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Over one million Americans experience myocardial infarction (MI) annually, and the resulting scar
and subsequent cardiac fibrosis gives rise to heart failure. A specialized cell-cell adhesion protein,
cadherin-11 (CDH11), contributes to inflammation and fibrosis in rheumatoid arthritis, pulmonary
fibrosis, and aortic valve calcification but has not been studied in myocardium after MI. Ml was
induced by ligation of the left anterior descending artery in mice with either heterozygous or
homozygous knockout of CDH11, wild-type mice receiving bone marrow transplants from Cdh11-
deficient animals, and wild-type mice treated with a functional blocking antibody against CDH11
(SYNDO12). Flow cytometry revealed significant CDH11 expression in noncardiomyocyte cells after
MI. Animals given SYN0O12 had improved cardiac function, as measured by echocardiogram,
reduced tissue remodeling, and altered transcription of inflammatory and proangiogenic genes.
Targeting CDH11 reduced bone marrow-derived myeloid cells and increased proangiogenic cells in
the heart 3 days after MI. Cardiac fibroblast and macrophage interactions increased IL-6 secretion in
vitro. Our findings suggest that CDH11-expressing cells contribute to inflammation-driven fibrotic
remodeling after Ml and that targeting CDH11 with a blocking antibody improves outcomes by
altering recruitment of bone marrow-derived cells, limiting the macrophage-induced expression of
IL-6 by fibroblasts and promoting vascularization.

Introduction

Every year over one million Americans experience a myocardial infarction (MI), which significantly reduc-
es cardiac function and potentiates the progression to heart failure by increasing the risk of recurrent infarc-
tions (1). The process of infarct healing requires complex interactions between resident and recruited cells,
which must coordinate the clearance and replacement of damaged tissue with a stable and robust collagen
scar to prevent cardiac rupture.

Immune cells — including neutrophils, monocytes, and macrophages, among others — are recruited from
the blood within the first few hours after MI and critically participate in the healing and remodeling process.
Resident cardiac macrophages also participate in stabilizing the heart after cardiac injury (2). Following the
successful clearance of necrotic tissue and cell debris by immune cells, resident mesenchymal cells — including
cardiac fibroblasts (CFs) — proliferate and differentiate into an activated, hypersecretory, hypercontractile,
tissue remodeling phenotype known as myofibroblasts. This highly cellularized stage of cardiac remodeling,
termed the granulation phase, is characterized by the resolution of inflammatory signaling and the transition
to fibrotic remodeling and scar formation by activated myofibroblasts. In the following weeks, myofibroblasts
deposit and remodel collagen into a compact scar, which can sustain the biomechanical integrity of the myo-
cardial wall (3). However, excess inflammation and reparative activity can ultimately lead to expansion of the
infarct area and further diminished cardiac function (4, 5).

Development of treatment strategies for MI is made particularly challenging by the precise and nec-
essary timing of both chemical signals and cellular activity throughout these phases of remodeling. Many
treatments targeting specific growth factor cascades have failed to maintain the delicate balance between
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necessary and excessive inflammation and fibrosis and often have adverse side effects on the surviving car-
diomyocytes (CMs), causing additional loss of contractile potential (6-8).

Cadherin-11 (CDH11) is a cell-cell adhesion protein expressed by inflammatory cells and activated
fibroblast-like cells in multiple inflammatory and fibrotic disease models — including rheumatoid arthritis,
pulmonary fibrosis, and aortic valve calcification (9—11) — but its function in infarct healing has not yet
been studied. CDH11 (or OB-cadherin) was originally described in osteoblasts and has been shown to affect
cell migration and exfiltration in cancer studies (12, 13), but the role of CDHI11 in bone marrow—derived
cell (BMDC) recruitment and CF contractility in the heart has not been studied. CDH11 expression has
been observed in CF's but is minimally expressed by CMs in culture and has not been well studied in the
myocardium in vivo (14). CDH11 engagement promotes the expression of the proinflammatory cytokine
IL-6 as well as profibrotic signaling factors and myofibroblast markers, such as TGF-B1, in diseased joints,
lungs, and heart valves (9-11, 15, 16). Thus, we hypothesized that genetic and pharmacologic targeting of
CDH11 after MI would reduce inflammation-driven fibrotic scar expansion and improve cardiac outcomes.

Results

To establish the therapeutic potential of targeting CDH11 in the heart after M1, we first wanted to identify
the cardiac cell populations on which CDHI11 is expressed. Flow cytometric analysis of non-CM cardiac
cell populations — including cardiac endothelial cells (CECs: CD45 CD31%), cardiac mesenchymal cells
(CMCs: CD45CD31"), and BMDCs (CD45%) (Supplemental Figures 1 and 2; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.131545DS1) — revealed that BMDCs
constitute the majority of non-CMs in the heart 3 days after infarct (86.2% of live cells). By 7 days after
infarct the largest cardiac cell population was CMCs (52.3% of live cells); activated myofibroblasts likely
made up a majority of this population (Figure 1, A and B, and Supplemental Figure 3A). Gene expression
analysis by qPCR confirmed higher Cdkl1 transcription in non-CMs relative to CMs and revealed a signif-
icant increase in non-CM Cdhll transcription that was nearly 10-fold higher than that in sham-operated
hearts (sham) by 7 days after MI (Supplemental Figure 4, A and B).

Flow cytometry further revealed that each non-CM population in the heart had some level of CDHI11
expression (Figure 1, A-C) and that the overall percentage of CDH11* cells in infarcted hearts was increased
relative to sham by 7 days after infarct (18.2% of live cells vs. 6.9% of live cells in sham; Supplemental Fig-
ure 4C). Percentages of both CDH11* BMDCs and CDH11* CMCs increased between days 3 and 7 after
MI but remained unchanged over time in sham hearts. Despite constituting less than 3% of all live cells in
the heart, the percentage of CDHI11* CECs was decreased relative to sham at both 3 and 7 days after MI
and changed over time in both surgical conditions (Figure 1, A—C). While CDH11* CECs comprised a
markedly lower percentage of all CDH11* cells identified in infarcted hearts relative to sham at both 3 and
7 days, CDH11* CMCs made up the majority of all CDH11* cells after 7 days in both surgical conditions.
The percentage of BMDCs expressing CDH11 constituted a significant fraction of all CDH11* cells in the
heart 3 days after MI (63.6% of CDH11* cells vs. 30.5% of CDH11* cells in sham) and was reduced back to
sham levels by 7 days after MI (Figure 1, A—C), consistent with the time course of inflammation resolution.

