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Abstract

decreased production of proasthmatic mediators in response to

The airway epithelial cell (AEC) response to allergens helps initiate
and propagate allergic inflammation in asthma. CARMA3 is a
scaffold protein that mediates G protein—coupled receptor-induced
NE-kB activation in airway epithelium. In this study, we demonstrate
that mice with CARMA3-deficient AECs have reduced airway
inflammation, as well as reduced type 2 cytokine levels in response to
Alternaria alternata. These mice also have reduced production of
IL-33 and IL-25, and reduced numbers of innate lymphoid cells in
the lung. We also show that CARMA3-deficient human AECs have

A. alternata. Finally, we show that CARMA3 interacts with inositol
1,4,5-trisphosphate receptors in AECs, and that inhibition of
CARMAS3 signaling reduces A. alternata—induced intracellular
calcium release. In conclusion, we show that CARMA3 signaling

in AECs helps mediate A. alternata—induced allergic airway
inflammation, and that CARMA3 is an important signaling molecule
for type 2 immune responses in the lung.

Keywords: CARMA3; Alternaria alternata; asthma; allergic lung
inflammation

Asthma is a complex disease defined

by inflammation of the airways together
with airway hyperresponsiveness (AHR)
and mucus hypersecretion (1). In the
majority of cases, the airway inflammation
associated with asthma results from

an allergic-type reaction to an inhaled
substance from the environment (2).

In response to inhaled stimuli, signals
from airway epithelial cells (AECs) help
determine whether a particular allergen will
trigger an inflammatory response (3-6).

In particular, the production of cytokines,
such as thymic stromal lymphopoietin (TSLP),

granulocyte-macrophage colony-
stimulating factor (GM-CSF), IL-33,
IL-25, and CCL20/macrophage
inflammatory protein (MIP)-3a by
epithelial cells leads to activation and
maturation of airway dendritic cells (DCs)
and for the migration of DCs and T cells to
the airways (7). These inflammatory
mediators are upregulated in the airways of
subjects with asthma in response to inhaled
allergens known to induce allergic airway
inflammation (7). In addition, type 2
innate lymphoid cells (ILC2s), which are
important sources of IL-5 and IL-13 in the

lung and for initiation of allergic airway
inflammation, can also be activated by
IL-25 and IL-33 (7, 8).

The transcription factor, NF-kB,
regulates TSLP, GM-CSF, and CCL20/MIP-
3a expression (9-11). Consequently, it is an
attractive therapeutic target for inhibiting
the production of these important
mediators. CARMA3 is an intracellular
scaffold protein that mediates NF-kB
activation through interactions with
Bcl10, mucosa-associated lymphoid
tissue lymphoma translocation protein 1
(MALT1), and NF-kB essential modulator
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(NEMO)/IKKYy (12, 13). It is expressed in
nonhematopoietic cells in the heart, liver,
kidney, and lung (14, 15). Previous work
has shown that CARMA3 mediates
proinflammatory NF-kB activation in
response to G protein—coupled receptor
(GPCR) stimulation in parenchymal cells
(16-18). Furthermore, our laboratory has
shown that CARMAS3 is expressed in AECs,
and is critical for the production of TSLP,
GM-CSF, and CCL20/MIP-3a in response
to GPCR ligands that have been shown to
be elevated in the lungs of subjects with
asthma (18-20).

Allergic sensitivity to fungal allergens
is an important cause of allergic asthma.
Sensitivity to the fungus, Alternaria
alternata, has been shown to correlate
with asthma severity and asthma
exacerbations (21-23). Fungal allergens,
such as A. alternata, have intrinsic
proteolytic properties that have the potential
to act as adjuvants in driving airway
inflammation (24, 25). A. alternata-
specific serine protease activity has been
demonstrated to cause NF-kB activation
through protease-activated receptor (PAR) 2
and increases in intracellular calcium in
AECs, leading to airway inflammation (26).
In addition, this protease activity promotes
the release of IL-33, which then drives the
release of type 2 cytokines (27). A. alternata
extracts have also been shown to stimulate
production of IL-6, IL-8, and GM-CSF (28),
and to disrupt barrier integrity of the
airway epithelium (29). Consistent with
this, when administered to the lungs of
mice, A. alternata extracts induce type 2
lung inflammation (30).

