|BC ARTICLE

L))

Check for
Updates

Heme oxygenase-1 protects airway epithelium against
apoptosis by targeting the proinflammatory NLRP3-RXR axis

in asthma
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Asthma is thought to be caused by malfunction of type
2 T helper cell (Th2)-mediated immunity, causing excessive
inflammation, mucus overproduction, and apoptosis of airway
epithelial cells. Heme oxygenase-1 (HO-1) functions in heme
catabolism and is both cytoprotective and anti-inflammatory.
We hypothesized that this dual function may be related to asth-
ma’s etiology. Using primary airway epithelial cells (pAECs) and
an asthma mouse model, we demonstrate that severe lung
inflammation is associated with rapid pAEC apoptosis. Surpris-
ingly, NOD-like receptor protein 3 (NLRP3) inhibition, retinoid
X receptor (RXR) deficiency, and HO-1 induction were associ-
ated with abrogated apoptosis. MCC950, a selective small-mol-
ecule inhibitor of canonical and noncanonical NLRP3 activa-
tion, reduced RXR expression, leading to decreased pAEC
apoptosis that was reversed by the RXR agonist adapalene. Of
note, HO-1 induction in a mouse model of ovalbumin-induced
eosinophilic asthma suppressed Th2 responses and reduced
apoptosis of pulmonary pAECs. In vitro, HO-1 induction desen-
sitized cultured pAECs to ovalbumin-induced apoptosis, con-
firming the in vivo observations. Critically, the HO-1 products
carbon monoxide and bilirubin suppressed the NLRP3-RXR
axis in pAECs. Furthermore, HO-1 impaired production of
NLRP3-RXR-induced cytokines (interleukin [IL]-25, IL-33,
thymic stromal lymphopoietin, and granulocyte-macrophage
colony-stimulating factor) in pAECs and lungs. Finally, we dem-
onstrate that HO-1 binds to the NACHT domain of NLRP3 and
the RXRa and RXR subunits and that this binding is not
reversed by Sn-protoporphyrin. Our findings indicate that
HO-1 and its products are essential for pAEC survival to main-
tain airway epithelium homeostasis during NLRP3-RXR-
mediated apoptosis and inflammation.
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Allergic asthma is characterized by chronic airway inflam-
mation largely triggered by Th2 responses, which is initiated by
both airway epithelial cells and antigen-presenting cells, such as
dendritic cells (DCs)* and basophils (1). Allergen challenge
results in airway epithelial inflammation and dysfunction.
Under such a condition, airway epithelial cells undergo apopto-
sis. Two pathways basically categorize the sequence of events
that culminate in the activation of aspartase-specific cysteine
proteases, caspases: the extrinsic and the intrinsic pathways (2).
The extrinsic pathway can be initiated by one of several cell
surface death receptors (tumor necrosis factor receptor 1 and
Fas receptor) when bound by the appropriate ligand. The
intrinsic pathway is characterized by the permeabilization of
the outer mitochondrial membrane and the release of several
pro-apoptotic factors, including cytochrome ¢, into the cytosol.
These factors are regulated by the Bcl-2 family including Bcl-2
and Bcl-XL (3-5). Physiologically, apoptotic epithelial cells are
cleared via engulfment by phagocytes to maintain homeostasis
(2). However, in asthma, this dynamic balance is disturbed
because aberrant airway epithelial apoptosis may overwhelm
the engulfment ability of the phagocytes. Defective or delayed
engulfment of apoptotic cells in the lung of ovalbumin (OVA)-
challenged mice showed exacerbated airway inflammation with
elevated Th2 cytokines and airway hyper-responsiveness com-
pared with mice with effective treatment of apoptotic cells (6).
Previous studies have shown that epithelial damage and shed-
ding are cardinal features of airway remodeling in patients with
asthma and correlates with disease severity (7, 8). It was also
reported that ciliated epithelial cells from patients with severe
asthma exhibited increased apoptosis because of decreased
cleavage of Fas ligand by Th2 cytokine exposure (8). Another
study showed a p52-dependent epithelial apoptosis, but p52
overexpression alone did not induce significant inflammation
(9). Thus, the mechanisms by which mediate airway epithelial
cell apoptosis are largely uncharacterized. Studying how airway

“The abbreviations used are: DC, dendritic cell; BALF, bronchoalveolar lavage
fluid; CCL2, C-C chemokine ligand-2; GM-CSF, granulocyte-macrophage
colony-stimulating factor; HO-1, heme oxygenase-1; NLRP3, NOD-like
receptor protein 3; OVA, ovalbumin; pAEC, primary airway epithelial cell;
RXR, retinoid X receptor; TSLP, thymic stromal lymphopoietin; SnPP,
Sn-protoporphyrin IX; IL, interleukin; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling; IP, immunoprecipitation;
FBS, fetal bovine serum.
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HO-1 inhibits pAECs apoptosis by suppressing NLRP3-RXR axis

inflammation affects airway epithelial apoptosis and which
mechanism modulates this process may provide insight into
signaling pathways and indicating therapeutic targets to con-
trol inflammation.

