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Exosomally derived Y RNA fragment
alleviates hypertrophic cardiomyopathy
in transgenic mice
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Cardiosphere-derived cell exosomes (CDCexo) and YF1, a
CDCexo-derived non-coding RNA, elicit therapeutic bioactivity
in models of myocardial infarction and hypertensive hypertro-
phy. Here we tested the hypothesis that YF1, a 56-nucleotide Y
RNA fragment, could alleviate cardiomyocyte hypertrophy,
inflammation, and fibrosis associated with hypertrophic cardio-
myopathy (HCM) in transgenic mice harboring a clinically rele-
vantmutation in cardiac troponin I (cTnIGly146). By quantitative
PCR,YF1was detectable in bonemarrow, spleen, liver, and heart
30min after intravenous (i.v.) infusion. For efficacy studies,mice
were randomly allocated to receive i.v. YF1or vehicle,monitored
for ambulatory and cardiac function, and sacrificed at 4 weeks.
YF1 (but not vehicle) improved ambulation and reduced cardiac
hypertrophy and fibrosis. In parallel, peripheral mobilization of
neutrophils andproinflammatorymonocyteswas decreased, and
fewer macrophages infiltrated the heart. RNA-sequencing of
macrophages revealed that YF1 confers substantive and broad
changes in gene expression, modulating pathways associated
with immunological disease and inflammatory responses.
Together, these data demonstrate that YF1 can reverse hypertro-
phic and fibrotic signaling pathways associatedwithHCM,while
improving function, raising the prospect that YF1 may be a
viable novel therapeutic candidate for HCM.
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INTRODUCTION
Cardiosphere-derived cells (CDCs) have been tested clinically and pre-
clinically in a variety of cardiovascular conditions.1 The prevailing
concept of CDC therapy posits that transplanted cells produce and
secrete extracellular vesicles (e.g., exosomes; CDCexo) with therapeutic
payloads to target cells in a paracrine manner.2–4 Although CDCs and
CDCexo are themselves promising therapeutic candidates, they suffer
from a number of practical and conceptual limitations. CDCs vary
in potency, require regular recourse to source tissue, and are fragile
living entities that need careful storage and handling.1 While CDCexo

are more durable,1 parental CDCs are necessary for exosome produc-
tion and isolation. To circumvent these limitations, we have leveraged
RNA-sequencing (RNA-seq) technology to mine CDCexo cargo and
identify distinct molecular entities with therapeutic activity.2,3,5 The
most plentiful RNA species in CDCexo is a fragment of the human
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Y4 gene (designated EV-YF1, or more simply YF1).5 This exosomally
abundant non-coding RNA (ncRNA) has bioactivity in vitro and
in vivo:5 macrophages exposed to YF1 increased the production of
interleukin-10 (IL-10) and protected cardiomyocytes against oxidative
stress. Additionally, YF1 reduced cardiomyocyte apoptosis and
decreased infarct size in a rat model of myocardial infarction5 and
attenuated cardiac hypertrophy and fibrosis in mice with angiotensin
II (Ang II)-induced hypertension.6 These findings motivated us to
determine whether YF1 might exert therapeutic benefits in a clinically
relevant mouse model of hypertrophic cardiomyopathy (HCM).

HCM is the most common genetic illness affecting the heart and
generally involves mutations of sarcomeric genes, including cardiac
troponin I (cTnI).7,8 Cardiomyocyte hypertrophy and fibrosis are
the cardinal histologic abnormalities underlying the cardiac dysfunc-
tion and arrhythmias that plague HCM.8 Here, we test the hypothesis
that YF1 can reverse the pathological manifestations of hypertrophy
and fibrosis in a mousemodel of HCM. Thesemice harbor a mutation
within the inhibitory domain of cTnI (R146G in mice [cTnIGly146];
R145G in humans), which enhances contractile function and de-
presses relaxation coincident with cardiomyocyte hypertrophy and
fibrosis;9 patients with this mutation exhibit severe global ventricular
hypertrophy. Using an array of in vitro and in vivo assays, we show
that YF1 suppresses, indeed reverses, cardiomyocyte hypertrophy
and fibrosis via immunomodulation and macrophage polarization.
RESULTS
Biodistribution

