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Myocardial pressure overload induces systemic
inflammation through endothelial cell IL-33
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Hypertension increases the pressure load on the heart and is
associated with a poorly understood chronic systemic inflamma-
tory state. Interleukin 33 (IL-33) binds to membrane-bound ST2
(ST2L) and has antihypertrophic and antifibrotic effects in the
myocardium. In contrast, soluble ST2 appears to act as a decoy
receptor for IL-33, blocking myocardial and vascular benefits, and is a
prognostic biomarker in patients with cardiovascular diseases. Here
we report that a highly local intramyocardial IL-33/ST2 conversation
regulates the heart’s response to pressure overload. Either endothe-
lial-specific deletion of /L33 or cardiomyocyte-specific deletion of ST2
exacerbated cardiac hypertrophy with pressure overload. Further-
more, pressure overload induced systemic circulating IL-33 as well
as systemic circulating IL-13 and TGF-beta1; this was abolished by
endothelial-specific deletion of IL33 but not by cardiomyocyte-spe-
cific deletion of IL33. Our study reveals that endothelial cell secretion
of IL-33 is crucial for translating myocardial pressure overload into a
selective systemic inflammatory response.
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ypertension is the most common cardiovascular risk factor

and contributes to widespread morbidity and mortality
worldwide (1), but the pathological and molecular mechanisms
by which elevated blood pressure promotes vascular disease re-
main uncertain. Inflammation has been hypothesized to play a role
in hypertension as well as the progression of vascular disease (2, 3).
Although the association between hypertension and inflammation
has now been clearly demonstrated, molecular mechanisms that
link hypertension to systemic inflammation are unclear.

The soluble receptor ST2 is a prognostic biomarker in patients
with cardiovascular disease (4, 5), and serum ST2 levels also
predict changes in blood pressure in the community (6). ST2,
also known as ILIRLI (IL-1 receptor like 1), is a member of the
IL-1 receptor family, which plays a major role in immune and
inflammatory responses (7). At least two forms of ST2 are
known, including the transmembrane receptor (ST2L) and the
soluble form (sST2) that circulates in blood (8). Membrane-bound
ST2L interacts with IL-33, an IL-1 family ligand (9), and IL-33 can
have antihypertrophic and antifibrotic effects in the myocardium
(10). In contrast, sST2 appears to act as a decoy receptor for IL-33,
blocking myocardial and vascular benefits (10-12). IL-33 is also
expressed in endothelial cells (ECs) (13-16), in which it induces
angiogenesis (17), expression of adhesion molecules, and inflam-
matory activation (18). Here we report the surprising finding that
endothelial IL-33 from pressure overload induces a selective sys-
temic response, potentially linking hypertension with circulating
factors that can affect the vasculature and other organs.

Results

ST2 Deficiency Exacerbates Pressure Overload-Induced Cardiac
Hypertrophy. Communication between cardiomyocytes, fibro-
blasts, and ECs is important for normal cardiac function as well as
pathophysiology (19, 20). We explored intercellular communica-
tion in the IL-33/ST2 pathway in cardiac hypertrophy induced by
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pressure overload. First, we performed adenoviral gene transfer to
test whether delivery of exogenous ST2L or sST2 regulates cardiac
hypertrophy. Adenoviral vectors (Ad-GFP, Ad-ST2L-GFP, or Ad-
sST2-GFP) were injected into the left ventricular free wall in mice.
Seven days after gene transfer, mice were subjected to Sham or
transverse aortic constriction (TAC) surgery, which mimics the
pressure overload of hypertension on the heart (Fig. 14). We found
that gene transfer of ST2L into ST2™~ mice reduced cardiac hy-
pertrophy compared with Ad- GFP controls. In addition, gene
transfer of sST2 to WT but not ST2~~ mice increased TAC-induced
hypertrophy (Fig. 1B). These results indicate that ST2L signaling
mediates antihypertrophic activity, whereas sST2 functions as a
prohypertrophic factor.

