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OVERLINE:

One Sentence Summary:

Regulatory T cells mitigate cardiac fibrosis and dysfunction in familial hypertrophic cardiomyopathy by
modulating chronic inflammation.

Editor’s summary:

Abstract

Hypertrophic cardiomyopathy (HCM) is a common, serious, genetic heart muscle disorder. Although the
biophysical mechanisms by which gene variants in sarcomeric proteins disrupt cardiomyocyte function are largely
understood, the cellular and molecular pathways leading to the complex, variable and adverse remodeling of the
non-myocyte compartment are unexplained. Here we report that post-mortem and explanted human HCM hearts
exhibited chronic focal leukocyte infiltration and prominent activation of immune cells. Gene set enrichment
analysis (GSEA) revealed that active immune responses were present in the mid- and late-stage HCM human
hearts and in mouse hearts from several HCM mouse models. The alpha actin cardiac 1-E99K (Actc1%°%) HCM
mouse model was selected for the study because it closely recapitulates the features of progressive remodeling
and fibrosis seen in advanced disease in patients. Genetic depletion of lymphocytes in recombination activating
gene 1 — knockout (Rag-1%°) mice led to marked exacerbation of adverse cardiac remodeling in the ActcI®%
mice. Detailed characterization of cardiac regulatory T cells (Tregs) demonstrated a time-dependent increase in
ActcI™X hearts with altered immunosuppressive profiles. Adoptive transfer of splenic Tregs reduced cardiac

fibrosis and improved systolic dysfunction in Actc1%%

mice with or without lymphocytes. In addition, low dose
interleukin-2 (IL-2)/anti-IL-2 complex (IL-2/c), which specifically induced Treg expansion in vivo, significantly
ameliorated cardiac fibrosis and reduced macrophage infiltration and activation in Actc/®** mice. These data

contribute to our understanding of HCM and support the use of Tregs as a clinically testable therapeutic strategy

for cardiac fibrosis in the HCM heart.
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INTRODUCTION

Familial hypertrophic cardiomyopathy (HCM) is an autosomal dominant disease characterized by unexplained
hypertrophy of the ventricle, myocyte disarray, and fibrosis (/, 2). Although often asymptomatic, HCM can cause
sudden cardiac death (SCD) in the young and a high burden of heart failure in later life (3, 4). The discovery of
sarcomere mutations has shed light on the cause of the disease (5-7). Hundreds of HCM-causing mutations in
nine principal sarcomeric genes have been identified during the last three decades. Affected individuals are
heterozygous, with a single pathogenic variant causing their cardiomyopathy. Thus it is now understood that
pathogenic variants in sarcomere protein genes that evoke hypercontractility, poor relaxation, and increased
energy demand by the heart, are the predominant cause of familial HCM (8-72). Although sarcomeric mutations
and their biophysical consequences for the cardiomyocyte are clearly key initiators of the disease, downstream
events in the non-cardiomyocyte compartment of the heart are very likely to be responsible for many important
aspects of the disease phenotype (/3-15). HCM is characterized by progressive tissue remodeling with prominent
interstitial and focal fibrosis (16, /7). This is a major contributor to the mechanical dysfunction seen in advanced
stages of HCM, and measures of myocardial scar burden by magnetic resonance imaging (MRI) are strong
predictors of adverse outcome (78, 19). In a subset of patients, this remodeling leads to a ‘burned out’ stage of
HCM with declining contractility and a very poor outlook (20, 27). Understanding the drivers of the remodeling
process in HCM will be important for future strategies for disease-modifying therapies. Current approaches,
including allosteric myosin modulators (22) and approaches to correct the underlying genetic defects (23, 24),
will only address cardiomyocyte dysfunction; without therapy to halt or reverse fibrosis, functional improvement

in established disease is likely to be limited.

Among the diverse cell types in the non-cardiomyocyte compartment of the heart, a promising candidate
contributing to this remodeling is the immune cell. Immune cells often work to maintain organ homeostasis (repair
and regeneration) at tissue barriers such as the lung, gut, and skin. However, immune cells may also have
maladaptive consequences for cardiac homeostasis. As an illustration, cardiac macrophages serve as ‘scavengers’

3
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clearing whole or components of injured cells by its surface receptor MER Proto-Oncogene, Tyrosine Kinase
(MERTK) (25) or ‘conductors’ through their physical contact with pace-maker cells by Connexin 43 at the
atrioventricular (AV) node to maintain cardiac rhythm (26). In other circumstances, pro-fibrotic and pro-
inflammatory macrophages may infiltrate myocardial tissue and exacerbate cardiac injury (27). Similarly,
lymphocytes may also have diverse and divergent roles in cardiac diseases. T cells are thought to be detrimental
in autoimmune myocarditis (28) and heart failure (29). Tregs, on the other hand, are potent suppressors of the
immune response, driving immune tolerance and suppressing unwanted inflammation (30). Unlike other cardiac
disorders where inflammation is known to play a role, relatively little is known about the immune landscape and
immune response in HCM. Low grade inflammation has been reported in patients with an HCM-causing mutation
DI175N in the a-tropomyosin gene (37). Recent single nucleus RNA-seq studies confirmed the existence of

various immune cells in the heart (32, 33).

Here we demonstrate focal infiltration of immune cells, and active immune responses, in late-stage HCM human
hearts. Similar features were seen in four different HCM mouse models using gene set enrichment analysis
(GSEA) and Pathway RespOnsive GENes (PROGENYy) analysis (34). Among those models, we employ the
cardiac actin Actc /%% HCM mouse model that reproduces not only common pathogenic features, such as higher
calcium sensitivity and actin-activated adenosine triphosphatase (ATPase) activity, seen in HCM caused by other
sarcomeric gene mutations, but also apical fibrosis and prominent remodeling processes that are notable features
in human subjects bearing the same gene variant. Similar findings were confirmed in the Actc/*°* HCM mouse
and late-stage human HCM hearts, including adverse tissue remodeling and fibrosis, cardiac dysfunction, immune
cell infiltration, and an RNA signature of upregulated immune response pathways. We therefore went on to
perform longitudinal and intervention studies to understand the role of immune response in adverse remodeling

using the HCM mouse model.

RESULTS



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Focal infiltration and chronic inflammation in human HCM hearts

To investigate the frequency, pattern, and degree of immune cell infiltration in a broad set of patients with HCM,
and to compare these with normal heart failure and myocarditis hearts, we screened 39 post-mortem or explant
heart samples using immunohistochemistry. The baseline characteristics of selected cases are documented in table
S1. All cases of HCM showed increased heart weight with associated fibrosis (table S1) whereas most cases of
myocarditis showed no change in heart weight and fibrosis when compared to controls with similar body mass
index (BMI). Immune cells, including CD3" T cells, CD11b" myeloid cells, and CD68" macrophages, were
present in clusters in both the epicardium and mid-wall of most of the HCM and myocarditis cases but not in heart
failure cases (Fig. 1, A to C). Although there were fewer infiltrating immune cells in HCM than those in
myocarditis cases, a significant increase (two to four fold) was noticeable in HCM hearts when compared to

healthy controls (Fig. 1, D to F).

