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Calcific aortic valve disease (CAVD) is common in people over the age of 65. Progres-
sive valvular calcification is a characteristic of CAVD and due to chronic inflammation
in aortic valve interstitial cells (AVICs) resulting in CAVD progression. IL-38 is a natu-
rally occurring anti-inflammatory cytokine; here, we report lower levels of endogenous
IL-38 in AVICs isolated from patients’ CAVD valves compared to AVICs from non-
CAVD valves. Recombinant IL-38 suppressed spontaneous inflammatory activity and
calcium deposition in cultured AVICs. In mice, knockdown of IL-38 enhanced the pro-
duction of inflammatory mediators in murine AVICs exposed to the proinflammatory
stimulant matrilin-2. We also observed that in cultured AVICs matrilin-2 stimulation
activated the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflam-
masome with procaspase-1 cleavage into active caspase-1. The addition of IL-38 to
matrilin-2—treated AVICs suppressed caspase-1 activation and reduced the expression
of intercellular adhesion molecule-1, vascular cell adhesion molecule-1, runt-related
transcription factor 2, and alkaline phosphatase. Aged IL-38-deficient mice fed a high-
fat diet exhibited aortic valve lesions compared to aged wild-type mice fed the same
diet. The interleukin-1 receptor 9 (IL-1R9) is the putative receptor mediating the anti-
inflammatory properties of IL-38; we observed that IL-1R9—deficient mice exhibited
spontaneous aortic valve thickening and greater calcium deposition in AVICs compared
to wild-type mice. These data demonstrate that IL-38 suppresses spontaneous and stim-
ulated osteogenic activity in aortic valve via inhibition of the NLRP3 inflammasome
and caspase-1. The findings of this study suggest that IL-38 has therapeutic potential
for prevention of CAVD progression.
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Calcific aortic valve disease (CAVD) is an aging-related cardiovascular disease and is becom-
ing a significant healthcare issue worldwide, with an annual incidence of 12.6 million cases
(1). In the United States alone, CAVD accounts for 15,000 deaths each year (2). Older
males are at increased risk for CAVD (3). However, there are currently no pharmacological
interventions for CAVD progression, and aortic valve replacement is the only available treat-
ment when CAVD develops to severe aortic stenosis (4). Valve replacement and surgical
complications result in significant health care costs (5). Effective pharmacological interven-
tions are desperately needed for prevention of CAVD progression.

Chronic inflammation plays a major role in the development and progression of aortic
valve lesions by promoting valvular fibrosis and calcification (6). In this regard, both
human and mouse studies support the notion that inflammation leads to collagen and
calcium deposition in aortic valves (7, 8). Calcification, however, is the main cause of
valvular dysfunction and resultant heart failure (9). It is known that higher levels of calci-
fication in aortic valve indicates worse morbidity and mortality in patients with CAVD.
While macrophage and T lymphocyte accumulation have been observed in calcified aor-
tic valves (10, 11), aortic valve interstitial cells (AVICs) are the most prevalent cells in
the aortic valve, can become proinflammartory, and play a critical role in chronic valvular
inflammation. In CAVD, proinflammatory activation of AVICs contribute to valvular
extracellular matrix (ECM) remodeling leads to tissue fibrosis (12, 13) and calcium
deposition (14). Understanding of the role of AVICs in the inflammatory mechanism of
aortic valve calcification may lead to the development of therapeutic approaches for sup-
pression of CAVD progression to severe aortic stenosis.

Matrilin-2 is one of the ECM proteins (15). It is present in various tissues, including
heart, lung, kidney, esophagus, and bone (16). Matrilin-2 forms a filamentous network
and serves as an adapter to connect other ECM proteins (16). Over-expression of
matrilin-2 has been found in inflammatory conditions, such as neuroinflammation
(17). In the aortic valve, matrilin-2 can function as a damage-associated molecular pat-
tern (DAMP) when being in a soluble form due to valvular stress or injury (18).
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Soluble matrilin-2 has been found to elevate AVIC inflammos-
teogenic (inflammatory and osteogenic) activities via activation
of Toll-like receptor 2 and Toll-like receptor 4 (14, 17, 19).
Soluble matrilin-2 can also promote the interaction of mono-
cytes with AVICs, leading to the enhancement of inflammatory
activity in AVICs (20). Thus, soluble matrilin-2 plays a mecha-
nistic role in the valvular inflammosteogenic activities that pro-
motes CAVD progression.

IL-38 is a member of the IL-1 family of cytokines (21). It is
expressed in many different tissues, including the heart, skin,
tonsils, kidney, and brain (22) and has potent anti-inflammatory
properties (21). In a study of overweight subjects, reduced
plasma levels of IL-38 are associated with metabolic syndrome
and increased risk of cardiovascular diseases (23). Low plasma
IL-38 levels have also been correlated to chronic inflammatory
diseases such as psoriasis (24, 25). In addition, recombinant
IL-38 limits skin inflammation and nephritis in a mouse model
of systemic lupus erythematosus (26). The anti-inflammatory
mechanism of IL-38 involves interleukin-1 receptor 9 (IL-1R9,
gene name /LIRAPLI), which is located on the X-chromosome
(27). Currently, it is unknown whether IL-38 modulates the
inflammatory activity in aortic valve.