To assess the biodistribution of YF1 in a mouse model of HCM, we
delivered vehicle (saline) or YF1 (0.15 mg/g of body weight, as used
previously in other mouse models)5,6 acutely (via retro-orbital [r.o.]
injection) to 4-month-old cTnIGly146 mice. Thirty min or 4 h later,
we measured levels of YF1 in various tissues by quantitative PCR. Fig-
ure 1A shows that, at 30min, YF1 was detectable above background in
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Figure 1. Biodistribution of YF1

(A) Levels of YF1 30 min post-injection expressed as fold

change over background in each tissue. (B) Levels of YF1

30 min post-injection expressed as copies per mg in each

of the solid organs sampled. (C) Persistent measurable

levels of YF1 in heart 4 h post-injection.
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all tissues sampled, with the highest levels in bone marrow, followed
by spleen, liver, and heart. Normalized levels (YF1 copies per mg of
tissue) showed the same rank order among the solid organs (Fig-
ure 1B). While bone marrow could not be weighed reliably before
processing for RNA, its diminutive mass (estimated at <2 mg, consis-
tent with prior quantitation10) relative to the solid organs (100–
1,500 mg) would imply much higher levels in the marrow. Tissue
levels within the heart were similar 4 h after infusion (Figure 1C),
but, at that time, YF1 was not detectable in any of the other tissues.
These findings indicate that YF-1 is broadly distributed within the
body, with an apparent affinity for phagocytic cells such as macro-
phages (which are most abundant in marrow, spleen, and liver).11
Mobility and cardiac function in HCM mice

To assess the therapeutic efficacy of YF1 in a mouse model of HCM,
we delivered vehicle (saline) or YF1 (0.15 mg/g of body weight) bi-
weekly (via r.o. injection) to 4-month-old cTnIGly146 mice over the
course of 4 weeks (Figure 2A). Untreated, nontransgenic littermates
(wild-type, WT) served as a control. While body weight (BW) mea-
surements did not differ between groups (Figure 2B), YF1 signifi-
cantly attenuated cardiac left ventricular (LV) wall thickness over
the course of treatment (therapeutic efficacy was evident as early as
1 week following treatment, Figures 2C and 2D). At endpoint, we
observed improvements in grooming behavior (qualitative observa-
tions, Figure 2E) and maximal walking capacity by treadmill (Fig-
ure 2F). Additionally, overall heart weight, but not lung weight, was
normalized following YF1 treatment. Together, these data demon-
strate that infusion of a single defined ncRNA, YF1, can apparently
improve the well-being of cTnIGly146 mice.
Cardiomyocyte hypertrophy and fibrosis are reduced with YF1

treatment

Structural remodeling of the LV in HCM is characterized by an in-
crease in cardiomyocyte size and interstitial fibrosis.9,12 To examine
the impact of YF1 on these processes, we performed histological
and molecular analyses on cardiac tissue. We observed striking
decreases in interstitial LV fibrosis (Figure 3A) and cardiomyocyte
hypertrophy (Figure 3B). Consistent with the histology, western
blot analyses revealed significant downregulation of JNK phosphory-
lation, cJun expression, and Smad2 phosphorylation (Figures 3C and
3D); no significant changes were observed in P38 or P65 signaling
(Figure S1). These data help rationalize the benefits of YF1, given
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that the JNK and Smad pathways figure prominently in hypertrophy-
and fibrosis-related signaling.13,14

Peripheral inflammation parallels structural changes in the heart

HCMis characterizedby low-grade systemic inflammation.12,15Toassess
whether YF1modulates this response, we performed flow cytometric an-
alyses of bloodat endpoint.While no changewas observed in thepercent-
age of CD4+ and CD8+ lymphocytes, vehicle-treated HCM mice had
reduced levels of total CD3+ lymphocytes compared to WT or YF1-
treated HCMmice (Figures 4A and 4B). We also noted a significant in-
crease in Ly6C+ myeloid cells in vehicle-treated HCM, which trended to
decrease with YF1 treatment (Figure 4C). Decreased neutrophil (Ly6C+

Ly6G+) and increased monocyte (Ly6C+Ly6G–) populations in HCM
mice receiving vehicle were normalized by YF1 treatment (Figure 4C).