ST2L Controls Pressure Overload-Induced Hypertrophy in Individual
Cardiomyocytes. To determine whether the antihypertrophic ef-
fect of IL-33/ST2L signaling is highly spatially constrained, we
took advantage of the nonuniform adenoviral gene transfer to
cardiac myocytes in vivo, normally considered a pitfall of this gene
delivery approach, to generate mosaic ST2L and sST2 expression.
Adenovirus injection resulted in 40-60% mosaic expression at the
injection site, and gene transfer efficiency decreased to 10-15% at
distal sites (Fig. S1). Cardiomyocytes were grouped as infected
or noninfected on the basis of GFP fluorescence. In ST27/~
mice, analysis of the myocyte cross-sectional area (MCA)
blinded to the treatment group showed that Ad-GFP-infected
cells (n = 48; 357 + 16 ypm?) had no change in cellular hy-
pertrophy compared with noninfected adjacent cells (n = 39;
369 + 13 pm?; P < 0.05 vs. noninfected adjacent cells) (Fig. 1C) In
contrast, Ad-ST2L-GFP-infected cells (n = 54; 252 + 19 pm?) had

Significance

The association of hypertension and inflammation is clear, but
mechanisms for this human finding remain elusive. The ex-
periments in this article demonstrate that a highly local intra-
myocardial signaling pathway through ST2, the receptor for
the proinflammatory cytokine interleukin 33 (IL-33), regulates
the heart’s response to pressure overload. By generating and
using new conditional deletion mice, we identified endothelial
cells as the major source of systemic circulating IL-33. Our study
reveals that endothelial cell secretion of IL-33 is crucial for
translating myocardial pressure overload into a selective sys-
temic inflammatory state.
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Fig. 1. ST2L controls pressure overload-induced
hypertrophy in individual cardiomyocytes. (A) Ad-
enovirus gene constructs and experiment design.

@ w
[ T i
< = <

ot

WT sT2* WT ST2+ WT ST2* WT ST2*

WT ST2% WT ST2* SAC, sacrifice; TAC, transverse aortic constriction.

Ad-GFP  Ad-ST2L-GFP Ad-sST2-GFP  Ad-GFP

Ad-ST2L-GFP Ad-sST2-GFP (B) Adenoviral vectors (Ad-GFP, Ad-ST2L-GFP, or

Sham

T NS"—" D

Eas0 ST2* mice —
g 400

3 200

8 150

g

& 100

E- 50 Il
0+

Ad-GFP Ad-ST2L-GFP

»
&
]

Wild type mice

P
S
=3

@
-]

=}
=3

39

@
El

©
5 ©
[ I
= e

Ad-GFP Ad-ST2L-GFP

TAC Ad-sST2-GFP) were injected into the left ventricular

- free wall in mice. Seven days after adenovirus gene

NS transfer, the mice were subjected to Sham or TAC

g, surgery. (C) Adenoviral transfer of ST2L to ST27/~
mice leads to reduced CSA in infected car-
diomyocytes. (D) Adenoviral transfer of ST2L to WT
mice had no effect on the CSAs between infected
and uninfected cardiomyocytes. (E) Schematic rep-
resentation of ST2L-transferred cardiomyocyte re-
sponses to local IL-33. Cardiomyocytes were grouped as
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cence. Adj, adjacent; infected, adenovirus infected
cardiomyocyte; remote, remote cardiomyocyte.
(F) Representative image showed the immunoflu-
orescence staining of GFP and selection of the cells
for CSA analysis. (Scale bar, 50 pm.) (G) ST2L-transferred

TAC

Ad-GFP

10

cardiomyocytes develop lower cell size after TAC-
induced hypertrophy. Only myocytes that had both
a visible nucleus in the center and an intact cellular
membrane were included in these studies. CSA was
measured in >10 distinct microscope fields for each
slide. Three hearts from each group were analyzed.
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less cellular hypertrophy compared with noninfected adjacent cells
(n= 35 375 + 21 pm?) or Ad-GFP-infected cells (n = 48; 357 +
16 pm?% P < 0.05 vs. noninfected adjacent cells and P < 0.05 vs.
remote cells). Interestmgly, Ad-ST2L-GFP-infected WT cells (n =
39; 205 + 19 ym?) did not have further reduction in cellular hyper-
trophy compared with noninfected adjacent (n = 25; 217 + 21 pm )
cells or Ad-GFP-infected control cells (n = 21; 210 + 16 pm? P <
0.05 vs. noninfected adjacent cells and P < 0.05 vs. Ad-GFP-infected
cells) (Fig. 1D), which suggests that endogenous cardiomyocyte ST2L
signaling mediates an antihypertrophic response.