To investigate immune cell activation in human HCM hearts, we performed GSEA on publicly available single-
nucleus RNA sequencing (snRNA) data. This included tissue from septal myectomy in patients with obstructive
HCM (mid-stage disease with high contractility) and explants from healthy donors (33), as well as left ventricle
samples from end-stage failing HCM hearts and non-failing controls (32). In myectomy samples, GSEA revealed
upregulation of extracellular matrix remodeling and immunological pathways in non-cardiomyocytes (Fig. 1G).
End-stage failing HCM hearts showed downregulation of oxidative phosphorylation and significant alterations in
fibrotic and immunological pathways across multiple cell types, including cardiomyocytes (Fig. 1G). Several
hallmark gene sets (35) were significantly enriched in immune cells from failing HCM hearts. These gene sets or
pathways, including Interferon-alpha and -gamma (IFN-o and IFN-y) responses, tumor necrosis factor-alpha
(TNF-a) Signaling By nuclear factor kappa B (NFxB), Allograft Rejection, Inflammatory Response, and
Complement, suggest an active immunological response is part of the disease process. Similar pathways were

also enhanced to varying extents in other non-myocyte cells and cardiomyocytes, in keeping with a broadly pro-
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inflammatory milieu (Fig. 1G). These findings highlight inflammation as a contributor to progressive remodeling

from early stages, with chronic focal immune cell activation becoming prominent in later-stage HCM.

Similar RNA signature across HCM mouse models

To understand the temporal progression of HCM at the macroscopic and cellular levels, we employed the
Actc1®°%" HCM mouse model, which not only recapitulates specific features of patients with the corresponding
mutation (predominantly apical fibrosis and hypertrophy) (36) but also covers a spectrum of clinically relevant
cardiac phenotypes with mild left ventricular hypertrophy (LVH), risk of sudden death and a marked tendency to
adverse cardiac remodeling leading to heart failure. To ensure that our findings in this model were representative,
we analyzed RNA profiles from four established HCM mouse models using GSEA and PROGENy on bulk RNA-
seq data. The ActcI®°% model is a transgenic line backcrossed onto a C57BL/6 background (37), demonstrating
progressive hypertrophy and fibrosis from one to over twelve months, with systolic function initially preserved
at 5 weeks but later reduced. The cardiac myosin heavy chain o - R403Q/+ and R719W/+, (a-Mhc **** and o-
Mhc ®W) models were generated on a 129/SyJ background by homologous recombination and, by 35 weeks,
show cardiac hypertrophy, mild fibrosis, and diastolic dysfunction with preserved systolic function, mimicking
typical HCM pathology (15, 38, 39). The cardiac troponin T2 — R92W (TnT ®?V) model, a transgenic line
backcrossed to C57BL/6 background for six generations, exhibits a threefold increase in fibrosis by 24 weeks

with preserved systolic function and no hypertrophy (40, 41).

GSEA revealed common downregulation of oxidative phosphorylation and upregulation of epithelial-
mesenchymal transition hallmark gene sets across all models, with largely shared immune-related pathways such
as TNF-a Signaling By NFkB, IFN-a and y responses, Inflammatory responses, interleukin-6 (IL-6)-Janus kinase
(JAK)-signal transducer and activator of transcription 3 (STAT3) and interleukin-2 (IL-2)- STATS Signaling,
Complement, and Allograft Rejection (Fig. 2A). PROGENYy analysis, a computational tool used to infer pathway
activity (34), confirmed consistent upregulated activity of Transforming Growth Factor-beta (TGF-f), Epidermal
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Growth Factor Receptor (EGFR), Phosphoinositide 3-Kinases (PI3K), Hypoxia, and JAK-STAT pathways,

showing consistency across the models (Fig. 2, B and C).

Relationship between immune cells and progressive remodeling in Actc1%%°X hearts

Post-weaning ActcI®°% mice (4 to 6 weeks) exhibited apical hypertrophy and fibrosis with no changes in left
ventricle posterior wall thickness (LVPW:d), ejection fraction (EF%), and left atrial (LA) size (Fig. 3, A to D and
fig. S1, A to I), which represents an early stage of HCM with preserved systolic function. Entering adolescence
and early maturation (8 to 24 weeks), ActcI***% mice underwent adverse tissue remodeling, not only in the apex
with enhanced hypertrophy and fibrosis, but extended to other parts of the heart, including LV wall thickening,
LV fibrosis, reduced EF%, and dilated LA (Fig. 3, A to D and fig. S1, A to I). This reflects the progression
towards the advanced stage of HCM with reduced EF%. A marginal but significant accumulation of CD45"
immune cells emerged from approximately 10 weeks and continued to increase to three-fold at 24 weeks in
Actc1®X hearts (Fig. 3E). Mature ActcI®°% mice (24 to 36 weeks) showed slower exacerbation in cardiac
hypertrophy, fibrosis, EF%, and LA dilatation (Fig. 3, A to D and fig. S1, A to I). However, immune cells almost
doubled in ActcI®°% hearts during the same period (Fig. 3E). No such changes were noticed in non-transgenic
littermate wildtype animals (ActcINTS). From middle age onwards (> 40 weeks), ActcI®% mice entered an
accelerating phase of substantial hypertrophy and fibrosis in all regions with further reduced EF% and marked
LA dilatation (Fig. 3, A to D and fig. S1, A to I), which represents the end stage of HCM. At a year, as in patients,
Actc ™% hearts were characterized by prominent immune cell infiltration when compared to their age-matched
controls (Fig. 3E). These data described a dynamic relationship between immune cell accumulation and

progressive adverse remodeling in ActcI™°% hearts.

Dynamic and active immune profile in Actc1%%°X hearts

Longitudinal immunophenotyping of ActcI®% hearts revealed dynamic changes of individual immune cell

populations. The overall myeloid cells increased gradually for the first 36 weeks, followed by a sharp increase

7
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thereafter, whereas lymphocytes maintained a consistent 3 to 4-fold increase (Fig. 4, A to D). Nevertheless, cells
from the myeloid lineage exhibited distinct temporal changes. For example, CD11b" F4/80" macrophages were
the major early responsive immune cells (Fig. 4, E and F). Monocytes were the most representative of myeloid
cells (Fig. 4G). Dendritic cells (DCs), the classic antigen presenting cells (APCs), increased concomitantly with
T cells, which correlated closely with the progression of adverse remodeling in ActcI®*% hearts (Fig. 4H).
Increased numbers of neutrophils and eosinophils (Fig. 4, I to K) were found in the late stage, likely marking the
loss of tissue homeostasis. Unlike others, natural killer cells peaked during maturation, followed by a decline
afterwards (Fig. 4L). The flow cytometric gating strategy for cardiac immunophenotyping is exemplified in fig.
S2A. No changes of CD45" immune cells were observed in spleen, blood, bone marrow, lung, or skeletal muscle
from ActcI®*°% mice (fig. S2B). Cell DIVE imaging illustrated the presence of clustered CD45" immune cells in

the fibrotic area of the Actc1®°% heart (Fig. 4M).

We also observed the upregulation of cytokines and chemokines in Actc % hearts at mRNA and protein levels
(fig. S3, A and B). These include CCL2, CCL3, CXCL1, CXCL2, and CXCL10, which support the observation
of infiltrative immune cells. In addition, several classic pro-inflammatory and pro-fibrotic factors, including IL-
1B, IL-6, IL-33, and TGF-B1, were augmented (fig. S3, A and B). No changes were detected for IL-2, IL-4, IL-
5, and IL-10 at protein level (fig. S3B). These data provided evidence of an active and progressive inflammatory

response in Actc 1% hearts.