YF1 suppresses inflammatory cytokines and myeloid cell

mobilization to the heart

Myeloid cells mobilize to the circulation in response to chemokine
gradients following injury. Thus, we analyzed serum levels of known
cytokines and chemokines by protein array. Of the 40 cytokines tested
(Figure S2), YF1 significantly reducedCXCL1 andTNFR1 (Figure 4D)
in HCM serum, but none of the other cytokines was changed much.
While TNFR1 is associated with TNF-induced inflammation and car-
diovascular disease,16 the neutrophil chemokine CXCL1 correlated
with inflammatory cell mobilization (Figure 4C) and was investigated
further. Cxcl1 gene expression was significantly reduced in heart tis-
sue from YF1-treated HCM mice (Figure 4E). To determine the
source of CXCL1 expression, we cultured cardiomyocytes (neonatal
rat ventricular myocytes, NRVMs) and bone marrow-derived macro-
phages (BMDMs) in vitro. In response to Ang II stimulation,
NRVMs, but not BMDMs, robustly upregulated Cxcl1 expression
(Figure 4F). Next, we examined whether YF1 suppresses inflamma-
tion within the heart. Decreases in proinflammatory cytokines Il1b
and Il6 (Figure 5A) and monocyte marker Cd14 (Figure 5B) were
accompanied by fewer macrophages in the myocardium (Figures
5C and 5D). Together, these data demonstrate that YF1 attenuates
CXCL1 expression in cardiomyocytes, reduces myeloid cell periph-
eral blood mobilization, suppresses proinflammatory cytokine
expression, and inhibits macrophage infiltration in the heart.

Macrophages are required for YF1 activity

To test whether YF1 elicits cardioprotection via direct or indirect (im-
munomodulation of macrophages) effects, we stimulated NRVM



Figure 2. YF1 treatment improves mobility and cardiac function in animals with hypertrophic cardiomyopathy

(A) Schematic describing the experimental protocol for cTnI146Gly mice with vehicle or YF1 treatment by retro-orbital (r.o.) injection. (B) Change in body weight (BW) over time in

male and female mice. (C) Representative echocardiography images of the left ventricle in diastole. (D) Change in diastolic interventricular septal wall diameter (IVSd) and left

ventricular posterior wall diameter (LVPWd) in male and female mice over time. (E) Representative images depicting grooming behavior in male and female mice in each

experimental group. (F) Distance covered by treadmill in male and female mice, presented as a percentage of distance covered by WT mice. (G) Heart weight (HW)-to-tibial

length (TL) ratio and lung weight (LW)-to-TL at endpoint (5 months) in male mice. Graphs depict mean ± SEM with n = 4–8/group. Statistical significance was determined

using two-tailed, unpaired, Student’s t test or one-way ANOVA followed by Tukey’s multiple corrections test. *p < 0.05.
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with Ang II and, 2 days later, exposed the NRVM to vehicle, YF1, or
media conditioned by YF1-treated macrophages. The following day,
NRVM were washed and collected for RNA extraction and gene-
expression analyses (Figure 6A). YF1 had no effect on cardiomyocyte
hypertrophy, while media conditioned by YF1-treated macrophages
reduced the expression of Nppa and Nppb (Figure 6B). To better un-
derstand the effects of YF1 on macrophages, we exposed BMDM to
vehicle or YF1 in the presence or absence of Ang II. RNA-seq revealed
a dramatic shift in gene-expression profile following YF1 treatment in
the presence or absence of Ang II stimulation (Figure 6C); these gene-
expression changes were lost if transfection reagent was omitted when
YF1 was administered (Figure S3A). The gene-expression changes
were associated with several biological pathways, as determined
through ingenuity pathway analysis, including pathways associated
with immunological diseases and inflammatory disorders (Figures
S3B and S3C). Additionally, YF1 led to increased expression of the so-
dium-dependent dicarboxylate transporter Slc13a3, independent of
Ang II stimulation (Figures 6D and 6E). Slc13a3 is a high-affinity
transporter, which binds a broad range of metabolic substrates (e.g.,
succinate and glutarate) and may skew the metabolic status of macro-
phages toward M1- or M2-like phenotypes.17–19 These data reveal
that YF1 alters the transcriptional landscape in unstressed and
stressed macrophages and, specifically, upregulates a potent modu-
lator of macrophage phenotype.