In the current study, we tested the hypothesis that IL-38 sup-
presses AVIC inflammosteogenic activity to alleviate aortic valve
calcification and determined first, whether human AVICs express
IL-38 and whether the expression is altered in AVICs from aortic
valves affected by CAVD; second, whether endogenous IL-38
down-regulates AVIC inflammosteogenic activity; third, whether
recombinant IL-38 reverses the proinflammosteogenic phenotype
of AVICs from CAVD valves and suppresses the inflammosteo-
genic activity evoked by a proinflammatory stimulant in AVICs
from non-CAVD valves; and fourth, whether IL-38 deficiency

exaggerates aortic valve calcification in vivo.

Results

IL-38 Suppresses Spontaneous Inflammosteogenic Activities
in AVICs from CAVD Valves. As shown in Fig. 1 A and B, IL-38
proteins were detected in AVICs and significantly lower levels of
IL-38 were observed in AVICs isolated from CAVD aortic valve
leaflets when compared to AVICs isolated from non-CAVD
aortic valve leaflets. As AVICs from CAVD valves have greater
spontaneous inflammatory and osteogenic activities (28), we
determined the effect of recombinant IL-38 on the inflammosteo-
genic activity of AVICs from CAVD valves in the absence of
any stimulation. The data presented in SI Appendix, Fig. S1 and
Fig. 1C show that recombinant IL-38 down-regulated the expres-
sion of intercellular adhesion molecule 1 (ICAM-1, 2.5-fold,
P < 0.0001), vascular cell adhesion molecule 1 (VCAM-I,
2.2-fold, P < 0.001), runtrelated transcripton factor 2
(RUNX2, 2.2-fold, P < 0.001), and alkaline phosphatase (ALP,
1.9-fold, P < 0.001). Moreover, recombinant IL-38 reduced
spontaneous calcium deposition in AVICs from CAVD valves by
2.3-fold (P < 0.01) (Fig. 1D). Thus, human AVICs express
IL-38. The spontaneous inflammosteogenesis in AVICs from
CAVD valves is associated with IL-38 insufficiency, and recombi-
nant IL-38 suppresses both inflammatory and osteogenic activi-
ties in AVICs from CAVD valves.

IL-38 Reduces the Production of Inflammatory and Osteogenic
Mediators in AVICs from Non-CAVD Valves Exposed to Soluble
Matrilin-2. Soluble matrilin-2 is a potent inducer of inflamma-
tory and osteogenic activities in AVICs (14, 19). We tested the
hypothesis that recombinant IL-38 is capable of suppressing the
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Fig. 1. IL-38 suppresses the spontaneous inflammatory and osteogenic
activities in human AVICs from CAVD valves. (A and B) IL-38 protein levels in
lysates of human AVICs from CAVD and non-CAVD valves were analyzed
by ELISA (A) and immunoblotting (B). Human AVICs from CAVD valves
have much lower levels of IL-38. Values are mean + SEM, n = 3 donors.
*P < 0.05 and **P < 0.01 versus human AVICs from non-CAVD valves.
(€) Human AVICs from CAVD valves were treated with recombinant [L-38
(10 ng/mL) or vehicle (normal saline) for 72 h. Representative immunoblots
(Left) and densitometric data (Right) show that recombinant IL-38 reduced cel-
lular levels of inflammatory (ICAM-1 and VCAM-1) and osteogenic (RUNX2
and ALP) mediators. Values are mean + SEM, n = 4 donors. ***P < 0.001 and
**%*¥p < 0.0001 versus vehicle. (D) Representative images of Alizarin Red S
staining (Left) and spectrophotometric data (Right) show that treatment for
14 d with recombinant IL-38 reduced calcium deposition in human AVICs
from CAVD valves. Values are mean + SEM, n = 4 donors. **P < 0.01 versus
vehicle. (Scale bar, 100 pm).

inflammatory and osteogenic activities induced by ECM protein
in AVICs from non-CAVD valves. We treated AVICs from non-
CAVD valves with recombinant IL-38 followed by matrilin-2
stimulation for 24, 48, and 72 h. Recombinant IL-38 markedly
reduced the levels of inflammatory (2.8- to 3.3-fold, P < 0.001)
and osteogenic (2.1- to 2.5-fold, P < 0.001) mediators in AVICs
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Fig. 2. 1L-38 suppresses the inflammatory and osteogenic responses to
proinflammatory stimulation in human AVICs from non-CAVD valves.
(A) Human AVICs from non-CAVD valves were pretreated with recombinant
IL-38 (10 ng/mL) for 2 h followed by matrilin-2 (2 pg/mL) treatment for
72 h. Representative immunoblots (Upper) and densitometric data (Lower)
show that treatment with recombinant IL-38 reduced the inflammatory
and osteogenic responses to matrilin-2. (B) ELISA data show that recombi-
nant IL-38 suppressed the production of IL-6 and CCL2 in human AVICs
from non-CAVD valves exposed to matrilin-2. (C) Representative images of
Alizarin Red S staining and spectrophotometric data show that treatment
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from non-CAVD valves at these time points of stimulation (Fig.
2 Aand B and SI Appendix, Fig. S2). In addition, recombinant
IL-38 markedly reduced calcium deposition in AVICs from non-
CAVD valves exposed to matrilin-2 by 1.8-fold (2 < 0.01)
(Fig. 20).