We further examined if IL-33/ST2L signaling affects nearby
cells. Cardiomyocytes were grouped as infected (GFP*) cells,
noninfected adjacent cells, and remote (cells adjacent to non-
1nfected adjacent cells) in the same field (Fig. 1 E and F). In
ST27~ mice, Ad-ST2L-GFP-infected cells (n = 54; 252 + 19 um?)
had less cellular hypertrophy compared with noninfected ad]acent
(n = 39; 319 + 21 pm?) cells or remote cells (n = 49; 326 + 23 pm?;
P < 0.05 vs. noninfected adjacent cells and P < 0.05 vs. remote
cells) (Fig. 1G). This result shows that IL-33/ST2L signaling
functioned only in cardiomyocytes with gene transfer of ST2L,
but this did not affect nearby cells, indicating that IL-33-medi-
ated activity on cardiomyocytes is directly through that car-
diomyocyte’s ST2L receptors.

sST2 Exacerbates Pressure Overload-Induced Hypertrophy Locally in
Myocardium We then evaluated if sST2 functions as an autocrine
and paracrlne factor and regulates local cellular hypertrophy In
WT mice, Ad-GFP-infected cells (n = 39; 206 + 12 pm?) had no
increase in cellular hypertrophy compared with noninfected ad-
jacent cells (n = 31; 210 + 8 pm?; P < 0.05 vs. noninfected ad-
jacent cells) (Fig. 24). Ad-sST2-GFP-infected cells (n = 34;
315 + 21 pm?) had more hypertrophy compared with noninfected
adjacent (n = 33; 263 + 15 pm?) cells or Ad-GFP-infected cells
(n =39;206 + 12 um?; P < 0.05 vs. noninfected adjacent cells and

7250 | www.pnas.org/cgi/doi/10.1073/pnas.1424236112

[ FP+ (infected) [] GFP-{uninfected) [[] GFP-(uninfected)

Ad-5T2L-GFP was performed with one-way ANOVA. *P < 0.05.

NS, no significance.

P < 0.05 vs. Ad-GFP-infected cells). Furthermore, Ad-sST2-
GFP-infected ST27~ cells (n = 24; 318 + 15 um?) did not result
in enhanced hypertrophy compared with noninfected adjacent (n =
23; 305 + 18 pm %) cells or Ad-GFP-infected control cells (n = 29;
310 + 11 pm?% P < 0.05 vs. noninfected adjacent cells and P < 0.05
vs. Ad-GFP-infected cells) (Frg 2B). sST2- exacerbated hypertrophy
was observed only in WT mice but not in ST2”~ mice (which
lack both sST2 and ST2L), demonstrating that sST2 is prohy-
pertrophic but requires endogenous myocardial ST2L signaling
for the sST2 effect, consistent with function of sST2 as a decoy
receptor for IL-33.

We then tested whether sST2 alters hypertrophy of nearby
cells (Fig. 2 C and D) In WT mice, Ad-sST2-GFP-infected cells
(n = 34; 315 + 21 pm?) had more cellular hypertrophy compared
with noninfected adjacent (n = 49; 263 + 12 um?) cells or remote
cells (n = 32; 232 + 15 pm? P < 0.05 vs. noninfected adjacent
cells and P < 0.05 vs. remote cells) (Fig. 2E). This result indicates
that although IL-33/ST2L signaling directly controls hypertrophy
of individual myocytes, sST2 can function as an autocrine and
paracrine factor to regulate nearby cells. The paracrine effect of
sST2, however, was restricted to directly adjacent cells (Fig. 2E).

