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Cardiac Reprogramming and Gata4
Overexpression Reduce Fibrosis and Improve
Diastolic Dysfunction in Heart Failure With
Preserved Ejection Fraction
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BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) is a major health concern._Pathological stimuli and
interactions between cardiac fibroblasts (CFs) and other cell types may lead to cardiac fibrosigtand:diastolic dysfunction,
which are hallmarks of HFpEF. Interstitial and perivascular cardiac fibrosis correlates with poor prog OSTETHH FpEF; however,
mechanisms of fibrosis remain poorly elucidated, and targeted therapies are lacking. Cardiac reprogramming is a promising
therapeutic approach for myocardial infarction that facilitates cardiac regeneration and antifibrosis action through Mef2c/
Gata4/Tbxb/Hand2 (MGTH) overexpression in resident CFs. However, the efficacy of this approach on HFpEF is yet to be
established.

METHODS: Herein, we examined the effects of cardiac reprogramming in HFpEF using Tcf21¢¢/Tomato/MGTH2A transgenic
mice, which expressed both MGTH and reporter expression in CFs for cardiac reprogramming and lineage tracing upon
tamoxifen administration. To establish HFpEF model mice, we used a combination of a high-fat diet and nitric oxide synthase
inhibition. Bulk RNA-sequencing, single-cell RNA-sequencing, and spatial transcriptomics were conducted to determine
fibrotic mechanisms and the efficacy of cardiac reprogramming in HFpEF. We generated new tamoxifen-inducible transgenic
mice overexpressing each reprogramming factor in CFs to investigate the effect of single factors. Last, we analyzed the
effect of reprogramming factors in‘human CFs.

RESULTS: Cardiac reprogramming with MGTH overexpression improved diastolic dysfunction, cardiac hypertrophy, fibrosis,
inflammation, and capillary loss in HFpEF. Cardiac reprogramming converted approximately 1% of resident CFs into induced
cardiomyocytes. Bulk RNA-seq indicated that MGTH overexpression upregulated genes related to heart contraction
and suppressed the fetal gene program (Nppa and Nppb) and proinflammatory and fibrotic signatures. Single-cell RNA-
sequencing and spatial transcriptomics revealed that multiple CF clusters upregulated fibrotic genes to induce diffuse
interstitial fibrosis, whereas distinct CF clusters generated focal perivascular fibrosis in HFpEF. MGTH overexpression
reversed these profibrotic changes. Among 4 reprogramming factors, only Gata4 overexpression in CFs reduced fibrosis
and improved diastolic dysfunction in HFpEF by suppressing CF activation without generating new induced cardiomyocytes.
Gata4 overexpression also suppressed profibrotic signatures in human CFs.

CONCLUSIONS: Overexpressing Gata4 in CFs may be a promising therapeutic approach for HFpEF by suppressing fibrosis and
improving diastolic dysfunction
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GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Gata4 Overexpression Improves HFpEF

Key Words: cardiac fibroblasts ® fibrosis ® heart failure ® single-cell RNA-sequencing ® spatial transcriptomics

Editorial, see p XXX

Clinical Perspective

What Is New?

» Cardiac reprogramming with Mef2c/Gata4/Tbx5/
Hand2 (MGTH) overexpression generated new
induced cardiomyocytes, reduced fibrosis, attenu-
ated diastolic dysfunction, and improved cardiac
performance in heart failure with preserved ejection
fraction (HFpEF).

* In HFpEF, profibrotic changes in multiple cardiac
fibroblast (CF) clusters induced diffuse interstitial
fibrosis, whereas distinct fibrogenic CF clusters
contributed to focal perivascular fibrosis. Cardiac
reprogramming reversed these profibrotic changes.

» Overexpression of Gata4 in CFs was sufficient
to improve HFpEF and reduce fibrosis without
generating induced cardiomyocytes. Gata4 over-
expression suppressed CF activation by directly
suppressing Meox1. Gata4 overexpression also
suppressed profibrotic signatures in human CFs.

What Are the Clinical Implications?

* Cardiac fibrosis contributes to diastolic dysfunction
and heart failure in HFpEF, and clinical therapies
capable of effectively reversing fibrosis in HFpEF
are currently unavailable.

* Gatad4 overexpression can improve HFpEF by
suppressing myocardial fibrosis and diastolic
dysfunction.

» Overexpression of Gata4 in CFs may be a promis-
ing therapy for HFpEF.

tion (HFpEF) accounts for approximately half the

patients with HF worldwide and is increasing in
prevalence, with mortality rates comparable to those of
HF with reduced ejection fraction." Several drug and
device therapies have been shown to improve prognosis
in patients with HF with reduced ejection fraction, but
effective treatments for HFpEF remain markedly limited,
resulting in an unmet clinical need.!

In HFpEF pathogenesis, cardiac hypertrophy, inflam-
mation, metabolic stress, and endothelial dysfunction
may cooperate to induce left ventricular (LV) diastolic
dysfunction and fibrosis, leading to a vicious cycle of
functional impairment.? Cardiac fibrosis is clinically
present in most cases of HFpEF? and the extracellular

I Ieart failure (HF) with preserved ejection frac-
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Nonstandard Abbreviations and Acronyms

CF cardiac fibroblast

ECM extracellular matrix

EC endothelial cell

FACS fluorescence-activated cell sorting

HF heart failure

HFpEF heart failure with preserved ejection
fraction

iCM induced cardiomyocyte

L-NAME N-nitroarginine methyl ester

Lv left ventricle

MGTH Mef2cl Gata4/ Tbx5/ Hand2

Mi myocardial infarction

RT-qPCR reverse-transcription quantitative
polymerase chain reaction

scRNA-seq single-cell RNA sequencing

SeV Sendai virus vector

TGFp transforming growth factor 3

TTg triple transgenic

matrix (ECM) burden strongly correlates with diastolic
dysfunction and poor prognosis.* Therefore, fibrosis can
be a promising target for HFpEF; however, effective ther-
apeutic strategies to address cardiac fibrosis are lacking.

The heart comprises various cell types, including car-
diomyocytes, cardiac fibroblasts (CFs), endothelial cells
(ECs), smooth muscle cells (SMCs), and immune cells.®
Single-cell RNA sequencing (scRNA-seq) has demon-
strated that CFs comprise heterogeneous populations.®”
After myocardial infarction (MI), resident CFs differ-
entiate into myofibroblasts and matrifibrocytes, which
secrete ECM to form extensive scar tissue (replacement
fibrosis) to prevent ventricular wall rupture='" In con-
trast, chronic stress conditions, including HFpEF, exhibit
different fibrosis types, such as interstitial and perivascu-
lar cardiac fibrosis; however, the cellular and molecular
mechanisms underlying these types of fibrosis remain
unclear.'? Moreover, as ECM deposit levels in patients
with HFpEF are typically mild to moderate, whether anti-
fibrotic treatment could improve diastolic dysfunction
and cardiac performance in HFpEF remains unknown.*3

Directcardiacreprogrammingreportedly converted CFs
into cardiomyocytes through Mef2c/ Gata4/ Tbx5/Hand2
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(MGTH) overexpression in vitro. In vivo, cardiac repro-
gramming targeting resident CFs was found to restore
cardiac function in acute and chronic Ml through myocar-
dial regeneration and antifibrotic effects.*'” However,
the impact of cardiac reprogramming on HFpEF remains
unclear. Therefore, we examined the efficacy of cardiac
reprogramming and the fibrotic mechanisms in an exper-
imental model of HFpEF using multitranscriptomics,
including bulk RNA-sequencing (RNA-seq), scRNA-seq,
and spatial transcriptomics.