Airway epithelial inflammation occurs in part in response to
NACHT domain-, leucine-rich repeat—, and PYD-containing
protein 3 (NLRP3) activation as well as the pro-inflammatory
milieu in the lung (10). NLRP3 functions as a pathogen recog-
nition receptor to recognize pathogen-associated molecular
patterns (11). NLRP3 belongs to the NOD-like receptor sub-
family of pathogen recognition receptors and along with the
adaptor ASC protein PYCARD forms a caspase-1—activating
complex known as the NLRP3 inflammasome. Upon danger
signal stimulation, ASC protein and caspase-1 are recruited
to the inflammasome complex. Within the activated NLRP3
inflammasome complex, caspase-1 activates the inflammatory
cytokine, IL-1B (12). It has been reported that NLRP3,
caspase-1, and IL-1p all contribute to the production of type 2
cytokines and pathogenesis of asthma (13-15). In addition,
NLRP3 contributes to target-organ damage in type 2 diabetes
and cardiovascular and renal diseases (16, 17). However, it is
unknown whether NLRP3 modulates airway epithelial cell apo-
ptosis to control allergic lung inflammation.

Nuclear receptors as superfamily members of transcriptional
regulators play critical roles as signal transducers in immune
functions. Within the nuclear receptors, the retinoid X receptor
isotypes (RXRa/B/7y) play a key role as heterodimeric partners
for some nuclear receptors and are critical for Th2-mediated
immunity. Blockade of RXR by an antagonist inhibited Th2
differentiation, resulting in reduced production of IL-4, IL-10,
and IL-13 (18-20). Ligands for RXRa/B/y show promise as
therapeutic agents for allergic diseases, such as acne (21).
RXRa/B/7y is activated by 9-cis-retinioc acid, a metabolite of
vitamin A. Activation of RXRa/f/7y has been shown to inhibit
Th1 response and to promote Th2 differentiation (18). In addi-
tion, RXRa/B/y participates in the induction of cell apoptosis.
It has been reported that RXRa/B/y agonist (retinoic acid)
induces apoptosis of tumor cells by activation of both inducible
and endothelial nitric-oxide synthase and production of apop-
togenic NO (22, 23). Because RXR alone and in combination
with other nuclear hormone receptors also promotes Th2
differentiation (18), we wondered whether RXR could be
exploited to block airway epithelium apoptosis in asthma.

Heme oxygenase-1 (HO-1), a member of the protein family
of heat shock proteins, exerts both airway epithelial-protective
and anti-inflammatory function. Most physiological functions
of HO-1 have been associated with its enzymatic activity in
heme catabolism, displaying an indispensable role in multiple
inflammatory diseases by its anti-oxidant and anti-inflamma-
tory properties (24). HO-1 can be induced by a variety of stim-
ulus such as heat shock, cytokines, nitric oxide, endotoxin and
hyperoxia, all of which are produced in asthma. It was reported
that mice lacking HO-1 develop severe inflammatory disease
(25). The protective role of HO-1 has been found in a variety of
inflammatory models (26 —28). We and others have previously
demonstrated that pharmacological induction of HO-1 allevi-
ates allergic airway inflammation in the lung and other organs,
in which HO-1 dampens Th2 and Th17 cell differentiation
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(29-31). However, whether HO-1 suppresses airway epithelial
apoptosis and inflammatory response through NLRP3 or
RXRa/B/7yis unclear. Here, we demonstrated that activation of
NLRP3-RXRa/B/y axis promotes airway epithelial apoptosis
and aggravates type 2 immune responses, whereas HO-1 effi-
ciently inhibits this pathway and subsequent events in OVA-
induced murine model of asthma.

Results

NLRP3 participates in OVA-induced allergic airway
inflammation and airway epithelial cell apoptosis

To determine the functional role of NLRP3 in allergic airway
inflammation, we established an OVA-induced mice model
of eosinophilic asthma and administrated with or without
MCC950, a small-molecule inhibitor of NLRP3. We showed
that OVA stimulation led to a significant increase in basophils
but not DCs infiltration into the lung, which was blunted by
MCC950 (Fig. 1A4). In addition, MCC950 pretreatment severely
reduced pulmonary thymic stromal lymphopoietin (TSLP) and
C-C chemokine ligand-2 (CCL2) compared with OVA-in-
duced mice (Fig. 1B). As expected, inhibition of NLRP3 signif-
icantly suppressed the release of IL-18, which is produced after
catalysis of pro-IL-1 by NLRP3 (Fig. 1B). Importantly, NLRP3
inhibition resulted in robust decrease in type 2 cytokines (IL-4,
IL-5, and IL-13), serum OV A-specific IgE (OVA-sIgE) (Fig. 1C),
mucus secretion, and inflammatory cell infiltration (Fig. 1D).
These data demonstrate that NLRP3 is required for OVA-in-
duced allergic responses.

It is generally accepted that NLRP3 activation induced by
ROS generation in pathogenic or injury conditions mediates
allergic Th2 responses. Excessive oxidant products and Th2
cytokines produce a milieu that damages the airway epithelial
cells and promotes apoptosis. Apoptosis is a key component of
normal cellular homeostasis, whereas dysregulation of this pro-
cess aggravates airway inflammation (32, 33). Therefore, we
investigated the effect of NLRP3 on airway epithelial apoptosis
by TUNEL assay and revealed an increase in airway epithelial
cells in OVA-induced asthmatic mice. This was dramatically
decreased by MCC950, consistent with the ratio of TUNEL-
positive airway epithelial cells and paralleled to Th2
responses (Fig. 1E). Thus, TUNEL positivity reflected the
extent of inflammation and was associated with resolution of
airway inflammation.