YF1 reverses fibrosis in aged animals with HCM

Until now, the data presented were from young adult mice (4-month-
old). It seems probable that therapeutic efficacy of YF1 may wane in
long-established disease. To test this idea, we implemented the same
treatment protocol (2 injections per week for a period of 4 weeks) as
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Figure 3. Cardiac fibrosis and hypertrophy are attenuated following YF1 treatment

(A) Representative images and quantification of interstitial fibrosis as determined by Picrosirius red staining. (B) Representative images and quantification of cardiomyocyte

cross-sectional diameter using cell borders defined by wheat germ agglutinin (WGA), a-sarcomeric actinin (aSA), and DAPI stains. (C) Western blot images of fibrosis and

hypertrophy signaling proteins. (D) Quantification of immunoblots in (C). Graphs depict mean ± SEM with n = 4–5/group. Statistical significance was determined using two-

tailed, unpaired, Student’s t test or one-way ANOVA followed by Tukey’s multiple corrections test. *p < 0.05.
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described earlier, but in 18-month-old cTnIGly146 mice (Figure S4A).
Despite a small sample size (n = 3/group), YF1 treatment trended to-
ward an improvement in walking distance, but did not alter BW (Fig-
ure S4B). Over the course of treatment, YF1 led to a significant
decrease in interventricular septum thickness at end-diastole (IVSd)
and trended toward a decrease in LV posterior wall thickness at
end-diastole (LVPWd) (Figure S4C). No changes in heart weight or
lung weight were observed (Figure S4D). Interestingly, YF1 treatment
dramatically reduced fibrosis in 2 of the 3 animals treated with YF1
(Figure S4E). While these data do not have the statistical power to
conclusively demonstrate a therapeutic effect, the improvements in
IVSd and fibrosis in 18-month-old cTnIGly146 mice are encouraging
954 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
and complement the dataset collected with 4-month-old cTnIGly146

mice (Figures 2, 3, 4, 5, and 6).

DISCUSSION
HCM remains a major unmet medical need. It is the most common
genetic disorder affecting the heart and accounts for a sizable fraction
of morbidity and mortality in young people, particularly athletes.20

The only widely accepted therapeutic options for HCM involve local-
ized destruction of heart muscle (by alcohol ablation or surgical
myectomy) to relieve outflow obstruction,21 and/or the use of
implantable cardioverter-defibrillators to prevent arrhythmic death.22

Both modalities are invasive, associated with considerable risks and



Figure 4. YF1 suppresses granulocyte and monocyte peripheral blood mobilization

(A) Representative flow plots depicting gating strategy. (B) Quantification of changes in cell populations in (A). (C) Representative flow plots and quantification of myeloid cell

populations. (D) Representative image of protein array and quantification. Boxes depict proteins with significant changes in expression; CXCL1 denoted by solid border, TNF

R1 denoted with dotted border. (E) Gene-expression analysis of Cxcl1 expression in heart tissue. (F) Gene-expression analysis of Cxcl1 in angiotensin II (AngII) treated and

untreated cardiomyocytes (NRVM, neonatal rat ventricular cardiomyocytes) and macrophages (BMDM, bone marrow-derived macrophages). Graphs depict mean ± SEM

with n = 4–5/group. Statistical significance was determined using two-tailed, unpaired, Student’s t test or one-way ANOVA followed by Tukey’s multiple corrections test. *p <

0.05.

www.moleculartherapy.org
side effects, and variably effective. Thus, new therapeutic approaches
are desperately needed. A circuitous route, punctuated by serendipity,
led us to test an exosomally abundant ncRNA as a therapeutic candi-
date in a model of HCM.