METHODS

For a detailed description of the methods, please see the
Supplemental Methods section in the Supplemental Material.
All animal experiments conducted in this study were approved
by the Tsukuba University ethics committees for animal experi-
ments. All sequencing data are available from gene expression
omnibus under Super-Series reference No. GSE218761.

Statistical Analysis

Statistical analyses are described in detail in the Supplemental
Methods section in the Supplemental Material. Statistical
parameters, including the number of samples (n), descriptive
statistics (mean and SEM), and significance, are indicated in
the figures and figure legends. Statistical significance was set
as A<0.05.

RESULTS

Cardiac Reprogramming Reversed Diastolic
Dysfunction in HFpEF

We used our newly developed Tcf21¢/Tomato/
MGTH2A triple transgenic (TTg) mouse system, wherein
treatment with tamoxifen can induce cardiac reprogram-
ming in resident CFs, to determine the effect of cardiac
reprogramming in HFpEF (Figure 1A)."* In TTg mice,
tamoxifen treatment induced MGTH and Tomato expres-
sion in the CFs for cardiac reprogramming and lineage
tracing (Figure 1A through 1C). Reverse-transcription
quantitative polymerase chain reaction analyses con-
firmed that MGTH was significantly upregulated in the
fluorescence-activated cell sorting—sorted Tomato* cells
in the TTg hearts compared with that in control mice (Ctrl,
Tcf21i¢e/Tomato; Figure 1B; Figure STA through S1D).
The body weight, blood pressure, and cardiac perfor-
mance (determined by echocardiography, cardiac cath-
eterization, and treadmill test) in TTg mice fed normal
chow (TTg-chow) were comparable to those of Ctrl mice
fed normal chow (Ctrl-chow), suggesting that MGTH ex-
pression alone did not induce any phenotypic change
in mice (Figure 1D through 1K; Figure S1E through
S1H). Ctrl and TTg mice were then subjected to a well-
characterized “2-hit" HFpEF model induced by a high-fat
diet (HFD) and nitric oxide synthase inhibition using the
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N-nitroarginine methyl ester (L-NAME) combination
(Figure 1D)."?'® Five weeks of HFD+L-NAME feed-
ing can sufficiently induce HFpEF in mice.'?'® HFD+L-
NAME feeding triggered obesity and hypertension in Ctrl
and TTg mice compared with mice fed normal chow (Ctrl-
chow and TTg-chow) (Figure 1E).

Echocardiography revealed HFpEF phenotypes,
including LV diastolic dysfunction indicated by elevated
E/A and E/E’ and preserved LV ejection fraction in Ctrl
and TTg mice treatment with HFD+L-NAME for 5 weeks
(Figure 1F and 1G). Interstitial and perivascular fibro-
sis were detected in HFpEF ventricles, colocalized with
Tomato* CFs (Figure 1C). After induction of HFpEF for
5 weeks, mice were treated with tamoxifen for b days
to induce cardiac reprogramming to determine HFpEF
phenotype reversal (Figure 1D). We sequentially ana-
lyzed 4 mouse groups: Ctrl-chow, TTg-chow, Ctrl mice fed
HFD+L-NAME (Ctrl-HFpEF), and TTg mice fed HFD+L-
NAME (TTg-HFpEF). MGTH overexpression did not
affect food intake, and mice remained obese and hyper-
tensive with preserved cardiac contractility for 15 weeks
in the Ctrl-HFpEF and TTg-HFpEF groups (Figure 1E
and 1G; Figure S1E through %}H) In contrast, echo-
cardiographic evaluation reve&@i’tﬁ@fﬁly diastolic dys-
function was significantly improved in TTg-HFpEF mice
when compared with that in Ctrl-HFpEF mice at 10 and
15 weeks (Figure 1F and 1G). Consistent with improved
diastolic function at 15 weeks, LV wall hypertrophy and
diastolic velocity (E''wave) were also improved in TTg-
HFpEF mice (Figure S1F through S1H). Cardiac cath-
eterization indicated that LV end-diastolic pressure and
end-diastolic pressure-volume relationship, hallmarks of
HFpEFR, were significantly elevated in the Ctrl-HFpEF
mice compared with those in the Ctrl-chow mice at 15
weeks, although they were improved in TTg-HFpEF mice
(Figure 1H and 11). Furthermore, the treadmill test dem-
onstrated that exercise tolerance, evaluated by running
distance, was improved in TTg-HFpEF mice at 15 weeks
(Figure 1J and 1K). These results suggest that cardiac
reprogramming reversed LV diastolic dysfunction and
improved cardiac function in HFpEF.

Cardiac Reprogramming Ameliorated
Cardiac Hypertrophy, Fibrosis, Microvascular
Rarefaction, and Inflammation in HFpEF

We next analyzed the pathological changes in the hearts
of Ctrl-chow, TTg-chow, Ctrl-HFpEF, and TTg-HFpEF
mice at 15 weeks. The heart weight/tibia length ratio
and cardiomyocyte cross-sectional area were significant-
ly increased in Ctrl-HFpEF mice compared with those in
Ctrl- and TTg-chow mice, whereas they were decreased
in the TTg-HFpEF group, suggesting that MGTH overex-
pression suppressed cardiac hypertrophy in HFpEF (Fig-
ure 2A through 2D). ECM deposition, as determined by
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Figure 1. Cardiac reprogramming improves diastolic dysfunction in HFpEF.

A, Schematic representation of the strategy for in vivo MGTH overexpression in cardiac fibroblasts (CFs) using triple transgenic (TTg, Tcf21¢e/
Tomato/MGTH2A) mice generated by crossing MGTH2A mice with Tcf21¢¢/Tomato mice. B, Relative mRNA expression of Mef2c, Gata4, Tbx5,
and Hand?2 in fluorescence-activated cell sorting (FACS)—sorted Tomato* cells in control littermates (Ctrl, Tcf21%¢/Tomato) and TTg mice 7 days
after tamoxifen (TAM) administration (n=4 independent biological replicates). C, Representative images of hearts from Tcf27¢¢/Tomato mice