Recently, we have shown that CARMA3
signaling in AECs is vital for the development
of allergic airway inflammation in two
T cell-dependent murine models of asthma
(20). In those studies, we demonstrated that
production of AEC-derived DC maturation
signals in response to inhaled ovalbumin and
house dust mite are dependent on CARMA3
signaling, and that the activation of allergen-
specific T cells requires intact AEC
CARMAS3. In the present study, we
demonstrate that CARMA3 expression in
AECs is also important for the development
of innate immune responses and allergic
inflammation in an acute model of asthma
exacerbations that is not T cell dependent.
Mice with deletion of CARMA3 in AECs did
not develop as much inflammation as wild-
type mice in response to inhalation of
A. alternata. We also demonstrate that
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CARMA3 is necessary for AEC production
of several key cytokines in response

to A. alternata, and that CARMA3-
deficient mice have reduced numbers of ILC2
in the airways after exposure to A. alternata.
Finally, we demonstrate a novel role for
CARMA3 in early intracellular calcium
release in response to GPCR stimulation

in AECs with evidence that CARMA3
interacts with the inositol 1,4,5-trisphosphate
(IP3) receptor (ITPR) family of proteins,
which mediate intracellular calcium release
from endoplasmic reticulum.

Methods

Reagents
A. alternata was purchased from Greer
Laboratories.

Mice

All protocols and studies were approved
by the Massachusetts General Hospital
Subcommittee on Research and Animal
Care. Surfactant protein C (SPC)“"/
CARMA3™"* and SPC"/CARMA3""*
mice were generated as previously described
(20). Mice were used at 6-8 weeks of age,
and were sex matched for all studies.

Asthma Models

Allergic airway inflammation was induced
with A. alternata as previously described
(31). Briefly, 100 pg total weight of A.
alternata (2 mg/ml) in 50 wl PBS was
administered intranasally on Days 1-4.
Mice were harvested for analysis on Day 5,
24 hours after the last inhalation. In
addition, mice were administered a single
dose of 100 wg A. alternata and harvested
24 hours later. Control mice received 50 pl
PBS intranasally.

Mouse Harvest and Analysis

BAL, harvest of the lungs and thoracic

lymph nodes (TLN) and cytospins were
performed as previously described (18).

Epithelial Cell Stimulation and
CARMAS Knockdown

CARMA3 expression was knocked down
in normal human bronchial epithelial
(NHBE) cells cultured on an air-liquid
interface (ALI), as previously described
(20). The cells were then stimulated with
A. alternata (100 pg) for either 0.5, 1, 2,
or 6 hours for RNA extraction and protein
collection.

Quantitative PCR
RNA extractions and RT-PCR were
performed as previously described (20).

Protein Quantification

Supernatants from ALI were collected and
then used in commercial ELISA kits for
human IL-33 (R&D Systems) according to
the manufacturer’s protocol.

Measurement of Lung Function

in Mice

Lung function was measured using the
Flexivent system (Scireq), as previously
described (32).

CARMAS Protein Work and
Colocalization Studies

T-REXTM-293 (Invitrogen) tetracycline-
inducible cell line was stably transfected with
a FLAG-CARMA3 construct and treated
with 100 ng/ml tetracycline for 2 days before
cell harvest. Cell lysates prepared from the
samples were used for tandem affinity
purification, as described previously (33).
CARMAS3 and associated proteins were
separated by SDS-PAGE. The protein bands
were then cut from the gel and sent for
mass spectrometry analysis and
identification of isolated proteins.

Coimmunoprecipitation and Western
Blot Analysis

GFP-tagged human CARMA3 was
expressed in HEK293T cells and
immunoprecipitated with an anti-GFP
antibody according to the manufacturer’s
instructions (Thermofisher) Western blot
probed with rabbit anti-ITPR3 (ab78556;
Abcam).

