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Abstract

Macrophage- and monocyte-derived cytokines are elevated in the myocardium of pressure-overloaded hearts, where they
play critical roles in pathological remodeling. Caspase recruitment domain family member 9 (CARD9) regulates
macrophage cytokine secretion, but its role in a transverse aortic constriction (TAC) model of pressure overload has not been
evaluated. To investigate whether CARD9 may serve as a valuable therapeutic target, wild-type (WT) and CARD9-knockout
mice were subjected to 3 months of TAC, and then cardiac function, hypertrophy, and fibrosis were analyzed. The
expression of protein markers of myocardial autophagy and nuclear factor kappa B signaling was also investigated. At
1 month after TAC, cardiomyocyte contractile dynamics were measured in a separate cohort to further assess contractility
and diastolic function. In WT but not CARD9 '~ mice, TAC resulted in severe cardiomyocyte contractile dysfunction
at 1 month and functional decrements in fractional shortening at 3 months in vivo. Furthermore, CARDY9 "~ mice did
not develop cardiac fibrosis or hypertrophy. CARD9 '~ mice also had decreased protein expression of inhibitor of kB
kinase-o/p, decreased phosphorylation of p65, and increased expression of protein markers of autophagy. These findings
suggest that CARDO plays a role in pathological remodeling and cardiac dysfunction in mouse hearts subjected to TAC and
should be investigated further.
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Introduction

The worldwide prevalence of hypertension is staggeringly
high (20.1% of women; 24.1% of men) and is increasing in
most populations, with bleak projections for the future [1].
Nearly one in five deaths globally are attributed to increased
blood pressure, making it the leading metabolic risk factor
in the world [2]. Nearly a million individuals died from
hypertensive heart disease (HHD) alone in 2016, which did
not take into account the contribution of elevated blood
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pressure to the development of other fatal cardiovascular
diseases [3]. Interestingly, elevated blood pressure is also
linked to persistent systemic inflammation [4].

Circulating monocytes [5, 6] and myocardial macro-
phages [7] secrete cytokines that coordinate systemic and
paracrine inflammatory crosstalk among cardiomyocytes,
fibroblasts, and macrophages [8]. The resulting inflamma-
tory milieu promotes further recruitment and activation of
myeloid cells, cardiac fibrosis [9], and hypertrophy. Over
time, fibrotic stiffening and concentric ventricular hyper-
trophy result in a loss of elasticity. Dysfunctional relaxation
disrupts ventricular filling and hampers cardiac output.
Thickening, stiffening, and fibrosis progressively worsen as
the ventricle eventually dilates, and systolic dysfunction and
failure occur.

Caspase recruitment domain family member 9 (CARD?9),
a scaffolding protein expressed in myeloid cells, is required
for the activation of the macrophage transcription factors
p38 mitogen activated protein kinase and nuclear factor
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kappa B (NFxB) [10], which are responsible for the pro-
duction of inflammatory cytokines such as tumor necrosis
factor (TNF)a, pro-interleukin (IL)-1p, and IL-6 [11, 12].
Cytokine-initiated inflammation results in fibrosis,
hypertrophy, and dysfunction [13] in the pressure-
overloaded heart [14, 15]. Despite the fact that these cyto-
kines are secreted in concert, most investigations have only
isolated a single cytokine for targeted therapy. We posit that
targeting a mutual upstream progenitor of multiple inflam-
matory components could potentially offer increased ther-
apeutic benefits, and CARD9 offers such an opportunity.
We have previously shown that genetic knockout (KO) of
CARDO rescues cardiovascular dysfunction in a high-fat
diet model of cardiovascular disease [16]. We hypothesize
that a similar protection is afforded in HHD and examined
the effect of CARD9 KO on hypertrophy, fibrosis, and
function in a chronic pressure overload murine model.