with Sirius red (SR) staining and immunohistochemistry with Tomato and DAPI after 15 weeks of normal diet (Chow) or high-fat diet (HFD) +
L-NAME treatment (HFpEF). Tomato* cells are present in the perivascular fibrotic areas. TAM administration was performed as shown in D. D,
Experimental strategy for MGTH overexpression in HFpEF. As indicated, Ctrl and TTg mice were fed with Chow or HFD+L-NAME treatment. TAM
administration was initiated 5 weeks after treatment, and hearts were harvested 15 weeks after treatment (10 weeks after TAM administration). E,
Body weight, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were measured every 5 weeks for 16 weeks in Ctri-chow (black
line, n=7), TTg-chow (green line, n=7), Ctrl-HFpEF (blue line, n~=10), and TTg-HFpEF (red line, n=10) mice. F, Representative (Continued)
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Figure 1 Continued. echocardiographic tracings of pulsed wave Doppler of transmitral flow (TMF, top) and tissue Doppler (TD, bottom). The
peak E wave velocity (E), peak A wave velocity (A), and peak E’ wave velocity (E") are displayed. G, Left ventricular ejection fraction (EF), E/A
ratio, and E/E’ ratio of Ctrl-chow (black line, n=7), TTg-chow (green line, n=7), Ctrl-HFpEF (blue line, n=10), and TTg-HFpEF (red line, n=10)
mice were measured using echocardiography every 5 weeks for a total of 15 weeks. H and I, Representative left ventricular pressure-volume
loops recorded by cardiac catheterization (H). Arrows indicate the left ventricular end-diastolic pressure (LVEDP), and red lines indicate the end-
diastolic pressure-volume relationship (EDPVR). Quantitative analyses are shown in I (n=6 independent biological replicates). J and K, Exercise

tolerance was evaluated based on the running distance on a treadmill test (J). *Ctrl-chow; *TTg-chow; **Ctrl-HFpEF; ***

*“TTg-HFpEF. Quantitative

analysis is shown in K (Ctrl-chow n=7; TTg-chow n=7; Ctrl-HFpEF, n=10, TTg-HFpEF, n=10). All data are presented as the mean£SEM.
“*P<0.01 vs the relevant control using Student ¢ test (B) and 1-way ANOVA followed by Tukey multicomparisons test (I and K). *P<0.01 vs
Ctrl-chow; t1P<0.01 vs Ctrl-chow; $#P<0.01 vs TTg-HFpEF using 2-way ANOVA followed by Tukey multicomparisons test (E and G). ns, Not
significant. Scale bars=50 um. HFpEF indicates heart failure with preserved ejection fraction; and SEM, standard error of the mean.

Sirius red staining, revealed that cardiac fibrosis in TTg-
HFpEF mice was significantly reduced compared with
that in Ctrl-HFpEF mice at 15 weeks (Figure 2E and
2F). BrdU staining revealed that the number of BrdU*
proliferative CFs was significantly reduced in TTg-HFpEF
mice compared with Ctrl-HFpEF, whereas the number
of TUNEL* apoptotic CFs was unchanged, thereby sug-
gesting that reduced CF proliferation may contribute to
regression of fibrosis (Figure S2A through S2D). Based
on the immunohistochemistry analysis, the number of
CD45" inflammatory cells in the LV was significantly
reduced in the TTg-HFpEF mice when compared with
that in the Ctrl-HFpEF mice (Figure S2E and S2F). The
capillary density, as determined by isolectin B4 staining,
was reduced in Ctrl-HFpEF mice compared with that in
Ctrl- and TTg-chow mice and' significantly improved in
TTg-HFpEF mice (Figure 2G and 2H). These results are
consistent with the observed physiological improvement
(Figure 1). Thus, MGTH overexpression in resident CFs
ameliorated pathological changes induced in HFpEF
ventricles.

To determine whether fibrosis. facilitated the diastolic
dysfunction observed in the HFpEF model, we analyzed
the level of cardiac fibrosis and E/E’ determined by
echocardiography in 10-week Ctrl-HFpEF mice. A sta-
tistically significant correlation was observed between
the 2 parameters (Figure S3A). Ctrl-HFpEF mice exhib-
ited increased cardiac fibrosis at 5 weeks, which fur-
ther increased thereafter, in line with the time course of
diastolic dysfunction shown by echocardiography (Fig-
ure 1G; Figure S3B). Conversely, treatment with tamoxi-
fen significantly decreased fibrosis in TTg-HFpEF mice,
concordant with the improved diastolic dysfunction (Fig-
ure 1G; Figure S3B).

Subsequent evaluation of cardiac reprogramming and
regeneration in TTg-HFpEF mice revealed that approxi-
mately 1% of Tomato* cells expressed the cardiac marker
of a-actinin, suggesting generation of induced cardio-
myocytes (iCMs) in HFpEF, albeit with low efficiency
(Figure 21 and 2J). Approximately half the iCMs were
mature-type cardiomyocytes with clear sarcomeric struc-
tures (Figure S2G and S2H). We did not observe adverse
effects, such as cardiac hypertrophy and hyperplasia, in
TTg-chow and TTg-HFpEF mice (Figure 2A through 2D).
Thus, MGTH overexpression in CFs improved HFpEF by
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ameliorating cardiac hypertrophy, fibrosis, inflammation,
and endothelial rarefaction, and inducing iCM generation.

Cardiac Reprogramming Upregulated
Myocardial-Related Genes and Suppressed
Fibrotic and Inflammatory Signatures in HFpEF

To identify molecular changes induced by cardiac re-
programming in HFpEF, we then used bulk RNA-seq to
detect global gene expression profiles in Ctrl-chow, Ctrl-
HFpEF, and TTg-HFpEF mouse ventricles at 15 weeks
(Figure 3A). Differential gene expression and Gene On-
tology analyses revealed that gé?’é iElusters upregulated
in Ctr-HFpEF mice, compared with those in Ctrl-chow
mice, were enriched in fibrosis (supramolecular fiber
and ECM organization) and inflammatory signatures
(cytokine-mediated signaling pathway and regulation
of inflammatory response). These upregulated genes
in Ctrl-HFpEF mice were primarily suppressed in TTg-
HFpEF mouse ventricles (Figure 3B). Compared with
those in Ctrl-chow mice, gene clusters downregulated
in Ctrl=HFpEF mice-were enriched in cardiac function
(regulation-of heart contraction and ion transmembrane
transport), which were primarily restored in TTg-HFpEF
mice. Consistently, relative mRNA expression analy-
ses confirmed that gene expression related to fibrosis
(Cen2 and Tgfb2), inflammation (Ccl2, Ccl7, Cx3cll, ll6,
133, lcam1, and Sele), cardiac hypertrophy (Actal and
Ankrd1), and the fetal gene program induced by cardiac
stress (Nppa and Nppb) was upregulated in Ctr-HFpEF
mice and suppressed in TTg-HFpEF mice (Figure 3C;
Figure S4A and S4B). Therefore, in vivo cardiac repro-
gramming upregulated myocardial-related genes and
suppressed fibrotic and inflammatory profiles in HFpEF
to improve cardiac performance.