IL-38 Deficiency Enhances AVIC Inflammosteogenic Activity
and Exacerbates Aortic Valve Calcification. To evaluate the role
of IL-38 in modulation of aortic valve pathobiology, we fed a
high-fat diet (HFD) to old (16-mo-old) wild-type (WT) and
IL-38-deficient mice for 4 mo. Von Kossa staining revealed
thicker aortic valve leaflets and more calcification nodules in
IL-38—deficient mice compared to WT mice following HFD
treatment (Fig. 34). To determine the impact of IL-38 defi-
ciency on AVIC response to proinflammosteogenic stimulation,
we treated AVICs isolated from WT and IL-38—deficient mice
with soluble matrilin-2. AVICs from IL-38—deficient mice dis-
played higher spontaneous inflammosteogenic activities (1.4- to
2-fold, P < 0.05) in comparison to AVICs from WT mice. In
addition, AVICs from IL-38—deficient mice had elevated inflam-
matory and osteogenic responses to matrilin-2 stimulation (Fig.
3B). However, the difference from those in AVICs from WT
mice was not significant. In addition, shRNA-mediated knock-
down of IL-38 reduced its levels in AVICs from non-CAVD
valves (S Appendix, Fig. S3) and markedly enhanced the pro-
duction of inflammatory and osteogenic mediators in response
to matrilin-2 stimulation (Fig. 3 C). Together, these data demon-
strate that IL-38 deficiency enhances AVIC response to endoge-
nous proinflammosteogenic stimulant and exacerbates aortic
valve osteogenesis in vivo.

IL-1R9 Deficiency Also Exacerbates Aortic Valve Calcification.
IL-1R9 mediates the anti-inflammatory function of IL-38 (27).
We evaluated the effect of IL-1R9 deficiency on aortic valve
lesions. Hematoxylin and (H&E) staining revealed that IL-1R9
deficiency resulted in aortic valve thickening in mice fed a nor-
mal diet (Fig. 44). In addition, AVICs from IL-1R9—deficient
mice displayed greater calcium deposition compared to AVICs
from WT mice (Fig. 4B). In evaluation of the impact of IL-1R9
deficiency on AVIC inflammosteogenic response, we observed
markedly higher levels of ICAM-1, VCAM-1, RUNX-2, and
ALP in AVIGCs isolated from mice deficient in IL-1R9 with
stimulation (3.6- to 5.3-fold, P < 0.01) or without stimulation
(2.7- to 4.1-fold, P < 0.05) (Fig. 4C). IL-38 had a minimal effect
on matrilin-2-induced inflammatory and osteogenic responses in
AVICs lacking IL-1R9 (SI Appendix, Fig. S4). As shown in
Fig. 4D, IL-1R9 protein levels are slightly increased (2.3-fold,
P < 0.05) in AVICs from IL-38—deficient mice compared to WT
mice, whereas 1L-38 levels in AVICs of IL-1R9-deficient mice
were comparable to those in AVICs of WT mice. These data sup-
port the concept that deficiency of IL-1R9 attenuates the effect of
1L-38 on inflammosteogenic activity in aortic valves and AVICs.

IL-38 Suppresses the Activation of NLRP3 Inflammasome and
Caspase-1. To investigate the mechanism by which IL-38 inhib-
its inflammation and osteogenesis, we examined the activation of
NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)
inflammasome in AVICs from non-CAVD valves following
stimulation with matrilin-2. As shown in S/ Appendix, Fig. S5,

for 14 d with recombinant IL-38 reduced calcium deposition in human
AVICs from non-CAVD valves exposed matrilin-2. Values are mean + SEM,
n = 4 donors. **P < 0.01 and ***P < 0.001 versus vehicle; *P < 0.05 and
###p < 0.001 versus matrilin-2 alone. (Scale bar, 100 pm).
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Fig. 3. IL-38 deficiency exacerbates aortic valve lesions in mice. (A) Old
mice (16 mo old) were fed a standard diet or HFD for 4 mo. Representative
Von Kossa staining images show that IL-38 KO-HFD mice displayed greater
aortic valve leaflet thickening and calcification compared to WT-HFD mice.
Values are mean + SEM, n = 3 mice per group. *P < 0.05 and **P < 0.01
versus WT-standard diet; *P < 0.05 and *#P < 0.01 versus WT-HFD;
&p < 0.05 and &&&P < 0.001 versus IL-38 KO-standard diet. (Scale bar,
100 pm). (B) Mouse AVICs from WT or IL-38 KO mice were treated with vehi-
cle or matrilin-2 (2 pg/mL) for 72 h. Representative immunoblots (Left) and
densitometric data (Right) show that AVICs from IL-38 KO mice exhibited
higher spontaneous inflammatory and osteogenic activities in comparison
to AVICs from WT mice. In addition, AVICs from IL-38 KO mice had moder-
ately greater responses to matrilin-2 stimulation, but the difference
between AVICs from IL-38 KO mice and AVICs from WT mice did not
reach statistical significance. Values are mean + SEM, n = 4 mice per group.
*P < 0.05, **P < 0.01 and ***P < 0.001 versus WT vehicle. (C) Human AVICs
from non-CAVD valves were pretreated with either scrambled shRNA or
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matrilin-2 induced activation of NLRP3 inflammasome and
caspase-1. Treatment with recombinant IL-38 suppressed
NLRP3 inflammasome and caspase-1 activation (Fig. 54) and
reduced the secretion of IL-18 (S7 Appendix, Fig. S6) induced by
matrilin-2 in AVICs from non-CAVD valves. In addition,
AVICs from IL-38-deficient mice displayed higher Nlrp3
inflammasome protein levels and enhanced caspase-1 activation
in comparison to AVICs from WT mice, and the difference is
greater in cells not exposed to matrilin-2 (Fig. 5B). As shown in
Fig. 5C, both recombinant IL-38 and MCC950, a specific small
molecule inhibitor of NLRP3, markedly suppressed the inflam-
matory and osteogenic responses to matrilin-2 in AVICs from
non-CAVD valves. Therefore, 11-38 inhibits the NLRP3