Methods
Animals and study design

A pair of CARDY9 '~ breeding mice was kindly provided by
Professor Xin Lin (Department of Molecular and Cellular
Oncology, University of Texas, Houston, TX) [17]. Adult
C57BL/6] wild-type (WT) and CARD9 ™/~ mice were
assigned to the transverse aortic constriction (TAC) or
control groups. One month after group assignment, the mice
were either sacrificed for cardiomyocyte isolation or main-
tained for echocardiography. At 3 months, echocardio-
graphy was performed, the mice were sacrificed, and the
hearts were excised, weighed, fixed in 10% neutral buffered
formalin or snap frozen in liquid N, and stored at —80 °C
for further analysis.

The mice were bred, weaned, and housed in the Animal
Care Facility of the University of Wyoming, College of
Health Sciences. The procedures and methods were approved
by the University of Wyoming Institutional Animal Care and
Use Committee. The investigation complied with the Animal
Welfare Act and all NIH regulations and guidelines.

TAC

A TAC model was used to induce myocardial pressure
overload and provoke the maladaptive cardiac develop-
ments that also occur during hypertension [18]. Mice aged
4-6 months and weighing 25-32 g were anesthetized with
ketamine (145 mg/kg bw) and xylazine (11 mg/kg bw). The
mice were intubated with an endotracheal tube and venti-
lated (Minivent Type 845, Harvard Apparatus, MA, USA)
at a respiratory volume of 260 pL and a frequency of 130
breaths per minute. Using presterilized instruments, a partial
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thoracotomy to the second rib was performed, followed by
partial ligation (60 suture) around the transverse aorta
against a 27-gauge needle between the left and right carotid
artery bifurcations to create constriction of the aorta without
complete ligation.

To ensure that the surgical procedures were comparable
between groups and that differences were not due to
inconsistencies in the degree of overload, color Doppler
echocardiography (Vevo 2100, FUJIFILM VisualSonic Inc,
ON, Canada) was used to assess frans-stenotic peak flow
velocity 4 and 7 days post procedure. The peak flow
velocity was then converted to estimate the pressure gra-
dient using the modified Bernoulli equation, as previously
validated [19]. TAC-induced trans-stenotic pressure gra-
dients were similar between the WT- and CARD9/~-TAC
groups at day 4 or 7 (data not shown).

Echocardiography

Echocardiography was performed 1, 2, and 3 months post
TAC. Cardiac function was evaluated in isoflurane-
anesthetized (1-2%, 1L/min flow rate) mice using 2D
guided M-mode echocardiography (Philips HP Sonos 5500)
with a 15-6 L linear transducer (Philips Medical Systems).
Measurements were recorded from a minimum of three
cardiac cycles in M-mode at similar heart rates. Left ven-
tricular internal chamber dimensions at end diastole
(LVIDd) and end systole (LVIDs) were used to calculate
fractional shortening percentages using the following for-
mula: (LVIDd — LVIDs)/LVIDd) x 100.

Cardiomyocyte isolation

The mice were weighed and then anesthetized with ketamine
(145 mg/kg bw) and xylazine (11 mg/kg bw). The hearts
were excised, the aortas were cannulated, and the hearts
were perfused for 5min using a Langendorff perfusion
system. The hearts were digested with collagenase (Liberase
TH Research Grade, Sigma-Aldrich) (1 mg/15 mL), minced
and then added to a contraction buffer as described in our
previous study [16].

Contractile properties of ventricular cardiomyocytes
were assessed using a MyoCam® system (IonOptix Corp.,
MA, USA) and edge detecting software SoftEdge (IonOptix
Corp., MA, USA), and the cells were stimulated at a fre-
quency of 0.5 Hz.