Worsen cardiac fibrosis and dysfunction in Actc1%%°X hearts without lymphocytes

Lymphocyte activation has been implicated in mouse models of autoimmune myocarditis (28), heart failure (29),
and dilated cardiomyopathy (42, 43). To investigate the role of lymphocytes in HCM, we generated an HCM
mouse model with lymphocyte deficiency (dctcI®% Rag-1%°). We employed late gadolinium enhancement
(LGE)-cardiac magnetic resonance (CMR) imaging to monitor the development of LV fibrosis and wall thickness

in live mice. Diffuse fibrosis in LV mid-wall was documented in ActcI"°% mice at 24 weeks, which was further

8
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enhanced in age matched Actc1®°% Rag-1%° mice (Fig. 5A). Apical fibrosis was detected using Sirius Red or
Masson Trichrome staining in a long axis setting. Fibrosis analysis of individual regions confirmed that Actc 1%
Rag-1%° mice exacerbated LV, but not apical or atrial fibrosis (Fig. 5, B to E). This was accompanied by further
thickening of the LV mid-wall, reduced EF% and elevated end diastolic pressure but not overall cardiac

hypertrophy (Fig. 5, F to I). This exaggerated remodeling presented as early as 10 weeks (fig. S4, A to D).

More myeloid cells were found in Rag-1%° mice when compared to ActcIN'C, presumably as a compensatory
mechanism for the loss of adaptive immunity (fig. S4E). Of note, this myeloid cell accumulation alone did not

1% mice. In fact, the myeloid

result in excessive fibrosis (Fig. 5A) nor systolic dysfunction (fig. S4A) in Rag-
lineage further expanded in ActcI®% Rag-1%° mice when compared to Rag-1%° mice (fig. S4E). In addition,
bulk RNA-seq analysis suggested further upregulated inflammatory and downregulated metabolic pathways in
ActcI®*% Rag-1%© hearts when compared to Actc1¥°% hearts (fig. S4F). These data suggest that the activation of
accumulated myeloid cells in response to mutant cardiomyocytes may explain excessive LV fibrosis and

exacerbated systolic dysfunction found in Actc1¥°% Rag-1¥° hearts. Importantly, this experiment implicates one

or more member(s) of the lymphoid lineage in protecting against cardiac fibrosis and dysfunction in HCM hearts.

Enrichment of functionally altered Foxp3* Tregs in HCM hearts

Tregs are a well characterized lymphocyte subset with potent immunosuppressive function (30). To date, the role
of Tregs in HCM has not been investigated. A higher frequency of Tregs in CD4" T cells was observed in the
heart using flow cytometry, but not the lung or skeletal muscle from Actc1%°% mice, suggesting that Tregs only
accumulated at the site of inflammation (Fig. 6A). This accumulation was progressive in the heart, at least from
24 weeks onwards (Fig. 6B). Further analysis found that Tregs from approximately 40 weeks ActcI®% hearts
exhibited higher expression of CD44, CD25, inducible T-cell co-stimulator (ICOS), and programme cell death
protein 1 (PD-1), suggesting that they were recruited and activated. Although GATA-binding factor 3 (GATA-
3), a known transcription factor for Treg tissue-retention (44), was elevated, no additional increase of

9
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immunosuppressive cytokines (TGF-B1 and IL-10) were found (Fig. 6C and fig. S5, A to K). No pro-

inflammatory markers were noted (fig. S5, L, M, and P).

Next, we investigated the gene profile of Tregs from ActcI®% and ActcINTC hearts using single cell RNA-seq.

Cardiac Tregs from 45 weeks ActcINT6

mice showed a classic Treg gene signature, including Foxp3, lkzf2, Gata3,
Ctlad4, Tgfbl, 1l10ra, and Ebi3 (Fig. 6D). In comparison to conventional CD4" T cells (Tconv), cardiac Tregs
from ActcINTC mice were in an active state with higher expression of transcriptional factors related to
immunosuppression (for example, Nrpl, Nr4al, and Gata-3), elevated activation markers (for example, Icos,
Cd69, Klirgl, Ifnarl, and Il1rl1), enhanced metabolic manipulation markers (for example, //2ra, and Entpdl),
increased inhibitory cytokines (for example, Tgfbl, 1l10ra, and Ebi3), boosted cytolysis (for example, Gzmb),
and uplifted immune checkpoints (for example, Ctla4, Tigit, Havcr2, and Tnfrsf18). Compared to their counterpart
from ActcINTC hearts, cardiac Tregs from ActcI®% exhibited reduced expression of immunosuppression
associated transcriptional factors (for example, Nrpl, Nr4al, and Gata-3), decreased activation markers (for
example, Cd69, Kirgl, Ifnarl, and 1l1rll), diminished metabolic manipulation (for example, //2ra), reduced

inhibitory cytokines (for example, Tgfbl, Il10ra, and Ebi3), and less cytolysis (for example, Gzmb), but

upregulated immune checkpoints, including Ctla4, Tigit, Havcr2, and Lag3.

A similar pattern was observed in cardiac Tregs from patients with end-stage HCM when compared to non-failing
controls using the snRNA data from the public domain. Again, control Tregs showed basal activity of Treg
function including FOXP3, IKZF2, GATA-3, ICOS, IL2RA, ENTPDI, TGFBI, ILIORA, CTLA4, TIGIT, and
PDCDI (Fig. 6E). HCM Tregs exhibited reduced expression of genes in metabolic manipulation and inhibitory
cytokines, but upregulated expression of those in immune checkpoints. These data suggested that cardiac Tregs

may alter mechanism(s) for action during chronic inflammation in HCM mouse and human hearts.

Ameliorated cardiac fibrosis and dysfunction following adoptive transfer of Tregs
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We next investigated whether Treg enrichment could be beneficial to HCM hearts. In brief, live splenic CD4"
Foxp3* Tregs sorted from wildtype donors were adoptively transferred into either Actc1¥°% Rag-1%° or Rag-1¥°
recipient mice twice in 8 weeks. A significant reduction of EF% was already present in Actc1®% Rag-1%° mice

when compared to Rag-1%°

mice at 24 weeks of age, followed by a gradual decline within the study period (Fig.
7A). No such change was noticed in Rag-1%° mice. EF% was significantly improved in those Actc1®°% Rag-1%°
mice with Tregs after 3 weeks when compared to those with PBS vehicle and continued to improve up to 8 weeks
when compared to pre-transfer echo baseline in the same group (Fig. 7A). LV end systolic volume (LVESV)
reciprocated the trend of EF% in Actc1®°% Rag-1%° mice, which was largely rescued with the addition of Tregs
(Fig. 7B). No such changes were noticeable in LV wall thickness or LA size (Fig. 7, C and D). Further analysis
indicated that this approach diminished apical and LV fibrosis by at least 50% without altering overall cardiac
hypertrophy (Fig. 7, E to G and fig. S6A). These data demonstrate that Tregs can ameliorate cardiac fibrosis and

improve contractile function but not ventricular hypertrophy or LA dilatation in Actc1*°% Rag-1%° mice, probably

in a lymphocyte-independent manner.

We next investigated the effect of Tregs adoptive transfer in the presence of lymphocytes in ActcI°°% mice. The
result indicated that Treg enrichment could indeed prevent further deterioration in contractile function (Fig. 7, H
and ) with no impact on LV wall thickness nor LA size (Fig. 7, J and K) and reduce apical and LV fibrosis (Fig.
7, L to N) without any impact on cardiac hypertrophy (fig. S6D). These data suggests that Treg enrichment may

be a therapeutic strategy for patients with HCM.

Suppressed macrophage activation and limited fibrosis by IL-2 therapies

To examine the therapeutic potential of Treg therapy, IL-2/IL-2 mAb complex (IL-2/c)-induced Treg expansion
in vivo was tested in ActcI®% mice. Low dose IL-2 therapy has been reported in clinical trials to treat

autoimmune and rheumatic diseases through its ability to expand Treg numbers and boost their activity to suppress
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unwanted inflammation (45). We chose the low dose IL-2/c protocol to specifically and maximally expand

immunosuppressive Tregs in vivo (46).