NLRP3-RXRa/[3/vy axis drives bronchial epithelial cell
apoptosis and inflammatory cytokine production

To further verify that NLRP3 expression is related to the
apoptosis of airway epithelial cells, we determined the level of
Bcl-XL, an anti-apoptotic protein, in primary airway epithelial
cells (pAECs) pretreated with or without MCC950. The results
showed that OVA-induced NLRP3 significantly suppressed
Bcl-XL expression, which was reversed by MCC950, indicating
a decrease in apoptosis of pAECs (Fig. 2A4). Because RXRa/B/7y
is a promising regulator of apoptotic pathways in various
cell types, we next investigated whether RXRa/B/y regulates
pAECs apoptosis. Adapalene, a robust RXRa/B/y agonist, was
used subsequently. Compared with the OV A-stimulated group,
adapalene addition led to a further decrease in Bcl-XL (Fig. 2B).
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Figure 1. NLRP3 participates in OVA-induced allergic airway inflammation and airway epithelial cell apoptosis. OVA-sensitized and challenged mice
(OVA group) were injected intraperitoneally with MCC950 (OVA + MCC950 group). The mice received normal saline with Al(OH),) intraperitoneally on days 0
and 14 and normal saline on days 14, 25, 26, and 27 were set as the control group (CON). A, flow cytometry analysis of DCs and basophils in lungs. B, the levels
of TSLP, CCL2, and IL-1Bin lung homogenates. C, the levels of IL-4, IL-5, and IL-13 in lung and OVA-sIgE in serum. D, representative images of proximal airways
showing inflamed lung areas, mucus-producing cells per epithelium length, airway collagen content, and smooth muscle thickness. E, TUNEL assay of
apoptotic cells of airways in lung tissues. For analysis of flow cytometry, ELISA, and TUNEL assay, data were pooled from three independent experiments with
three mice each. One representative flow analysis for basophils and DCs, one representative lung histology, or one representative TUNEL assay of three
independent experiments with three mice each is shown. The data are shown as means = S.D. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

We next explored whether RXRa/3/y is involved in NLRP3-
induced apoptosis in airway epithelial cells and found that
the expression of RXRa/B/y was significantly reduced in
PAECs treated with MCC950 (Fig. 2C). Similarly, the early and
advanced apoptosis of pAECs after MCC950 treatment was
decreased compared with the OVA-stimulated group (Fig. 2D).
However, decreased apoptosis after NLRP3 inhibition by
MCC950 was reversed after activation of RXR by adapalene
(Fig. 2D). These results indicate that NLRP3 expression acti-
vates RXRa/B/y and that NLRP3-RXRa/3/7y axis participates
in the induction of bronchial epithelial cell apoptosis.

We then evaluated changes in epithelial cell-derived pro-al-
lergic cytokine production and observed significant decreases
in IL-25, IL-33, TSLP, and granulocyte-macrophage colony
stimulating factor (GM-CSF) by MCC950 treatment but robust
increases by adapalene (Fig. 2E). These data indicate that
NLRP3-RXRa/B/7y axis directs production of inflammatory
cytokines from airway epithelial cells.

18456 J. Biol. Chem. (2018) 293(48) 18454 -18465

HO-1 induction alleviates allergic airway inflammation

Our previous studies showed that HO-1 exhibits protective
roles in airway inflammation (34). Thus, we evaluated the levels
of cytokines and inflammatory cell infiltration in the lungs of
asthmatic murine model. We detected IL-18 and found that
HO-1 induction in vivo with hemin effectively reduced the level
of IL-1B in the lung (Fig. 3A) along with a decrease in TSLP and
CCL2 (Fig. 3B). Eosinophil recruitment in bronchoalveolar
lavage fluid (BALF) in the lung was markedly inhibited in the
OVA + hemin group compared with that in OVA-challenged
group (Fig. 3C). In addition, Th2 cytokines including IL-4, IL-5,
and IL-13 in lungs and OVA-sIgE in serum were dramatically
reduced in OVA + hemin group mice (Fig. 3D). Lastly, the recruit-
ment of peribronchial eosinophils and lymphocytes, together with
mucus hypersecretion, was dramatically alleviated in lungs in
OVA + hemin group mice compared with those in OVA-chal-
lenged mice (Fig. 3E). Collectively, these results demonstrate that
HO-1 can suppress airway inflammation in this murine model.

SASBMB
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Figure 2. NLRP3-RXRa/B/vy axis drives bronchial epithelial cell apoptosis and inflammatory cytokines production in vitro. pAECs were treated with
MCC950 (OVA + MCC950 group) or adapalene (OVA + adapalene group) or MCC950 followed by adapalene (OVA + MCC950 + adapalene group) and were
subsequently stimulated with OVA dissolved in PBS. PBS-treated pAECs were as control (CON). A and B, expression of Bcl-XL in pAECs after treatment with
MCC950 (A) or adapalene (B). C, expression of RXRa/ /7y in pAECs after treatment with MCC950. D, flow cytometry analysis of OVA-induced early and advanced
apoptosis in pAECs. E, expression of cytokines in OVA-induced pAECs treated with MCC950 and adapalene. For statistical analysis of Western blotting and flow
cytometry, data are pooled from five independent experiments. One representative Western blotting and flow analysis of five independent experiments are
shown. The data are shown as means = S.D.*, p < 0.05; **, p < 0.01; ***, p < 0.001.