We next analyzed our flow cytometry data to determine which BMDC subsets had CDH11 expression
(Figure 1, D-F). After infarct, we observed a significant increase in myeloid lineage cells (CD45"CD11b")
— including neutrophils (CD45*CD11b*Gr-1/CD86"), Ml-like macrophages (CD45*CD11b*Gr-1/
CD86™CD2067), and M2-like macrophages (CD45*CD11b*Gr-1/CD86™CD206*) (17) — as well as a
reduction in bone marrow—derived proangiogenic cells (CD45*CD11b-CD31*) and nonmyeloid lineage
BMDCs (CD45*CD11b), which are predominately lymphocytes (Supplemental Figure 3A). Though most
BMDC subsets had detectable amounts of CDH11 expression, less than 1% of all Gr-1/CD86" BMDCs
— eosinophils and monocytes — were CDH11". The largest population of CDH11* BMDCs was M2-like
macrophages (Figure 1D), and the percentage of BMDCs that were CDH11* M2-like macrophages was
increased relative to sham by 7 days after MI (14.1% of CD45" cells vs. 9.5% of CD45* cells in sham). Sim-
ilar to CECs, there were fewer CDH11* bone marrow—derived proangiogenic cells in the heart at both 3 and
7 days after infarct compared with sham (Figure 1F). Though CDH11* neutrophils comprised a relatively
small percentage of all BMDCs, they represented a significant percentage of all CDH11* BMDCs and
were elevated at day 3 after MI relative to sham (27.0% of CDH11*CD45" cells vs. 10.1% CDH11*CD45*
cells in sham). CDH11* M1-like macrophages were also elevated at day 3 after infarct, albeit not signifi-
cantly. Nonetheless, the percentages of both CDH11* neutrophils and CDHI11* M1-like macrophages
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Figure 1. Specific cell populations in the heart express CDH11 after MI. Non-CM populations, including cardiac endothelial cells (CECs), cardiac mesenchymal cells
(CMCs), and bone marrow-derived cells (BMDCs), express a baseline amount of CDH11 (hatched wedges) that is increased after MI. Pie chart radii (A) are scaled by
either the number of live single cells (top) or the number of CDH11* cells (bottom) relative to sham hearts at day 3. Representative dot plots (B) show changes in
CDH11 expression (magenta) within each population (colored gates). CDH11* cells (C) within each population are shown as either a percentage of live cells (top) or of
all CDH11* cells (bottom). CDH11 expression in BMDC (CD45*) subpopulations (D) revealed predominant expression in neutrophils and M1- and M2-like macro-
phages (light blue, dark green, and light green, respectively). Representative dot plots (E) show changes in CDH11 expression (magenta) within each subpopulation
(colored gates). CDH11* cells (F) within each subpopulation are shown as either a percentage of all BMDCs (top) or all CDH11* BMDCs (bottom). Percentages of each
population, relative to all live cell events, are denoted within colored gates. Data are presented as mean + SEM, with n = 3-6 per group; dots in C and F denote
individual animals. Pie charts represent average values. Significance was determined by 2-way ANOVA with a Holms-Sidak’s multiple comparison test. *P < 0.05
between sham and MI at the same time, *P < 0.05 over time; color of significance marker denotes group.
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were decreased to sham levels by 7 days after infarct. In contrast, the percentage of all CDH11* BMDCs
that were either CDHI11* M2-like macrophages or CDH11" bone marrow—derived proangiogenic cells
increased between 3 and 7 days after infarct, whereas CDH11" nonmyeloid cells remained unchanged after
MI and were reduced at day 7 relative to sham (Figure 1F). A similar flow cytometric analysis profiling
cells isolated from the peripheral blood after MI confirmed that the vast majority of cells (>90% of live
cells) were CD45* (Supplemental Figure 3B), and it revealed that only a small fraction of cells (<2% of live
cells) expressed CDH11 (Supplemental Figure 4D). Of the CDH11* cells in the blood, little difference was
observed between sham and MI (Supplemental Figure 5).

Next, we sought to evaluate the effect of CDH11 signaling on cardiac remodeling in vivo and found
that there was no difference in ejection fraction (EF) or left ventricular (LV) mass among Cdhl1*'*, Cdhl1*'~
, and Cdhl1”~ mice following MI (Figure 2, A and B). However, LV volume was increased in Cdhl1*/* and
Cdh11*- mice, but not in Cdhl11”- mice, between 7 and 21 days after infarct. By day 21, LV diastolic volume
was increased in Cdhll™/* mice relative to that in Cdh11*- and Cdhll”’- mice (Figure 2, C and D), and
mixed-effects analysis identified a significant difference in LV diastolic volume among genotypes (Figure
2C). In addition, genetic deletion of CDHI11 appeared to provide a survival benefit in the first week after
MI, with an observed incidence of 29% survival for Cdh11*/* mice, 63% survival for Cdh11*/~mice, and 57%
survival for Cdhl1”~ mice. To further investigate the role of CDH11 in BMDCs, we induced MI in wild-
type mice receiving bone marrow from Cdhl1**, Cdh11*"~, and Cdhl1”- donors (Figure 2E and Supplemen-
tal Figure 6). Though most of the mice (8 of 10) that received Cdhl1~~ bone marrow died before complete
bone marrow reconstitution at 6 weeks after transplantation, Cdk11*~ bone marrow recipients showed
improved EF between 7 and 21 days and reduced LV mass 7 days after MI, relative to Cdhl1*’* bone mar-
row recipients (Figure 2, F and G). Mixed-effects analysis identified a significant difference among geno-
types and significant interaction between genotype and time for LV mass (Figure 2G). LV volume was not
different between mice receiving either Cdh11*/* or Cdhl1*’~ bone marrow (Figure 2, H and I).

Having demonstrated a role for CDH11 in remodeling after MI, we hypothesized that blocking CDH11
adhesion and activity may therapeutically reduce MI-induced adverse ventricular remodeling and heart
failure. Thus, we treated mice with i.p. injections of either a CDH11-blocking antibody (SYN0012) or
IgG2a isotype control beginning 24 hours after induction of MI. EF (Figure 3A) and LV mass (Figure 3B)
were preserved in SYN(OO12-treated animals relative to IgG2a for up to 56 days following MI. Further, the
increased LV dilation observed in the IgG2a-treated mice was curtailed in the animals receiving SYN0012,
resulting in preserved ventricular volume at both diastole (Figure 3C) and systole (Figure 3D) for up to 56
days after MI. Mixed-effects analysis identified an overall significant difference between treatment groups
and significant interactions between treatment and day for EF and LV volume. Though survival after MI
was improved with CDH11 blockade (82% survival for SYN0O12 vs. 65% survival for IgG2a), it was not
found to be statistically significant (P = 0.20; Supplemental Figure 7).