inflammasome in AVICs to suppress inflammosteogenic activity.

Discussion

Given the high incidence of CAVD and unavailability of phar-
macological intervention for prevention of CAVD progression,
we aimed to explore potential of IL-38 as a therapeutic agent.
This study demonstrates that AVICs from CAVD valves have
lower IL-38 levels in comparison to AVICs from non-CAVD
valves. Treatment of AVICs from CAVD valves with recombi-
nant IL-38 reduces their spontaneous osteogenic activity. Fur-
thermore, both endogenous IL-38 and recombinant IL-38 are
capable of suppressing the inflammosteogenic activation induced
by soluble matrilin-2 in AVICs from non-CAVD valves. The
anti-inflammosteogenic effects of IL-38 in AVICs are lost in the
absence of IL-1R9, and AVICs from mice deficient in IL-1R9
exhibit greater spontaneous inflammosteogenic activity. Mechanis-
tically, IL-38 inhibits the NLRP3 inflammasome and caspase-1
activation to suppress the inflammosteogenic activity in AVICs.
More importantly, mice deficient in IL-38 develop aortic valve
calcification after being on an HFD for a prolonged period.
Opverall, these novel findings suggest that IL-38 suppresses AVIC
inflammatory and osteogenic activities, and that recombinant
IL-38 has therapeutic potential for prevention of CAVD
progression.

Chronic, low-grade inflammation plays an important role in
the development and progression of several diseases, including
CAVD (29). Studies have reported that soluble ECM proteins,
including biglycan and matrilin-2, are capable of elevating the
osteogenic activity in human AVICs (14, 30). Our recent studies
found that soluble matrilin-2 enhances the interaction of mono-
cytes with AVICs (20) and that activated monocytes secrete
tumor necrosis factor (TNF)-a and Regulated upon activation,
normal T cell expressed and secreted (RANTES) to up-regulate
the osteogenic activity in human AVICs (31). IL-38 is a newly
discovered anti-inflammatory cytokine (24). It acts similarly to
IL-37, another inhibitory IL-1 family member (32) that is capa-
ble of preventing aortic valve lesions in laboratory animals (28).
Serum levels of IL-38 are negatively correlated with C-reaction
protein, and recombinant IL-38 inhibits IL-1p and IL-6 produc-
tion by peripheral blood mononuclear cells of hyperlipidemia
patients (23, 33). Our data demonstrate relative deficiency of
IL-38 in AVICs from CAVD valves. This finding is in line with

IL-38 shRNA prior to matrilin-2 (2 pg/mL) treatment for 72 h. Representative
immunoblots (Left) and densitometric data (Right) show that knockdown of
IL-38 markedly increased the inflammatory and osteogenic responses to
matrilin-2 stimulation. Values are mean + SEM, n = 4 donors. *P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001 versus scrambled shRNA
alone; #*P < 0.05 and *#P < 0.01 versus scrambled shRNA + matrilin-2;
&p < 0.05 and &P < 0.01 versus IL-38 shRNA alone.
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Fig. 4. Effects of IL-1R9 deficiency on aortic valve. (A) Representative
images of hematoxylin and eosin staining of aortic valves show that valve
leaflet thickening was occurred in IL-1R9 KO mice (12 wk old) in the absence
of any treatment. Values are mean + SEM, n = 3 mice per group. *P < 0.05
versus WT. (Scale bar, 100 pm). (B) Representative images of Alizarin Red S
staining (Left) and spectrophotometric data (Right) show that mouse AVICs
from IL-1R9 KO mice displayed greater calcium deposition compared to
mouse AVICs from WT mice. Values are mean + SEM, n = 3 mice per group.
*P < 0.05 versus WT. Scale bar, 100 um. (C) Mouse AVICs from WT and
IL-1R9 KO mice were treated with vehicle or matrilin-2 (2 pg/mL) for 72 h.
Representative immunoblots (Left) and densitometric data (Right) show that
mouse AVICs from IL-1R9 KO mice had greater inflammatory and osteogenic
responses to matrilin-2 stimulation. Values are mean + SEM, n = 4 mice per
group. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 versus WT
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the observation that blood IL-38 levels are lower in overweight
subjects at greater risk for cardiovascular diseases (23). ICAM-1,
VCAM-1, CCL2 (C-C motif chemokine ligand 2), and IL-6
are inflammatory mediators essential for leukocyte infiltration
(20, 34). ALP is a biomarker of early osteoblastic transition in
AVICs and RUNX2 is an osteoblast biomarker (35). Both ALP
and RUNX2 are over-expressed in human aortic valves affected
by CAVD (36, 37). We found that recombinant IL-38 sup-
presses the spontaneous production of these inflammatory and
osteogenic biomarkers in AVICs from CAVD valves. Further,
we found that recombinant IL-38 also suppresses the inflamma-
tory and osteogenic responses to soluble matrilin-2 in AVICs from
non-CAVD valves. Since soluble matrilin-2 appears to contribute
to the mechanisms of CAVD pathobiology by elevating AVIC
inflammatory and osteogenic activities (14, 19), this observation
suggests that recombinant IL-38 also suppresses AVIC inflammos-
teogenic activation evoked by an endogenous stimulant. Together,
the results show that IL-38 insufficiency contributes to the
elevated spontaneous inflammosteogenic activity in AVICs in
CAVD valves, and recombinant IL-38 is capable of suppressing
the spontaneous activity in AVICs of CAVD valves and stimu-
lated activity in AVICs of non-CAVD valves.