Immunofluorescence and Microscopy
NHBE cells were fixed on Transwell inserts
with 4% paraformaldehyde for 10 minutes
at room temperature. Membranes were
incubated with primary antibodies and
then with secondary antibodies, and
counterstained with DAPIL The primary
antibodies used were mouse anti-CARMA3
(1:100; sc-271849; Santa Cruz Biotechnology),
rabbit anti-mouse ITPR1 (ab5804; Abcam);
anti-mouse ITPR2 (ab5805; Abcam); and anti-
mouse ITPR3 (ab113292; Abcam).

Proximal Ligation In Situ Assay

The in situ Detection Reagents Red kit
(DU092008; Millipore Sigma) was used
on fixed and permeabilized NHBE cells
according to the manufacturer’s protocol.
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The following primary antibodies were used
in this experiment: mouse anti-mouse
Carma3 (SC-271849; Santa Cruz
Biotechnology); rabbit anti-mouse Carma3
(PA5-19997; Invitrogen); rabbit anti-mouse
ITPR1 (ab5804; Abcam); anti-mouse I'TPR2
(ab5805; Abcam); anti-mouse ITPR3
(ab113292; Abcam).

Calcium Flux

NHBEs cells were resuspended in

Ca® " /Mg> " PBS, and fluorescence was
filtered through the 530/30 nm band pass
filter and collected in FL-1/FITC. Baseline
calcium levels were recorded for 1 minute
on the Accuri C6 (BD Biosciences) and
were followed by the addition of either
2.5 WM A23187 (positive control/Ca® "
ionophore; Sigma-Aldrich) or 100 pg

A. alternata to each sample.

Statistical Analysis

Data are expressed as mean (*SEM).
Differences between means were tested

for statistical significance using unpaired

t tests as appropriate to the experiment.
For multiple comparisons, a two-way
ANOVA test was used for lung function
analysis. From such comparisons, differences
yielding P less than 0.05 were judged to
be significant.

Results

Deletion of CARMAS in AECs Reduces
Allergic Airway Inflammation in a
Murine Model of Asthma

We have previously described the
generation of mice with disruption of
CARMA3 expression in AECs (SPC™™/
CARMA3") (20). SPC**/CARMA3""

and SPC“"/CARMA3 """ littermate control
mice were administered 100 g A. alternata
intranasally on Days 1-4 and then
analyzed for airway inflammation on Day 5.
Lung histology showed less airway
inflammation in the SPC“"/CARMA3""*
mice compared with the SPC™"/CARMA3 ™'+
mice (Figure 1A). BAL total cell counts,

as well as eosinophil and neutrophil
counts, were reduced in SPC“™/CARMA3™*
mice compared with control mice (Figure 1B).
However, the numbers of CD4" and
CD4"/CD69™ cells recovered from the BAL
and TLN did not differ between SPC"/
CARMA3™'* and SPC“"*/CARMA3""
mice (Figures 1C and 1D). These data
demonstrate that CARMA3 expression
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in AECs has an important role in A.
alternata-induced allergic airway
inflammation in vivo. Specifically, AEC
CARMAS3 is critical for eosinophil and
neutrophil recruitment after A. alternata
exposure.

Deletion of CARMAS in AEC Does Not
Attenuate AHR after A. Alternata

We assessed whether deletion of
CARMA3 expression in AECs would
attenuate AHR. Airway resistance and
airway compliance were measured
using a forced oscillation technique, as
described previously (20). Although A.
alternata—treated mice showed increased
airway resistance and decreased airway
compliance compared with PBS
controls, there was no difference in
lung function between A. alternata-
treated SPC“"/CARMA3™'" and
SPC®/CARMA3YF mice (see Figures
E1A-E1D in the data supplement). These
results demonstrate that CARMA3
signaling is not critical for A. alternata-
induced AHR. This is in agreement with
our previous findings, in which deletion
of CARMAS3 in AECs in vivo attenuated
ovalbumin-induced airway inflammation,
but not AHR (20).

AEC CARMABS Deficiency Impairs
Lung Cytokine Production

We measured the RNA expression of a
group of asthma-relevant cytokines in the
lungs of SPC“"/CARMA3""F mice and
SPC®**/CARMA3 """ mice after PBS or

A. alternata exposure. The SPC®/
CARMA3"F mice had reduced levels

of several type 2 cytokines and
chemokines, as well as the neutrophil-
specific chemokines, CXCL1/keratinocyte
chemoattractant (KC), CXCL2/MIP-2q,
and CXCL5 (Figures 2A-2I). We also
found reduced RNA levels of the AEC-
derived cytokines, IL-33, CCL20/MIP-3a,
GM-CSF, and IL-25 (Figures 2]-2M). TSLP
and IL-5 RNA were not detected in the lungs
of mice. These data suggest that CARMA3 is
necessary for asthma-associated inflammatory
cytokine responses to A. alternata.