Masson'’s trichrome staining

After sacrifice, the hearts were incubated in 10% neutral
buffered formalin for 2448 h at room temperature. The
hearts were dehydrated, cleared, paraffinized, and then cut
into 5 um sections using a microtome.
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Fig. 1 CARD9 KO prevents TAC-induced cardiac hypertrophy. a
Representative images of control and TAC hearts from WT and
CARD9 ™~ mice 1 and 3 months post TAC. b HW/TL in WT and
CARDY /" mice in the TAC or control group after 1 month. ¢ HW/TL
at 3 months post TAC. d HW/TL of the controls compared to those at
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Fig. 2 Echocardiographic assessment of cardiac function. a Representative
2D echocardiographic images of the LVs of WT and CARD9 ™'~ mice in
the TAC and control groups at 1 and 3 months. Statistical analysis of
fractional shortening (%) (b), LVIDd (c), and LVIDs (d) in WT and
CARD9 ™~ mice in the control and TAC groups, which were measured at

Masson’s trichrome was used to stain collagen. Reagent
preparation and staining were performed using a kit (HT'15,
Sigma-Aldrich) according to the manufacturer’s instructions
(Procedure No. HT15). Images of the stained sections were
recorded using a fluorescence microscope (Olympus, Cell-
Sens Standard). Collagen levels were quantified using a
color deconvolution method as previously described [20].

Western blot analyses
Tissues were lysed in ice-cold RIPA buffer using a homo-

genizer (Fisher Scientific™ Model 125) and sonicated (Fisher
Scientific™ CL-18). The lysate was centrifuged, the pellet

T T T T
Control IMonth 1 Month 2 Month 3I
I 1

TAC TAC

1, 2, and 3 months. *p<0.05; *p<0.01; **¥p<0.001 WT-TAC vs.
WT-control. #p < 0.05, #p <0.01, #¥p <0.001, CARD9/~-TAC vs. WT-
TAC. WT-control n=11. WT-TAC n =10, CARD9 ' -control n=17.
CARD9""-TAC n=7

was discarded, and the supernatant was retained for further
preparation.

After loading equal amounts of protein in each well,
proteins were separated on sodium dodecyl sulfate poly-
acrylamide gels (Bio-Rad Mini Protean Tetra, #1658000)
and then transferred to a membrane (Bio-Rad Criterion
Blotter, #1704070). The membranes were blocked in 3%
bovine serum albumin and then incubated overnight with
primary antibodies against p-IKKo/p and inhibitor of xB
kinase (IKK)-o/p (Santa Cruz #2697 and #7607), p-p65 and
p65 (CST #3033 and #8242), and light chain 3B (LC3B)
I/Il and p62 (CST #2775 and #5114), with GAPDH (CST
#5174) as the loading control.
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Fig. 3 Cardiomyocyte contractile properties in WT and CARD9 ™'~ mice
1 month after being assigned to the TAC procedure or a control group. a
Resting cell length of cardiomyocytes, b shortening velocity, ¢ peak
shortening, d relengthening velocity, e time to peak shortening (TPS), and

The membranes were incubated with horseradish
peroxidase-conjugated secondary antibody (CST #7074)
and then luminol, peroxide, and ddH,O (1:1:1) (LumiGlo,
CST #7003). Immunoreactive bands were visualized with a
Bio-Rad ChemiDoc XRS. Band intensity was quantified as
the signal density using Quantity One® software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism.
Two-way or mixed-model analysis of variance (ANOVA) was
performed, along with Tukey’s or Sidak post tests where
appropriate. When reporting overall group effects of TAC and
CARD9 KO, two-way ANOVA was performed, along with
Bonferroni tests where appropriate. Significance was set at p <
0.05 for all tests. The data are presented as the mean + SEM.

Results

The hypertrophic myocardial response to pressure
overload is averted by CARD9 KO

To understand the effect of pressure overload and CARD9
KO on heart size, after 1 and 3 months, the mice were
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f time to 90% relengthening (TRqy) *p <0.05, **p <0.01, ***p <0.001,
WT-TAC vs. Control. *p <0.05, #p<0.01, CARD9~-TAC vs. WT-
TAC. n=4-7 per group