Western diet is a risk factor for the development of CAVD
(38). In this study, we used HFD to mimic the Western diet.
We observed that IL-38-deficient mice fed an HFD have thicker
aortic valve leaflets and more calcification nodules in comparison
to WT mice fed the HFD diet. It is plausible that IL-38 defi-
ciency elevates AVIC inflammosteogenic activity to promote val-
vular calcification. In this regard, lower levels of IL-38 in AVICs
would reduce their anti-inflammatory capacity and thereby exac-
erbate inflammation-induced valvular calcification. Indeed,
AVICs from IL-38-deficient mice exhibit greater spontaneous
inflammosteogenic activity, a similar phenotypic change to that
observed in human AVICs from CAVD valves. Moreover,
knockdown of IL-38 in AVICs from non-CAVD valves mark-
edly enhances cellular inflammatory and osteogenic responses to
soluble matrilin-2. Together, these findings demonstrate that
IL-38 deficiency elevates the pathobiological activity of AVICs
and contributes to the promotion of aortic valve thickening and
calcification. It is noteworthy that, unlike human AVICs with
IL-38 knockdown, AVICs from IL-38-deficient mice only have
moderately greater inflammatory and osteogenic responses to
matrilin-2 stimulation in comparison to matrilin-2—stimulated
AVICs from WT mice. It is possible that mouse AVICs and
human AVICs respond to matrilin-2 somewhat differently in
the condition of IL-38 deficiency. Alternatively, matrilin-2 in
the dose used in this study induced responses close to maximal
in mouse AVICs, and the exacerbating effect of IL-38 deficiency
could not be revealed. Future studies will address this issue.

The NLRP3 inflammasome is required for caspase-1 activa-
tion that results in the processing of the inactive IL-1p and
IL-18 precursors into active cytokines (39). Studies have
reported that DAMPs can activate the NLRP3 inflammasome
and thereby contributes to the mechanism of inflammatory dis-
eases such as atherosclerosis (40—43). Recent studies have
reported that IL-38 inhibits NLRP3 inflammasome activation

vehicle; P < 0.05 and ##P < 0.001 versus WT + matrilin-2. (D) Representa-
tive immunoblots (Left) and densitometric data (Right) show that IL-1R9 protein
levels were slightly increased in mouse AVICs from IL-38 KO mice than those
from WT mice, and IL-38 protein levels in mouse AVICs from IL-1R9 KO mice
were similar to those from WT mice. Values are mean + SEM, n = 3 mice per
group. *P < 0.05 and **P < 0.01 versus WT; *P < 0.05 and *#P < 0.01 for IL-38
KO versus IL-1R9 KO.

https://doi.org/10.1073/pnas.2202577119 5 0of 8



A NLRP3 [ 5 8 8 o8 | oo
. -50kD
pro-Caspase-1 _M
Ll SRR R -—
Caspase-1p20 —| &=es« -20kD
B-actin s b b v
vehicle + - - - -
matrilin-2 - + o o #
IL-38 - - - + +
0 16 24 16 24 (h)
T 41 CINLRP3
5 g = = Casp-1p20
» P 3 ek
o o
%’ e Tk sk
5T 24 #
c o #oeo# .,
L w 1]
o E
£0
vehicle + - - - N
matrilin-2 - + + + +
IL-38 . - i 4 h
0 16 24 16 24 (h)
B _ WT _ 1L-38KO

Nip3| o S M0
Pro-Caspase-1—| e e ww oo as ap|

Caspase-1 p20 —| == &= % & = ‘-ZDkD

B-actin ’- - oud b b

-40kD
vehicle + - - + - -
matriin-2 0 16 24 0 16 24 (h)
T 57 == NIrp3
S B 4 = Casp-1p20 ol Kk
o 8 4
@ ch *k TRk *ededkk
C— 3 HEEK
g < HkkK g *kk
s o
c & 2
T g
S E 14
o o
;1N
vehicle + - - + - -
matrilin-2 0 16 24 0 16 24 (h)
WT IL-38 KO
C = |[CAM-1
== VCAM-1
ICAM-1[1s o e e Jr00i0 o4 s
£ = ALP
=R
VCAM-1| « ™ &= So
100KD B 4 ]
Lo
- - e o+
RUNX2 so0 I3
.E.QZ
o [
ALP 50kD B E
. s
B-actin[= — == 5 2]
vehicle + - - - vehicle + = = =
matrilin-2 - + + + matrilin-2 - + + +
MCC950 - - + - MCC950 - . + =
IL-38 - - - + IL-38 - & & +