Cardiomyocyte-Specific ST2 Deficiency Exacerbates Pressure Overload-
Induced Hypertrophy. To more specifically address whether endog-
enous myocardial-derived ST2 signaling regulates pressure over-
load-induced cardiac hypertrophy, we generated mice for conditional
deletion of the ST2 gene. A cardiomyocyte- sp/ec1fic ST2 deletion
mouse was generated by cross-breeding ST2™" mice with myh6-
mER-Cre-mER/ZEG double transgenrc mice (21) to obtain ST2"/
mER-Cre-mER/ZEG mice, in which cardiomyocyte-specific in-
ducible Cre was driven by the myh6 promoter in cardiomyocytes
and in which the ZEG reporter could be monitored as a marker
of Cre recombination. Before 4-OH tamoxifen induction,
cardiomyocytes expressed the LacZ and ST2 genes. After 4-OH

Chen et al.


www.pnas.org/cgi/doi/10.1073/pnas.1424236112

L T

\

BN AS  PNAS D)

>
vy)

w B
a o
S o

Wild type mice

150
100
sl % 3 3
c
0+

350 ST2 mice

-

@
i
c

s01| &
2

NS

Fig. 2. sST2 exacerbates pressure overload-in-
duced hypertrophy locally in myocardium. (A) Ad-
enoviral transfer of sST2 to WT mice leads to
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tamoxifen-induced Cre recombination, LacZ and ST2 genes were
deleted as evidenced by cellular expression of GFP (Fig. S24).
Cre-recombined cardiomyocytes expressing GFP were increased
from 10% to 95% after 4-OH tamoxifen injection (Fig. S2B). ST2
expression in the untargeted (GFP) and targeted (GFPY)
cardiomyocytes was analyzed. Up to 90% of GFP-positive cells
lacked ST?2, indicating highly efficient inducible Cre recombination
on both alleles and thus minimizing the possibility that the GFP-
positive cells analyzed had an untargeted ST2 allele (Fig. S2C).

Given that mosaic Cre recombination could be induced in
ST2"/mER-Cre-mER/ZEG mice, we next questioned whether
the untargeted cardiomyocytes (GFP™ST2") were less hypertro-
phied after TAC compared with targeted cardiomyocytes (GFP*
ST2"). We performed TAC on ST2""/mER-Cre-mER/ZEG mice
after 4-OH tamoxifen injection and determined the antihypertrophic
effect of cardiomyocyte ST2. We found that mice with cardio-
myocyte-specific ST2 deficiency developed more cardiac hypertrophy
compared with control mice injected with vehicle (Fig. S2D). To
further analyze local cellular hypertrophy, we compared cell size of
untargeted cardiomyocytes (GFP LacZ*ST2"), targeted cells adja-
cent to untargeted cardiomyocytes (GFP*LacZ"ST2"), and targeted
remote cells far from the untargeted cells (GFPLacZ™ST2") (Fig.
S2E). Untargeted cells (n = 24; 250 + 15 pm?) had less cellular
hypertrophy compared with targeted adjacent cells (n = 36; 323 +
11 pm?) or targeted remote cells (n = 33; 349 + 18 pm? P < 0.05 vs.
targeted adjacent cells and P < 0.05 vs. targeted remote cells) (Fig.
S2F). Taken together, these data show that within the microenvi-
ronment, IL.-33 mediates its antihypertrophic function through ST2-
expressing cardiomyocytes (specifically ST2L), which is consistent
with the above observation that Ad-ST2L gene transfer rescued local
cellular hypertrophy in ST27~ mice. Hence, ST2L-expressing car-
diomyocytes are the direct target for the IL-33-mediated antihyper-
trophic response after pressure overload.

Endothelial-Specific IL33 and Cardiomyocyte-Specific ST2 Deficiency
Exacerbate Pressure Overload-Induced Hypertrophy. IL-33 is ex-
pressed in quiescent ECs, and IL-33 protein can be secreted in
living cells after mechanical stress (9, 13-17). We therefore hy-
pothesized that endothelial-derived IL-33 could represent a
mechanism by which pressure overload of the myocardium can
promote systemic inflammation, and thus we developed mice with
conditional deletion of /L33. We then generated mice with car-
diomyocyte-specific deletion (CM-CKO) or endothelial-specific

Chen et al.

for each slide. Three hearts from each group were
analyzed.