Given that MGTH were exclusively expressed in CFs
in TTg-HFpEF ventricles, we analyzed the molecular sig-
natures in cardiac interstitial cells, including CFs, using
scRNA-seq (Figure 3A and 3D; Figure SBA).' After
quality control filtering, we acquired 36786 single-cell
transcriptional data sets from the Ctrl-chow, Ctrl-HFpEF,
and TTg-HFpEF groups (n=2 for each ventricle; Fig-
ure 3D). Unsupervised clustering of the scRNA-seq
data revealed 9 populations, including CFs, mural cells/
smooth muscle cells, ECs, macrophages, granulocytes,
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Figure 2. Cardiac reprogramming ameliorates histopathological changes and generates induced cardiomyocytes in HFpEF.

A, Mouse hearts at 15 weeks. Bottom, Hematoxylin-eosin (HE) staining. B, Ratio of heart weight (HW) to tibia length (TL; Ctrl-chow n=7;
TTg-chow n=7; Ctrl-HFpEF, n=10; TTg-HFpEF, n=10). € and D, Immunohistochemistry for wheat germ agglutinin (WGA) staining of the left
ventricle at 15 weeks (C). Quantitative analysis of cardiomyocyte cross-sectional area is shown in D (n=6 independent biological replicates). E
and F, Representative images of Sirius red (SR) staining of the left ventricle at 15 weeks (E). The black arrowheads indicate the fibrosis area.
Quantitative analysis of the fibrosis area is shown in F (n=6 independent biological replicates). G and H, Immunohistochemistry for isolectin

B4 (Lectin) staining of the left ventricle at 15 weeks (G). Quantitative analysis of capillary density is shown in H (n=6 independent biological
replicates). I and J, Immunohistochemistry for Tomato, a-actinin, and DAPI at 15 weeks (I). High-magnification views in insets show the
sarcomeric organization in TTg-HFpEF. Quantitative analysis of a-actinin*/Tomato* cells is shown in J (n=6 independent biological replicates). All
data are presented as the mean+SEM. *A<0.05; **FA<0.01; vs the relevant control using 1-way ANOVA followed by Tukey multicomparisons test.
ns, Not significant. Scale bars represent 1 mm (A), 100 um (E), and 50 pm (C, G, and I). HFpEF indicates heart failure with preserved ejection
fraction; and SEM, standard error of the mean.
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Figure 3. Cardiac reprogramming alters the transcriptional signatures in HFpEF.

A, Experimental workflow and analysis for bulk RNA-sequencing, single-cell RNA sequencing (scRNA-seq), and spatial transcriptomics. Ventricles
were harvested at 15 weeks. B, Hierarchical clustering analysis of differentially expressed genes by bulk RNA-seq in the ventricles at 15
weeks (n=3 independent biological replicates). Selected GO terms for each cluster are also shown. C, Relative mRNA expression of fibrosis-,
inflammation-, and heart failure—related genes in bulk RNA-seq data. D, Uniform manifold approximation and projection (UMAP) of scRNA-seq
data integrating 36 786 single noncardiomyocytes (CMs) from Ctrl-chow, Ctrl-HFpEF, and TTg-HFpEF mice ventricles (n=2 per group). Nine
clusters indicated by colors are marked with the presumed cell types. E, Dot plot visualization of representative marker genes used to identify
clusters. The color and size of dots indicate the relative average expression level in each population and the percentage of cells expressing

the gene, respectively. F, Expression of non-CM marker genes (Colal, Vin, Cdhb, and Cd68) as visualized on UMAP plots. G, Expression of
CM marker genes (Tnnt2 and Nppb) as visualized on UMAP plots. All data are presented as the mean£SEM. *R<0.01, empirical analysis of
differential gene expression in bulk RNA-seq. GO indicates Gene Ontology; HFpEF, heart failure with preserved ejection fraction; and SEM,
standard error of the mean.
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B cells, T/natural killer cells, Schwann cells, and lym-
phatic ECs (Figure 3D through 3F; Figure SBbB through
SBD).8° Tef21 and Tomato expression was limited to the
CF cluster (Figure S5D). Cardiomyocyte-specific gene
expression was not detected, suggesting that the iso-
lated cells did not contaminate cardiomyocytes and iCMs
(Figure 3G). CellChat analysis revealed ligand-receptor
interactions between CFs and other interstitial cells,
including inflammatory cells, ECs, and lymphatic ECs
(Figure SBE and S5F).'"® Among them, CFs were pre-
dicted to interact with ECs and lymphatic ECs through
the VEGF-VEGFR, Ptn-Scd1, Mdk-Ncl, Cxcl12-Ackr3,
and Angptl4-Cdhb pathways. These results suggest that
CFs interact with other interstitial cells in the ventricles,
leading to changes in capillary density and inflammation.

Cardiac Reprogramming Suppressed
Profibrotic Signatures in Multiple CF Clusters in
HFpEF

To identify cellular and molecular changes induced in CFs
in HFpEF and cardiac reprogramming, we then focused
on CF clusters in the Ctrl-chow, Ctrl-HFpEF, and TTg-
HFpEF groups (each n=2) using scRNA-seq. Unsuper-
vised clustering revealed 6 clusters in the CF population
(Figure 4A and 4B; Figure S6A and S6B). Uniform mani-
fold approximation and projection revealed that Col7al,
Tcf21,and Tomatowere universally expressedin CF clus-
ters (Figure 4C). Gene Ontology analysis based on the
cluster marker genes demonstrated that CF1 was asso-
ciated with ECM organization, CF2 was associated with
response to interferon B, and CF3 was associated with
cellular stress response, whereas CF1to 3 all expressed
Hsd11b1, Lpl and-SmocZ,-known. markers of quiescent/
steady-state fibroblasts (Figure 4C through 4E; Figure
S6C).&202" The CF4 population was enriched in genes
associated with actin cytoskeleton organization, whereas
CFb5 expressed genes were related to activated fibro-
blasts and ossification, including Cilp, Comp, and Postn
(Figure 4C through 4E)."* The CF6 cluster expressed
Wif1, a heart valve—associated fibroblast marker (pre-
viously designated F-Wnt-X) (Figure 4E).2%%? Although
CF1 and CF3 ratios were mildly altered in Ctrl-HFpEF
mice compared with those in Ctrl-chow mice, we did not
detect a significant difference between Ctrl-HFpEF and
TTg-HFpEF mice (Figure 4B; Figure S6A). Moreover, the
profibrotic CFb ratio, which greatly increased after MI,™
did not change among the 3 groups, suggesting that
changes in the CF state did not contribute substantially
to fibrosis in HFpEF.