AEC CARMABS Deficiency Impairs
IL-33 Release

Although we saw reduced levels of IL-33
RNA in the lung, IL-33 is preformed in
AECs and quickly released after allergen
challenge (34). Thus, we measured the
protein levels of IL-33 in the BAL of

CARMA3-deficient mice 24 hours after

a single dose of 100 ng A. alternata
(Figure 3A). IL-33 protein levels were
lower in SPC“"/CARMA3""" mice
compared with controls. To correlate the
results in the mouse model to human
AECs, we used primary NHBE cells
cultured to form an ALI Expression

of CARMA3 was reduced in these

cells after infection with a lentivirus,
which expressed an shRNA specific

to CARMAS3, as previously described (20).
CARMA3 knockdown reduced cell RNA
levels at 6 hours and protein levels of
IL-33 released into the media 30 minutes
after A. alternata (100 pg) exposure
(Figures 3B and 3C). Interestingly,
protein levels at 1 and 2 hours after

A. alternata exposure were similar in
NHBE cells with CARMA3 knockdown
and controls (data not shown). These data
suggest that CARMA3 is necessary for
both IL-33 production and immediate
release after allergen exposure.

Attenuated ILC2 Responses in AEC
CARMAB3-Deficient Mice

ILC2s are an important early source of
IL-13, and have been shown to be critical
for the immune response to A. alternata
(35). ILC2s are recruited into the airways
and are stimulated to release cytokines
by IL-33 and IL-25 (36). Because we
found reduced levels of IL-13, IL-33, and
IL-25 in SPC“"/CARMA3"" mice, we
analyzed ILC2 numbers in vivo using a
recently published gating strategy (37).
There were no baseline differences in

the number of lung ILC2s in AEC
CARMA3-deficient mice compared with
control mice. However, the total number
and percentage of ILC2s were reduced

in the lungs of AEC CARMA3-deficient
mice after challenge with A. alternata
(Figures 3D-31I). Representative flow
plots for ILC2s are shown in Figures
E2A-E2D. These data suggest that

AEC CARMAS3 helps mediate ILC2
accumulation in the lung after allergen
challenge, and that this may be one
mechanism by which CARMA3 deficiency
in AECs attenuates type 2 cytokine
production in the lung and airway
inflammation. This may then impair ILC2
recruitment and cytokine production,
which contributes to the overall reduction
in airway inflammation observed in
SPC®"/CARMA3"F mice in response to
A. alternata.
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Figure 1. Attenuation of airway inflammation in Alternaria alternata—treated SPC"®/CARMA3™F mice. SPCC®/CARMA3*/* and SPCC"®/CARMA3™F mice
received either PBS or 100 pg A. alternata intranasally on Days 1-4 and harvested on Day 5. (A) Histopathologic analysis of lung sections stained with
hematoxylin and eosin from SPC®"®/CARMA3*/*—PBS-, SPCC"®/CARMA3™F-PBS-, SPC®"®/CARMA3 "/ *-A. alternata—, and SPCC"®/CARMA3™F-

A. alternata—treated mice. Scale bars =50 pm. (B) Total cells, macrophages, eosinophils, neutrophils, and lymphocytes were enumerated in BAL fluid. CD4™"
and CD4"/CD69™" cells were determined in (C) BAL fluid and (D) thoracic lymph nodes (TLN) by flow cytometry. Data are means + SEM of eight mice per
group from two experiments. *P < 0.05 (A. alternata treatment compared with the same genotype that was treated with PBS or SPCC®/CARMA3 " *—
A. alternata compared with SPC"®/CARMA3™ -A. alternata).