The path of discovery revealed that CDCs work by secreting exo-
somes that suppress or reverse fibrosis,23,24 attenuate myocyte
apoptosis,25,26 stimulate angiogenesis,23,27 effect immunomodula-
tion,2,3,28 and promote cardiomyocyte cell-cycle re-entry.29 CDCexo

mediate CDC efficacy by transferring therapeutic payloads to nearby
and, sometimes, distant cells.2–4 Despite a recent claim that the effects
of cell therapy are nonspecific and mimicked by infusion of dead cells
or zymosan,30 we have shown: (1) transplanted dermal fibroblasts do
not mimic the effects of transplanted CDCs;31 (2) transplanted CDCs
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 955
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Figure 5. YF1 suppresses inflammatory cytokines

and myeloid cell infiltration in the heart

(A) Gene expression of proinflammatory cytokines by

qPCR. (B) Gene expression of myeloid cell marker Cd14 by

qPCR. (C) Representative images of CD68+ macrophage

infiltration in the heart. (D) Quantification of immunohisto-

chemistry in (C). Graphs depict mean ± SEM with n = 4–5/

group. Statistical significance was determined using two-

tailed, unpaired, Student’s t test or one-way ANOVA fol-

lowed by Tukey’s multiple corrections test. *p < 0.05.
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lose their bioactivity when exosome release is blocked;2,4 and (3)
CDCexo mimic the benefits of CDCs in the absence of transplanted
cells.2,4 Analysis of CDCexo payload using RNA-seq and proteomics
revealed numerous ncRNA and proteins, some with known bioac-
tivity and others requiring functional characterization.2,5 To date,
three distinct CDCexo-derived ncRNAs have been shown to have dis-
ease-modifying bioactivity (i.e., microRNA-146a [miR-146a] in
chronic ischemic cardiomyopathy,4 miR-181b in acute MI,2 and
YF1 in renovascular hypertension).6 YF1 is the most plentiful RNA
species in CDCexo, being present in >35,000 reads per sequencing
run (as compared to 20–40 reads for a typical miRNA).2,3,5 Here,
we have shown YF1 bioactivity in a murine model of HCM. YF1
improves ambulatory capacity and cardiac function, decreases
cardiomyocyte hypertrophy and fibrosis, suppresses inflammatory
cytokines and myeloid cell mobilization to the heart, and retains dis-
ease-modifying bioactivity even in aged animals with established
fibrosis and dysfunction. Moreover, the mechanism appears to reside
in the immunomodulatory properties of YF1:5,6 YF1 has no effect on
isolated cardiomyocytes, andmacrophages are required for YF1 activ-
ity in the HCM model. Moreover, biodistribution studies reveal
intense early accumulation of YF1 in tissues (bone marrow, spleen,
liver), which are particularly rich in macrophages. Thus, this exoso-
mal Y RNA fragment antagonizes HCM via a novel pathway,
providing preclinical proof-of-concept for a new treatment paradigm
utilizing RNA therapeutics in HCM. The observed effects of twice-
weekly intravenous YF1 encourage testing and identification of novel
chemical entities and/or formulations with improved pharmacoki-
netics,32 enabling less-frequent administration of pharmaceutically
viable doses.

Until recently, HCM was devoid of anything but palliative treatment
approaches. Mavacamten, a small molecule inhibitor of actomyosin
ATPase,33 now looks promising both in animal models and in clinical
trials.34 If, as seems likely, mavacamten advances toward registration
956 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
and becomes available for clinical use, will there
be a clinical need for YF1? In the absence of
data, the answer remains conjectural, but it is
noteworthy that the mechanisms of action differ
fundamentally; mavacamten is an inhibitor of
crossbridge cycling, which attenuates sarcomeric
hyper-contractility, while YF1 acts via immuno-
modulation. Thus, it is at least theoretically
possible that the two therapeutic modalities may eventually prove ad-
ditive, or synergistic, in terms of therapeutic benefit.