We then analyzed differential gene expression by
comparing each CF subtype in Ctrl-chow, Ctrl-HFpEF,
and TIg-HFpEF mice to characterize the heterogenic
response of CF clusters in HFpEF. After clustering sig-
nificantly upregulated genes in Ctrl-HFpEF mice when
compared with those in Ctrl-chow mice, we performed
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Gene Ontology analysis based on the distinct gene
expression per CF subtype and treatment (Figure 4F).
Genes in cluster 2 were upregulated in CF1 to 3 in Ctrl-
HFpEF mice and associated with ECM organizations,
integrin cell surface interactions, supramolecular fiber
organization, and TGFf (transforming growth factor B)
receptor signaling regulation. Genes in cluster 1 were pri-
marily upregulated in CF4 in Ctrl-HFpEF mice and func-
tionally associated with actin filament—based processes,
supramolecular fiber organization, and ECM organization,
suggesting that these 2 clusters shared common fea-
tures related to ECM organization and fibrosis. As shown
by heatmap data, upregulated fibrotic genes in clusters 1
and 2, including Lox/2, Fn1, Fbn1, Collal, Sparc, Col3al,
and Colba3, were primarily suppressed in TTg-HFpEF
mice, suggesting a general antifibrotic effect associated
with cardiac reprogramming across CF1 to 4 populations
(Figure 4F). Cluster 4 genes, related to ossification, posi-
tive regulation of TGF@ production, and ECM organiza-
tion, were upregulated in the profibrotic CFb population
in Ctrl-HFpEF mice but suppressed in TTg-HFpEF mice.
Conversely, genes in cluster 3 (related to cell death and
stress response) were upregulated in CF3 and CF6 in
Ctrl-HFpEF mice but were unaﬁi&;ﬁﬁ(ﬁgﬁ;m]'g-H FpEF mice.

Next, we analyzed ECM scores that contain mRNA
expression of all known ECM collagens, glycoproteins,
and proteoglycans to quantitatively evaluate ECM gene
expressionin each CF cluster® The ECM scores were
largely similar among the CF clusters, albeit slightly higher
in'CF5, and upregulated in Ctrl-HFpEF mice compared
with Ctrl-chow mice in all CF clusters except CF6, whereas
they were downregulated in TTg-HFpEF mice (Figure 4G).
These results-suggest that fibrotic profiles were diffusely
upregulated-in multiple CF clusters in HFpEF, which dif-
fered from the unique myofibrotic. CF state transition
detected after MI. Genes related to “response to stress”
and “cell death” enriched in CF3 remained upregulated in
TTg-HFpEF mice, which may be attributed to continuous
HFD and L-NAME administration.

Consistent with the global changes in fibrotic profiles
in HFpEF CFs, heatmap and gene expression analyses
of CFs in Ctrl-chow, Ctrl-HFpEF, and TTg-HFpEF mice
revealed that ECM, profibrotic genes, integrins, and
TGFP/1I6-related genes were all upregulated in Ctrl-
HFpEF mice compared with those in Ctrl-chow mice,
whereas they were suppressed in TTg-HFpEF mice (Fig-
ure 4H and 4l). Thus, profibrotic transcriptional changes
induced in multiple CF clusters may be the primary con-
tributors to fibrosis in HFpEF, which can be reversed with
cardiac reprogramming.

CF Clusters Differentially Contributed to
Interstitial and Perivascular Fibrosis in HFpEF

scRNA-seq analyses revealed the transcriptional profile
of each CF cluster in HFpEF but did not provide spatial
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Figure 4. Cardiac reprogramming suppresses the profibrotic transcriptional program in multiple cardiac fibroblast clusters in
HFpEF.

A, UMAP embedding 24 773 cardiac fibroblasts (CFs) from Ctrl-chow, Ctrl-HFpEF, and TTg-HFpEF mice. Six clusters (CF1-6) were identified.

B, Bar plot of the percentage of CF cluster contributions in each group. C, Expression of select CF-related genes and Tomato as visualized on
UMAP plots. D, Heatmap showing the top 10 marker gene expression per cluster in the scRNA-seq data. E, Selected representative GO terms
and top & marker genes in each CF cluster. F, Hierarchical clustering analysis of differentially expressed genes analyzed by cluster and sample
with selected representative significant enriched terms. G, Violin plot of extracellular matrix (ECM) scores per group and CF cluster. H, Heatmap
of disease-related gene expressions in each group. I, Violin plots showing expression of ECM-related and profibrotic genes (Cen2, Cilp, Col3al,
Postn, Sparc, and Tgfb1) in the CF population per group. **F<0.01 vs the relevant control using the Kruskal-Wallis with Dunn post hoc test. ns, Not
significant. GO indicates Gene Ontology; HFpEF, heart failure with preserved ejection fraction; and scRNA-seq, single-cell RNA sequencing.
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information. Therefore, we performed spatial transcrip-
tomics to determine the localization and function of each
CF cluster inducing interstitial and perivascular fibrosis in
HFpEF. Spatial transcriptomic analysis of Ctrl-chow, Ctrl-
HFpEF, and TTg-HFpEF mouse hearts revealed that HF-
pEF induced nonuniform distribution of fibrosis-related
gene expression. The expression of Col3al and Sparc
expression enriched in CF1 to 4 was diffusely upregulat-
ed in the ventricles of the Ctrl-HFpEF mouse compared
with those of the Ctrl-chow mouse (Figure 5A), whereas
Postn and Ccn2 enriched in the profibrotic CFb cluster
were focally upregulated in the Ctrl-HFpEF mouse ven-
tricles (Figure 6B). To investigate the distribution and
gene expression in each CF cluster in myocardial tis-
sues, we combined spatial transcriptomic and scRNA-
seq datasets by projecting marker gene expression of
each CF subtype from scRNA-seq onto spatial transcrip-
tomic data (Figure 5C). The spatial feature plot revealed
that CF1 and CF3 marker gene scores were diffusely
increased in the ventricles of the Ctr-HFpEF mouse
compared with those of the Ctrl-chow mouse, suggest-
ing these CF clusters may predominantly contribute to
diffuse interstitial fibrosis (Figure 5D). Conversely, CF5
and CF6 marker gene scores were locally upregulated in
Ctrl-HFpEF mice, whereas CF4 scores were both locally
and diffusely increased in HFpEF ventricles (Figure 5D).
Intriguingly, Sirius red staining revealed that spots of
locally elevated CF4 to 6 marker gene expression in
Ctrl-HFpEF mice corresponded to perivascular fibrosis,
although this type of fibrosis was not observed in Ctrl-
chow and TTg-HFpEF (Figure BE; Figure S7A and S7B).
These results suggest that locally activated CF popula-
tions may contribute jto-perivascular-fibrosis-in-the-Hf-
pEF heart. Consistently,-immunohistochemistry-revealed
that Postn, a marker of activated CFs, was strongly ex-
pressed in the perivascular area along with Tomato* CFs
in Ctrl-HFpEF mice and was significantly reduced in TTg-
HFpEF mice (Figure bF; Figure S7C). Thus, although the
results are a qualitative comparison of individual, repre-
sentative animals for each group, we found that distinct
CF clusters can differentially contribute to interstitial and
perivascular cardiac fibrosis in HFpEF.