Fig. 5. IL-38 inhibits NLRP3 activation. (A) Human AVICs from non-CAVD
valves were pretreated with recombinant IL-38 (10 ng/mL) for 2 h prior to
matrilin-2 (2 pg/mL) treatment for 16 and 24 h. Representative immunoblots
(Upper) and densitometric data (Lower) show that recombinant IL-38 sup-
pressed NLRP3 inflammasome and caspase-1 p20 induced by matrilin-2.
Values are mean + SEM, n = 4 donors. **P < 0.01 and ***P < 0.001 versus
vehicle; #P < 0.05 and ##P < 0.01 matrilin-2 alone. (B) Mouse AVICs from WT
and IL-38 KO mice were treated with vehicle or matrilin-2 (2 pg/mL) for 16
and 24 h. Representative immunoblots (Upper) and densitometric data
(Lower) show higher levels of Nirp3 inflammasome and caspase-1 p-20 acti-
vation in mouse AVICs from [L-38 KO mice compared to mouse AVICs from
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induced by lipopolysaccharide (LPS) in macrophages and IL-1f
production in chondrocytes (44, 45). In addition, IL-38-
deficient mice subjected to dextran sulfate sodium colitis exhibit
increased colonic Nlrp3 mRNA and protein expression, as well
as caspase-1 processing in comparison to WT mice (46). In this
study, we observed that matrilin-2 up-regulates NLRP3 inflam-
masome levels and caspase-1 cleavage in AVICs. Recombinant
IL-38 attenuates the activation of the NLRP3 inflammasome
and caspase-1, resulting in reduced inflammosteogenic activity in
AVIC, whereas a deficiency of IL-38 has an opposite effect. The
inhibitory effects of IL-38 on NLRP3 inflammasome activation
and caspase-1 are comparable to the inhibitory effects of recom-
binant human IL-37 on NLRP3 inflammasome and caspase-1
(47). Taken together, the overlapping anti-inflammatory proper-
ties of recombinant IL-38 and recombinant IL-37 support the
view that in the IL-1 family, there is functional duplication.
Inhibition of the NLRP3 inflammasome with MCC950 also
suppresses the expression of inflammatory and osteogenic
responses to soluble matrilin-2 in AVICs from non-CAVD
valves. Thus, the NLRP3 inflammasome plays a crucial role in
AVIC pathobiology, and IL-38 inhibits this proinflammatory
signaling mechanism to suppress AVIC inflammosteogenic activ-
ity associated with CAVD progression. The recent suspension of
MCC950 in a phase II clinical trial due to hepatoxicity (48) fur-
ther underscores IL-38 as a new potential therapeutic agent for
the prevention of CAVD progression. Interestingly, we observed
that recombinant IL-38 has a greater effect in suppressing AVIC
inflammatory and osteogenic responses compared to NLRP3
inflammasome inhibitor. This observation indicates that IL-38
not only inhibits the NLRP3 inflammasome, but also modulates
other signaling pathways, such as the Protein kinase R (PKR)/
Nuclear factor kappa B (NF-kB) signaling pathway, utilized by
soluble matrilin-2 in the induction of the inflammatory response
in human AVICs (19).

IL-1R9 is a putative receptor of IL-38 and was identified ini-
tially in the brain (49). Mutations of IL-1R9 in men can cause
X-linked mental retardation (50). Thus far, no relationship
between IL-1R9 and aortic valve has been identified. Unexpect-
edly, we observed spontaneous aortic valve leaflet thickening in
young IL-1R9-deficient mice fed a normal diet. IL-1R9 defi-
ciency has a similar effect as IL-38 deficiency on the spontaneous
inflammosteogenic activity in AVICs. However, I1L-38 levels
were comparable in AVICs from IL-1R9-deficient and WT
mice. Interestingly, both unstimulated and stimulated AVICs
from IL-1R9-deficient mice have markedly increased inflam-
mosteogenic activity. It appears that the inability of IL-38 to
suppress inflammatory activity due to IL-1R9 deficiency exagger-
ates proinflammatory up-regulation of AVIC inflammosteogenic
activities. Together, these indicate that IL-38 requires IL-1R9 to
exert its anti-inflammatory action in AVICs. Conversely, the lev-
els of IL-1R9 are increased in AVICs from IL-38—deficient mice.
This is expected when there is no ligand (IL-38). Overexpression
of IL-1R9 in mouse neurons and HEK293 cells selectively acti-
vates the c-Jun N-terminal kinase (JNK) signaling (51, 52), a