Given the changes in LV structure and function observed by echocardiography, we next wanted to
quantify tissue mechanical properties and the extent of cardiac remodeling after infarct. In particular,
median stiffness of infarcted areas from both SYN(0O12- and IgG2a-treated hearts, as measured by
atomic force microscopy (AFM) (Supplemental Figure 8), was decreased below the measured range of
sham myocardial stiffness by 7 days after MI (Figure 4A). However, by 21 days, infarct stiffness from
both treatment groups was increased relative to sham, with the median and range of stiffness values
from IgG2a-treated infarcts exceeding that of time-matched SYNOO12-treated infarcts. By 56 days
after MI, the median stiffness of SYN0O12-treated infarcts had returned to the sham stiffness range,
while the stiffness of IgG2a-treated infarcts remained elevated (Figure 4A). Automated histological
quantification (Supplemental Figure 9) determined that infarcts from SYNOO12-treated animals were
thicker and spanned less of the LV circumference than IgG2a at both 21 and 56 days after MI (Figure
4, B-D, and Supplemental Figure 10, D and E). There were no measured differences in cardiac hyper-
trophy or remote interstitial fibrosis between treatments (Supplemental Figure 10, A-C), and despite
differences in infarct remodeling, we observed no difference in CF contractility following SYNO0012
treatment in vitro. Whereas CdhlI-knockout reduced collagen gel contraction by CFs (Supplemental
Figure 11A), SYNO0O12 treatment did not affect CF contraction (Supplemental Figure 11B), suggesting
a potentially critical role for CDH11 activation in modulating the myofibroblast phenotype and pro-
moting interactions with specific immune cell populations in order to determine the extent of cardiac
remodeling after infarct.
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Figure 3. CDH11 blockade improves functional outcomes after MI. Echocardiographic analysis of infarcted hearts
revealed that ejection fraction (A), left ventricular (LV) mass (B), and LV volume (C and D) was significantly changed
from baseline in all groups. SYNOO12-treated hearts had significantly higher ejection fraction at 7 and 21 days after
infarct, and reduced LV volume at 21 and 56 days after infarct, compared with IgG2a-treated controls; LV mass was
not different between treatments at any time point. Data are presented as mean + SEM. Significance was deter-
mined by mixed-effect analysis with a Holms-Sidak’s multiple comparison test. *P < 0.05 between treatments, "P
< 0.05 between time points; color of significance marker denotes treatment group.

To determine which cells contribute to the preserved cardiac remodeling in response to pharmacologic
CDH11 blockade, we again used flow cytometry to quantify the percentages of non-CMs in the heart and
peripheral blood after infarct (Figure 5). SYN(0012 treatment did not alter the percentages of the primary non-
CM cardiac cell populations — CECs, CMCs, and BMDCs — relative to IgG2a treatment, despite trends toward
decreased CMCs and increased BMDC:s after infarct in SYNO0O12-treated hearts (Figure 5, A—C). Further exam-
ination of BMDC subsets revealed that SYNO0012 treatment decreased the percentage of specific myeloid lineage
cells — particularly, neutrophils and M1-like macrophages — in the heart at 3 days after MI (Figure 5, D-F).
Though the ratio of M1/M2-like macrophages in the heart was not altered with SYN0O012 treatment (Supple-
mental Figure 12, A-C), the early reduction in neutrophils and M1-like macrophages suggests that CDH11
blockade alters the expression of cell populations in the heart to result in a more proresolving inflammatory envi-
ronment after infarct. SYNOO12 also resulted in an increase in bone marrow—derived proangiogenic cells and
nonmyeloid BMDCs in the heart 3 days after infarct; differences relative to IgG2a in all populations were gone
by day 7, consistent with the time course of inflammation resolution. The distribution of circulating cells in the
peripheral blood was largely unaffected by SYN(0012 treatment, aside from a higher M1/M2-like macrophage
ratio in the peripheral blood at day 3 after infarct, relative to IgG2a (Supplemental Figure 12F). The observed
increase was a result of decreased circulating levels of M2-like macrophages and suggests that SYN0O12 treat-
ment may alter macrophage recruitment to the heart after infarct (Supplemental Figure 13, D-F).

We next examined transcriptional levels of multiple inflammatory and fibrotic genes over the 21-day
time course of remodeling after MI (Figure 6 and Supplemental Figure 14). SYNO0O12 treatment decreased
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transcription of the proinflammatory cytokine 776 at 3 days after M1, relative to IgG2a treatment (Figure 6A).
Representative immunostaining further confirmed that there was a reduction in IL-6 expression in the infarct
region of SYNO0O12-treated hearts (~80% of staining intensity of sham; Figure 6B). Transcription of Cdhll
was increased at both 7 and 21 days after M1, relative to sham but was not significantly affected by SYN0012
treatment (Figure 6C). Interestingly, SYNOO12 treatment reduced transcription of proangiogenic signaling
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Figure 5. CDH11 blockade modulates expression of specific cell populations after MI. CDH11 blockade by SYNOO12 treatment does not signifi-
cantly alter the percentages of non-CM populations (cardiac endothelial cells [CECs], cardiac mesenchymal cells [CMCs], and bone marrow-derived
cells [BMDCs]) in the heart after MI, relative to IgG2a isotype control (A and B). Pie chart radii are scaled by the number of live single cells for each
treatment and time, relative to sham hearts at day 3 (denoted by dotted circles). Representative dot plots (C) show changes in expression of each
population (colored gates). Separation of BMDC populations (D) revealed that SYNOO12 treatment results in a significant reduction in neutrophils
(light blue) and M1-like macrophages (dark green) in addition to increased bone marrow-derived proangiogenic cells (BMD-PACs, red) and nonmy-
eloid BMDCs (or lymphocytes, brown) at day 3 after infarct; differences in all populations between treatments were gone by day 7 (E). Representa-
tive dot plots (F) show changes in expression of each subpopulation (colored gates). Percentages of each population, relative to all live cell events,
are denoted within colored gates. Data are presented as mean + SEM, with n = 4-7 per group; dots in B and E denote individual animals. Pie charts
represent average values. Significance was determined by 2-way ANOVA with a Holms-Sidak’s multiple comparison test. *P < 0.05 between treat-
ments at the same time, *P < 0.05 over time; color of significance marker denotes treatment group
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factors Fgf2 and Vegfal, relative to IgG2a. In particular, IgG2a-treated hearts had increased Fgf2 transcrip-
tion, relative to sham, at 7 and 21 days after MI (Figure 6D). While Vegfal transcription was not different
from sham at any time point, SYNO0012 treatment reduced transcription at 7 and 21 day after infarct, relative
to IgG2a (Figure 6E); however, SYN(0O12-treated animals appeared to have more muscularized vessels —
likely arterioles — in the infarct region at 21 days after MI (Figure 6F). Smooth muscle a-actin (aSMA) is a
contractile form of actin expressed in both myofibroblasts and smooth muscle cells, which surround arteries
and arterioles. Albeit not statistically significant, SYN0O12 treatment resulted in an approximately 14%
reduction in the expression of aSMA™* myofibroblasts in infarcted regions, relative to IgG2a.