sacrificed, and their hearts were weighed. After 1 month,
TAC modestly increased heart weight in WT mice (WT-
control 6.6+0.45mg/mm vs. WT-TAC 8.9+0.52;
#%p <0.01) but not CARD ™'~ mice (CARD /~-control 6.8
+0.39 vs. CARD/"-TAC 7.5 +0.36; ns). After 3 months,
WT-TAC hearts were markedly enlarged (Fig. 1a, c) (WT-
control 7.7 +0.3 mg/mm vs. WT-TAC 13.6 + 1.1 mg/mm,;
**%p <0.0001), CARDY9™~ mice with TAC showed an
increase in heart size compared to that of controls at month
1 and a larger increase at month 3 (CARD9 ' -control 7.1
+0.4mg/mm vs. CARD9/"-TAC 8.5+0.4 mg/mm; ns),
but neither time point exhibited a significant increase.
Furthermore, CARD9/"-TAC hearts were significantly
smaller than their WT-TAC counterparts (CARD9'~-TAC
8.5+0.4mg/mm vs. WI-TAC 13.6 + 1.1 mg/mm; *p <
0.001).

CARD9 '~ mice maintain in vivo cardiac function
post TAC

To determine whether CARD?9 plays a role in TAC-induced
cardiac dysfunction in mice, echocardiography was per-
formed, and the percentage of fractional shortening (FS%)
was measured to ascertain cardiac function after 1, 2, and
3 months of TAC (Fig. 2a, b).
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Fig. 4 Masson’s trichrome (A)
staining of myocardial sections

from WT or CARD9 ™'~ mice in

the TAC and control groups at

3 months. Cardiomyocytes are

stained red, nuclei are purple, and E
collagen is blue. Scale bar: 50 um.
a Representative histological
images for each group. b
Statistical analysis of Masson’s
trichrome staining using color
deconvolution and threshold
analysis in Imagel. ***p <0.001,
WT-TAC vs. WT-control. ##p <
0.001, CARD9™"-TAC vs. WT-
TAC. n=4 per group

CARD9*

After 1 month, WT-control and CARD9 ~-control mice
had FS% of 46.8% and 48.1%, respectively. After 1 month of
constriction, the FS% in WT mice was reduced to 36% (WT-
control 46.8+0.7% VS. WT-TAC 36.5+2.6%;
*p <0.05), but there was no reduction in FS% in CARD9-KO
mice (CARD9 ' ~-control 48.1+0.8% vs. CARD9~-TAC
43.3 + 1.2%; ns). Both TAC groups deteriorated further when
assessed at 2 months. CARD9 ™~ mice, however, fared better
than their WT counterparts (CARD9 ~-TAC 38.0 = 1.0% vs.
WT-TAC 30.0 +2.4%; 'p =0.052).

After 3 months, cardiac function in WT-TAC mice
remained relatively stable, whereas CARD9 ™'~ mice sub-
jected to TAC improved slightly (WT-TAC 29.6 +2.3% vs.
CARD9 /"-TAC 42.2 + 1.2%; *p <0.01).

LVIDd expanded progressively at months 1 and 2 for all
TAC mice but only significantly expanded in WT-TAC
mice (WT-control 0.31+0.02cm vs. WT-TAC 0412+
0.03 cm; *p <0.05). The trend continued for WT mice at
month 3 (WT-control 0.313 +0.02 cm vs. WT-TAC 0.414
+0.04 cm; **p <0.01), whereas the effect was reversed in
CARD9 /~-TAC mice (Fig. 2a, c).

LVIDs (Fig. 2a, d) increased in both TAC groups at
months 1 and 2 but only continued to increase in WT-TAC
mice at month 3. These increases were only statistically
significant for WT mice at months 2 (WT-control 0.167 +
0.008 cm vs. WT-TAC 0.269 +0.028 cm; **p <0.01) and
3 (WT-control 0.167+0.008cm vs. WT-TAC 0.295+
0.034cm; **p<0.01). The increase only reached sig-
nificance in CARD9 '~ mice after 2 months (CARD9 /-
-control 0.163+0.012cm vs. CARD9 /"-TAC 0.210 +
0.015 cm; *p <0.05).