Preliminary data indicated that low dose, high frequency IL-2/c sufficiently boosted Treg numbers in the heart,
the spleen, and mediastinal lymph nodes (fig. S7A). This effect was dose-dependent (from 0.375, 0.75, to 1.5 ug
of recombinant mouse IL-2/c, rmIL-2/c), which gave rise to 30%, 50%, and 70% of Tregs in cardiac CD4" T
cells, respectively (fig. S7, B to D). However, even the very low dose of rmIL-2/c (0.375 ng) resulted in elevated
lung and spleen weight (but not heart weight) with labored breathing in ActcI®°% mice but not ActcINTC mice
within three weeks of treatment (fig. S7, E to G). This suggests the presence of vascular leak syndrome (VLS),
which is known to be associated with high dose IL-2 treatment (15 pg or 250,000 IU of IL-2) (46). Reducing
frequency (twice per week for 8 weeks) with low dose IL-2/c (1.5 pg) treatment delayed the onset of VLS but

could not eliminate it (fig. S7, A and F).

Nevertheless, within the study period of the treatment, either very low dose (0.375 pug of rmIL-2/c) with high
frequency (5 times first week followed by twice a week for 3 weeks) or low dose (1.5 pg of rmIL-2/c) with low
frequency (two consecutive injections every two weeks for 8§ weeks) IL-2/c treatment significantly protected

ActcI1¥° hearts from further deterioration in systolic dysfunction but not LA size (Fig. 8, A to D) and ventricular

fibrosis (Fig. 8, E to G).

When we investigated the potential mechanism underpinning these effects, we found that both regimens markedly
dampened the infiltration of macrophages, and to a lesser degree dendritic cells in Actc ¥’ hearts (Fig. 8, H and
I). In addition, major histocompatibility complex I+ (MHCII") macrophages were significantly reduced, whereas
MHCII" DCs were less affected by either treatment (Fig. 8, J and K). Toll-like receptor-2 (TLR-2") macrophages
were significantly diminished following either treatment (Fig. 8, L and M), suggesting Tregs negatively regulate

the recruitment and activation of inflammatory cells with a preferential effect on macrophages.
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Further flow cytometric analysis revealed that even very low dose IL-2/c enhanced Treg tissue retention marker
GATA-3 and immunosuppressive molecule TGF-1 (Fig. 8, N to P), but not interleukin-10 (IL-10), TNF-a., or
IFN-y expression (fig. S7H) in cardiac CD4" Foxp3" Tregs. Thus, Tregs appear to play a role in modulating

cardiac fibrosis and systolic dysfunction by suppressing unwanted chronic infiltration and inflammation in

Actc 1% hearts.

DISCUSSION

HCM-causing sarcomere gene mutations alter contractility, leading to metabolic and energetic perturbations in
cardiomyocytes. These causative variants occur both in thick filament genes (for example, MYH7 and MYBPC3)
and thin filament genes (for example, TPM1, TNNT2, TNNI, and ACTCI) with shared features at myofilament
level. However, little is known about subsequent events leading to pathogenic tissue remodeling including
fibrosis. GSEA comparing RNA signatures from mid-stage myectomy samples and end-stage failing HCM hearts
revealed a progressive fibrotic and inflammatory responses following contractile and metabolic alterations in
mutant cardiomyocytes. Identifying non-myocyte cell populations that drive fibrosis and inflammation is crucial
for developing disease-modifying therapies. As human samples capture only a snapshot of the disease, the well-
established Actc1° HCM mouse model (37) was employed to investigate progressive adverse remodeling and
evaluate therapeutic interventions. This transgenic model exhibited hypertrophy comparable to other HCM mouse
models, along with robust remodeling and systolic dysfunction (15, 47). Although a wildtype overexpression
control for the E99K mutant was unavailable, previous studies confirmed that paired expression of wildtype thin
filament transgenes produces no discernible phenotype (47-49). Our findings demonstrate that the RNA signature
was conserved across four HCM mouse models and that immune cells contributed to HCM pathologic remodeling
in both humans and mice. Most importantly, we identify an essential role for Tregs in mitigating cardiac fibrosis

and systolic dysfunction by suppressing the recruitment and activation of proinflammatory immune cells.
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Unlike myocarditis, where inflammatory activation is well documented, immune cell infiltration and chronic
inflammation remain poorly defined in HCM. Transcriptomic studies confirmed the presence of immune cells in
the heart but offer limited insights into their role(s) in disease progression (32, 33). To systematically investigate
immune involvement in HCM pathogenesis, we employed a multifaceted approach: cellular and molecular
analysis of post-mortem or explant tissue from patients with HCM using imaging and RNA seq, longitudinal
phenotyping of progressive cardiac remodeling and immune responses in a HCM mouse model, and
immunological manipulation to assess causal effects on adverse remodeling and cardiac function. Our data
revealed moderate immune cell infiltration, with a significantly upregulated inflammatory gene profile shared
across multiple cardiac cell types in both human and mouse HCM hearts. This infiltration might be actively
coordinated by endothelial cells through increased barrier permeability and adhesion molecule expression.
Additionally, fibroblasts and adipocytes might also contribute by secreting chemokines and cytokines that recruit
and activate immune cells. Inflammatory responses were elevated across most cardiac cell types, including
cardiomyocytes and non-cardiomyocytes, indicating the establishment of a persistent inflammatory milieu. This

unresolved chronic inflammation likely serves as a key driver of the progressive adverse remodeling in HCM.

We found further deterioration in cardiac fibrosis and systolic dysfunction in Actc/®** Rag-1¥%° mice. This is
opposite to the protective effect provided by either antibody-mediated CD4" T cell depletion or using the Rag-
1% mice in an autoimmune myocarditis model induced by myosin peptide or mimics (50, 51). This observation
suggests some lymphocytes may counteract the pathology. Myeloid cells, on the other hand, may contribute to
the pathogenesis, a theme borne out in observational clinical studies linking higher blood monocyte count with
shortened survival in HCM (52). Although dynamic changes of individual innate immune cell subsets are of
importance and warrant further investigation, we chose to focus on identifying the lymphocyte subset(s) that

could ameliorate cardiac fibrosis and dysfunction in this study as this has direct clinical applicability.
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Among those possible candidates, Tregs are well-documented T cells with known capacity to suppress unwanted
immune response through at least four different mechanisms, including suppression through anti-inflammatory
cytokines, immune checkpoint molecules, cytolysis, and metabolic manipulation. However, dysfunctional Tregs
can be pathogenic when they behave like Th1/Th17 helper T cells to amplify inflammatory responses (53). Tregs
further denominate into tissue-specific Tregs, with dedicated adaption to their local environment (for example,
the lung, visceral adipose tissue, skin, intestine, and skeletal muscle) for priming survival or function (54). They
have been shown to modulate muscle injury and inflammation in the Mdx mouse model of Duchenne Muscular
Dystrophy, by suppressing IFN-y response and activation of M1 macrophages (55). Treg in vivo expansion has
been shown to ameliorate many cardiac diseases with a known inflammatory response, including myocardial
infarction (56, 57), viral myocarditis (58), diabetic cardiomyopathy (59), angiotensin II-induced cardiac damage
(60), hypertension (67) and ischemic heart failure (53, 62). Therefore, it is important to characterize cardiac Tregs

in detail and establish their potential to limit fibrosis in HCM.