WT mice, especially in the absence of matrilin-2 stimulation. Values are
mean + SEM, n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001 and
**%%P < 0.0001 versus WT vehicle. () Human AVICs from non-CAVD valves
were pretreated with recombinant IL-38 (10 ng/mL) or MCC950 (1 pM) for
2 h and then exposed to matrilin-2 (2 pg/mL) for 72 h. Representative immu-
noblots (Left) and densitometric data (Right) show that both NLRP3 specific
inhibitor and IL-38 suppressed matrilin-2-induced inflammatory and
osteogenic responses to matrilin-2. Values are mean + SEM, n = 4 donors.
*kp < 0001 and ****P < 0.0001 versus vehicle; *P < 0.05, *P < 0.01,
###p < 0.001 and ####p < 0.0001 versus matrilin-2 alone.
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pathway that plays a role in AVIC pathobiology associated with
CAVD progression (53, 54). It is likely that elevated expression
of IL-1R9 promotes JNK activation to contribute to enhanced
inflammosteogenesis in AVICs. Further investigation is required
to test this hypothesis. Together, our data indicate that the
IL-38 interacts with IL-1R9 to modulate aortic valve inflammos-
teogenic activity. As the IL-1 family often copies itself, the rela-
tionship between IL-38 and IL-1R9 may be similar to IL-37 as
an anti-inflammatory ligand and IL-1R8, where IL-1R8 acts as
the suppressive coreceptor for IL-37 (55). In further analogy,
IL-1R8-deficient mice developed exacerbated autoimmune lung
disease and lupus nephritis when compared to WT mice, which
is similar with our findings on spontaneous aortic valve lesions
in young IL-1R9—deficient mice (56).

One of the limitations of this study is the small sample size
and associated variability. While specimens were collected from
six donors, we did some experiments with cells from some
donors as the study evolved over time since many assays need a
large quantity of cells. Nevertheless, we repeated each experi-
ment using samples from four distinct donors to make sure
that the data are reproducible.

Our findings highlight the role of IL-38 in suppressing the
inflammosteogenic activity in AVICs. The anti-inflammosteogenic
properties of IL-38 depend on the inhibition of the NLRP3
inflammasome. Together, our data suggest that IL-38 is a potential
therapeutic agent for the prevention of CAVD progression.

Materials and Methods

Chemicals and Reagents. Recombinant human matrilin-2 (endotoxin-free,
3044-MN-050) and recombinant human IL-38 (amino acid 3-152) were obtained
from R&D Systems. Tween-20 (P7949) and collagenase (C5138) were purchased
from Sigma-Aldrich. Medium 199 (11150067) was purchased from Thermo
Fisher Scientific. Antibodies against ICAM-1 (SC8439) and caspase-1 (SC56036)
were obtained from Santa Cruz Biotechnology. Antibodies against VCAM-1
(EIE8X) and RUNX2 (DIH7) were obtained from Cell Signaling Technology. Anti-
bodies against ALP (AB108337) and IL-38 (AB180898) were purchased from
Abcam. NLRP3 antibody was purchased from Novus Biologicals (NBP2-12446).

Animals and Treatment. All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of Colorado Den-
ver. This study complied with the guidelines for the Care and Use of Laboratory
Animals (National Research Council 1996).

1138-deficient mice (GenBank accession number: NM_153077.2; Ensembl:
ENSMUSG00000046845) were generated using CRISPR/Cas9 technology and
Mrapl1 deficient (IL-TR9™) mice (GenBank accession number: NM_001160403.1;
Ensembl: ENSMUSG00000052372) were generated by deleting Exon 3 using
CRISPR/Cas9 technology (Cyagen Biosciences). SI Appendix, Table S1 and S2 con-
tains gRNA sequences and nucleotides to generate and confirm the IL-38 and
IL-1R9 deficiency.

Cas9 mRNA and gRNA were generated by in vitro transcription and injected
into fertilized C57BL/6 eggs. Founders were genotyped by PCR using TaKaRa
TagTM Hot Start Version (Takara) and the PCR product was purified using the
MiniBEST Universal Genomic DNA Extraction Kit Ver.5.0, 9765 (Takara). The
IL-38-deficient mice and IL-1R9-deficient mice were confirmed by DNA sequenc-
ing analysis. Following transport to our animal facility and further breeding, the
presence of homozygote IL-38-deficient mice or WT alleles was confirmed by
3 d of age via use of Transnetyx testing of ear clippings.

IL-38-deficient male mice (16 to 18 mo) and C57BL/6 male mice (nonlitter-
mate WT, 16 to 18 mo) were given a regular diet or an HFD (diet containing:
24% fat, 41% carbohydrate, and 24% protein; 45% of kilocalories from fat) and
euthanized after being on the diet for 4 mo. The aortic valve morphology and cal-
cification were examined by microscopy and evaluated in a blinded fashion.

Isolation and Culture of Human and Mouse AVICs. Non-CAVD valves
were collected from normal morphology of valves from explanted hearts of
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heart-transplant recipients with cardiomyopathy and CAVD valves were collected
from aortic stenosis patients who underwent aortic valve replacement at the Uni-
versity of Colorado Hospital (S/ Appendix, Table S3). This study was approved by
the Institutional Review Board of University of Colorado and conducted in accor-
dance with the Declaration of Helsinki 1964 and revision of 2013. Written
informed consent was obtained from all donors.