AEC CARMAS Is Required for

A. alternata-induced Calcium Flux

A. alternata has also been shown to lead to
a rapid increase in cytosolic calcium in
human AECs that is also mediated through
PAR2 (26, 38). The release of IL-33 in
response to A. alternata is very rapid, and
known to be calcium dependent, suggesting
that CARMA3 may also signal via an
NEF-kB-independent pathway in parallel

Causton, Pardo-Saganta, Gillis, et al.: CARMAS Mediates Alternaria-induced Asthma

(16, 39, 40). Thus, we decided to investigate
the role of CARMAS3 in the A. alternata-
induced calcium response in AECs.
CARMA3 expression was knocked

down in NHBE cells with the lentiviral
CARMAS3-targeting shRNA, as described
previously here. The cells were then
incubated with 3 wM Fluo-4 and baseline
calcium levels were recorded for 60
seconds. The calcium ionophore, A23187,

was added and induced calcium flux in
CARMA3-deficient cells as well as controls
(Figures 4A and 4B). We also observed
calcium flux approximately 30 seconds after
stimulation in control cells when 100 g
of A. alternata was added (Figure 4C).
However, A. alternata—induced calcium
flux was delayed and attenuated in NHBE
cells that had knockdown of CARMA3 with
a reduction in the relative peak fluorescence
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Figure 2. Reduced production of proinflammatory mediators in A. alternata-treated SPCC"/CARMA3™" mice. SPCC™®/CARMA3™* and SPC®"®/CARMA3Z™"
mice received either PBS or 100 pg A. alternata intranasally on Days 1-4 and harvested on Day 5. RNA levels of (4) IL-4, (B) IL-13, (C) CCL17/thymus- and
activation-regulated chemokine (TARC), (D) CCL22/macrophage-derived chemokine (MDC), (E) CCL11/eotaxin-1, (F) CCL24/eotaxin-2, (G) CXCL1/keratinocyte
chemoattractant (KC), (H) CXCL2/macrophage inflammatory protein (MIP)-2q, (/) CXCL5, (J) IL-33, (K) CCL20/MIP-3a, (L) granulocyte—macrophage
colony-stimulating factor (GM-CSF), and (M) IL-25 in the lung quantified by quantitative PCR. B-actin levels were used to normalize the values

of genes tested. Data are means = SEM of six to eight mice per group from two experiments. *P < 0.05 (A. alternata treatment compared with the

same genotype that was treated with PBS or SPCC™®/CARMAS™ ¥ -A. alternata compared with SPCC®/CARMA3™"-A. alternata).
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Figure 3. Reduced numbers of type 2 innate lymphoid cells (ILC2s) isolated from SPCC™/CARMA3™F mice. (A) SPCC"*/CARMA3™* and SPCC/
CARMAS3™F mice received a single dose of either PBS or 100 g A. alternata intranasally and were harvested 24 hours later. Protein levels of IL-33

in the BAL quantified by ELISA. Data are means = SEM of eight mice per group from two experiments. *P < 0.05 (A. alternata treatment compared
with the same genotype that was treated with PBS or SPCS®/CARMA3 "/ *-A. alternata compared with SPC°"/CARMAS™ -A. afternata). (B-C)
Normal human bronchial epithelial (NHBE) cells were grown on an air-liquid interface postinfection with lentivirus containing a nontargeting shRNA
(scRNA) or a CARMA3-targeting shRNA. These cells were then stimulated with either media or 100 ng A. alternata for 6 hours for RNA analysis (B) or

Causton, Pardo-Saganta, Gillis, et al.: CARMAS Mediates Alternaria-induced Asthma

689



ORIGINAL RESEARCH

A B C D
scRNA-A23187 CARMA3 shRNA-A23187 scRNA-A. alternata
s T o S ,g%..(r % z v

CARMA3 shRNA
—A. alternata

rs

107 107 107

10° 10° 10°

107 10° 10° 5 10°
-}
T E ]
(@]
= i
L R IS
104 T T T 1 04 T T T 1 1 04 T T T 1 04 T T T 1
0 200 400 600 400 600 800 1.0K 0 200 400 600 0 200 400 600 800
Time (s)

Figure 4. Attenuated calcium flux in NHBEs with reduced CARMAS3 expression. NHBEs were grown in T-75 flasks and infected with either a lentivirus
containing a nontargeting shRNA (scRNA) or a CARMAS3-targeting shRNA. NHBEs were trypsinized and incubated with 3 wM Fluo-4. Baseline calcium
levels were recorded for 1 minute and were followed by the addition of either (A and B) 2.5 uM A23187 (positive control/Ca® * ionophore; Sigma-Aldrich)

or (C and D) 100 pg A. alternata. Representative plots are shown from three independent experiments.

compared with baseline (2.52 vs. 1.46
a.u. for control and CARMA3-shRNA
respectively; P = 0.042; Figure 4D).