HO-1 induction inhibits NLRP3-RXRa/3/y axis-mediated cell
apoptosis in lungs

To gain insights into the biological relevance of HO-1—
mediated anti-apoptosis in airway epithelial cells in vivo, we
pretreated WT mice with hemin to induce HO-1 expression
before OVA sensitization and subsequently challenged with
OVA. We observed that hemin-induced HO-1 decreased the
expression of RXRa/B/y but increased expression of Bcl-XL in
the lungs of WT mice. Expression of NLRP3 was not different
between WT and hemin-treated mice (Fig. 44). However,
induction of HO-1 impaired expression of NLRP3 and RXRa/
B/ while significantly increasing the expression of Bcl-XL in
lungs of OVA- and hemin-treated mice compared with that in
OVA-induced mice (Fig. 4B), suggesting that HO-1 can inhibit
cell apoptosis. TUNEL assay of lung histology showed that
hemin treatment led to an obvious decrease in apoptotic airway
epithelial cells (Fig. 4C). Manual counting showed that the
number of total airway epithelial cells was not significantly dif-
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ferent among four groups. However, the number of TUNEL-
positive epithelial airway cells in OVA- and hemin-treated mice
was dramatically decreased compared with that in OVA-chal-
lenged mice (Fig. 4D). The ratio of TUNEL-positive airway epi-
thelial cells to total cells was also consistently decreased in
OVA- and hemin-treated mice compared with that in OVA-
challenged mice (Fig. 4E).

HO-1 dampens NLRP3-RXRa/[3/y axis to reduce apoptosis in
pAECs

To gain a better understanding of the molecular mechanisms
of HO-1, we used pAECs to examine whether hemin can induce
expression of HO-1. The results showed that the expression of
HO-1 was highly up-regulated in pAECs at 2 h after hemin
treatment and increased in a hemin concentration-dependent
manner (Fig. 54). It has been reported that HO-1 exerts its
anti-apoptotic function through its products, CO and bilirubin;
thus, we used CO-releasing molecule (CO-RM2) and bilirubin

J. Biol. Chem. (2018) 293(48) 1845418465 18457
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Figure 3. HO-1 induction mitigates allergic airway inflammation. OVA-sensitized and challenged mice (OVA group) were injected intraperitoneally with
hemin (OVA + hemin group). A control group (CON) was set as described for Fig. 1. A, the level of IL-18 in lung homogenates. B, the levels of TSLP and CCL2 in
lung homogenates. C, flow cytometry analysis of eosinophils in BALF. D, the levels of Th2 cytokines in lung homogenates and OVA-sIgE in serum. E, represen-
tative images of proximal airways showing inflamed lung areas, mucus-producing cells per epithelium length and airway collagen content, and smooth muscle
thickness. For analysis of ELISA, data are pooled from three independent experiments with three mice each. One representative lung histology of three
independent experiments with three mice each is shown. The data are shown as means =+ S.D. **, p < 0.01; ***, p < 0.001.

to treat pAECs, respectively. The results demonstrated that
PAECs treated with hemin, CO-RM2, or bilirubin decreased
expression of NLRP3 and RXR but increased expression of
Bcl-XL (Fig. 5B). We next determined whether HO-1 induction
affects apoptosis of pAECs after stimulation with OVA or
OVA + hemin, respectively. The results revealed that both
early and late apoptosis of pAECs was rescued by hemin using
flow cytometry analysis (Fig. 5C). In addition, we found that
both CO-RM2 and bilirubin also reduced expression of NLRP3
and RXRa/B/y and enhanced expression of Bcl-XL in OVA-
stimulated pAECs (Fig. 5D). To further investigate the effect of
HO-1 itself, Sn-protoporphyrin (SnPP), the HO-1 inhibitor,
was used to suppress the enzymatic activity. The results showed
that although changes in NLRP3, RXRa/B/y and Bcl-XL
expression was monitored; there was also decreased expression
of NLRP3 and RXRa/B/y but increased expression of Bcl-XL in
the hemin + SnPP-treated group compared with the OVA and
OVA + SnPP groups, having an effect similar to the hemin-,
CO-RM2-, or bilirubin-treated groups (Fig. 5D). These results
suggest that HO-1 itself can exert inhibitory effect on apoptosis
of bronchial epithelial cells via the NLRP3—RXRa/3/y axis.

18458 J Biol. Chem. (2018) 293(48) 18454 -18465

In addition to an suppressive role in apoptosis, we observed
that HO-1 decreased the IL-183 level in the supernatant of
pAECs following OVA stimulation (Fig. 5E) and suppressed the
expression of cytokines IL-25, IL-33, TSLP, and GM-CSF in
airway epithelial cells (Fig. 5F). Thus, these results establish that
HO-1 can suppress bronchial epithelial cell apoptosis and
inflammation by dampening the NLRP3-RXRa/B/7y axis.

HO-1 binds to NACHT domain of NLRP3 and RXR« and RXR3
subunits in an enzymatic activity-independent manner to
inhibit cell apoptosis

To characterize the interaction between HO-1 protein and
NLRP3 or RXRa/B/y, we chose a human bronchial epithelial
cell line (BEAS-2B) to obtain enough protein content to per-
form co-IP. Having treated BEAS-2B cells with hemin and
OVA, we collected cell lysates and analyzed by Western blot-
ting and co-IP, respectively. First, we found that hemin treat-
ment decreased expression of NLRP3 and RXRea/B/y and
increased Bcl-XL in BEAS-2B cell (Fig. 6A4), which is consistent
with observations in pAECs. Next, using co-IP, we found that
HO-1 bound to NLRP3 and RXRa/B/y with or without SnPP