deletion (EC-CKO) of the S72 or IL33 genes by cross-breeding
mice with floxed alleles (ST2"" or IL33™") and mice with tissue-
specific inducible Cre recombinase (myh6-mER-Cre-mER or Tek-
RFP-CreERT2) (Fig. 3 A and B and Fig. S3). Mice were injected
with 4-OH tamoxifen to induce Cre recombination, and then mice
were subjected to Sham or TAC surgery. ST2"1-CM-CKO mice
but not ST2"®-EC-CKO mice developed more cardiac hypertrophy
after TAC compared with Sham controls (Fig. 3C). Interestingly,
IL33"™.EC-CKO but not IL33"".CM-CKO mice developed more
hypertrophy after TAC (Fig. 3D). Mice with myh6-mER-Cre-mER
or Tek-RFP-CreERT2 transgenes did not have differences in
cardiac hypertrophy after TAC, indicating the observed effect was
specifically caused by IL33 and ST2 deletion (Fig. S3F). MCAs in
heart sections from the ST2""-CM-CKO and IL33""-EC-CKO mice
were greater than those from ST2"EC-CKO, IL33""-CM-CKO,
and control mice (Fig. 3E). Echocardiography analysis showed
that ST2""-CM-CKO and IL33""-EC-CKO mice had increased
cardiac hypertrophy, impaired systolic function, increased left
ventricular dilation, and reduced fractional shortening following
TAC (Table S1).

Myocardial Pressure Overload Leads to Systemic Endothelial-Derived
IL-33. To explore the possibility that the heart functions as a
potential pressure sensor to induce a systemic inflammation state
through IL-33, we next determined whether serum IL-33 and
sST2 were elevated after TAC. We analyzed serum levels of IL-
33 protein and found that systemic IL-33 peaked at 3 d after
TAC and gradually reduced to normal at day 21 (Fig. 44). In-
terestingly, deletion of the /L33 gene in ECs abolished the sys-
temic elevation of IL-33 between day 7 and day 14 after TAC,
whereas no significant difference was detected in serum IL-33
levels between groups on day 3 (Fig. 44); this suggests that ECs
are the major source of systemic IL-33 after pressure overload
after day 3. In contrast to IL-33 levels, serum sST2 levels were
elevated and gradually increased after TAC (Fig. 4B). Circulat-
ing sST2 levels were higher in IL33"1-EC-CKO mice, but not in
IL33"1.CM-CKO mice, after TAC (from day 3 to day 21)
compared with other groups, indicating that IL33 from ECs
normally suppresses systemic sST2 levels.

EC IL-33 Mediates an Antihypertrophic Response and Selective Systemic

Inflammation. Expressions of hypertrophic genes (3-MHC, ANP, and
BNP), fibrotic genes (Collagen 1a2 and Periostin), and angiogenic

PNAS | June9,2015 | vol. 112 | no.23 | 7251

g
=
H
[
H
=
o
v}
[
o
wv

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424236112/-/DCSupplemental/pnas.201424236SI.pdf?targetid=nameddest=ST1

>

B

L T

sT2M
xP

Cardiac-specific ToiE ™ o ST25 CM.CKO Endothelial-specific 10 JoxP ST2% EC-CKO
myh6-MerCreMer Tek-RFP-Cre-ERT2 /
@?’ L3z “~_JL33% CM-CKO & xS e L33V EC-CKO
S SmERGrE meR SRR RTL
C t.Qé;O"’F & gf —l—'NS| [)'9 %00 —L:*
" f oy Swal i~ o~ 2w i

g‘gzuo .:E, 200 Fig. 3. Endothelial-specific IL33 and cardiomyocyte-
o8 £% 150 specific ST2 deficiency exacerbate pressure overload-
£% 150 gg induced hypertrophy. Mice with (A4) cardiomyocyte-
g g0 £ 100 H specific deletion (CM-CKO) or (B) endothelial-specific
T 50 E ’ o £ 50 deletion (EC-CKO) of the ST2 or IL33 gene were
£ ° = = 0 generated by cross-breeding the mice with floxed
e STET ST e SRS W MSLT W SR alles (T2 or 133 and the mice with tsue-
o o P =y specific Cre recomblna.se (myh6—n"1§R—Cre—mE.R or Tek-
. RFP-CreERT2). (C) Mice were injected with 4-OH
E tamoxifen (five doses) to induce Cre recombination.
T s | After 10 d the mice were subjected to Sham or TAC
2 0 LR e surgery. ST21.CM-CKO mice develop greater cardiac
£ 10 hypertrophy after TAC. (D) 1L33""-EC-CKO but not
3 300 IL33"M.CM-CKO mice developed more hypertrophy
% 250 after TAC. (E) TAC induces greater myocardial cellu-
g 200 lar hypertrophy in ST2%".CM-CKO and 1L33""-EC-CkO
8 :gg mice. CSA was measured in >10 distinct microscope
‘é 50 fields for each slide. Four hearts from each group
g o ST20 ST20m 1L3300 IL33 ™ ST2m ST2Am IL33™M (L33 were analyzed. Data are shown as mean + SD.
= CM-CKO EC-CKO CM-CKO EC-CKO WT CM-CKO EC-CKO CM-CKO EC-CKO Statistical analysis was performed with one-way