CARMABS Binds ITPRs in AECs

To investigate potential molecular
mechanisms for the reduced calcium flux in
NHBE cells with knockdown of CARMA3
after A. alternata exposure, we performed
a protein-protein interaction screen for
CARMA3. We overexpressed CARMA3

in HEK293T cells and then performed
tandem affinity purification with CARMA3
pulldown and mass-spectrometric
identification of CARMA3-interacting
proteins. Along with the known CARMA3
binding proteins, Bcl10 and MALT1, we
identified a number of novel proteins

that bind to CARMA3, which have not
been assigned to any previously known
CARMA3 signaling pathways. We then
used quantitative real-time PCR to detect
mRNA expression of a subset of these novel
interacting proteins in unstimulated mouse
tracheal epithelial cells (Figure 5A). The
diverse nature of these novel binding

partners suggested that, apart from the
already-described CARMA3 signaling
mechanisms, CARMA3 could be associated
with several other intracellular signaling
cascades in AECs, including ITPR-
mediated calcium flux. AECs express all
three ITPRs (41), and binding of these
receptors by regulatory proteins in the
cytoplasm is a prerequisite for the release of
calcium. To validate our protein-protein
interaction screen, GFP-tagged human
CARMA3 was expressed in HEK293T cells
and was IP with an anti-GFP antibody. We
then probed the IP with an antibody to the
ITPR3. There was a band consistent with
ITPR3 at 300 kD (Figure 5B) found in the
co-IP lysates from cells transfected with
GFP-CARMA3, which was not seen in
co-IP lysates from nontransfected cells.
Immunofluorescent staining of NHBEs
with antibodies to CARMA3 and ITPR3
disclosed close approximation of these
proteins in the cytoplasm (Figure 6A).
We also used an in situ proximal ligation
assay (PLA; Duolink; Sigma-Aldrich) to
further define the localization of CARMA3

and the ITPRs. Staining with antibodies to
CARMA3 and ITPR1, -2, or -3 resulted in
multiple fluorescent signals in NHBE cells,
indicating that CARMA3 and the ITPR
proteins are within 40 nm of each other in
the cytoplasm of the cells and suggesting
that they are interacting (Figure 6B).

Discussion

CARMAS3 is a molecular scaffold that
mediates the assembly of multiprotein
complexes involved in the activation

of NF-kB, a transcription factor that
directs inflammation and immunity. Our
laboratory has shown that CARMA3 is
expressed in AECs and is necessary

for production of TSLP, GM-CSF, and
CCL20/MIP-3a in response to several
GPCR ligands elevated in the lungs of
subjects with asthma (18-20). In addition,
we have also described a vital role for
AEC CARMAS3 in bridging the innate and
adaptive immune response and promoting
airway inflammation in a murine model of