SASBMB
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Figure 4. HO-1 induction inhibits NLRP3-RXRa/f3/y axis-mediated cell apoptosis in lungs. OVA-sensitized and challenged mice (OVA group) were
injected intraperitoneally with hemin (OVA + hemin group). A control group (CON) was set as described for Fig. 1. A, expression of NLRP3, RXRa/B/y and Bcl-XL
inlung of WT mice after hemin treatment. B, expression of NLRP3, RXRa//y, and Bcl-XL in lung in OVA-induced murine model of asthma with or without hemin
injection. C, TUNEL assay of lung sections. The red arrows indicate apoptotic airway epithelial cells. D, analysis of TUNEL-positive airway epithelial cells in the
lung. Each value was obtained from at least three small airways per mouse. E, ratio of TUNEL-positive airway epithelial cells to total airway epithelial cells. For
analysis of Western blotting and TUNEL assay, the data are pooled from three independent experiments with three mice each. One representative Western
blotting and lung histology of three independent experiments with three mice each is shown. The data are shown as means = S.D.*, p < 0.05; **, p < 0.01; **¥,

p < 0.001.

treatment (Fig. 6B), suggesting that the binding between HO-1
with NLRP3 or RXRa/B/yis independent of HO-1 activity (Fig.
6C). Finally, to investigate which domain of NLRP3 and subunit
of RXRa/B/y interact with HO-1, four domains of NLRP3
(LRR, NACHT, Pyrin, and FISNA) or three subunits of RXR
(RXRe, RXRB, and RXRy) and HO-1 expression plasmids were
cotransfected into 293T cells, respectively. The results demon-
strated that HO-1 mainly bound to NACHT domain of NLRP3
(Fig. 6D), as well as RXRa and RXR subunits (Fig. 6E), suggest-
ing a potential role for HO-1 in regulating the biological func-
tion of NLRP3 and RXRa/B/7.

Studies showed that among three subunits of RXRa/fB/7,
RXRa interacts with DNA to regulate transcription of target
genes in a ligand-dependent manner. In response to inflamma-
tion and apoptosis, it migrates from the nucleus to the cyto-
plasm and facilitates nuclear export of its heterodimerization
partner Nur77 and anti-apoptotic protein Bcl-2 conversion,
resulting in apoptosis (35—37). We further used siRNA to knock
down RXRa expression and verify the effects of RXRa in
pAECs apoptosis. We showed that suppression of RXRa signif-
icantly increased the expression of Bcl-XL (Fig. 6F), suggesting
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that RXRa participates in the modulation of pAECs apoptosis.
Taken together, these data indicate that HO-1 exerts a crucial
role in the anti-apoptotic response in airway epithelial cells
through inhibiting RXRa.

Discussion

In this study, we find that HO-1 attenuates airway epithelial
cell apoptosis and allergic airway inflammation. HO-1 re-
presses the expression of NLRP3 and RXR in airway epithelial
cells and thus inhibits apoptosis and inflammation. These find-
ings enriched the current view of HO-1 function, providing
better understanding of the role of epithelial apoptosis in aller-
gic airway inflammation and opening the door for HO-1 as a
new therapeutic target to control asthma and allergic diseases.

We employed a mouse model of OVA-induced allergic air-
way inflammation (38) by sensitization with OVA complexed
with aluminum hydroxide (Al(OH),) and challenged mice with
OVA in PBS. Adjuvant is reported to have a role in the devel-
opment of Th2 response. In the current study, the role of adju-
vant could be largely neglected between Al(OH),-sensitized
and OVA-AI(OH);-sensitized mice because of both giving
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Figure 5. HO-1 dampens NLRP3-RXRa/B/y axis to reduce apoptosis in pAECs. pAECs were stimulated with OVA, hemin, CO-RM2, and bilirubin or with
OVA + hemin, OVA + CO-RM2, OVA + bilirubin, OVA + hemin + SnPP, and OVA + SnPP, respectively. A control group (CON) was set by treatment with PBS.
A, HO-1 expression in pAECs. B, expression of NLRP3, RXRa/B/vy, and Bcl-XL in pAECs with hemin, CO-RM2, and bilirubin treatment, respectively. C, flow
cytometry analysis of apoptosis in pAECs with hemin treatment. D, expression of NLRP3, RXRa/B/7y, and Bcl-XL in OVA-stimulated pAECs with treatment of
hemin, CO-RM2, bilirubin, and SnPP. E, the level of IL-1 protein in the supernatant of pAECs cultures with hemin treatment. F, mRNA level of IL-25, IL-33, TSLP,
and GM-CSF in OVA-stimulated pAECs with hemin treatment. For analysis of Western blotting, flow cytometry, and RT-PCR, data are pooled from five
independent experiments. One representative Western blotting and flow cytometry of five independent experiments is shown. The data are shown as

means £ S.D. %, p <0.05; **, p <0.01; *** p < 0.001.

same dose of AI(OH);. By intersecting cell culture and animal
data, we find a clear pro-apoptotic role of NLRP3. In the lung,
NLRP3 expression was associated with increased apoptosis
of airway epithelial cells. By employing MCC950, an NLRP3
inhibitor by blocking ASC oligomerization (39), we demon-
strated that apoptosis of airway epithelial cells were markedly
decreased by MCC950 pretreatment both in vitro and in vivo.
This overall finding is in line with a previous study showing that
in the context of diabetic nephropathy, NLRP3 inflammasome
links cell apoptosis in the kidney (40). Importantly, we observed
a positive regulatory effect of NLRP3 on RXRa/B/7y, well known
death molecules associated with proliferation and apoptosis
in various cells. Previous studies also show that inhibition of
RXRa/B/yblocks Th2 cell differentiation and prevents allergic
airway inflammation (20). Furthermore, using adapalene, an
agonist of RXRa/B/7 that increases activity of caspase-3 and
induces apoptosis via the Bax/Bcl-2 pathway (41), we found a
pro-apoptotic effect of RXRa/B/7y in airway epithelial cells.
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These findings indicate a novel role for NLRP3-RXRa/B/y axis
in the regulation of airway epithelial homeostasis.