Gata4 Overexpression in CFs Improved Cardiac
Fibrosis and Diastolic Dysfunction in HFpEF

Overexpression of 4 cardiac reprogramming factors,
MGTH, in CFs, reduced fibrosis and improved diastolic
dysfunction in HFpEF. Because myocardial contraction
is preserved in HFpEF, cardiomyocyte regeneration may
be unnecessary for improved cardiac performance in
HFpEF. To determine whether overexpression of a single
reprogramming factor could sufficiently improve cardiac
function in HFpEF, we generated new transgenic mice
expressing the individual factors, Gata4, Mef2c, Tbx5, and
Hand?2 (designated SF-G, M, T, and H), under the control
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of the CAG promoter and flox-stop allele by knock-in to
the Rosa26 locus (Figure B6A). First, to screen factors
that could induce antifibrotic effects in vitro, we obtained
mouse embryonic fibroblasts from SF-G, M, T, and H and
MGTH2A mice, transduced retroviral pMX-Cre, and ana-
lyzed gene expression after 1 week (Figure 6A and 6B).
Reverse-transcription quantitative polymerase chain re-
action revealed that Gata4, Mef2c, Tbx5, and Hand2 were
successfully expressed in SF-G, M, T, H, and MGTH2A
mouse embryonic fibroblasts with specific gene expres-
sion in each group. Profibrotic genes were consistently
downregulated in SF-G and MGTH2A but not in SF-
M, T, and H mouse embryonic fibroblasts (Figure 6B).
Fluorescence-activated cell sorting analysis revealed
that overexpression of MGTH, but not individual factors,
induced cTnT (cardiac troponin T) in mouse embryonic fi-
broblasts and adult mouse CFs (Figure 6C; Figure S8A).
Thus, among the 4 factors, only Gata4 overexpression
could induce antifibrotic effects without generating new
iCMs in vitro.

We then generated tamoxifen-inducible double trans-
genic mice overexpressing G, M, and MGTH in CFs by
crossing Tcf21¢® and SF-G, M, and MGTH2A mice (Fig-
ure 6D). To induce HFpEF, contr\g}(@ﬂ:and Tcf21%e) and
Tcf21/SF-G, M, and MGTH2A mice were subjected to
HFD feeding and administered L-NAME. After 5 weeks
of HFpEF induction, all groups received tamoxifen for 5
consecutive days: Hearts were harvested at 10 weeks
when cardiac fibrosis was established (Figure S3B).
Body weight and blood pressure increased in all 4 groups
receiving HFD+L-NAME compared with those in the
Ctrl-chow group (Figure S8B). Echocardiography showed
that V- wall-thickness-was improved.in SF-G-HFpEF and
MGTH2A-HFpEF, whereas cardiac contraction and LV
inner_diameter were unaltered (Figure S8C and S8D).
Elevated E/A and E/E' observed in HFpEF were sig-
nificantly suppressed in SF-G-HFpEF and MGTH2A-
HFpEF mice but not in SF-M-HFpEF mice (Figure 6E).
Cardiac function was preserved in the SF-G-chow mice
when compared with that in Ctrl-chow mice, suggesting
Gata4 expression alone did not induce any phenotype
in mice (Figure S8E). The cardiac catheter indices (LV
end-diastolic pressure and end-diastolic pressure-volume
relationship) and treadmill tests also revealed significant
improvements in SF-G-HFpEF and MGTH2A-HFpEF
mice compared with Ctrl-HFpEF and SF-M-HFpEF
mice (Figures 6F and 6G). Fibrosis was strongly reduced
in SF-G-HFpEF and MGTH2A-HFpEF mice but not in
SF-M-HFpEF mice (Figure 6H). Consistent with these
results, fibrosis-related genes and a fetal gene program
(Nppb) were significantly downregulated in SF-G-HFpEF
and MGTH2A-HFpEF hearts compared with those in
Ctrl-HFpEF and SF-M-HFpEF hearts (Figure S8F).

We next generated Tcf21¢¢/Tomato/SF-G mice by
crossing Tcf21¢¢/SF-G mice with Tomato mice for his-
tological analysis. Consistent with the antifibrotic effect
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Figure 5. Spatial transcriptomics demonstrates the contribution of each cardiac fibroblast cluster to interstitial and perivascular
fibrosis.

A and B, Spatially resolved gene expression of fibrosis-related genes. White arrowheads indicate the focally upregulated regions in Ctrl-HFpEF
(B). C, Schematic diagram of combinational analyses of scRNA-seq and spatial transcriptomics. D, Spatial feature plots of the average score of
the top 30 marker gene expression in each cardiac fibroblast (CF) cluster. White arrowheads indicate focally upregulated CF4—6 marker gene
expression spots in Ctr-HFpEF mice. E, Upregulated spot of CF5 marker gene expression and Sirius red (SR) staining in Ctrl-HFpEF mice.

SR staining of serial sections for spatial transcriptomics shows the colocalization of CF5 marker gene expression and perivascular fibrosis. F,
Immunohistochemistry of Tomato, Postn, and DAPI in Ctrl-chow, TTg-chow, Ctrl-HFpEF, and TTg-HFpEF mouse hearts at 15 weeks. Quantitative
analysis for the Postn* areas is shown (n=6 independent biological replicates). All data are presented as the meantSEM. *F<0.01 vs the relevant
control using 1-way ANOVA followed by Tukey multicomparisons test. Scale bars represent 100 pm (E) and 50 pm (F). HFpEF indicates heart
failure with preserved ejection fraction; scRNA-seq, single-cell RNA sequencing; and SEM, standard error of the mean.
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Figure 6. Gata4 overexpression can improve cardiac function and fibrosis in HFpEF.

A, Schematic of pMX-Cre transduction in mouse fibroblasts to induce the expression of a single factor (SF-G, M, T, H) or 4 factors (MGTH2A)
through Cre-mediated recombination. B, Relative mRNA expression of reprogramming factors (Gata4, Mef2c, Tbx5, and Hand2) and fibrosis-
related genes (Collal, Fn1, and Postn) 1 week after transduction (=3 independent biological replicates). C, FACS analysis for cTnT (cardiac
troponin T) expression in mouse embryonic fibroblasts transduced with pMX-Cre after 1 week. Quantitative data are shown (n=5 independent
biological replicates). D, Strategy for Gata4, Mef2c, or MGTH overexpression using double transgenic mice generated by crossing Tcf21 mice
with SF mice (SF-G, or M) or MGTH2A mice. TAM administration induces Gata4, Mef2c, or MGTH2A expression in Tcf21-expressing resident
CFs in vivo. Right, Experimental scheme of TAM and HFD+L-NAME treatment. Hearts were harvested 10 weeks after treatment initiation

(5 weeks after TAM administration). E, E/A ratio and E/E' ratio were serially quantified in the indicated groups (n=8 independent biological
replicates) using echocardiography. F, Quantitative analyses of LVEDP and EDPVR (n=5 independent biological replicates). G, Running distance
during treadmill test (h=8 independent biological replicates). H, Representative images of Sirius red (SR) staining of the left ventricle of each
group. Quantitative analysis for the fibrotic area (n=6 independent biological replicates) is shown. All data are presented as the mean+SEM.
“F<0.05, *R<0.01 vs the relevant control using 1-way ANOVA followed by Dunnett multicomparisons test (B and C) and 1-way ANOVA followed
by Tukey multicomparisons test (F through H). *P<0.01 vs Ctrl-HFpEF using 2-way ANOVA followed by Tukey multicomparisons test (E). ns, Not
significant. Scale bars=50 pm. EDPVR indicates end-diastolic pressure-volume relationship; HFpEF, heart failure with preserved ejection fraction;
LVEDP, left ventricular end-diastolic pressure; SEM, standard error of the mean; and TAM, tamoxifen.
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of Gata4 overexpression, BrdU* proliferative CFs were
reduced in SF-G-HFpEF mice compared with those
in Ctrl-HFpEF mice, whereas TUNEL* apoptotic CFs
were unchanged (Figure S9A and S9B). POSTN was
expressed in the perivascular area along with Tomato*
CFs in the Ctrl-HFpEF, whereas this expression was
significantly reduced in SF-G-HFpEF, although the pres-
ence of Tomato* CFs was detected (Figure SO9C and
S9D). Capillary density, reduced in Ctrl-HFpEF mice, was
recovered in SF-G-HFpEF mice without altering large-
vessel diameter (Figure SOE through S9H). Thus, over-
expression of a single factor, Gata4, could sufficiently
reduce fibrosis and improve HFpEF.

