparison.
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Fig. 4. Ox-CaMKI1 increases I Cl in the airway epithelium
(A) Representative current traces and (B) summary current-voltage relationships from OVA

WT tracheal epithelial cells untreated and treated with vehicle and PTXN. (C) Summary
data for peak I recorded at —-60 mV, a command voltage representative of respiratory
epithelial cells’ resting membrane potential, from tracheal epithelial cells isolated from WT
OVA or vehicle-treated mice ex vivo with PTXN or PTXN and KN-93 (n > 4). (D to F) ICI
in tracheal epithelial cells isolated from OVA p47~/~ mice compared to OVA WT mice (n >
6). (G and H) I was measured after challenge with H,O, (200 puM) in murine primary
tracheal epithelial cells infected with control lentivirus or lentivirus encoding WT CaMKI|
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or oxidant-resistant CaMKII (MM-VV). (1) Summary data for peak I¢j (n > 5). ***P <
0.001, versus controls. ANOVA with Bonferroni’s correction was used to compare saline to
OVA,; Mann-Whitney was used for OVA-to-OVA comparison.
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Fig. 5. Epithelial-targeted CaMKI I inhibition reduces disease severity
(A) Airway resistance (R) in saline (n = 4) OVA Epi-AC3-1 mice and OVA WT mice after

methacholine inhalation (n > 8 per OVA group). (B) Representative images of MUC5AC-
stained (brown) sections show goblet cell hyperplasia in saline and OVA WT and Epi-AC3-I
lungs (x1000). (C and D) Epithelial thickness and goblet cell hyperplasia as assessed by
MUCSAC staining score in saline (n = 5 per group) and OVA (n = 7 per group) airways. (E)
Muc5ac mRNA expression in whole-lung homogenates from saline (n = 6), OVA (n = 10),
and Epi-AC3-1 OVA (n = 10). (F) Representative I current traces and (G) current-voltage
relationship recorded from WT OVA and epi-AC3-1 OVA respiratory epithelial cells. (H)
Summary data for peak I recorded from tracheal epithelial cells freshly isolated from
challenged mice, saline (n = 7 per group), OVA epi-AC3-1, and OVA WT mice (n =7 per
group). (I and J) Ccl-11 mRNA (saline n = 4, OVA n =7 per group) and BAL eosinophils (n
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> 11 per group) as a percentage of total cells. (K) CaMKII activity in saline controls (n = 6),
WT OVA (n =5), and Epi-AC3-I (n = 4) mice. *P < 0.05, **P < 0.01, ***P < 0.001, versus
saline control. Scale bars, 50 pm. ANOVA with Bonferroni’s correction was used to
compare saline to OVA; Mann-Whitney was used for OVA-to-OVA comparison.
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Fig. 6. Inhalation of KN-93 reduces disease severity
(A) Airway resistance (R) in mice after methacholine challenge (saline n =5, OVA n > 7 per

group). (B) Representative images of MUC5AC-stained (brown) sections showing mucin-
positive cells from saline and OVA mice with or without inhaled KN-93 (x1000). (C and D)
Quantification of MUCS5AC staining and measurement of bronchial epithelial thickness in
saline (n = 4 per group), OVA (n = 7), and OVA + KN-93 (n = 6) airways. (E) Mucbac
MRNA expression in saline (n = 4), OVA (n =7), and OVA + KN-93 (n = 10). (F)
Representative current traces and (G) current-voltage relationship recorded from tracheal
epithelial cells isolated from WT OVA mice treated with or without KN-93. (H) Summary
data for peak Ic; recorded from tracheal epithelial cells freshly isolated from saline (n = 7),
OVA WT (n = 10), and OVA + KN-93 (n = 4). (1 and J) Ccl-11 mRNA (saline n > 5, WT
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OVAnN =8, OVA + KN-93 n = 10) and BAL eosinophils as a percentage of total cells in
OVA WT mice treated with KN-93 (n = 10) compared to OVA WT mice (n = 8). (K)
CaMKI|I activity in KN-93-treated mice (saline n > 5, WT OVA n = 3, KN-93 OVA n =5).
*P < 0.05, **P < 0.01, ***P < 0.001, versus saline control. Scale bars, 50 pm. ANOVA with
Bonferroni’s correction was used to compare saline to OVA; Mann-Whitney was used for
OVA-to-OVA comparison.
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