Isolated cardiomyocytes from CARD9 '~ mice
maintain contractile functions post TAC

To assess the individual and combined effects of TAC and
CARDY9 KO on cardiomyocyte contractile dynamics,

Contro _

3 Control
TAC

%k M
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10
#HitH
, —
WT

CARD9™

Fibrotic areal/total area (%)

collagen was digested from excised hearts, and contractility
was then measured in the isolated cardiomyocytes.

While TAC increased overall resting cell length, which
accounted for 26.7% of the variance (p =0.016), no sig-
nificant differences between individual groups were observed.

TAC slowed the shortening velocity (Fig. 3b) in WT
mice (WT-control 136 + 13.7 um/s vs. WT-TAC 86.3 +3.4
um/s; *p <0.05) but not in CARD9 /'~ mice. The net result
was a significantly advantageous shortening velocity in
cardiomyocytes from CARD9/~-TAC mice compared to
those from WT-TAC mice (CARD9 /"-TAC 138.2 +14.7
pm/s vs. WT-TAC 86.3 + 3.4 um/s; p < 0.05).

Constriction decreased peak shortening (Fig. 3c) in car-
diomyocytes from WT mice (WT-control 8.16 +0.52 um vs.
WT-TAC 4.38 £0.29 um; ***p = 0.0005) but not in those
from CARD9/~ mice. CARD9 '“cardiomyocytes had
considerably better peak shortening than their WT counter-
parts (WT-TAC 4.38 +0.29 um vs. CARD9 /-TAC 7.59 +
0.79 um; *p = 0.0036).

TAC reduced relengthening velocity (Fig. 3d) in cardio-
myocytes from WT mice (WT-control 117.3 £+ 13.473 um/s vs.
WT-TAC 53.1 £4.4 uym/s; **p =0.0017) but not in those
from CARD9 '~ mice. Furthermore, CARD9/"-TAC car-
diomyocytes relaxed faster than their WT counterparts
(WT-TAC 53.1+4.4um/s vs. CARD9/"-TAC 113.5+
10.6 um/s; #p = 0.0043).

Time to peak shortening (Fig. 3e) was unaffected by TAC
and CARDY KO. The TRy, was longer in cardiomyocytes
from WT-TAC mice than from WT-controls (WT-control
0.214+£0.013 s vs. WT-TAC £0.297 £ 0.019 s; **p <0.01).
TRy, was not reduced by TAC in CARD9 '~ cardiomyo-
cytes; however, these cells relengthened significantly faster
than cardiomyocytes from WT-TAC mice (WT-TAC
0.297 £0.019 s vs. CARD9"-TAC 0.221 +0.007 s; **p <
0.01). Overall, the measures of systolic and diastolic func-
tion were diminished by pressure overload in WT mice but
not CARD9 /™ mice.

SPRINGER NATURE
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Fig. 5 Western immunoblot analysis of phosphorylated and total
p65 subunit of NFkB and IKKa/p. a Representative blots showing
phosphorylated and total IKKa/p, with GAPDH as a loading control. b
Statistical analysis of the level of phosphorylated IKKa/p as a pro-
portion of total IKKo/p expression and ¢ of IKKo/f expression as a
proportion of GAPDH expression. d Representative blots showing

Hearts from CARD9 '~ mice are not fibrotic after
TAC

To determine the role of CARD9 in myocardial fibrotic
remodeling post TAC, hearts were excised, fixed, and
stained for collagen using Masson’s trichrome. Then, four
fields were quantified in ImagelJ and statistically analyzed.

As shown in Fig. 4a, b, hearts from WT-TAC mice
exhibited severe diffusive collagen staining (WT-control
11.4% vs. WT-TAC 23.0%; ****p<0.0001), but hearts
from CARD9 /"-TAC mice did not (CARD '~ Control
2.9% vs. CARD9'"-TAC 3.6%: ns). Indeed, the hearts
from WT-TAC were significantly more fibrotic than hearts
from CARD9"-TAC (**p <0.0001), suggesting a detri-
mental effect of CARD?9 in the fibrotic remodeling process
during pressure overload.