Based on our findings of increased CDH11 expression in bone marrow—derived macrophages and resident
CMCs (which we expect to be primarily CFs), we next wanted to determine if interactions between these cell
populations might regulate the expression or transcription of proinflammatory, profibrotic, or proangiogenic
factors (Figure 7). Indeed, in vitro CF-macrophage cocultures with varying CF/macrophage ratios confirmed
previously reported findings that CDH11-dependent interactions between CFs and macrophages promote IL-6
secretion by CFs (ref. 18 and Figure 7A). Of note, macrophages alone expressed very low levels of 1L-6, sug-
gesting that CFs are the main source of IL-6 in CF-macrophage cocultures. Treatment with SYN0012 reduced,
but did not prevent, secretion of IL-6 by CFs (Figure 7B). Gene expression analysis by qPCR further revealed
that Mmp13 transcription was increased in a manner dependent upon the CF/macrophage ratio but was not
significantly affected by SYN(0O12 treatment, despite a slight increase relative to IgG2a in the 50:50 culture
condition (Supplemental Figure 16, A and B). TgfB1 transcription was also increased by CF-macrophage inter-
actions in a similar manner to Mmp13 (Supplemental Figure 16C), but transcription of proangiogenic factors
Fgf2 and Vegfal was not affected by varying CF/macrophage ratios (Supplemental Figure 16, D and E). Tran-
scription of macrophage polarization markers Cd14 and Mrcl was unaffected by SYNOO012 treatment, whereas
expression of Argl — a marker of M2 macrophage polarization — was increased relative to IgG2a treatment
in the 50:50 culture condition (Supplemental Figure 16, F and G).

Discussion
Our findings reveal that CDHI11 is expressed primarily in non-CMs of the ischemic heart and suggest a func-
tional role for CDH11 in resolving tissue breakdown and promoting myocardial remodeling. Cdhl! transcrip-
tion is nearly 10-fold higher at 7 days after MI, as compared with sham (Supplemental Figure 4, A and B),
suggesting a prominent role in myofibroblasts, which are particularly active when the bulk of scar formation
occurs between 2 and 3 weeks after MI (3). However, the observation that Cdhl1 is also significantly upregu-
lated as early as 3 days after infarct suggests that other cell types — particularly those derived from infiltrating
inflammatory cells, such as neutrophils, monocytes, and macrophages — may also contribute to CDH11-medi-
ated cardiac remodeling. Flow cytometric analysis confirmed that CDH11 was expressed in the ischemic heart
and further revealed that there was baseline CDH11 expression in approximately 5% of all non-CMs (Supple-
mental Figure 4C), distributed evenly among CECs, CMCs, and BMDCs. Three days after MI, the majority
of CDH11* cells were BMDCs, whereas by day 7, the majority of CDH11* cells were CMCs, consistent with
the time course of inflammation resolution and myofibroblast activation (Figure 1, A—C). Note that increased
CDHI11 expression is known to be a hallmark of myofibroblast phenotype in other cardiovascular cell types,
such as aortic valve interstitial cells (19). At both 3 and 7 days after MI, the majority of CDH11* BMDCs were
myeloid lineage neutrophils and macrophages with either M1-like or M2-like polarization. At each time point,
the highest expression of CDH11 was found in M2-like macrophages (Figure 1, D-F), consistent with prior
reports of CDH11 expression in activated macrophages (20). The time-dependent expression of CDH11 in the
ischemic heart suggests that targeting of CDHI11 after MI has the potential to mitigate both early neutrophil-
and macrophage-mediated inflammation and tissue breakdown and later myofibroblast-mediated collagen
deposition and remodeling to result in substantial functional improvement in the heart after infarct.

When evaluating the effect of CDH11 on cardiac remodeling in vivo, we found that Cdhl1~~ mice did
not have significantly altered EF after MI when compared with Cdhi11** controls (Figure 2A). While LV
volume continued to increase in Cdh11*/* and Cdhl1*~ mice between day 7 and 21, the LV dimensions of
Cdh11”- animals did not change significantly over this period, suggesting that CDH11 contributes to the
fibrotic remodeling phase of MI healing (Figure 2, B-D). A larger percentage of Cdhil*~ and Cdhll”~
animals survived the first week after MI than Cdhl7*'* animals, suggesting that the presence of CDHI1 in
the immune cells present during the initial inflammatory phase of healing may contribute to the negative
remodeling that leads to cardiac rupture in mice. Transplantation of bone marrow from Cdhl1~~ donors

https://doi.org/10.1172/jci.insight.131545 9


https://doi.org/10.1172/jci.insight.131545
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd

Relative /6 transcription >

Relative Fgf2 transcription o

Relative Vegfa transcription

, RESEARCH ARTICLE
JUinsicHT
- B C -
Ins 5 3 a4 §7ns s 3 4
®© g 8
6 # o ccug @ 1gG2a
2 S g 45 SYN0012
4 = Sham day 3
£ 44
* 3 4 Sham day 7
. N
2 ‘é _g 2-
©
z T
0 T T T T w o 0 1 1 I I
Sham 3 7 21 Sham 3 7 21
Days post-MI Days post-Ml
4=
# 50
# *
34 @
§ 40 -
g
2. < 304
(0]
N
& 209 e
1_ 3
(5]
ERLE
N: 3 5 3 4 =
0 T T T T 0-
Sham 3 721 IgG2a SYN0012
Days post-Ml
. 55+
50 .
@
@ 454 "
8
N ;§ 40
o
! . : 35
30
_ 25
0 N: ? 5I ';’: ‘: 1gG2a SYN0012
Sham 3 7 21
Days post-MI