Gata4 Inhibited CF Activation by Suppressing
Meox1

Subsequently, we investigated the molecular mechanism
underlying Gata4-induced antifibrotic effects in HFpEF.
MEOXT1 acts as a major regulator of CF activation, and
antifibrotic effects of in vivo cardiac reprogramming
through MGTH overexpression in chronic M| are medi-
ated through suppression of Meox1; however, it remains
unknown whether overexpression of Gata4 alone can
suppress Meox1 to reduce fibrosis. If so, the mechanism
through which Gata4 regulates Meox1 expression in CFs
needs to be elucidated.” Reverse-transcription quanti-
tative polymerase chain reaction results revealed that
Meox1 was significantly upregulated in HFpEF ventricles,
whereas this expression was downregulated not only in
MGTH2A-HFpEF but also in SF-G-HFpEF, suggesting
Gata4 overexpression alone suppressed Meox 1 in HFpEF
(Figure 7A). In vitro-experiments revealed that small inter-
fering RNA (siMeox1)-mediated-suppression-of Meox 1
reduced the mRNA expression-of Acta2 (alpha-smooth
muscle actin [aSMA]), a marker of activated fibroblasts, in
adult mouse CFs treated with TGFf (Figure 7B and 7C).
Gatad overexpression with Sendai virus vectors (SeV-
Gata4) also suppressed Meox1 and Acta2 expression in
mouse CFs. The addition of siMeox1 to SeV-Gata4 did
not further downregulate Meox7 and Acta2 expression
(Figure 7C). Moreover, immunocytochemistry revealed
that siMeox1 and SeV-Gata4 reduced aSMA expression
in mouse CFs treated with TGFf, and that the addition
of siMeox1 to SeV-Gata4 did not further reduce aSMA,
suggesting that Gata4 suppressed CF activation mainly
through Meox1 inhibition (Figure 7D). GATA4 was found
to directly repress noncardiac gene programs in the de-
veloping heart by recruiting a chromatin remodeling com-
plex repressing gene expression.?® To investigate whether
Gata4 can directly suppress Meox1 expression, we ana-
lyzed Gata4 binding sites and H3K27ac expression, an
active histone mark, at the enhancer regions of the Meox1
gene using publicly available chromatin immunoprecipita-
tion followed by sequencing data of control and MGTH-
transduced fibroblasts.?* Gata4 was bound directly to the

Circulation. 2024;151:00—00. DOI: 10.1161/CIRCULATIONAHA.123.067504

Gata4 Overexpression Improves HFpEF

enhancer regions of Meox 1, where H3K27ac peaks were
significantly suppressed in MGHT-transduced fibroblasts
(Figure S10A). These results suggest that Gata4 overex-
pression can directly suppress Meox1 through epigenetic
silencing to inhibit the fibroblast program.

We next analyzed whether fibroblast activation and
repression may affect cardiomyocyte function. To deter-
mine the paracrine effects of CFs on cardiomyocytes,
we cultured CFs treated with or without TGFp and col-
lected conditioned media after 3 days. Then, neonatal rat
cardiomyocytes were treated with collected conditioned
media for 2 days (Figure S10B). Compared with Ctrl CF-
conditioned media, TGFp-treated CF-conditioned media
significantly induced cardiomyocyte hypertrophy. Con-
ditioned media from CFs treated with TGFf3 and SeV-
Gata4 markedly suppressed cardiomyocyte hypertrophy,
suggesting CFs can affect cardiomyocyte function in a
paracrine manner (Figure S10C).

Finally, we determined whether Gata4 overexpression
also induced antifibrotic effects in TGFB-treated human
CFs (Figure 7E). Gata4 overexpression significantly
downregulated the expression of profibrotic and TGFB1-
related genes, including ACTAZ, gol1A1, POSTN, TGFBI,
CTGF, and MEOX1, in human"‘@@}é.ﬁ{ﬁfﬁijbnunocytochemis—
try showed that SeV-Gata4 reduced aSMA-positive CFs,
suggesting that Gata4 also induced antifibrotic effects in
human CFs (Figure 7F and 7G).

DISCUSSION

HFpEF is a major health problem and a leading cause
of mortality worldwide. Although cardiac fibrosis may be
a promising target to-treat HFpEF, the mechanisms of
fibrosis in HFpEF remain unclear, and no effective thera-
pies-targeting fibrosis-have been-established.?® Here, we
demonstrated that MGTH overexpression in resident CFs
ameliorated pathological changes and improved diastolic
dysfunction in HFpEF. scRNA-seq and spatial transcrip-
tomics revealed that profibrotic transcriptional changes
were induced in multiple CF clusters, leading to diffuse
interstitial fibrosis, whereas distinct CF clusters contrib-
uted to perivascular fibrosis in HFpEF. These fibrotic
changes can be reversed with cardiac reprogramming.
Among 4 cardiac reprogramming factors, overexpression
of Gata4 could sufficiently improve cardiac function and
reduce fibrosis in HFpEF.

HFpEF pathogenesis involves multiple pathophysi-
ological changes, such as cardiac hypertrophy, fibrosis,
inflammation, metabolic stress, and capillary loss."'? Car-
diac fibrosis can be an underlying cause and result of
these changes, thereby creating a feed-forward loop of
disease progression.*'® CFs interact with multiple cell
types, including cardiomyocytes, ECs, immune cells, and
smooth muscle cells, and our CellChat analysis revealed
the interactions between CFs and ECs through VEGF-
VEGFR and Angptl4-Cdhb signaling.?® Gata4 expression
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Figure 7. Gata4 overexpression suppresses cardiac fibroblast activation through Meox1 inhibition.