Tregs were confirmed in HCM human and mouse hearts using snRNA seq, flow cytometry, and imaging.
ActcI®° hearts exhibited a sustained increase of Tregs, similar in magnitude compared to myocardial infarction
(MI) or ischemia/reperfusion (I/R) injury models with a transient rise (56), where Tregs suppress acute
inflammation. Mechanisms governing Treg-mediated suppression may differ in acute versus chronic settings. In
acute injury, interleukin-33 (IL-33)/interleukin 1 receptor-like 1 (IL1RL1 or ST2) signaling may drive transient
Treg expansion, but it fails to rescue cardiac dysfunction or reduce scarring (56). In HCM, a chronic setting, Tregs
showed reduced ST2 expression, suggesting alternative signals may regulate their accumulation and

immunosuppressive function.

In non-HCM hearts, both mouse and human Tregs seem to be mature thymus-derived cells (for example, 7kzf2,
Tigit, I2ra, Ctla4, and Icos) with an active format (for example, Gata3, Tgfbl, Tigit, 112ra, Ctla4, and Icos),

suggesting that Treg activities are required for maintaining cardiac homeostasis. Upon chronic inflammation in

15



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

HCM hearts, it seemed that they might have switched their suppressive action from inhibitory cytokines (for
example, Tgfbl, Il10ra, and Ebi) to immune checkpoint molecules (for example, Ctla4, Tigit, Lag3 and Pdcd-1).
This change may reflect a need to establish cell-cell contacts for Tregs to control inflammatory cells that are
growing in numbers and activation status in HCM hearts. It is plausible that the efficiency of Treg-mediated
immunosuppression could be reduced due to the switch to physical contact rather than humoral control, even
though their numbers and activities are upregulated in HCM. It also remains possible that Tregs may directly or
indirectly modulate other cardiac cell types including cardiomyocytes and fibroblasts. Spatial RNA-seq analysis
on pathological foci may offer further understanding of the location and mechanism(s) of this Treg-mediated

immunosuppression.

Our study has several limitations. We acknowledge the limitations of animal models in studying HCM, as they
may not fully reflect human clinical complexity. Firstly, there are species differences in cardiac pathophysiology.
For instance, the murine heart rate (around 600 beat per minute) is approximately 10-fold higher than in humans,
which fundamentally alters cardiac metabolism, calcium handling, response to stress, and the rate of disease
progression. Although progressive phases of the disease can be recapitulated using HCM animal models, the
penetration of pathogenic variants, magnitude of responses, and duration of disease progression may differ in
patients with HCM. Secondly, there are considerable genetic and environmental variability. The population of
patients with HCM is heterogenous, carrying sarcomeric positive or negative mutations or with unknown causes.
On the other hand, four HCM mouse models used in the study were sarcomeric positive models and most of data
was obtained from the Actc1®°¥ transgenic model on a C57BL/6 background when compared to non-transgenic
littermate wildtypes. In addition, delineating the roles of limited cardiac Tregs and determining the optimal dosage
and timing for immunomodulatory intervention remain key challenges and warrant further investigation.
Although adoptive transfer of Tregs in ActcI®™* Rag-1%° mice improved cardiac fibrosis and systolic
dysfunction, we acknowledge that we have not shown the timing of treatment for the reversal of fibrosis in

Actc 1% mice, and future work should address this.
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Our work demonstrates that augmenting Tregs protects the HCM heart from further deterioration caused by
cardiac fibrosis and dysfunction, likely through their immunosuppressive properties. This intervention prevents
further adverse remodeling, and may potentially reverse it, offering therapeutic potential for patients with HCM
entering the ‘burned out stage’ of the disease (20, 63). Additionally, Treg-based therapy could serve as adjunctive
treatments alongside disease-modifying therapies aiming to correct the underlying cardiomyocyte defects. Given
the promising result of Treg therapies in clinical trials for other diseases, these strategies may be ready for clinical

evaluation as a viable therapeutic option for HCM.

MATERIALS AND METHODS
Study Design

This study aimed to characterize immune infiltration and inflammation in HCM patient hearts using imaging and
RNA-seq, to conduct a longitudinal study on cardiac adverse remodeling and immune changes using an HCM
mouse model (4ctc1%%), and to assess the therapeutic potential of Treg enrichment in modulating cardiac fibrosis
in HCM. Formalin fixed paraffin embedded (FFPE) human post-mortem or explanted heart tissues were obtained
with patient consent from Cambridge University Hospitals, Royal Papworth Hospital, and Oxford University
Hospitals tissue banks with full ethical approval (IRAS: 162057; PI: Prof. E. Soilleux). Samples included healthy
controls (n=10), HCM (n=16), myocarditis (n=7), and heart failure (n=6) confirmed by two pathologists. Cases
of lymphocytic myocarditis or heart failure were included only when no history of primary cardiomyopathy was
found. SnRNA-seq data were analyzed using public datasets from myectomy tissue (HCM: n=10, controls: n=2)

(33) and LV samples (failing HCM: n=15, non-failing: n=16) (32).

All littermate wildtype, heterozygous, and homozygous mice were housed and bred under specific pathogen-free
(SPF) conditions. Maintenance and procedures were reviewed by the local Animal Welfare and Ethical Review

Body (AWERB) and conducted under project licenses (30/2977 / P37BA1809 / PP2089735) authorized by the
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UK Home Office. The ActcI®% model, originally generated on a C57BL10xCBA/Ca background, was
backcrossed onto C57BL/6 (mixed 6N and 6J) background for over ten generations. Only heterozygous Actc1*°%
and ActcI™TO littermates were used in the study (no homozygous E99K). Rag-1¥° mice (gift from Prof. Fiona
Powrie) were crossed to create the Actc/®°% Rag-1%° model. The Foxp3™3PTRGFPAYY T knock-in mice (Jackson

Laboratory) were used to generate the ActcI®% Foxp3PTR/GFP

model. Following the Animals in Research:
Reporting In Vivo Experiments (ARRIVE) guidelines, we introduced a randomizing, blinding, and blocking
scheme to perform cardiac phenotyping using mouse ID without indicating the genotype. Data was analyzed by
another colleague unfamiliar with the experimental design in case of overt phenotypes. This included longitudinal
echocardiography (n>5 for each time point), haemodynamic studies (n=>4 for each time point), and LGE-MRI
for LV interstitial fibrosis (n=5-6 for each time point). Sample sizes were estimated based on our previous
experience with each technique. Outliers are shown in the raw data. Any data that was excluded from this study

is described in the relevant sections. Under the guidance of National Centre for the 3Rs (NC3R), males and

females were recruited, and multiplexing approach was adopted to reduce the use of animals.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5 or higher. One-way ANOV A was used for normally
distributed data, including cardiac phenotyping, Treg percentages across tissues, and Treg enrichment studies.
Nonparametric Kruskal-Wallis and Mann-Whitney tests were applied for non-normally distributed data across
multiple or two groups, respectively. two-way ANOVA mixed-effects analysis was used for longitudinal
cardiac/immune phenotyping, Treg time-course, and enrichment experiments. Multiple comparisons were
corrected using the Benjamini-Krieger-Yekutieli or Siddk method. Data are presented as mean = SEM. Statistical
significance was set at p < 0.05 for two groups and adjusted p < 0.05 for three or more groups. Figures use star
markers for p-values (* <0.05, ** <0.01, *** <0.001, **** <(0.0001, ns > 0.05) and delta markers for additional