Figure 6. CDH11 blockade reduces inflammatory signaling and improves vascular maturity after MI. SYNOO12 treatment significantly decreased tran-
scription of /16 (A) at 3 days after M, relative to IgG2a. Immunostaining of infarct regions of hearts 3 days after Ml showed decreased IL-6 expression 3
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significantly increased above sham at days 7 and 21in both treatment groups. Transcription of both Fgf2 (D) and Vegfa7 (E) was decreased by SYN0O12,
relative to IgG2a. Analysis of histological sections showed a significant increase in the number of muscularized vessels found in the infarct (IN) region of
SYNOO12-treated animals, but no difference in the number of myofibroblasts per field of view (F). Vessels in the border zone (BZ) and epicardial inflamma-
tory tissue (IT) were not counted. Red arrows indicate myofibroblasts, white arrows indicate arterioles, and the yellow box is magnified below. Scale bar:
100 pum (B); 500 pum (F). Data are presented as mean + SEM; dots in F represent individual animals. Significance was determined by 2-way ANOVA analysis
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“P < 0.05 between time points; color of significance marker denotes treatment group.
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was fatal to most of the WT recipients, likely due to impaired localization of hematopoietic cells to the
bone marrow niche (ref. 12 and Supplemental Figure 6). However, surviving Cdhl1*~ bone marrow recipi-
ents had improved EF 3 weeks after MI and reduced LV mass, relative to Cdkl1*/* bone marrow recipients,
1 week after MI (Figure 2, F-I). It is interesting to note that the cohort that received bone marrow trans-
plants had less severe responses to MI, which might be due to the inherent effects of irradiation and bone
marrow transplantation on modulating the expression of macrophage populations and after MI remodel-
ing (21). Overall, these data suggest that CDH11 has important functional roles in multiple resident and
recruited cell types, including the migration and localization of BMDCs and the activity of myofibroblasts.
Note that Cdhll”~ aortic valve interstitial cells have reduced contractility (19), which we also observed in
Cdh11- CFs but notably did not observe in wild-type CF's treated acutely with SYN0O012 (Supplemental
Figure 11). This defect in CF contractility and other reported effects of the permanent global knockout of

10


https://doi.org/10.1172/jci.insight.131545
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd
https://insight.jci.org/articles/view/131545#sd

. RESEARCH ARTICLE

>
N
=
S
IS
]
>:|
oW
@
S
1S3
]
>
>

. [
1000 AN 'i' e IgG2a

+ SYN0012

_i_ *
. 500~

500 E] M ‘I‘
£ S

IL-6 secretion (pg/mL)
=)
o
o
1
IL-6 secretion (pg/mL)

o-—T—T—TT 0 T T T
M®: 0 5 10 50 50 Md: 0 10 50
CF: 50 50 50 50 O CF: 50 50 50

Thousands of cells Thousands of cells

Figure 7. Coculture of macrophages and cardiac fibroblasts increases proinflammatory and profibrotic signaling.
Coculture of macrophages and cardiac fibroblasts (CFs) promotes secretion of IL-6 by CFs in a macrophage-dependent
manner (A). CDH11 blockade by SYNOO12 treatment significantly reduced IL-6 secretion in CF-macrophage cocultures

at high macrophage concentrations (B). Secreted IL-6 was measured in media of CF-macrophage cocultures by ELISA.
Data are presented as mean + SEM; each dot represents a biological replicate (n = 3). Significance was determined by
1- and 2-way ANOVA, with a Holms-Sidak’s multiple comparison tests. “P < 0.05 between macrophage conditions, *P <
0.05 relative to CF-only control, *P < 0.05 between treatments; color of significance marker denotes treatment group.

CDHI11 (22, 23) in the native cells of the heart are likely the reason we did not see the same improvement in
EF and changes in LV volume after MI in the genetic model as in the bone-marrow recipient mice or acute
SYNO0O012-treated animals.

Previous studies have shown that genetic and pharmacologic targeting of CDH11 improves functional
responses in both fibrotic lung disease and aortic valve calcification (10, 11). Herein, CDH11 blockade
by SYNO0O12 treatment appears to preserve cardiac function as early as 7 days after MI and prevents the
continued functional decline observed with IgG2a treatment out to 56 days (Figure 3A). LV volume was
not different at 7 days, but the dramatic increases in both diastolic and systolic volume between 7 and
56 days in IgG2a-treated animals were prevented by pharmacological inhibition of CDH11 by SYNO0012
(Figure 3, C and D). This observation, combined with increased Cdhl1 transcription occurring at day 7
after MI, suggests that CDH11-expressing cells play an active role in LV remodeling and dilation during
the fibrotic phase of infarct healing. Albeit not statistically significant, twice as many IgG2a-treated mice
died between days 3 and 7 after MI — the highest risk time period for cardiac rupture (3) — than in the
SYNO0O12-treated cohort (Supplemental Figure 7). Indeed, SYNO0O12-treated mice also showed increased
survival rates relative to prior reports using the same surgical model of MI (24). This difference in mortality
is likely a consequence of altered tissue breakdown and inflammation-mediated softening of the myocar-
dial wall, consistent with the reduction in stiffness observed by AFM measurements at day 7 after MI; by
day 21, and even more so at day 56, we observed high stiffness variability in IgG2a-treated infarcts, whereas
SYNO0O012-treated infarcts had more consistent stiffness values within the range of sham animals (Figure 4).