Induction of HO-1 by systemic hemin administration has
been previously reported to alleviate Th2 and Th17 response in
mice (31, 34). Indeed, much of our knowledge about HO-1 biol-
ogy has relied on hemin, a promising compound in the induc-
tion of HO-1. Specifically, asthma is associated with increased
risk of coagulation that can afflict or promote damage to red
blood cells, ultimately leading to increased concentration of
hemin in vivo (42). The degradation of hemin induces HO-1
synthesis with the release of CO, bilirubin, and iron (43). How-
ever, expression of HO-1 in the setting of allergic airway inflam-
mation is not sufficient to exert anti-apoptosis and anti-inflam-
mation. As seen in this study, the level of HO-1 in airway
epithelial cells and lung of asthmatic mice showed slight but not
significant increase, which is in line with our previous studies
(31). Importantly, HO-1 is crucial for the clearance of hemin
(44). In this study, we demonstrate that, upon OVA stimula-
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tion, a higher frequency of apoptosis and lower expression of
HO-1 in airway epithelial cells were induced. In contrast,
increased HO-1 expression after hemin treatment was associ-
ated with decreased apoptosis of airway epithelial cells in vitro
and in vivo. These results suggest a promising role for HO-1 in
anti-apoptosis and anti-inflammation activities in airway epi-
thelial cells and lung tissues.

It has been reported that HO-1, as well as its product CO, can
inhibit NLRP3 inflammasome activation in lung injury and
mastitis in mice (45, 46). In the context of allergic asthma, we
found that HO-1, as well as its enzymatic products CO and
bilirubin, negatively regulated NLRP3 expression and apoptosis
of airway epithelial cells, consistent with an inhibitory role of
HO-1 in apoptosis of other cell types (47, 48). We further
observed that HO-1 directly bound to NLRP3, which is inde-
pendent of HO-1 enzymatic activity after using SnPP and
mainly bound to the NACHT domain of NLRP3. The NACHT
domain is thought to function as an oligomerization domain,
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providing a scaffold where signal transduction complexes can
be assembled (49, 50). Because binding of HO-1 may block sig-
nal transduction complex formation of NACHT domain, these
results further support that HO-1 targets apoptosis-associated
domain to play the inhibitory function. Notably, hemin-in-
duced HO-1 and its products, CO and bilirubin, also rescued
RXRa/B/y-mediated apoptosis of airway epithelial cells. These
findings are consistent with a suppressive role of HO-1 in apo-
ptosis as described in several previous studies (47, 48). We fur-
ther demonstrated that HO-1 could bind RXRa/B/yin an enzy-
matic activity-independent manner. Subunit specific analysis
showed that the binding sites of HO-1 on RXRa/B/y were
RXRa and RXRp. These results demonstrate for the first time
that apoptosis of airway epithelial cells involves NLRP3—-RXRa/
B/v axis and that HO-1 could regulate this process through
binding NACHT domain and RXRa and RXRS subunits,
although interaction between HO-1 and RXRa is stronger.
Because previous studies have shown that RXRa and RXRS
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may play distinct roles in gene regulation in other models (51,
52), it may be worth further studying whether RXRa and RXRf3
have different roles in asthmatic conditions. Taking these
results together, we envisage that anti-apoptotic function of
HO-1 may depend on both HO-1 itself action and its enzymatic
activity.

In addition to its anti-apoptotic role, HO-1 possesses strong
anti-inflammatory properties by suppressing production of
epithelial cell-derived cytokines induced by activation of
NLRP3 inflammasome and RXRa/B/y. These findings are in
agreement with previous studies showing the inhibitory role of
HO-1 in apoptosis and inflammation and indicating that HO-1
may fine-tune pro- versus anti-inflammatory cell ratios, render-
ing significant predictive power in distinguishing pro- and anti-
inflammatory conditions. In conclusion, we show a promising
role for HO-1 in the reduction of airway epithelial cell apoptosis
and alleviation of allergic lung inflammation. HO-1 may exert
this anti-apoptotic and anti-inflammatory effect through sup-
pression of the NLRP3—RXRa/B/y axis.

Experimental procedures
Murine model of OVA-induced allergic airway inflammation

C57BL/6 WT mice were used and bred in our specific patho-
gen-free animal facility at Ruijin Hospital (Shanghai, China).
The mice were maintained in a temperature-steady (23 °C)
facility with access to food and water. All protocols were
approved by the Ruijin Hospital animal research ethical com-
mittee and complied with the Chinese government’s ethical
and animal experiment regulations. To induce allergic airway
inflammation, we employed a conventional OVA-induced
asthmatic mouse model as previously described (38). Briefly,
the mice were sensitized intraperitoneally with 0.2 ml (100 ug)
of OVA (grade V; Sigma) complexed with aluminum hydroxide
(AI(OH);) on days 0 and 14. On days 14, 25, 26, and 27, the mice
were intranasally challenged with 0.5 mg of OVA in 50 ul of
sterile PBS under light isoflurane anesthesia. The control group
received normal saline with AI(OH),) intraperitoneally on days
0 and 14 and normal saline on days 14, 25, 26, and 27.