MATERIALS AND METHODS
Animal model

All studies were performed at Cedars-Sinai Medical Center in accor-
dance with the Institutional Animal Care and Use Committee guide-
lines. Female and male mice (4-month-old and 18-month-old), as
detailed within the manuscript, were used for in vivo experimental
procedures.

Transgenic cTnIGly146 mouse embryos (line 121) were generously
donated by Jeffrey Robbins from Cincinnati Children’s Hospital.9

The Cedars-Sinai Rodent Genetics Core implanted cTnIGly146 em-
bryos in female FVB surrogate mice and successfully recovered the
cTnIGly146 transgenic mouse line. Genotype was confirmed by the
Core and within our lab with specific forward (50-GGTGGAC
AAAGTGGATGAAGA-30) and reverse (50-TGCCACGGAGGTCA
TAGA-30) primers (Figure S1).

All mice (cTnIGly146 and FVB [WT, control]) were housed in a path-
ogen-free facility with a 14 h/10 h light/dark cycle with food and water
provided ad libitum. Mice weremaintained and bred in-house. In vivo
experimental protocols were performed on 1- to 12-month-old fe-
male and male mice. Cardiac hypertrophy was monitored by non-
invasive transthoracic echocardiography. At the designated time
point, animals received vehicle (saline) or YF1 (0.15 mg/g body
weight) via r.o. injection; 2 times per week over the course of 4 weeks
(Figure 2A).

Echocardiography

Cardiac function and morphology were assessed by transthoracic
two-dimensional and targeted M-mode echocardiography
(Vevo3100, VisualSonics). Three representative cycles were captured



Figure 6. YF1 modifies macrophage gene profile to elicit cardioprotection

(A) Gene expression of NRVM treated with AngII studied as per the diagram of experimental workflow. (B) All groups were stimulated with AngII and then treated with vehicle

(saline), YF1, or conditioned media from YF1-treated macrophages (CM YF1 BMDM). (C) Heatmap of differentially expressed genes in macrophages (left, vehicle or YF1;

right, vehicle or YF1 followed by AngII treatment). (D) Volcano plot of the top differentially expressed genes in vehicle- and YF1-treated macrophages. (E) Volcano plot of the

top differentially expressed genes in vehicle- and YF1-treated macrophages stimulated with AngII. Graphs depict mean ± SEM with n = 3–5/group. Statistical significance

was determined using one-way ANOVA followed by Tukey’s multiple corrections test. *p < 0.05.
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for each animal per time point, and measurements for LV ejection
fraction (LVEF), end-diastolic interventricular septal thickness
(IVSd), and end-diastolic LV posterior wall thickness (LVPWd)
were obtained and averaged.

Treadmill

Mice were placed inside an Exer-3/6 rodent treadmill (Columbus In-
struments) at a 5-degree elevation. Animals were acclimated to the
device by leaving them undisturbed for 30 min and then engaging
the belt at a slow pace (10 m/min) for 20 min. After the acclimation
period was complete, the exercise protocol began; shock grid activated
(0.15 mA, 1Hz) and belt speed increased (1 m/min after each minute
of exercise). Mice resting on the shock grid for >10 s reached maximal
exercise capacity and were removed from the device.

RNA synthesis

YF1 (native and modified forms) were custom-synthesized (Inte-
grated DNA Technologies). As reported previously,5 the 56-nucleo-
tide sequence for YF1 is as follows:

50-GGCUGGUCCGAUGGUAGUGGGUUAUCAGAACUUAU
UAACAUUAGUGUCACUAAAGU-30.
Cell culture

BMDMs

Bone marrow was isolated as previously described.35 Femurs were
isolated from mouse, sterilized with 70% ethanol, flushed with PBS
(containing 1% FBS and 2 mM EDTA), and filtered through a
70 mm filter. Cells were pelleted and red blood cells lysed with ACK
Lysing Buffer (GIBCO). The resulting cells were resuspended in
IMDM (containing 10% FBS and 10 ng/mL M-CSF [R&D Systems])
then plated and grown for 7 days to obtain macrophages.
Transfection

BMDMs were transfected with YF1 (50 nM) using Dharmafect 4 re-
agent (Dharmacon). After overnight incubation (�18 h), cells were
washed and collected for RNA extraction (miRNeasy Mini Kit,
QIAGEN). RNA concentration and purity were determined using a
NanoDrop Spectrophotometer (Thermo Scientific).