Sham TAC

genes (eNOS and VEGF) were higher in left ventricular tissues
from ST2""-CM-CKO and IL33""-EC-CKO mice than those
from ST2"_EC-CKO, 1L.33"".CM-CKO, and control mice (Fig.
S4). Conditional IL33 or ST2 deletion did not influence TAC-
induced cardiac gene expression of some proinflammatory
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cytokines (TNF-a, IL-1B, and IL-6) (Fig. S5). In contrast, myo-
cardial gene expression levels of IL13 and TGF-p1 were induced
by TAC but lower in ventricular tissues of IL33"1-EC-CKO mice
(Fig. 4C). Moreover, TAC induced circulating IL-13 and TGF-p1
protein levels, and this was abolished in IL33""-EC-CKO mice
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Fig. 4. ECIL-33 induces a selective systemic inflammatory response after myocardial pressure overload. (A) Serum IL-33 and (B) sST2 protein levels from the

mice were analyzed by using ELISA (n = 6 in each group). P < 0.05 compared with same genotype Sham controls. (C) mRNA expression of the IL13 and TGFj1
gene in left ventricular tissues. (D) Serum levels of IL-13, TGF-p1, TNF-o, and IL-6 from the mice with TAC and Sham controls. (E) Treatment with IL-33 reduced
hypertrophy only in WT and I1L33"f-EC-CKO but not ST27-CM-CKO mice (n = 6 in each group). IL-33 caused no significant change under nonstress conditions
in vivo. Data are shown as mean + SD. Statistical analysis was performed with one-way ANOVA. *P < 0.05 and *P < 0.05 compared with same genotype Sham

control group. NS, no significance.
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(Fig. 4D). Conditional 1L33 or ST2 deletion did not influence
serum TNF-a and IL-6 levels in Sham or TAC groups (Fig. 4D).
These data reveal that endothelial-derived IL-33 not only mediates
local intramyocardial responses but also induces a selective systemic
inflammatory response after pressure overload in vivo.

Administration of IL-33 Protects Against Pressure Overload-Induced
Cardiac Hypertrophy. We determined whether administration of
exogenous IL-33 rescues exacerbated cardiac hypertrophy in
IL33YMEC-CKO and ST21.CM-CKO mice. Gross heart/body
weight measurements showed that administration of IL-33 re-
duced cardiac hypertrophy in WT and IL33"".EC-CKO mice
but not in ST2"-CM-CKO mice (Fig. 4E), showing that exoge-
nous IL-33 can prevent pathological hypertrophy through ST2L
signaling.

Myocardial Pressure Overload Induces IL-33 in Cardiac ECs. We next
analyzed the L33 mRNA levels in vital organs from mice with
Sham or TAC and found that IL33 transcripts were elevated
after TAC only in the heart, which suggested an intramyocardial
source of IL-33 after pressure overload (Fig. S64). To determine
whether ECs are the major sources of IL-33 in cardiac tissues
after myocardial pressure overload, we analyzed the expression
and localization of IL-33 within the myocardium using immu-
nofluorescence staining (Fig. 54). Cells with positive staining
with Isolectin B4 (IB4) were considered as ECs. In Sham con-
trols, IL-33 protein was minimally detected in cardiac tissues
from WT C57BL/6 and IL33""-EC-CKO mice. An increase in
nuclear IL-33 immunoreactivity was detected in both IB4+ and
IB4- interstitial cells in cardiac tissues from WT mice with TAC.
IL-33 was detected in IB4— interstitial cells but not in IB4+ ECs
in tissues from IL33"-EC-CKO mice, which confirmed the
specificity of endothelial IL33 deletion.