CARD9 KO is associated with altered IKKa/p
signaling

IKKo/p phosphorylation can control inflammation-induced
NFxB activation, linking inflammation to adverse myo-
cardial hypertrophy and fibrosis [21]. We hypothesized that
chronic TAC would increase IKKo/p phosphorylation and
that CARD9 KO would prevent the increase.

Western blot analysis showed that TAC-induced pressure
overload had no effect on myocardial IKKo/f expression or
phosphorylation (Fig. 5a). CARD9 KO, however, induced a
significant overall decrease in myocardial IKKo/p protein

SPRINGER NATURE

total and phosphorylated p65, with GAPDH as the loading control. e
Statistical analysis of the level of phosphorylated p65 as a proportion
of total p65 protein expression and of f total protein expression of p65
as a proportion of GAPDH expression. *p <0.05, **p <0.01 WT vs.
CARD9'~, #p <0.05 vs. WT-TAC. n =3 per group. ADU arbitrary
densitometric units

expression (Fig. 5c¢), accounting for 67.2% of the variance
(p =0.0033). CARD9 KO upregulated phosphorylation and
accounted for 47.2% of the variance in phosphorylation
levels (p = 0.0262) (Fig. 5b). CARD9/~-TAC heart lysates
had significantly less overall protein expression of IKKo/f
than WT-TAC heart lysates (WT-TAC 5.5+0.87 vs.
CARDY9/~-TAC 2.94 +0.5; *p <0.05) (Fig. 5¢).

TAC-related increases in p65 phosphorylation are
blunted in CARD9 ’~ mouse hearts

Western blotting was used to determine the protein
expression and activation of the p65 subunit of NFxB. It
was hypothesized that TAC would increase the phosphor-
ylation of p65 in WT mice but not in CARD9 '~ mice. As
predicted, the ratio of phosphorylated p65 increased in WT-
TAC mice (WT-TAC 1.4x of WT-control; *p <0.05) but
not in their CARD9 ™'~ counterparts (Fig. 5d, e). Total
expression of the p65 subunit was unchanged in both
groups (Fig. 5f).

Markers of autophagic flux are increased in the
myocardium of CARD9 '~ mice

Western blotting was used to measure the expression of
canonical markers of autophagy in the myocardium, which
we hypothesized would be altered in WT but not CARD9~~
mice subjected to pressure overload. CARD9 KO induced
an increasing trend (p<0.10) in the overall protein
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Fig. 6 Western immunoblot analysis of markers of autophagy in WT
and CARD9 ™~ hearts from mice in the TAC and control groups at
3 months. a Representative blots showing LC3BII/I expression, with
GAPDH as a loading control. b Statistical analysis of the level of
L3BII/I as a proportion of GAPDH expression. ¢ Representative blots

expression of microtubule-associated protein 1 LC3BII/L.
CARD9 KO decreased the expression of Sequestosome-1
(p62) (p =0.0017) and accounted for 68.5% of the varia-
tion. Hearts from CARD9/~-TAC mice expressed sig-
nificantly less p62 than hearts from WT-TAC mice
(CARD9 ""-TAC 1.48+0.28 vs. WT-TAC 3.53+0.74;
p<0.05) (Fig. 6d). Taken together, these findings indicate
increased autophagosome formation and clearance in
CARD9 "~ mice.

Discussion

The myocardial pressure overload caused by the increase in
peripheral resistance associated with hypertension induces
pathological myocardial remodeling, including fibrosis and
hypertrophy, resulting in the development of cardiac dys-
function and the progression to heart failure. Inflammation
plays a causative role in myocardial remodeling, but
effective therapies are elusive. In response to mechanical
stress, cardiomyocytes secrete cytokines and chemokines
that recruit macrophages to the myocardium to further
exacerbate cytokine-mediated inflammation. Rather than
targeting a single cytokine, we demonstrate that mice
lacking expression of CARD?9, a key upstream activator of
the innate immune response to pathogens and damage sig-
nals, do not exhibit the pathological cardiac effects of TAC-
induced pressure overload.