Having identified a clear functional effect of CDH11 blockade in limiting myocardial remodeling and
infarct expansion after M1, we investigated which cell types and molecular mechanisms may mediate this
process. Flow cytometry—based assessment of primary non-CM populations in the ischemic heart revealed
that SYN0O012 treatment did not affect the overall percentages of CMCs or BMDCs at 3 or 7 days after
MI (Figure 5, A—C). However, further analysis of specific BMDC subpopulations revealed that targeting
CDHI11 alters the early expression of myeloid lineage neutrophils and macrophages, shifting the balance
from proinflammatory macrophages and neutrophils to prohealing macrophages and proangiogenic non-
myeloid cell populations 3 days after MI (Figure 5, D-F). This reduction in neutrophils and M1-like mac-
rophages may contribute to the reduced tissue remodeling observed following SYN0O012 treatment. Indeed,
reduced neutrophil influx has been shown to improve cardiac remodeling and prolong survival after MI
by reducing proinflammatory signaling and promoting macrophage polarization toward a proreparative
M2-like phenotype (25, 26). High neutrophil-to-lymphocyte ratios (NLRs) have been shown to be a reliable
predictor of myocardial damage following acute coronary events (27). At 3 days after MI, we observed a
slight reduction in NLR in the blood with SYN0O012 treatment (0.342 + 0.038 vs. 0.402 + 0.121 with IgG2a;
P = 0.69, ¢ test) but a significant decrease in cardiac NLR (0.457 + 0.068 vs. 1.458 + 0.304 with IgG2a;
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P=0.017, rtest), suggesting that CDH11 blockade alters the distribution of cardiac immune cell populations
in a manner that reduces myocardial damage and leads to preserved cardiac function. Despite showing dif-
ferences in the heart, the percentages of myeloid cells and proangiogenic cells circulating in the peripheral
blood were not significantly different 3 days after MI (Supplemental Figure 13). In fact, the ratio of M1/
M2-like macrophages in the blood was significantly increased, suggesting that the SYNO0012 likely has an
effect on the preferential recruitment of proangiogenic cells and M2-like macrophages to the heart. In light
of these findings, future studies could test whether expression of adhesion molecules such as ICAM-1 or
selectins expressed by circulating leukocytes and cardiac cells are responsible for an increase in cell recruit-
ment. Alternatively, the unique mechanical environment within the heart may preferentially affect prolifera-
tion of recruited immune cells in a CDH11-dependent manner. Indeed, CDH11 deficiency has been shown
to reduce macrophage recruitment, migration, proliferation, and expression of M2-macrophage markers
— such as ARG1 and CD206 — in pulmonary fibrosis (28).

We observed a reduction in /6 transcription with SYNOO12 treatment at 3 days after infarct, pri-
marily in non-CMs (Figure 6A). IL-6 is a proinflammatory cytokine that has been shown to have a
multifaceted role in cardiovascular disease. IL-6 signaling has been shown to promote the infiltration,
migration, and polarization of macrophages as well as the activation of myofibroblasts (7, 29-31). Con-
versely, there is also evidence that blocking IL-6 leads to worsened outcomes after ischemic injury by
reducing CM viability and angiogenesis (32—-34). By leveraging CDHI11 to selectively target non-CMs
in the heart, we have identified a therapeutic strategy that effectively limits the negative cell activating
effects of IL-6 without interfering with its function in CMs. The decrease in [/6 transcription, and the
corresponding reduction in IL-6 expression in infarcted area of representative hearts, was evident at 3
days after infarct (Figure 6, A and B). This is consistent with the time point of increased inflammatory
macrophages and neutrophils in the heart (Figure 1, D-F) and the transition from the inflammatory to
proliferative phases of healing. As such, there has been an increasing interest in designing treatment
strategies around the role of macrophages — and the associated secreted factors and proinflammatory
signaling — in the process of healing and cardiac remodeling after MI (35-38).

We hypothesized that CDH11 regulates the interactions between CFs and macrophages in the heart
after MI, noting that macrophage activity has been shown to alter CF function in the ischemic heart inde-
pendent of CDH11 (39). Interactions between macrophages and CFs have been reported to regulate IL-6
expression in response to TGF-B1 signaling and fibrosis (18). CDH11-dependent CF-macrophage interac-
tions in the lungs have also been shown to create a self-sustaining profibrotic niche via local production
of latent TGF-B1 by macrophages that can be activated by myofibroblasts (20). TGF-B1 is a key signal to
trigger the resolution of inflammation and initiation of fibrotic remodeling after MI (40, 41). We found
decreased /6 transcription and protein expression — a hallmark of CF-macrophage interactions — in
SYNOO012-treated hearts, relative to IgG2a, at 3 days after MI (Figure 6, A and B). Our coculture data con-
firm that interactions between macrophages and CFs promote the expression of IL-6 through a partially
CDH11-dependent mechanism (Figure 7, A and B). The reduction in the number of macrophages in the
heart after 3 days is likely responsible for the reduction in IL-6 expression and the beneficial modulation of
both inflammation and fibrosis observed with SYN0O012 treatment.

Interestingly, following CDH11 blockade we observed a reduction in transcription of both Fgf2 and
Vegfal, two proangiogenic genes often associated with improved revascularization and better outcomes
following MI (42-45). However, we also observed an increase in muscularized vessels (i.e., arterioles) in
infarcted areas of SYNOO12-treated hearts at 21 days after MI; this corresponds to a time when angiogenic
gene expression has run its course (46). We speculate that SYN0012 may either preserve native vasculature
or hasten maturation of new vasculature, such that the hypoxic conditions that typically drive angiogenic
signaling are reduced (47). Blocking CDHI11 in endothelial cells could also attenuate endothelial-to-mes-
enchymal transitions, potentially contributing to preservation of the native vasculature (10, 48). The pro-
portion of CECs in the heart over both time points was slightly reduced with SYN0O012 treatment, but the
increased recruitment of proangiogenic cells, combined with a reduction in early inflammatory cell infiltra-
tion, may contribute to a restoration or preservation of infarct vascularization (Figure 5).

Overall, our data reveal that CDH11 engagement plays important roles in the recruitment of specific
BMDC populations to the heart after MI that work in concert to promote persistent collagen deposition
and fibrotic remodeling by activated myofibroblasts. Importantly, targeting CDH11 with SYN(0012 in mice
does not prevent the acute inflammatory and reparative response, but rather it selectively acts on several
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cell populations to reduce the duration of inflammation and the extent of fibrotic remodeling resulting
in a smaller, more stable infarct. We believe that this effect is mediated, in part, by limiting early recruit-
ment of myeloid lineage BMDCs — including neutrophils and M1-like macrophages — and by reducing
macrophage-induced expression of IL-6 by CFs. Further, SYNOO12 treatment promotes recruitment of
proangiogenic immune cells to the heart and results in the preservation of arterioles in the infarct area.
Taken together, this work has identified CDH11 as a potential therapeutic target to reduce inflammatory
and fibrotic remodeling following MI by selectively targeting a host of active non-CMs responsible for the
initiation and progression of cardiac fibrosis and heart failure.

Methods
Further information and expanded methods can be found in the Supplemental Methods.