Administration of hemin or MCC95

WT or OVA-sensitized and challenged mice received an
intraperitoneal injection of 75 umol/kg in 200 ul of liquid
hemin (Sigma—Aldrich) or 20 mg/kg in 200 ul of PBS MCC950
(Selleck) at days —2, —1, 12, 13, 23, and 24 as described before (29,
34,53). In preparation of hemin for in vivo use, 12.5 g of hemin was
dissolved in 0.1 mol/liter NaOH, diluted with PBS, and titrated to
pH 7.5 with 0.2 mol/liter HCI. Control mice sensitized and chal-
lenged with OVA received 200 ul of normal PBS.

Tissue harvest and single-cell suspension preparation

24 h after the last OVA challenge, mice were sacrificed by
CO, inhalation, and blood samples were collected for further
OVA-sIgE analysis. The BALF was collected by injecting 0.4 ml
of PBS (with 0.01 mmol/liter EDTA) and was centrifuged for
cell collection. The inferior lobe of the right lung was fixed in 4%
formaldehyde solution for histology analysis, and the other
parts were minced, digested by collagenase IV (Sigma—Aldrich)
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in an incubator at 37 °C with 5% CO, for 30 min, and then
passed through a 70-um cell strainer for a single cell suspen-
sion. All experiments were performed three times using five
animals of each group.

Primary airway epithelial cell isolation from mice

Tracheal cells from WT C57BL/6 mice were performed as
previously described with minor modifications (54). Briefly, the
cells were isolated from bronchial main branches and collected
by centrifugation and then suspended in 200 ul/trachea of
DNase solution and incubated 5 min on ice, centrifuged at
1,400 rpm for 5 min at 4 °C, and resuspended in 10 ml of F-12K
nutrient mixture containing 10% FBS. A 6-well tissue culture
plate (Corning) was coated with poly-L-lysine (100 mg/ml, Sci-
encell) at 37 °C for 1 h followed by thoroughly washing with
double distilled water. The cell pellets were suspended with
PAECs complete medium which contains DMEM—-Ham’s F-12
(1:1 v/v), 15 mmol/liter HEPES, 3.6 mmol/liter sodium bicar-
bonate, 4 mmol/liter L-glutamine, 100 units/ml penicillin, 100
pg/ml streptomycin, 0.25 pg/ml fungizone, 10 pg/ml insulin, 5
pg/ml transferrin, 0.1 ug/ml cholera toxin, 25 ng/ml epidermal
growth factor, 30 wg/ml bovine pituitary extract, 10% FBS, and
0.01 mmol/liter retinoic acid (54).

Cell culture in vitro

Cell suspensions were plated into 6-well plates and incubate
at 37 °C and 5% CO,, for 5 h for a negative selection for fibro-
blasts. Unattached cells were collected, and plates were rinsed
twice with 2 ml of pAEC complete medium. Cell suspension
and washes were pooled together in a 50-ml conical tube and
centrifuged at 1,400 rpm for 5 min. Cell pellets were resus-
pended with pAECs complete medium and seeded into 6-well
tissue culture plate in a concentration of 1 X 10° cells/well at
37 °Cand 5% CO, for 9 days. Medium was changed on the third
day for the first time and was subsequently changed every other
day. The cells were enriched to 50—-70% for the experiments as
described below. The average yield of tracheal cells was 1.2 X
10° cells/trachea obtained from 50 C57BL/6 mice weighing
15-20 g. Cell viability determined by trypan blue exclusion was
over 90%. Cytocentrifuge preparations of these cells revealed
that over 99% expressed cytokeratin, as determined by pan-
cytokeratin antibody staining (results not shown).

Cell stimulation in vitro

To prepare cells for stimulation, pAECs were seeded in a
density of 5 X 10° cells/well in a 6-well tissue culture plate
(Costar; Corning) and grown until 80% confluence. Next,
pAECs were incubated for 6 or 24 h with 500 ug/ml OVA. Cell
culture supernatants and cell lysates were collected for detec-
tion of protein and mRNA. pAECs were pretreated with10
nmol/liter MCC950 (dissolved in PBS) for 6 h to inhibit NLRP3
(36) or with 10 nmol/liter adapalene (dissolved in PBS) for 6 h to
activate RXRa/B/y, or with 7.5 wmol/liter hemin or 7.5 wmol/
liter SnPP for 2 h to induce HO-1 expression or to inhibit its
activity or with 25 umol/liter CO-RM2 (solubilized in DMSO,
Sigma—Aldrich) or 50 umol/liter unconjugated bilirubin (dis-
solved in 0.1 N NaOH, Sigma—Aldrich) for 4 h, respectively.
Partial cells were subsequently treated with 500 ug/ml OVA for
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Table 1
Mouse primers

Forward (5'-3')

Reverse (5'-3')

IL-25 CGTCCCACTTTACCACAACC
1L-33 AGTCTCCTGCCTCCCTGAGT
TSLP TGAAAGGGGCTAAGTTCGAG
GM-CSF TGGTCTACAGCCTCTCAGCA

ACACACACACAAGCCAAGGA
CCTGGTCTTGCTCTTGGTCT
AAATGTTTTGTCGGGGAGTG
GACGACTTCTACCTCTTCATTCAAC

24 h. For other experiments, pAECs were treated with 10 nmol/
liter MCC950 (dissolved in PBS) for 6 h followed by 10 nmol/
liter adapalene (dissolved in PBS) for 6 h and were subsequently
treated with 500 ug/ml OVA for 24 h for flow cytometry. RXRa
siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) was used
according to the manufacturer’s directions. Preparation of
hemin for in vitro use was as follows: 1.25 g of hemin was dis-
solved in 0.1 mol/liter NaOH, diluted with PBS, and titrated to
pH 7.5 with 0.2 mol/liter HCL.