We further quantified the number of IB4+IL-33+ cells (ECs)
and IB4-IL-33+ interstitial cells (cardiac fibroblasts, CFs) and
found that IB4+I1-33+ cells comprised 62% of IL-33+ interstitial
cells. Endothelial IL33 deletion diminished IL-33 protein ex-
pression in IB4+ ECs without affecting the expression of IL-33 in
IB4- interstitial cells (Fig. 5B). Finally, we isolated cardiac ECs
and CFs and compared IL33 gene expression levels between
these two cell types (Fig. 5C). We found that, on day 0 prior to
TAC and day 3 after TAC, isolated CFs expressed higher basal
IL33 transcripts compared with that in isolated cardiac ECs. IL33
gene expression was dramatically induced in cardiac ECs com-
pared with that in CFs isolated from mice with TAC for 7 d.
Endothelial-specific deletion of /L33 abolished IL.33 expression in
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isolated cardiac ECs without affecting CFs in IL33""-EC-CKO
mice. These results indicated that myocardial pressure overload
induces IL-33 expression and suggest that cardiac ECs are major
sources of circulating IL-33 after pressure overload.

Discussion

In this study, we report that a highly local intramyocardial IL-33/
ST2 conversation regulates the heart’s response to pressure
overload. These experiments show that ST2L signaling directly
regulates cardiomyocyte hypertrophy, whereas sST2 can only
travel across a one-cell distance to reduce cellular hypertrophy
within the myocardium. By generating and using new conditional
deletion mice, we identified ECs as the major source of systemic
circulating IL.-33 after myocardial pressure overload. Either en-
dothelial-specific deletion of IL33 or cardiomyocyte-specific de-
letion of S72 exacerbated cardiac hypertrophy with pressure
overload. Furthermore, pressure overload induced systemic cir-
culating IL-33 as well as systemic circulating IL-13 and TGF-p1;
this was abolished by endothelial-specific deletion of 7133 but not
by cardiomyocyte-specific deletion of IL33. Our study reveals that
EC secretion of IL-33 is crucial for translating myocardial pressure
overload into a selective systemic inflammatory state.

In this study, we report that sST2 functions as a locally con-
strained factor within the myocardium, which suggests local ac-
tivity, and thus circulating sST2 may not reflect the sST2 levels in
local tissues. On the other hand, recent studies have revealed
that ECs are sources of sST2 (16, 22, 23). In this case, endo-
thelial-derived sST2 could be readily released into the blood
stream and lead to high circulating sST2 levels.

One clinical study revealed that the source of circulating ST2 is
extramyocardial in patients with cardiac hypertrophy (22). In an-
other study, Mildner et al. also demonstrated that sST2 protein
could be detected in multiple human tissues including lung, kid-
ney, and the heart (23). In this study, we compared the mRNA
levels of sS72 in vital organs from mice with Sham or TAC surgery
and observed that the sS72 mRNA levels were elevated in the
lung, heart, and kidney (Fig. S6B). Our result is consistent with the
clinical observation showing extramyocardial sources of sST2 in
human cardiac hypertrophy (22). It is of note that we still detected
elevated sS72 mRNA levels in the mouse heart after TAC. Thus,
although our study implicates ECs in the pathophysiology of an
IL-33-ST2 systemic response, it is likely that extracardiac cells
participate in this pathway.

In contrast to the broad specificity of sST2 induction, the in-
duction of IL-33 is more restricted in injured tissue in the mouse

1B4-
700 | L33+ Fig. 5. Myocardial pressure overload induces IL-33
in cardiac ECs. (A) Expression of IL-33 in B4+ cells
(yellow arrowheads) and 1B4- cells (white arrow-
heads) was analyzed using immunofluorescence
staining. Endothelial IL-33 was not detected in
cardiac tissues from IL33"f_.EC-CKO mice. Wheat
germ agglutinin (WGA) staining was used for cel-
0 lular membrane (green); DAPI staining was used for