A, Relative mRNA expression of Meox1 in mouse ventricles in the indicated groups (n=6 independent biological replicates). B, Schematic
representation of the protocol for Meox1 knockdown (siMeox 1) and Gata4 overexpression (SeV-Gata4) in adult mouse cardiac fibroblasts (CFs)
treated with TGF-f. RT-gPCR (C) and immunocytochemistry (D) were performed after 3 days. C, Relative mRNA expression of Meox1 and Acta2
in the indicated groups (n=4 independent biological replicates). D, Inmunocytochemistry for aSMA and DAPI. Both Gata4 transduction and
Meox1 knockdown reduce the formation of aSMA-positive stress fibers in TGFp-treated CFs after 3 days. Quantitative analysis of fluorescence
intensity normalized by cell number is shown (n=5 independent biological replicates). E, Schematic representation of the protocol for Gata4
overexpression in human CFs. CFs were infected with SeV-Gata4 and treated with TGF-B1. RT-gPCR (F) and immunohistochemistry (G) were
analyzed at 3 days after SeV-Gata4 transduction. F, Relative mRNA expression of fibrosis- and TGF pathway-related genes was measured
using RT-gPCR (n=3 independent biological replicates). G, Inmunofluorescence staining of aSMA and DAP! in human CFs. Quantitative analysis
of fluorescence intensity normalized by cell number is shown (n=5 independent biological replicates). All data are presented as the meantSEM.
*P<0.05, *F<0.01 vs the relevant control by 1-way ANOVA followed by Tukey multicomparisons test. ns, Not significant. Scale bars=100 pm.
aSMA indicates alpha-smooth muscle actin; RT-qPCR, reverse-transcription quantitative polymerase chain reaction; SEM, standard error of the
mean; and TGFP, transforming growth factor f.
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in cardiomyocytes has been shown to induce angiogen-
esis through VEGF expression in the mouse heart,”
suggesting such proangiogenic signaling may increase
the capillary density in MGTH- and SF-G-HFpEF mice.
However, because our cell isolation protocol selected
viable cells, cell types sensitive to cell death may not be
detected in sufficient numbers in scRNA-seq analysis,
obscuring the exact cell composition. Despite this limi-
tation, it is conceivable that the relative changes in cell
composition and cell-cell interactions between differ-
ent samples were not affected, given that the cells were
treated using the same protocol.?®

The fibrotic area was increased to approximately
3% in HFpEF mouse ventricles, which was reduced to
approximately 1.5% by MGTH or Gata4 expression in
CFs (Figures 2H and 6H). Furthermore, the amount of
fibrosis was well-correlated with diastolic dysfunction in
HFpEF mice, although the level of fibrosis in HFpEF was
generally modest. Pathophysiologically relevant cardiac
fibrosis below the limit of detection of standard histo-
chemical staining may also contribute to diastolic dys-
function in HFpEFR as reported recently.® Further studies
using mass spectrometry and atomic force microscopy
are required to evaluate the effects of such hidden fibro-
sis? Alternatively, as increased myocardial stiffness
in patients with HFpEF is determined by ECM fibrillar
collagen and cardiomyocyte structures,* fibrosis, car-
diomyocyte hypertrophy, and cardiomyocyte stiffness
caused by titin dysregulation may contribute to diastolic
dysfunction. Cardiomyocyte hypertrophy and myocardial
relaxation were improved in MGTH- and SF-G-HFpEF
mice. Reportedly, activation of TGF signaling induces
not only fibrosis-but also-cardiac hypertrophy, -whereas
TGFp suppression-amelioratesthese changes.in mice.
33 Consistently, we found that cardiomyocyte hypertrophy
was induced in TGFB-treated CFs in a paracrine manner,
whereas Gata4 overexpression in CFs suppressed CF
activation and cardiomyocyte hypertrophy, suggesting
that CF-cardiomyocyte interaction may also contribute to
the diastolic dysfunction in HFpEF.

After M, the formation of extensive fibrosis (scar tis-
sue) is induced by the cell state transition of quiescent
CFs to myofibrotic CFs, which produce ECM and replace
myocardial loss.2'® Cardiac reprogramming can reverse
profibrotic CF transition and thereby reduce fibrosis in
ML In contrast, interstitial and perivascular fibrosis is
slowly generated in HFpEF in response to chronic stress.
Based on our scRNA-seq results, there were no signifi-
cant alterations in relative ratios of CF clusters in HFpEF
or after cardiac reprogramming. Expression of multiple
ECM genes and ECM scores was upregulated in mul-
tiple CF populations in HFpEF, which was reversed with
cardiac reprogramming. Accordingly, our results indicate
substantial diversity in the mode of CF activation and
fibrosis depending on the cardiac disorders, such as Ml
and HFpEF. CF cell state transition likely accounts for

Circulation. 2024;151:00—00. DOI: 10.1161/CIRCULATIONAHA.123.067504

Gata4 Overexpression Improves HFpEF

replacement fibrosis to prevent ventricular wall rupture
after Ml, whereas profibrotic transcriptional changes in
multiple CF clusters mainly contribute to interstitial/peri-
vascular fibrosis in HFpEF. However, the possibility that
CF cell state transition occurs in HFpEF at different time
points or below the detection limit of our scRNA-seq
analysis cannot be excluded.

Combining scRNA-seq and spatial transcriptomics
revealed additional mechanisms for generating interstitial
and perivascular fibrosis in HFpEF. The spatial feature
plots of gene expression scores in multiple CF clusters
were diffusely upregulated in HFpEF ventricles, suggest-
ing that these clusters primarily contribute to interstitial
fibrosis. Conversely, the expression of POSTN-expressing
profibrotic CF populations was focally upregulated in
HFpEF hearts, corresponding to perivascular fibrosis.
These profibrotic changes were reversed by overexpres-
sion of MGTH and Gata4 in CFs. Mechanistically, we found
that Gata4 may directly bind to the enhancer regions of
Meox1, a key regulator of fibrosis, to repress fibrosis. To
the best of our knowledge, this is the first study to dem-
onstrate that distinct CF clusters differentially contribute
to interstitial and perivascular fibsgsis in HFpEF.

This study has some Iimitaﬁé‘ﬂi@. Fitst, only male mice
were used, and the effects in female mice were not ana-
lyzed.'®%* Second, the effects of cardiac reprogramming
and regeneration in HFpEF remained unclear; however,
the -number of iICM generations-was limited with car-
diac reprogramming, and only Gata4 overexpression
improved HFpEF without generating iCMs, suggesting
that improved HFpEF was mainly mediated by antifi-
brotic effects in this model.

Overall;-cardiac-reprogramming. reduces fibrosis in
HFpEF ventricles, improving diastolic' dysfunction and
cardiac performance. Gata4 overexpression also reduces
fibrosis and improves HFpEF. Consistently, Gata4 over-
expression has ameliorated fibrosis after Ml and in the
liver.353 For future clinical application of in vivo repro-
gramming, overexpression of only one factor, Gata4,
would be technically simpler than expressing all 4 MGTH
factors simultaneously with high efficiency. Moreover, CF
state modification mediated through Gata4 overexpres-
sion may be a safer strategy than CF ablation using anti-
fibrotic chimeric antigen receptor (CAR) T cells, which
may induce inflammation in the heart.'"3” Although the
development of CF-specific vectors may be critical for
clinical application,® in vivo gene transfer of Gata4 may
be a promising approach for reducing fibrosis and treat-
ing HFpEFR
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