Figure 3. (Continued). 0.5 hour for protein (C). Values are the means = SEM of three to six samples. This experiment was repeated twice. *P < 0.05 (A.
alternata treatment compared with the same targeting shRNA that was treated with media or sScRNA-A. alternata compared with CARMA3 shRNA-A.
alternata). SPC"®/CARMA3™* and SPCC"®/CARMA3™F mice received either PBS or 100 wg A. alternata intranasally on Days 1-4. (D-F) On Day 5, the
lungs were isolated and the number of lineage™ CD45" Sca-1* KLRG1™" ILC2s, lineage™ CD45" Sca-1* KLRG1™ Thy1.2* T1ST2" CD25" ILC2s, and
lineage™ CD45" Sca-1" KLRG1™* Thy1.2" T1ST2* CD25~ ILC2s were determined by flow cytometry. (G-/) The percentage of total lung cells of lineage™
CD45" Sca-1" KLRG1™" ILC2s, lineage™ CD45" Sca-1" KLRG1" Thy1.2" T1ST2* CD25" ILC2s, and lineage™ CD45" Sca-1" KLRG1" Thy1.2™"
T1ST2* CD25 ILC2s were determined by flow cytometry. Data are means = SEM of eight mice per group from two experiments. *P < 0.05 (A. alternata
treatment compared with the same genotype that was treated with PBS or SPCC™®/CARMA3*/*—A. alternata compared with SPC°"®/CARMA3™ -A.
alternata).
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Figure 5. CARMAS interacts with inositol 1,4,5-trisphosphate receptor (ITPR) 3 in airway epithelial
cells (AECs). (A) mRNA expression of novel CARMAS3-interacting proteins in naive, unstimulated
mouse tracheal epithelial cells assessed by real-time quantitative PCR. Data are means = SEM of
copy numbers relative to GAPDH. (B) Western blot probed with an ITPR3 antibody. C3 = CARMAS
protein pulled down from cells transfected with a construct containing CARMA3-GFP; Con =
CARMAB-GFP protein pulled down from nontransfected control cells; M = markers; white arrow

marks positive band.

allergic asthma (20). Results of the present
study show an important relationship
between CARMAS3 signaling and the
development of A. alternata-induced airway
inflammation. A. alternata-induced
eosinophilic and neutrophilic airway
inflammation is reduced in mice with
CARMA3-deficient AECs. Furthermore,
proinflammatory cytokine and chemokine
production, innate cytokine production,
and ILC2 numbers are attenuated in mice
deficient in CARMAZ3. In addition, we
provide evidence of a novel interaction
between the ITPRs and CARMA3, as
well as a role for CARMA3 in mediating
calcium flux in AECs in response to

A. alternata. Taken together, these results
suggest a critical role for CARMA3 in

the development of airway inflammation
associated with exacerbations of allergic
asthma.

An association exists between
sensitivity to A. alternata and asthma
severity (21-23). In addition, A. alternata
has been shown to cause allergic
inflammation in mice, independent of
adaptive immunity (30, 42). Fungal
allergens, such as A. alternata, possess
intrinsic proteolytic activities that act as
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adjuvants in driving airway inflammation
(24, 25). A. alternata-specific serine
proteases can drive proinflammatory lung
inflammation via PAR2 on epithelial cells,
which leads to CARMA3-mediated NF-«kB
activation (43). A. alternata can also lead to
increased intracellular calcium in AECs via
PAR2-mediated phospholipase C activity
and IP3 release (26, 44, 45). This can

then lead to rapid release of preformed
pools of IL-33 from AECs in response to
intracellular calcium (16, 39, 40). In this
article, we have used an in vivo model of
allergic airways disease whereby mice are
exposed to a whole extract of A. alternata in
the absence of peripheral sensitization, as
previously described (31). In this model,
the airway epithelium is the first point of
contact with A. alternata, thereby mimicking
the scenario in humans. A. alternaria is used
both in vitro and in vivo to model asthma
exacerbations and innate responses to
allergens (27, 31), and we show a fundamental
role for AEC-CARMAS3 signaling in the
innate responses to A. alternata.

The airway epithelium is central to
asthma pathogenesis and innate responses
to allergens. Of particular importance is the
early release of cytokines and mediators

that facilitate sensitization to allergens

and promote airway inflammation. ILC2s
have been discovered as an important
source of type 2 cytokines in the lung,
and ILC2s can be activated by IL-25 and
IL-33 (8). The reduction of A. alternata-
induced production of IL-33 and IL-25

in CARMA3-deficient AECs and mice
suggested that ILC2 numbers in
SPC“/CARMAS3"F mice may also be
reduced. Indeed, this was seen when ILC2
numbers were quantified by flow cytometry
in the lung tissue after A. alternata
administration. Thus, it is likely that the
attenuated numbers of ILC2s in the

lungs of SPC“"*/CARMA3"'F mice, and
consequent reduction of type 2 cytokine
production, contributes to the overall
reduction in airway inflammation
observed in response to A. alternata. It was
also interesting to observe that the airway
inflammatory response to A. alternata in
SPC“"*/CARMAS3"'F mice was attenuated,
but not completely abrogated. This
suggests that mediators, such as IL-33,
may still be released from AECs,
independent of GPCR-CARMA3
signaling, in response to cell stress and
damage caused by allergens (46). The
residual production of IL-33 and other
cytokines in CARMA3-deficient mice
likely still drives a reduced inflammatory
response to A. alternata.