The human bronchial epithelial cell line (BEAS-2B) was
obtained from American Type Culture Collection. To perform
co-IP, BEAS-2B were cultured in DMEM (Gibco) supplemented
with 10% heat-inactivated FBS (Gibco), 100 units/ml penicillin
(Gibco), and 100 pg/ml streptomycin (Gibco) at 37 °C and 5%
CO,. To induce HO-1 expression, BEAS-2B was also pretreated
with 7.5 nmol/liter hemin or with 7.5 nmol/liter hemin and 7.5
nmol/liter SnPP for 2 h, respectively, and subsequently stimulated
with 500 pg/ml OVA for 24 h. The cell lysates were collected for
detection of protein and subsequent co-IP assay.

ELISA

Analysis of serum OVA-sIgE (Serotec, Kidlington, UK) and
other cytokines (IL-4, IL-5, IL-13, TSLP, and CCL2) was per-
formed with ELISA kits (Biolegend, San Diego, CA) as previ-
ously described (55).

Flow cytometry

Basophils and DCs in the lung were detected by flow cytom-
etry. Briefly, single cells from lung tissues were first treated with
10 wg/ml anti-FcyRII/III for 30 min at 4 °C followed by treat-
ment with fluorescence-labeled anti-mouse FceRle, c-Kit, and
CD49b antibodies in 100 ul of staining buffer (5% FBS in PBS).
After being washed twice, the samples were analyzed on a
FACSCalibur (BD Bioscience, San Jose, CA). For the detection
of apoptosis, pAECs were pretreated with MCC950, adapalene,
and hemin as described above, followed by stimulation with 500
pg/ml OVA for 24 h, collected after 24 h, and stained with 5 ul
of FITC—annexin V in 150 ul of 1X binding buffer for 15 min.
Then the cells were stained with 5 ul of propidium iodide (PI)
and detected by flow cytometry to evaluate the number of apo-
ptotic cells as shown by annexin V* PI* cells. Flow cytometry
results were analyzed using FlowJo (StarTree).

Real-time PCR

Total mRNA of pAECs or BEAS-2B was isolated using the
RNeasy kit (Qiagen). For reverse transcription, 1 ug of mRNA
was used to generate cDNA followed by quantitative PCR using
SYBR Green (Qiagen) to assess expression of IL-25, IL-33,
TSLP, and GM-CSF. The primers are listed in Table 1. Quanti-
tative PCR using SYBR Green was performed according to the
manufacturer’s directions.
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The preparation and transfection of HO-1 and NLRP3 domain
expression plasmids and RXRa/3/y subunit expression
plasmids

Four NLRP3 domain expression plasmids were constructed
including domains of LRR, NACHT, Pyrin, and FISNA based
on the conserved domains of NLRP3, and three RXRa/3/7y sub-
unit expression plasmids were prepared including subunits of
RXRa, RXRB, and RXRy based on the conserved domains of
RXRa/B/y on PubMed, respectively. According to previous
studies, pPCMV-GFP-labeled LRR, NACHT, Pyrin, and FISNA
expression plasmids were constructed and named LRR,
NACHT, Pyrin, and FISNA, respectively (Shanghai Xitubio
Biotechnology Co., Ltd). pcDNA3 HO-1 was constructed in our
laboratory. For co-immunoprecipitation assays, HO-1 and
pCMV-GFP-labeled NLRP3 domain expression plasmids or
HO-1 and pCMV-GFP-labeled RXRa/B/y subunit expression
plasmids were co-transfected into 293T cells, respectively,
using Lipofectamine 2000 as a transfection reagent according
to the manufacturer’s instructions.

Western blotting

Right lung lobe homogenates, pAECs, or BEAS-2B cells were
prepared and solubilized with ice-cold radioimmune precipita-
tion assay buffer (Beyotime) supplemented with protease and
phosphatase inhibitor mixture (Thermo Fisher Scientific).
Co-IP was performed as described previously (31). Immunoblot
analysis was performed, and membranes were blotted with
antibodies to RXRa/B/y, HO-1 (Santa Cruz Biotechnology,
Santa Cruz, CA), NLRP3, Bcl-XL, B-actin, B-tubulin, and
GAPDH (Cell Signaling Technology, Danvers, MA).

Lung histology and TUNEL assay

The lungs were fixed in 4% formaldehyde overnight and
embedded in paraffin. Lung sections of 5 um were stained with
hematoxylin and eosin, periodic acid-Schiff stain (PAS), Mas-
son and evaluated by light microscopy (Olympus, Tokyo,
Japan). TUNEL assay kits (Roche) were used to detect cells
undergoing apoptosis.

Statistical analysis

For all experiments, we calculated the difference between
groups by Student’s ¢ test or analysis of variance (GraphPad
Prism version 5.0, GraphPad Software). Differences were con-
sidered to have significance when p < 0.05.
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