Human aortic valve leaflets were washed in phosphate-buffered saline (PBS,
10-010-072, Thermo Fisher Scientific), cut into 1- to 2-mm pieces and treated
with collagenase type | solution (1.0 mg/mL, Sigma-Aldrich) for 30 min at 37 °C
to eliminate endothelial cells. Tissue digestion was performed with a fresh colla-
genase solution at 37 °C for 4 to 6 h. Cells suspensions were then centrifuged
for 10 min at 1,000 rpm, and cell pellets were resuspended and cultured in
medium 199, containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin, in a 37 °C humidified incubator with 5% CO,.

The culture media were replaced every 3 d throughout the growth and exper-
imental periods. AVICs of passage 3 to 6 at 80 to 90% confluence were used for
the experiments. All experiments in this study were repeated using AVICs iso-
lated from valves from 10 different donors.

AVICs of aortic valves from WT, IL-38-deficient and IL-TR9-deficient mice
were isolated and cultured using the previously described method (28). Briefly,
aortic valve tissues were washed in 1x PBS and treated with collagenase type |
solution (1.0 mg/mL) to eliminate endothelial cells. Small pieces of aortic valve
tissues were plated onto 1% gelatin-coated dishes and cultured with medium
199 containing 10% FBS and 1% penicillin-streptomycin for AVIC outgrowth.

Cells were treated with vehicle (saline), recombinant human IL-38 (10 ng/mL)
or MCC950 (1 uM, 5479, Tocris Bioscience) (57, 58) prior to an exposure to
th-matrilin-2 (2.0 pg/mL) for 72 h (19). Cell lysates were used for the assessment
of ICAM-1, VCAM-1, RUNX2, and ALP proteins. To evaluate the roles of NLRP3 and
caspase-1 in mediating AVIC inflammosteogenic activity and determine the effect
of IL-38 on NLRP3 and caspase-1, AVICs were pretreated with IL-38 (10 ng/mL) or
MCC950 (1 pM) and then subjected to matrilin-2 stimulation for 16 and 24 h.
Cell lysates were used for assessment of NLRP3 and caspase-1 activation.

shRNA IL-38. AVICs of 80% confluence were transduced with lentiviral vectors
carrying 1L:38 shRNA, and cells were selected with 1 pg/mL puromycin
(A1113803, Thermo Fisher Scientific). The lentiviral shRNA targeting human
IL-38 (TRCN0000058441) and the scramble shRNA (pLKO.1-puro) were from the
Functional Genomics Core Facility at the University of Colorado.

Immunoblotting. The expression of ICAM-1, VCAM-1, RUNX2, ALP, NLRP3,
and caspase-1 was detected by immunoblotting. AVICs were lysed in a 2x
Laemmli sample buffer (161-0737, Biorad). Samples were electrophoresed on
4 t0 20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels and transferred to nitrocellulose membranes. The membranes were incu-
bated with 5% skim milk at room temperature for 1 h, followed by incubation
with primary antibodies (1:200 to 1:500 volume dilution) at 4 °C overnight.
Horseradish peroxidase-conjugated secondary antibodies (1:10,000 dilution)
were applied, and enhanced chemiluminescence reagents were used for band
visualization. B-actin was used as a protein loading control. Imagelab software
(Bio-Rad) was used to quantify band.

Enzyme-Linked Immunosorbent Assay. The levels of IL-38 (DY9110), CCL2
(DY279) and IL-6 (DY206) were measured by enzyme-linked immunodsorbent
assay (ELISA, R & D Systems) following the manufacturer's instructions. An auto-
matic microplate reader (Biotek) was used to measure samples and standards in
triplicate at a wavelength of 450 nm.

Aortic Valve Histology. Aortic valve tissues were embedded and frozen in
optimal cutting temperature compound. Then, 5-um thick cryosections were
prepared and fixed in 4% paraformaldehyde for 15 min. H&E staining was
performed to examine the morphology of aortic valve leaflets. To analyze
calcium deposits in aortic valve tissues, Von Kossa staining was performed by
the Histology Core of University of Colorado Denver.

Alizarin Red S Staining. Alizarin Red S staining (A5533, Sigma-Aldrich) was
used to detect calcium deposition in AVIC culture. Cells were incubated with procal-
cification media (medium 199 supplemented with 10 nmol/L of dexamethasone
10 mmoliL of PB-glycerophosphate, 8 mmol/L of CaCl, and 4.0 pg/mL of
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cholecalciferol) for 14 d. Cells were washed with PBS, fixed with 4% paraformalde-
hyde, and incubated with 0.2% Alizarin Red solution (pH 4.0 to 4.2) for 30 min.
Excessive dye was removed by washing with distilled water. For quantitation, the
stain was washed off with 10% acetic acid at 75 °C and measured using a spectro-
photometer at 450 nm wavelength.

statistical Analysis. Significance of difference was evaluated with an unpaired,
two-tailed Student t test or one-way ANOVA with Tukey multiple comparisons
test by the GraphPad Prism 9 (GraphPad Software). Nonparametric Mann-
Whitney U test was performed to confirm the difference of two group compari-
son. For multiple group comparisons, Tukey test was performed to confirm the
differences. Statistical significance was defined as P < 0.05. Data are presented
as mean + SEM.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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