A. alternata has been shown to
induce a rapid increase in cytosolic
calcium concentration in human AECs
via activation of PAR2 and increased IP3
(26, 44, 45). We observed that A. alternata—
stimulated rapid release of IL-33 from
AECs (30 min) was attenuated in SPC™/
CARMA3"F mice. Because this is
too rapid to be mediated by NF-kB
signaling, this suggests that CARMA3 may
signal via an NF-kB-independent pathway
to mediate this release. Indeed, we found
that A. alternata induced rapid calcium
mobilization in NHBEs, and that
knockdown of CARMA3 expression in
NHBEs reduced and delayed the peak
calcium flux in response to A. alternata.
This suggests that CARMA3 helps
mediate A. alternata-stimulated calcium
mobilization in AECs, and inhibition of
CARMA3 may alter the source or
mechanisms of intracellular calcium
release. After a protein-protein interaction
screen for CARMA3, we identified the
ITPRs as a group of novel proteins that
bind to CARMAS3. The ITPRs are expressed
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Figure 6. CARMAS and the ITPRs colocalize in AECs. |

Negative Control

(A) Immunofluorescence of NHBEs stained

with antibodies (Abs) against CARMA3 and ITPR1 (top row), ITPR2 (middle row), and ITPR3 (bottom
row). All images were taken using the same exposure at X60 magnification. (B) In situ proximal
ligation assay on NHBEs stained with Abs against CARMA3 and ITPR1 (left), ITPR2 (middle), and
ITPRS3 (right). The negative control includes a nonspecific Ab instead of the ITPR Abs and the positive
control is done with two Abs against CARMAS. All images were taken using the same exposure at

X40 magnification.

on the endoplasmic reticulum in AECs
(47), bind IP3, and facilitate the release of
calcium from the endoplasmic reticulum
lumen into the cytosol. Binding of ITPR
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by regulatory proteins in the cytoplasm
and endoplasmic reticulum lumen is a
prerequisite for the release of intracellular
calcium (48). We also found that, in

NHBEs, CARMA3 colocalized with ITPR,
and thus we believe that this may be a novel
protein-protein interaction that helps
facilitate the immediate responses of AECs
to A. alternata.

The airway epithelium is at the
interface between the lung and the
environment, and represents the first line
of defense against infections and toxins
(49). AECs are in constant contact with
the environment, and express many
receptors to detect and rapidly respond to
pathogen-associated, as well as damage-
associated, molecules released upon tissue
damage, cell death, or cellular stress.
GPCRs, such as the PARs, line the airway
epithelium and are critical to innate
responses to allergens, such as A. alternata
(27, 38). In addition, it is likely that
additional GPCRs may also contribute to
this process, including the P,Y family of
receptors responding to ATP, which can
be released in response to A. alternata and
cell damage (50). Previously, we have
shown that P,Y;, P,Y,, and P,Y¢ are
expressed on AECs and that CARMA3
deficiency abrogates cytokine responses
to ATP (20). Thus, we believe that
CARMAS3 likely signals downstream of
multiple GPCRs and proinflammatory
pathways. Given the increasing
prevalence of fungal aeroallergens, we
believe that the GPCR-CARMA3 axis
could be targeted therapeutically in
asthma.

In this article, we present data that
demonstrate that CARMA3 signaling in
AECs promotes allergic airway
inflammation in response to A. alternate,
and could be a significant contributor to
driving the innate immune responses
associated with asthma. We also describe
a novel CARMA3-mediated signaling
pathway, independent of NF-«kB that
contributes to proinflammatory mediator
production. In summary, this study
demonstrates that CARMA3 signaling in
AECs drives allergic airway inflammation,
and could be a promising therapeutic
target to reduce airway inflammation in
asthma. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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