Mice. CdhlI-deficieint mice on a mixed C57BL/6 and C129 background were initially obtained from R.
Civitelli (Washington University School of Medicine, St. Louis, Missouri, USA), and Cdhl1*'*, Cdhll*'",
and Cdhl1”- littermate controls were obtained from Cdhl1*/~breeding pairs. Wild-type C57BL/6J mice (for
antibody treatment studies) and B6.SJL-Psprc*Pepc’/BoyJ mice expressing the CD45.1 allele (for bone mar-
row transplantation studies) were purchased from The Jackson Laboratory. All genotypes were maintained
on their respective backgrounds for more than 10 generations.

Animal studies. M1 was induced in 12- to 16-week-old male mice by permanent coronary artery liga-
tion, as previously described (24). For antibody treatments, mice were administered either 10 mg/kg
CDHI11 functional blocking antibody (SYNO0012; with permission from Roche) or an isotype control
antibody (IgG2a) resuspended in sterile saline. Antibodies were delivered by i.p. injection every 4 days,
beginning 1 day after surgery, with the last treatment given on day 17 after infarct. For bone marrow
transplantation studies, 6-week-old B6.SJL-Prprc‘Pepc’/BoyJ] mice expressing the CD45.1 allele were
lethally irradiated with a 10-Gy split dose from a Cs'37 source. Bone marrow from age- and sex-matched
Cdhl1**, Cdhl1*-, and Cdhl1”- donors was isolated and transplanted into irradiated recipients by ret-
ro-orbital injection (1 x 10° cells in 100 pL) within 24 hours of irradiation. Transplant efficiency was
confirmed by flow cytometry of isolated bone marrow showing simultaneous expression of the donor
CD45.2 allele and absence of the original CD45.1 allele (Supplemental Figure 6). To allow for recon-
stitution of the bone marrow, recipient mice received MI by permanent LAD ligation 6 weeks after
transplantation (Figure 2E). Mice were euthanized by CO, inhalation in accordance with university
guidelines at 3, 7, 21, and up to 56 days after infarct for further processing.

Echocardiography. EF, LV mass, and LV volume in both systole and diastole were measured from
short-axis cardiac M-mode images captured on a Vevo 2100 small-animal ultrasound system (VisualSon-
ics). A minimum of 6 independent measures of LV diameter and wall thickness were used to calculate met-
rics of cardiac function and geometry for each mouse at each time point. Echocardiographic measurements
cardiac structure and function were made just prior to MI (baseline) and at days 7, 21, and 56 days after
surgery. Mice with an EF reduced by less than 5% or greater than 70% at 7 days after MI were excluded
from subsequent analyses.

Cell studies. For separation of CMs from non-CMs, slow perfusion of whole hearts with a 2% collage-
nase solution was used to digest the ECM and isolate cells, which were separated into CM and non-CM
fractions by centrifugation for 10 minutes at 90 g (49). CFs were isolated from 8-week-old Cdhl1*/* and
Cdhl11”- mice bred onto the Immorto mouse line (to allow for higher passage numbers). Hearts were isolat-
ed, minced, and digested in a 2% collagenase solution supplemented with trypsin for the last 10 minutes
of a 40-minute digest. Cells were then rinsed with PBS, transferred to gelatin-coated plates, and cultured
in DMEM supplemented with 10% FBS, 1% penicillin/strep, and IFN-y at 33°C to maintain the immor-
talized phenotype. Prior to experimental use, cells were replated in DMEM supplemented with 10% FBS
and 1% penicillin/strep and grown at 37°C for 48 hours to deactivate the immortalized gene. Macrophage
exfiltration was stimulated by i.p. injection of 1 mL of 4% thioglycollate media into C57BL/6 mice. After
72 hours, mice were sacrificed, and the 1.p. cavity was flushed with 10 mL cold RPMI media to collect the
cells. After washing in cold PBS, cells were plated in RPMI media supplemented with 10% FBS on tissue
culture plastic and allowed to adhere for 1 hour. Nonadherent cells were then rinsed away, and all remain-
ing cells were taken to be macrophages (50). For CF-macrophage coculture experiments, 50,000 CFs were
plated in each well of a 12-well plate and allowed to adhere for 20 minutes prior to exposure to media
containing between 0 and 50,000 macrophages. Cell suspensions were diluted to a final volume of 1.3 mL
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per well. For antibody treatments, samples were incubated with antibody (10 pg/ml of either SYNOO12 or
IgG2a) for 15 minutes before plating. After 48 hours in culture, conditioned media were removed from each
well and IL-6 secretion was measured with a DuoSet mouse IL-6 ELISA (R&D Systems), according to the
manufacturer’s instructions. After boiling, 100 pl of each sample was added in duplicate and compared
against a provided standard (Figure 7, A and B).

Flow cytometry. Cells from the hearts and peripheral blood of sham or MI animals were isolated at 3
and 7 days after surgery and immediately placed in a solution of ice-cold FACS buffer (5% FBS in PBS).
Hearts were minced and digested in 1.4 mg/mL of type II collagenase solution in HBSS for 30 minutes
at 37°C. Isolated cells were filtered through a 70-um cell strainer into room temperature red blood cell
lysis buffer prior to staining with DAPI (1:100,000; Thermo Fisher Scientific) to label dead cells and
conjugated antibodies for Ter-119 (1:100; violetFluor 450 clone TER-119; Tonbo Biosciences), CD45.2
(1:100; PerCP-Cy5.5 clone 104; Tonbo Biosciences), CD31 (1:100; PE-Cy7 clone MEC13.3; BioLegend),
CD11b (1:100; PE clone M1/70; eBioscience), CD206 (1:100; APC clone MR6F3; eBioscience), CD86
(1:100; FITC clone GL1; eBioscience), and Gr-1 (1:100; FITC clone RB6-8C5; eBioscience). Staining
for CDH11 was performed in a 2-step process with an unconjugated primary antibody (1:100; clone
23C6; from M. Brenner [Division of Rheumatology, Immunology, Allergy, Brigham and Women’s Hos-
pital and Harvard Medical School, Boston, Massachusetts, USA] [ref. 51]), followed by a PE secondary
antibody (1:100; PE clone; RMG1-1; BioLegend). Using this strategy, we identified BMDCs (CD45%),
CECs (CD45CD11bCD31*), and CMCs (CD45CD11b-CD31") — primarily myofibroblasts. Within
the BMDC population, we gated for bone marrow—derived proangiogenic cells (CD45*CD11b-CD31%),
myeloid lineage cells (CD45*CD11b*), and nonmyeloid lineage cells (CD45*CD11bCD31°). Within
the myeloid cell population, we identified various subpopulations, including neutrophils (CD45*CD-
11b*Gr-1/CD86M), eosinophils (CD45*CD11b*Gr-1/CD86°SSC™), monocytes (CD45*CD11b*Gr-1/
CD86'°SSCP ), and macrophages (CD45*CD11b*Gr-1/CD86™) (17). We further assessed macrophage
polarization by gating for proinflammatory (M1-like) macrophages (CD45*CD11b*Gr-1/CD86™CD206")
and proresolving (M2-like) macrophages (CD45*CD11b*Gr-1/CD86™CD206%) (Supplemental Figure 1).
The NLR was computed by dividing the number of positively identified neutrophils by the number of
nonmyeloid BMDCs in each sample (27). Note that antibodies specific for CD45.1 (1:100; PE clone A20;
BD Biosciences) and CD45.2 (1:100; FITC clone 104; BD Biosciences) were used for assessment of bone
marrow engraftment efficiency (Supplemental Figure 6). More details about the gating strategy are pre-
sented in the Supplemental Methods (Supplemental Figures 1 and 2).