comparisons (A <0.05, AA <0.01, AAA <0.001).
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Figure 1. Focal infiltration and chronic inflammation in HCM human hearts. The study includes post-
mortem or explanted hearts from healthy controls (n=10), patients with HCM (n=16), myocarditis (n=7), and
heart failure (n=6). Hearts were stained for (A) CD3" T cells, (B) CD11b" myeloid cells, and (C) CD68"
macrophages, with representative images from epicardial and interstitial areas. Scale bar represents 100 um. (D-
F) Immune cell quantification is shown, based on at least 10 image sections per sample. Data are shown in mean
+ SEM and statistical analysis used one-way ANOVA with Kruskal-Wallis test: two-stage step-up method of
Benjamini, Krieger and Yekutieli (adjusted p-values *: < 0.05, #*: < 0.01, ****: < (0.0001). (G) Two publicly
available snRNA-seq data sets were recruited, including 1) patients with mid-stage HCM underwent myectomy
and healthy donors and 2) patients with late-stage HCM with failing hearts and non-failing individuals. Changes
of gene expression in hallmark gene sets in GSEA, which represent 50 well-defined biological processes, were
measured in normalised enrichment scores and visualized as nodes with various colors and sizes. Color intensity
reflects the direction and strength of regulation, where darker red represents stronger upregulation and darker blue
represents stronger downregulation. Node sizes indicate the degree of statistical significance, where a larger size
indicates greater statistical significance. All displayed nodes are statistically significant (p-value <0.05). (VSMC:
vascular smooth muscle cells; LEC: lymphatic endothelial cells; BEC: blood endothelial cells; CD4+ Tconv cells:
CD4+ conventional T cells; DP T cell: CD4+ CD&+ double positive T cells; TLF+ M@: TIMD4+ / LYVE-1+/

FOLR2+ resident macrophages).
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Figure 2. Similar RNA signature across four HCM mouse models. (A) Bulk RNA-seq data sets from four
HCM mouse models were recruited: 1) ActcI®°% (5, 10, 24, 60 weeks, n=6-12 for each time point & genotype),
2) aMhc R4 (48 weeks: n=8-9 for each genotype), 3) aMhc R'"W* (36 weeks: n=5-9 for each genotype), and
4) TnT ®?V (24 weeks: n=3 for each genotype). Changes of gene expression in hallmark gene sets in GSEA,
which represent 50 well-defined biological processes, were measured in normalised enrichment scores and
visualized as nodes with various colors and sizes. Color intensity reflects the direction and strength of regulation,
where darker red represents stronger upregulation and darker blue represents stronger downregulation. Node sizes
indicate the degree of statistical significance, where a larger size indicates greater statistical significance. All
displayed nodes are statistically significant (p-value < 0.05). (B) Changes of pathway activity of 14 biological
processes were analyzed by PROGENYy scores and visualized as a heatmap. Color intensity reflects the direction
and strength of pathway activity, where darker red represents stronger upregulation (up to +10) and darker blue
represents stronger downregulation (down to -5). Statistical analyses used t-test (p-values: *: < 0.05, **: <0.01,
kx%: < (0.001). (C) PROGENy scores were compared using Pearson Correlation to assess similarity between

groups.

30



803

804

805

806

807

A)

Q)

E)

SSC-A

Left ventricular posterior wall

CD45

Cardiac hypertrophy B) thickness under diastole
12- S Actc1 N6 S Actc1 E9
*kkk
£
£ —
=) £
£ £
= °
S :
E 2
©
[
T
5 i il 054
41016 24 32 40 50 60 4 10 16 24 36 52+
Weeks (24 weeks) Weeks
Ejection fraction D) Ventricular fibrosis
1007 S Actc1 N S Actc e 87
< dekden FEEKR
S R =
c ‘ ) S 67 *kk
2 2 4 *%
o e A v
o | <
HE (= 4+ i
2 @ % *k
g g |
fim 2 24
X
40- 2mm 2mm
' — . . 0-
41016 24 36 52+ (24 weeks) —— : .
Weeks 4 10 16 24 32 42 52+
ee Weeks
10 16 24 36 52 (weeks) CD45+ Immune cells
P o] e P = 301
e 4 43 | A 2 By . g 25 i
U i v i i 1 20—
o . L& 2
T T e T S 157 .
i i < 104
S i ) 2 *kk  dkk
“:_‘ "1 B 1 & S
b _‘.E , o ” o h;é -
< =3 rd m & - 0-
10 16 24 36 52+
Weeks

31



808

809

810

811

812

813

814

815

816

Figure 3. Relationship between immune cells and progressive remodeling in ActcI®°X hearts. (A) Cardiac
hypertrophy was longitudinally assessed by the heart weight/tibia length ratio (n>8). Representative images show
representative hearts from ActcI™N'C and ActcI1®°% mice at 24 weeks. Scale bar represents 2 mm. (B) LVPW: d
and (C) EF% values are shown in a time-dependent manner in ActcI®°°% mice (n>5). (D) Ventricular fibrosis was
longitudinally measured as percentage of collagen deposition in regions (n>4), with representative images
showing LV and apical fibrosis in Actc1%°% hearts at 24 weeks. Scale bar represents 50 um. (E) CD45" immune
cells were analyzed by flow cytometry, presented as % live non-cardiomyocytes (n>7). Data are shown in mean
+ SEM and statistical analyses used two-way ANOVA with mixed-effects analysis: two-stage step-up method of

Benjamini, Krieger and Yekutieli (adjusted p-values: *: < 0.05, #*: <(0.01, #**: <(0.001, *=**x: <0.0001).
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Figure 4. Dynamic immune profile in Actc1%%°X hearts. (A) High-dimensional tSNE plots visualized changes
in (B) myeloid cells, (C) B and (D) T lymphocytes, along with (E) mononuclear cells, including (F) macrophages,
(G) monocytes, and (H) dendritic cells (DC), and (I) granulocytes, including (J) neutrophils and (K) eosinophils,
and (L) natural killer cells (n>3). Data are shown in mean + SEM and statistical analyses used two-way ANOVA
with mixed-effects analysis: two-stage step-up method of Benjamini, Krieger and Yekutieli (adjusted p-values:
*: < 0.05, **: < 0.01, *xx: < 0.001, ***%: < (0.0001). (M) The Cell DIVE system captured cardiac collagen VI
(red), SMA+ vascular smooth muscle cells (cyan), and CD45+ immune cells (green), including CD3+ T cells
(yellow) and Ly6G+ neutrophils (magenta). Scale bar represents 20 um. Representative images from of 36+

week-old ActcINTC (n=10) and Actc1¥°% (n=12) littermates.
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Figure 5. Worsen cardiac fibrosis and dysfunction in ActcI®°X hearts without lymphocytes. (A) Diffusive
cardiac interstitial fibrosis in ventricles was shown in a short-axis view using LGE-CMR imaging on live mice
(n=5-6). Blue represents a weak LGE signal whereas red reflects a strong LGE signal. Scale bar represents 2 mm.
Cardiac fibrosis in a long-axis view was revealed by using Picrosirius Red or Masson Trichrome staining (n=8-
9) on FFPE hearts from: ActcIN'S, ActcI®%, Rag-1%°, and ActcI®°* Rag-1%° mice at 24 weeks. Scale bar
represents 50 um in Picrosirius Red staining and 500 um in Masson Trichrome staining, respectively. Percentages
of fibrosis in marked sub-areas of the heart are shown using samples with Picrosirius Red staining (n=8-9).
Percentage of fibrosis in (B) total ventricular area (including apical, LV, septum, and right ventricle), (C) apical,
(D) LV, and (E) atria (including left and right atrium) are shown. (F) LV wall thickness and (G) EF% measured
by echocardiography (n>12), and (H) end diastolic pressure assessed by haemodynamic studies are shown (n>12).
(I) Cardiac hypertrophy is presented by the heart weight/tibia length ratio (n>21). Data are shown in mean + SEM
and statistical analyses used one-way ANOVA with multiple comparison: Sidak (adjusted p-values: #: <0.05, #*x*:

<0.01, *=*%: <0.001, *=**=*: <0.0001).
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Figure 6. Enrichment of functionally altered Foxp3* Tregs in HCM hearts. (A) Percentages of Foxp3" Tregs
among CD4" T cells in the heart, skeletal muscle, and lung of ActcINTC and Actc1¥°% mice are shown (n=7-9).
Representative flow cytometric plots are illustrated. Data are shown in mean + SEM and statistical analyses used
one-way ANOVA with multiple comparison: Sidék (adjusted p-value: **: < 0.01). (B) Time-dependent changes
of percentage of Foxp3™ Tregs among CD4" T cells in the heart are presented (n>3). Data are shown in mean +
SEM and statistical analyses used two-way ANOVA with mixed-effects analysis: two-stage step-up method of
Benjamini, Krieger and Yekutieli (adjusted p-values: *: < 0.05, #***: < (0.0001). (C) Immunosuppressive
activities, including surface (CD25 and PD-1) and intracellular (TGF-1 and IL-10) markers, and activation
status, differentiation state, and migratory potential, classified by using CD44 and CD62L expression, are shown
on cardiac Foxp3" CD4" Tregs from ActcIN'C and Actc1¥°% mice (n>7). (D) CD4" Foxp3™ Tregs, CD4" (Tconv),
and CD8" T cells from ActcINT6 and Actc15°° hearts (n=3) were characterized using nine categories. Differential
expressions of genes within individual categories are shown by nodes with different colors and sizes. Node size
indicates the percentage of cells with positive expression. Brighter red represents a higher average expression.
(E) Cardiac Tregs, Tconv, and CD8" T cells from patients with late-stage HCM (n=15) and non-failing controls

(n=16) were characterized in a similar approach.
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Figure 7. Ameliorated cardiac fibrosis and dysfunction following adoptive transfer of Tregs. Adoptive
transfer of splenic Tregs (each with 200,000 cell per time, 1* intravascular injection at 25 weeks and 2" one at
29 weeks of age) or PBS vehicle control were performed in Rag-1%° or Actc1¥°% Rag-1%° mice at 24 weeks-old
for 8 weeks. Echocardiographic parameters including (A) EF% (n=7-11), (B) LVESV (n=7-11), (C) LVPW: d
(n=7-11), and (D) LA size (n=3-9) are shown at 5 time points. (E) After 8 weeks, cardiac fibrosis was quantified
using Picrosirius Red staining in (F) apical and (G) LV areas (n=4-8). Similarly, adoptive transfer of splenic
Tregs (each with 200,000 cell per time, 1° intravascular injection at 37 weeks and 2" one at 41 weeks of age) or
PBS vehicle control was performed in ActcINTC and ActcI®™°% mice at 36 weeks-old for 8 weeks.
Echocardiographic parameters including (H) EF% (n=3-6), (I) LVESV (n=3-6), (J) LVPW: d (n=3-6), and (K)
LA size (n=3-6) are shown at 5 time points. (L) After 8 weeks, cardiac fibrosis was quantified using Picrosirius
Red staining in (M) apical and (N) LV areas (n=4-8). Data are shown in mean + SEM. Statistical analyses used
two-way ANOVA with mixed-effects analysis: two-stage step-up method of Benjamini, Krieger and Yekutieli
for echocardiographic parameters and one-way ANOVA with multiple comparison: Sidak for fibrosis (adjusted

p-values: *: <0.05, #x: <0.01, ***: <0.001, **x*: <0.0001).
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Figure 8. Suppressed macrophage activation and limited fibrosis by IL-2 therapies. [L-2/c-induced Treg in
vivo expansion in Actc1®% mice was performed using either high frequency (HF, 5 daily intraperitoneal
injections at the first week followed by twice a week for two weeks) with very low dose (0.375 ug, n=10) or low-
frequency (LF, twice intraperitoneal injections per week for every other week lasting for 8 weeks) with low dose
(1.5 pg, n=11) regimens. Saline-treated ActcI®™ (n=24) and ActcIN'® mice (n=4) served as controls.
Echocardiographic parameters (n=4-24) including (A) EF%, (B) LVESV, (C) LA size, and (D) peak systolic
velocity (PSV) are shown at 3 or 5 time points. (E) After 8 weeks, cardiac fibrosis quantified using Picrosirius
Red staining in (F) apical and (G) LV areas are shown (n=3-10). Flow cytometric analyses show the effects of
IL-2/c regimens on the percentage of (H) macrophages and (I) DCs in the heart and their activation markers,
including (J-K) MHCII+ and (L-M) TLR-2+ expression in macrophages and DCs, respectively (n=3-8).
Percentage of (N) GATA-3", (0) TGF-B17, and (P) IL-10" Foxp3* Tregs in CD4" T cells in Actc1%°% hearts with
or without high frequency IL-2/c regimen are shown with representative flow cytometric traces (n=4). Data are
shown in mean + SEM. Statistical analyses used unpaired t test for GATA-3" and TGF-B1* Tregs, Mann-Whitney
test for IL-10" Tregs, one-way ANOVA with multiple comparison: Sidak for macrophage and DC studies; one-
way ANOVA with multiple comparison: two-stage step-up method of Benjamini, Krieger and Yekutieli for
cardiac fibrosis; or two-way ANOVA with mixed-effects analysis: two-stage step-up method of Benjamini,
Krieger and Yekutieli for echocardiographic parameters (adjusted p-values: *: < 0.05, #*: < 0.01, ***: <0.001,

sk < 0.0001).
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Supplementary materials

Materials and Methods

In vivo cardiac phenotyping

Transthoracic echocardiography was performed on age and sex matched littermates under general anaesthesia (1
— 1.5% isoflurane) with a consistent heart rate around 480 bpm (+ 20 bpm) using the Vevo 2100 or 3100
ultrasound system (Visalsonics) and a linear array MX550d transducer (22 to 55 MHz). Systolic function and left
atrial size were measured from parasternal short-axis and long-axis images, respectively. For invasive
phenotyping, mice were anaesthetized with isoflurane (1.25 — 1.5%) and a 1.4 F Mikro-tip catheter (Millar, SPR-
671) was inserted into the left ventricle via the carotid artery for measuring hemodynamic indices. Data outside
the heart rate range (480 + 20 bpm) was excluded. Cardiac phenotyping was randomized, and data analysis was

blindly conducted.

Flow cytometry for immune phenotyping

Murine hearts were perfused with cold 1 x Hanks' Balanced Salt Solution (HBSS) buffer (Life Technologies,
14065072) and cut into pieces before incubating with 5 ml 1 x HBSS buffer containing 300 U/ml collagenase II
(Life Technologies, 17101015) and 10 U/ml DNase I (VWR, A3778.0500) in a C-tube (Miltenyi Biotec, 130-093-
237) using a tailored digestion program on the gentleMACS Dissociator (Miltenyi Biotec, 130-093-235) for 45
minutes in a rolling station at 37°C. A clear cardiac single cell suspension in PBS containing 2 mM EDTA was
achieved following a second programmed digestion, filtering large debris using 70 um filters, and erythrocytes
removal (BioLegend, 420302). Cells were then blocked with a cocktail of 2% mouse FcR blocker (Miltenyi
Biotec, 130-092-575) and 10% rat (Life Technologies, 10710C), 10% rabbit (Life Technologies, 16120099) and
10% goat serum (Merck, G6767-100ML) in the Stain Buffer (BD Biosciences, 554656) at 4°C for 1 hour. A
cocktail of fluorophore labelled primary antibodies was added with a brilliant staining buffer (BD Biosciences,

563794) to stain surface markers at 4°C for 1 hour. Samples were then fixed by the Fixation Buffer (BD
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Biosciences, 554655) for 20 minutes and stored in FACS Stain Buffer at 4°C. Intracellular staining was performed
using the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher, 00-5523-00). Samples
were acquired using a BD Fortessa X-20 Analyzer and data were analyzed and illustrated using the FlowJo

software (FlowJo™ v10.8.1).