Sham  TAC-7d the nucleus (blue); B4 staining for was used for ECs
(red); IL-33 staining was detected in the nucleus
(gray). (Scale bar, 50 pm.) (B) Quantification of 1B4+
IL-33+ and IB4-IL-33+ cells in cardiac tissues from
mice with Sham or TAC (n = 3 mice from each
group). Data are shown as mean + SD. Statistical
analysis was performed with one-way ANOVA. *P <
0.05. NS, no significance. (C) IL33 transcript levels in
isolated cardiac ECs and CFs from mice with TAC
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TAC model (Fig. S6). Our results demonstrated that IL-33+ ECs
comprise ~62% of IL-33+ interstitial cells in cardiac tissues from
mice after TAC (Fig. 5 A and B). We could not exclude a con-
tribution of CFs to elevated systemic IL-33 after pressure over-
load, as CFs expressed higher basal levels of IL33 transcripts
than that in cardiac ECs (Fig. 5C). However, our results showed
that cardiac ECs dramatically induce IL33 in response to pres-
sure overload after 7, 14, and 21 d of TAC compared with CFs
(Fig. 5C). In IL33"™.EC-CKO mice, endothelial /L33 deletion
was sufficient to abolish the elevated circulating IL-33 levels at
day 7 of TAC (Fig. 44). These data together suggest that the
elevated IL-33 at 3 d after TAC could be attributed to CFs,
whereas ECs contribute to a later response.

Recently, Moore-Morris et al. showed that Tie2-Cre also la-
beled 19% of CFs, which are derived through endothelial-to-
mesenchymal transition (EndMT) during cardiac development
(24). The epicardial and endothelial origins of resident CFs
appear to mediate pressure overload-induced fibrosis (24). In
this study, we used the Tie2-CreERT2 system to induce endo-
thelial-specific /L33 deletion in adult endothelium by injection of
tamoxifen. After tamoxifen-induced Cre recombination, the
1133 floxed alleles are deleted in Tie2+ ECs. If EndMT occurs in
the cardiac tissue after TAC, we could observe a decreased
number of IB4-IL-33+ interstitial cells due to a dilution of the
fibroblast pool by IL337"EC-derived CFs through EndMT.
However, we did not find a difference in the quantity of IB4-IL-
33+ interstitial cells in cardiac tissues between WT and L33
EC-CKO mice (Fig. 5B). This is consistent with the observation
in Moore-Morris et al. that EndMT may contribute minimally to
derive CFs in the model of cardiac pressure overload. We thus
speculate that the IL-334 CFs are derived from resident CFs but
not through the process of EndMT.

In this study, we show direct evidence that ECs are the major
source of systemic IL-33 after the heart is pressure overloaded.
These data reveal the heart as a critical pressure sensor in response
to biomechanical overload and that ECs provide a mechanistic link
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between pressure overload and subsequent inflammatory responses.
Our study provides direct evidence that ECs can translate bio-
mechanical overload into a selective systemic inflammatory state
via IL-33.

Materials and Methods
Experimental details are provided in S/ Materials and Methods.

Animals. All experiments were conducted in accordance with the Guide for
the Use and Care of Laboratory Animals and approved by the Harvard
Medical School Standing Committee on Animals and by the Institutional
Animal Care and Use Committee of Kaohsiung Chang Gung Memorial
Hospital, Kaohsiung, Taiwan. ST27~ mice were maintained as described
previously (10). MerCreMer-ZEG mice were generated as previously de-
scribed (21). The C57BL/6-Tg (Tek-RFP-Cre/ERT2)27Narl (RMRC13162) mouse
was generated by genetic engineered murine model services (GEMMS),
National Laboratory Animal Center, Taiwan. MerCreMer mice or Tek-RFP-
CreERT2 mice were crossed with ST2"f or 1133 conditional knockout mice
(Table S2 and Dataset S1). TAC was produced as described previously (10). All
sections were imaged with fluorescent microscopy to determine the cross-
sectional area (CSA) of each cardiomyocyte. Only myocytes that had both a
visible nucleus in the center and an intact cellular membrane were included in
our studies. Details are provided in S/ Materials and Methods.

ELISA. Serum levels of IL-33 (R&D Systems, DY3626) or sST2 (R&D Systems,
DY1004) were analyzed by using ELISA kit according to the manufacturer’s
instructions.

Statistical Analysis. All data are presented as mean + SD. Statistical analysis
was performed with the one-way ANOVA between groups.
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