Histology. Following euthanasia, a subset of hearts was dissected into PBS, weighed (Supplemental Fig-
ure 10, A and B), and submerged briefly in a KCl solution to relax the CMs. Relaxed hearts were then bisect-
ed along the transverse plane (orthogonal to the long axis of the heart), embedded in OCT media, and fro-
zen. Frozen blocks were cryosectioned into 10-um sections, mounted onto glass slides, and stored at —20°C.
Prior to staining with Masson’s trichrome (MilliporeSigma) to identify regions of healthy myocardium (red/
pink), collagen/ECM deposition (blue), and cell nuclei (black), slides were brought to room temperature,
OCT media were dissolved in PBS, and sections were fixed in Bouin’s solution. To quantify infarct morphol-
ogy from Masson’s trichrome—stained sections, a semiautomated image-processing pipeline was developed
based on local ventricular thickness measurements and color segmentation (Supplemental Figure 9 and refs.
52, 53). Image quantification was performed on 3 sections per heart separated by at least 300 pm.

Immunohistochemistry. Frozen slides were brought to room temperature, OCT media were dissolved in
PBS, and tissue sections were fixed in 4% paraformaldehyde with 0.3% Triton-X for 10 minutes followed by
blocking in 1% BSA in PBS for 1 hour. Sections were then stained for acSMA (Cy3, c1A4; MilliporeSigma),
CD31 (Alexa Fluor 594, c390; Biolegend), CD45 (FITC CD45.2; BD Pharmingen), or IL-6 (polyclonal
ab6672; Abcam). Sections stained with nonconjugated antibodies were incubated at a 1:100 dilution in 1%
BSA overnight at 4°C. Sections were then rinsed with PBS and incubated with fluorescently tagged second-
ary antibody (goat anti-rabbit Alexa Fluor 647, A27040; Thermo Fisher Scientific) for 1 hour at a 1:300 dilu-
tion in 1% BSA. Sections stained with directly conjugated antibodies were incubated at a 1:100 dilution in
1% BSA for 1 hour at room temperature. Stained slides were mounted in ProLong Gold with DAPI to visu-
alize cell nuclei. Muscularized vessels smaller than approximately 100 um in diameter and myofibroblasts
(defined as aSMA™* cells not colocalized with endothelial cells) were manually counted, and IL-6 staining
in the infarcted region was quantified by measuring the average fluorescent intensity within the infarct area
(manually segmented in ImageJ [NIH]) and the myocardium as a whole (Supplemental Figure 15).
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AFM. Infarct stiffness was quantified by AFM using the Biocatalyst AFM and the peak force quantita-
tive nanomechanical mapping mode developed by Bruker. Tissue sections were brought to room tempera-
ture, and OCT media were dissolved in PBS and blocked in 10% FBS for 20 minutes prior to scanning with
the AFM. All measurements were made in PBS and were acquired from at least 5 separate 10 x 10 pm?
areas from a minimum of 2 different sections per mouse (Supplemental Figure 8).

Collagen gel contraction. CFs were diluted in a 1.28 mg/mL collagen solution derived from PureCol
(Advanced Biomatrix) to a final concentration of 250,000 cells/mL and were poured into a Teflon ring in a
suspension well. After polymerizing for 1 hour, DMEM supplemented with 10% FBS and 1% penicillin/strep
was added to release the collagen gel. Images were acquired immediately after release and at multiple times
over the next 48 hours. Gel contraction was assessed by measuring surface area using ImageJ. For comparison
of IgG2a and SYNO0012 treatments, antibody was added to the cell/gel mixture at a final concentration of 20
pg/ml prior to pouring; media added to the well also contained 10 pg/ml antibody (Supplemental Figure 11).

gPCR. Hearts from sham and MI animals were isolated under RNAse-free conditions and immediately
flash frozen. For isolation of mRNA and transcriptional analysis of specific profibrotic and inflammato-
ry genes of interest, samples were subsequently thawed and lysed in TRIZOL with chloroform-induced
phase separation according to the manufacturer’s instructions. Similarly, cells from CF-macrophage cocul-
tures were lysed in TRIZOL for isolation of mRNA (Figure 7, C-E, and Supplemental Figure 16). cDNA
was synthesized using the Superscript IV kit (Invitrogen) using 500 ng mRNA. Real-time gPCR was used
to amplify targets from the cDNA using SYBR green master mix (Bio-Rad) and specific primer sets of
interest (Supplemental Table 1). The BIO-RAD CFX96 C1000 system was used to quantify gene tran-
scription in each sample, relative to Gapdh (forward: ATGACAATGAATACGGCTACAG and reverse:
TCTCTTGCTCAGTGTCCTTG). For all in vivo transcription levels, after MI samples were normalized to
the average of all 3 and 7 day sham values (Supplemental Figure 14).

Statistics. Data throughout the manuscript are presented as mean + SEM. Two-tailed Student’s ¢
tests were used to determine significant effects between 2 groups. One- or two-way ANOVAs and linear
mixed-effects models with restricted maximum likelihood were used to determine statistical differenc-
es between different sample groups over multiple time points, with post hoc Holms-Sidak’s tests used to
account for multiple comparisons. An overall value of P < 0.05 was considered significant in all statistical
comparisons. Specific details regarding statistical tests performed for each measured variable are outlined
in the Supplemental Methods.

Study approval. All animal procedures were approved by the Institutional Animal Care and Use Com-
mittee at Vanderbilt University.
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