Cardiomyocytes

NRVMs were isolated and cultured as reported.5,35 Isolated cardio-
myocytes were incubated with Ang II (400 mM) in the presence of
protease inhibitor (Sigma-Aldrich) to induce hypertrophy. 2 days
later, vehicle, YF1, or conditioned media from YF1-treated
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 957
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macrophages was added. 18 h later, cardiomyocytes were collected,
and RNA isolated for gene-expression analyses.

RNA analysis

Biodistribution of EV-Y1 by qPCR

Single doses of YF1 were administered as above, andmice (n = 8) were
sacrificed either 30 min (n = 4) or 4 h (n = 4) afterward. For RNA
isolation, spleen, liver, and heart were excised, blotted dry, and
�20 mg sampled; bone marrow was sampled by removing both fe-
murs, cracking them open and flushing each with�40mL of PBS. Af-
ter RNA isolation using miRNeasy Mini Kit (QIAGEN), reverse tran-
scription was performed using mirScript II RT Kit (QIAGEN). qPCR
was done using QuantiTect SYBR Green (QIAGEN) on QuantStudio
12K Flex instrument (Applied Biosystems) with the QuantiMir uni-
versal reverse primer, EV- Y1 forward primer (50-GGCTGGTCC
GATGGTAGTG-30), and mouse U6 forward primer (50-TGGCC
CCTGCGCAAGGATG-30) the housekeeping gene. Fold change
was calculated using 2(–DDCt), where DCq compares the EV-Y1 Cq
value to the U6 Cq value of the same sample, and DDCq compares
DCq to that of the same organ vehicle injected. To achieve quantita-
tion, serial dilutions of EV-Y1 were added to homogenized tissues
from each organ sampled in a healthy mouse. Cq value for EV-Y1
was plotted versus the log of the number of EV-Y1 in the sample.
A second order polynomial analysis was performed using GraphPad
Prism 5 and the equation was used to calculate the copy number of
EV-Y1 in each organ.

qPCR for transcripts

cDNA was synthesized from mRNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s protocol. The resulting cDNA was standardized
across samples and mixed with TaqMan Fast Advanced Master Mix
(Applied Biosystems) and pre-designed TaqMan mouse primer sets
(Life Technologies, Invitrogen): Tgfb1, Col1a1, Nppa, Nppb, Cxcl1,
Cd14, Il1b, Il6, and Hprt. Samples were amplified (QuantStudio
12K Flex Real-Time PCR system; Thermo Fisher Scientific) and
analyzed by the ddCt method.

RNA-seq

The Cedars-Sinai Genomics Core performed total RNA-seq of mac-
rophages with the Ion Total RNA-Seq Kit v2 (Life Technologies).
Briefly, one microgram of total RNA was assessed for quality using
a Bioanalyzer 2100 (Agilent Technologies), enriched with magnetic
beads, fragmented, ligated with adapters, then reverse transcribed
to make cDNA. The resulting cDNA was barcoded using Ion Xpress
RNA-Seq Barcode 1-16 Kit and then amplified. RNA-seq libraries
were assessed for concentration and size using the Qubit dsDNA
HS Assay Kit (Life Technologies) and DNA 1000 Kit (Agilent Tech-
nologies), respectively. Samples were multiplexed and the pooled li-
braries were amplified onto Ion Sphere particles using an Ion PI Tem-
plate OT2 200 Kit. Ion Sphere particles were then purified and
prepared for sequencing (Ion Proton sequencer) using the Ion PI
Sequencing 200 Kit. The raw sequencing signal was processed into
FASTQ format and the adaptor was trimmed by built-in Torrent
958 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
Suite software on the Proton sequencer. Alignment and reference
annotation were performed as reported previously.2

Staining

Tissue harvest and embedding

Hearts were arrested in diastole following intra-ventricular injection
of 10% potassium chloride. Hearts were excised, washed in PBS,
embedded (Tissue-Tek O.C.T. Compound, Sakura), and stored at
�80�C. All samples were cut (5 mm-thickness) by cryostat (Leica)
and fixed (4% PFA in PBS) prior to staining.