There are several key findings in the current study. First,
CARD? is required for in vivo cardiac dysfunction and ex vivo
cardiomyocyte contractility dysfunction after 1 month of TAC-
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showing Sequestosome-1 (p62) and GAPDH. d Statistical analysis of
the level of p62 accumulation as a proportion of GAPDH expression.
*p <0.05, **p<0.01 WT vs. CARD9™~, #*»<0.05 vs. WT-TAC.
n =13 per group. ADU arbitrary densitometric units

induced pressure overload. CARD9 '~ mice fully maintained
cardiac function after 1 month and experienced only minor
dysfunction after 2 months. Interestingly, while WT-TAC mice
progressively declined, the FS% improved in CARD9~~-TAC
mice after 2 months such that cardiac function was similar
between CARD9~-TAC and controls after 3 months, pre-
venting the progression to heart failure and indicating a pos-
sible ongoing protective effect of CARD9 KO. The trend in the
reversal in FS% in CARD9~~-TAC mice may indicate the
development of compensatory concentric hypertrophy, as
suggested by a slight increase in heart weight at 3 months
(Fig. 1c, d) and narrowed LVID (Fig. 2¢, d) measurements.

Second, we found highly dysfunctional contraction and
relaxation dynamics in isolated cardiomyocytes from WT-
TAC mice (Fig. 3). Systolic dysfunction was absent in
cardiomyocytes from CARD9 /'~ mice (Fig. 3b, c), and
CARD9 /~-TAC cardiomyocytes also showed no signs of
diastolic dysfunction (Fig. 3e, f), which generally precedes
the development of systolic dysfunction.

Cardiomyocytes are the smallest contractile unit of the
heart, and their function can be altered by chronic
mechanical stressors or chemical signals, including the
CARD9-mediated cytokines TNF-a [22] and IL-1p [23].
Our findings indicate that CARD9 KO may prevent dia-
stolic and systolic dysfunction from developing at the cel-
lular level during TAC-induced pressure overload.

Third, CARD9 may be involved in TAC-induced fibrosis
and hypertrophy. Cardiac prognosis is associated with the
extent of fibrosis [24], and macrophages largely drive
myocardial fibrosis [25, 26]. Fibrosis and hypertrophy
develop early in TAC-induced pressure overload, may
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precede dysfunction, and are primary risk factors that lead
to cardiac failure. WT-TAC hearts were enlarged after
1 month of TAC (Fig. 1) and were markedly hypertrophied
with severe fibrosis (Fig. 4) after 3 months of TAC, aver-
aging nearly twice the mass of their controls, whereas
CARDY ""-TAC hearts were not significantly enlarged or
fibrotic. Inflammation is associated with left ventricular
hypertrophy in hypertension [27, 28]. As CARD9 is a
potent regulator of inflammation, we hypothesized that
CARD9 /" mice would be spared some degree of patho-
logical cardiac hypertrophy.

Hypertrophy and fibrosis are independent cardiovascular
risk factors in HHD, predisposing individuals to heart fail-
ure, stroke, arrhythmia, coronary events, and sudden death
[29-31]. Despite the severe degree of fibrosis observed in
WT-TAC mice, we showed that chronic pressure overload
damaged cells to an extent that collagen digestion during
the isolation procedure did not restore contractile function
ex vivo (Fig. 3). These findings indicate that dysfunction is
not limited to heart stiffening or replacement fibrosis but
includes contractile dysfunction at the cardiomyocyte level.

Chronically secreted CARD9-mediated cytokines induce
positive feedback inflammatory signaling in fibroblasts and
cardiomyocytes, increasing transforming growth factor
(TGF)-p signaling [32, 33]. Elevated TGF-f signaling sti-
mulates the transdifferentiation of fibroblasts to myofibro-
blasts and alters matrix metalloproteinase/tissue inhibitor of
metalloproteinase activity to favor collagen deposition and
retention [26]. Given that the proliferative macrophage
population in TAC is mostly a remodeling phenotype [7]
and that fibrosis typifies the TAC model, we hypothesize
that TGF-p-induced remodeling through fibroblasts is a
likely culprit for progressive remodeling and fibrosis.
Future studies of the role of CARDY in fibrotic remodeling
should investigate the effect of targeting CARD9 on the
TGF-p-mediated fibrotic pathway.