Picrosirius red

Tissue sections were stained with Sirius Red (0.1% in Saturated Picric
Acid; Electron Microscopy Sciences) according to the manufacturer’s
protocol. Slides were mounted (DPX; Sigma-Aldrich), and then im-
ages acquired (ScanScope AT Turbo; Aperio) and analyzed (ImageJ
software). Fibrosis was determined as the percent composition per
field of view.

Wheat germ agglutinin (WGA)

Tissue sections were blocked (Protein Block, Agilent Dako) and
stained with a-sarcomeric actinin (aSA). Alexa Fluor 546-conjugated
secondary antibody, WGA (Alexa Fluor 488-conjugated, Invitrogen),
and DAPI were applied prior to mounting (Fluoroshield with DAPI,
MilliporeSigma). Tissue sections were visualized by confocal micro-
scopy (Leica) and analyzed by ImageJ software. Cardiomyocyte size
was determined by measuring the area of cardiomyocytes with cen-
trally located nuclei.

Immunohistochemistry

Tissue sections were blocked (Protein Block, Agilent Dako) and stained
with primary antibody. The appropriate fluorescently conjugated sec-
ondary antibodies (Invitrogen) were applied prior to mounting (Fluo-
roshield with DAPI, MilliporeSigma). Tissue sections were visualized
by either confocal microscopy (Leica) or cell imaging multi-mode
reader (Cytation 5, Biotek) and analyzed by ImageJ software.

Immunoblotting

Protein extraction and isolation

Tissue was collected, rinsed in PBS, placed in Allprotect tissue reagent
(QIAGEN), and then stored at �80�C until use. Samples were
minced, suspended in T-PER Buffer (containing Halt protease and
phosphatase inhibitor, Thermo Fisher), homogenized (Bead Ruptor,
OMNI), and then centrifuged. Protein supernatants were collected
and concentrations measured (BCA Protein Assay Kit, Pierce).

Western blot

Protein samples were prepared for gel electrophoresis (NuPAGE 4%–
12% Bis-Tris, Invitrogen) according to themanufacturer’s protocol. A
normalized value between 10 and 30 mg was used for loading in each
well. Proteins were then transferred to a Nitrocellulose Membrane,
0.45 mm (Thermo Scientific) for immunoblotting with antibodies.
Bands were detected (ChemiDoc Imaging System, Bio-Rad) with
ECL Western Blotting Substrate (Pierce).
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Cytokine array

Serum cytokine levels were detected using a Mouse Inflammation
Antibody Array (AAM-INF-1, RayBiotech) according to the manu-
facturer’s protocol. Blood was collected and separated by centrifuga-
tion to collect serum. Membranes were blocked and incubated with
serum overnight. The next day, the membranes were washed, incu-
bated with Biotinylated Antibody Cocktail and then HRP-Streptavi-
din. Arrays were detected (ChemiDoc Imaging System, Bio-Rad)
following the addition of detection substrate.

Flow cytometry

Peripheral blood immune cells were analyzed as reported previ-
ously.35 Briefly, blood was collected in heparinized tubes. Red blood
cells were lysed with ACK lysis buffer (GIBCO), centrifuged, and
then washed with fluorescence-activated cell sorting (FACS) buffer
(PBS containing 1% FBS and 2mMEDTA). The resulting white blood
cell suspension was stained with the fluorescently conjugated anti-
bodies, washed, and analyzed (SA3800 Spectral Analyzer, Sony) based
on their marker profile.
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