Finally, CARD9 /" mice had altered myocardial IKK
protein expression and phosphorylation, a blunted TAC-
associated increase in p65 phosphorylation, and increased
expression of markers of myocardial autophagic flux. In
healthy hearts, autophagy enables the heart to maintain
structure, organization, and function, whereas insufficient
myocardial autophagy is disruptive, leading to hypertrophy
and contractile dysfunction [34]. We have previously shown
that CARD9 KO corrected deficient myocardial autophagy in
a high-fat diet model of myocardial dysfunction [16].
Increased autophagy may be adaptive in pressure overload
[34]; therefore, we examined the effect of CARD9 KO on
markers of autophagy during TAC. After 3 months of TAC,
at which point dysfunction and hypertrophy were extensive,
markers of autophagic activity were similar between WT-
control and -TAC mice. At 3 months, these markers indicated
an increase in autophagy in CARD9 '~ hearts (Fig. 6), which
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were not fibrotic or markedly hypertrophied. Unaltered
autophagy in the face of such dramatic stress may reflect an
inability of the autophagic machinery to adapt to increased
autophagic requirements. By clearing damaged proteins and
organelles and maintaining structural organization, autophagy
could contribute to the beneficial effects of CARD9 KO on
myocardial contractility. Mechanistic experiments are needed
to clarify if this is the case, however.

We hypothesized that inflammation due to TAC would
increase inflammatory cell signaling in the myocardium and
that CARD9 KO would normalize these effects. NFkB acti-
vation is primarily determined by phosphorylation of the
p65 subunit, which translocates to the cell nucleus and
mediates inflammatory myocardial responses. We demon-
strated here that after 3 months of TAC, IKKo/f phosphor-
ylation as similar to that of the controls in WT and
CARD9 ™~ mice, but CARD9 KO decreased IKKo/p
expression, resulting in an increased proportion of phos-
phorylated IKKo/f in CARD9 /" mice. This finding poten-
tially contradicts our hypothesis regarding recruitment of the
NFxB pathway during pressure overload. We examined
phosphorylation of the downstream target p65 subunit and
determined that TAC increased the proportion of phos-
phorylated p65 in WT mouse hearts but not CARD9 '~ hearts
(Fig. 5e) without affecting the overall p65 protein expression
(Fig. 5f). The dissimilar pattern of phosphorylation between
IKK and p65 may indicate that noncanonical control is
exerted over p65 during pressure overload, perhaps as
described in an ischemia-reperfusion model [35].

In hypertension, pathological myocardial remodeling can
result from an inflammatory positive feedback loop medi-
ated by macrophages, cardiomyocytes, and cardiac fibro-
blasts. Rather than a single inflammatory element, this
process involves general amplification of the inflammatory
environment, including numerous chemokines and cyto-
kines. Suitable interventional approaches should broadly
reverse the inflammatory profile of HHD. Therefore, tar-
geting upstream progenitors of multiple cytokines should
logically be more impactful than targeting a single cytokine
or transcription factor. It is worth noting that the TAC
model only facilitates the study of the heart’s response to
increased afterload. This model does not allow for investi-
gation of the pathological changes in peripheral vascular
resistance that precede the development of increased blood
pressure in a hypertensive patient. This line of inquiry
would need to be addressed separately using a different
model. The current investigation shows that mice lacking
expression of CARDO, a critical signal transducer in mac-
rophages that is necessary for cytokine production, main-
tained cardiac function at multiple time points during
pressure overload without developing significant cardiac
hypertrophy, fibrosis, or cardiomyocyte contractile
dysfunction.
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