T cells were negatively selected from cardiac single cell suspension using the Pan T Cell Isolation Kit II, mouse
(Miltenyi Biotec, 130-095-130) following manufacturer's instructions. Cardiac T cells were incubated with 1 x
final concentration of Brefeldin A solution (Biolegend, 420601) at 37°C for 4 hours. Cells were further processed

for FACS staining as described above.

Single-nucleus RNA-seq data analysis

Two publicly available snRNA-seq datasets were used in this study: i) LV samples from 15 late-stage patients
with HCM and 16 non-failing (NF) individuals in a processed HDF5 format (64); ii) myectomy tissue from 10
mid-stage patients with HCM and 2 healthy donors, provided as a processed Seurat object (65). Both datasets
were converted to an AnnData object for analysis in Python. Harmony v0.1 was employed to correct for potential
batch effects between samples (66). Cell clustering was performed using the Leiden algorithm (67) in Scanpy
v1.10.3 (68), followed by annotation based on marker genes. Differential gene expression analysis between HCM
and controls were conducted within each cell type using a pseudo-bulk approach. Specifically, gene expression
was aggregated per cell type within individuals, and a limma-voom model (limma v3.54.2) was applied (69). The
model included age and sex as covariates for the late-stage samples (“expression ~ group + sex + age”) and only
group for the mid-stage samples (“expression ~ group, all males). Multiple testing correction was performed
using the Benjamini-Hochberg method. GSEA was performed with fgsea v1.24.0 (70) against the hallmark gene
sets from the Molecular Signatures Database (MSigDB) v2023.1 (71, 72). Terms with adjusted p-values < 0.05

were considered statistically significant.
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Adoptive transfer of regulatory T cells

Splenocytes were isolated from Foxp3PT™R<S*P mice using the gentleMACS. Further enrichment of CD4" T cells
was achieved with the mouse CD4" T cell Isolation Kit (Miltenyi Biotec, 130-104-454). The intrinsic GFP signal
in Foxp3™ Tregs was used to sort CD4" Foxp3™ Tregs from CD4" Foxp3™ T cells. Approximately 200,000 Tregs

were then i.v. injected via the tail vein into a recipient mouse. This procedure was performed again 28 days later.

In vivo Tregs expansion induced by IL-2/anti-IL-2 complex

Recombinant mouse IL-2 (Bio-Techne, 402-ML-500/CF) was mixed with anti-IL-2 mAb (ThermoFisher
Scientific, eBioscience™, JES6-1A12, 50 ug) to form an IL-2 complex (IL-2/c) at 4°C for one hour prior to each
intraperitoneal injection. A time- and dose-dependent pilot study was performed to determine the optimal
condition. As low dose IL-2/c caused VLS in ActcI®% not ActcINT mice. With animal welfare consideration,
we adopted two schemes for further experiments: i) high frequency (HF, five consecutive intraperitoneal
injections in the first week followed by twice a week for two weeks) with very low dose (0.375 pg) and ii) low

frequency (LF, two consecutive intraperitoneal injections every other week for eight weeks with low dose (1.5

He).

Immunohistochemistry

For human heart samples, 3 mm tissue sections were mounted onto slides and immunostained on a Leica Bond
Rx research stainer (Leica Biosystems), with the following antibodies, as per each antibody manufacturer’s
instructions: anti-CD11b (Abcam, ab52478, 1:1000 dilution), anti-CD3 (Leica Biosystems, CD3-565-L-CE,
1:500 dilution), and anti-CD68 (Abcam, ab783, 1:20 dilution). Following staining, images were captured by the
Leica Biosystems anatomic pathology scanner and analysed using Aperio ImageScope 12.1 and FIJI software. In
CD3" T cell staining, three samples of patients with HCM were excluded due to technical problems. In CD11b*

myeloid cell staining, four healthy individuals and seven samples of patients with HCM were excluded due to
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sample accessibility or technical problems. In CD68" macrophage staining, two patients with HCM and one

myocarditis patient sample were excluded due to technical problems.

Late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) imaging

LGE MRI images for focal fibrosis assessment were acquired by the CMR specialists, who were kept unaware of
mouse genotype, as described before (73): a segmented, double-gated, 3D inversion recovery (IR) gradient-echo
pulse sequence (TR/TE =~1000/1.3 ms) was used in short axis orientation with the following imaging parameters:
FOV 30 x 30 mm?, slab thickness 16 mm (covering the atria and ventricles); inversion time — 4 cardiac cycles
(350 — 500 ms, depending on the heart rate); matrix size: 192 x 192 x 32; segment size: 8. Data acquisition
commenced ~25 minutes post intraperitoneal Gd injections (100 pul Gadodiamide prepared at 0.5 mmol/kg;
Omniscan, GE Healthcare/Amersham). Data were reconstructed offline and exported to TIFF for further analysis

in Amira and F1JI.

Bulk RNA extraction and sequencing

Total RNA was extracted from snap frozen murine hearts using Rneasy Midi Kit (QIAGEN, 75144). Tissue was
pulverized using mortar and pestle, an appropriate amount of RLT buffer was added, and tissue was homogenized
by using 20-gauge needle fitted to an Rnase-free syringe. Contaminating proteins and DNAs were removed using
proteinase K and RNAse free DNAse, respectively. RNA was eluted in a fresh collection tube with Rnase-free
water. Total RNA was quantified using Quant-IT RiboGreen RNA Assay Kit (ThermoFisher Scientific,
Invitrogen, R11490), and the integrity of RNA was assessed by a high sensitivity RNA ScreenTape (Agilent
Technologies, 5067-5579). RNA integrity number estimates for all samples were over 8. Purification of mRNA,
generation of double stranded cDNA and library construction were performed using NEBNext Ultra II Directional
RNA Library Prep Kit for Illumina (New England Biolabs, E7760) with minor modifications to manufacturer
specifications. Oligo d(T) beads were used to enrich mRNA with poly (A) tails. RNA was fragmented followed

by first and second strand cDNA synthesis. Fragments were end repaired and A-tailed followed by adapter
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ligation. Finally, there was a USER-enzyme digestion and PCR enrichment step. Amplified libraries were
analyzed for size distribution using the Agilent Tapestation 2200 D1000. Libraries were quantified using
Picogreen and relative volumes were pooled accordingly. Sequencing was performed using the 150PE strategy

on a NovaSeq6000 platform.

Bulk RNA-seq data processing

Reads were trimmed using CutAdapt v2.10 (74) and aligned to the mouse reference genome (GRCm39) using
STAR v2.7.3a (75). Reads mapping to Ensembl-annotated genes were summarized using featureCounts v1.6.4
(76). The raw gene count matrix was imported into the R environment v4.1.0 (77, 78) for further processing and
analysis with the edgeR package v3.40.2 (79, 80). Genes with very low expression were excluded based on the
following heuristic: to be retained a gene needed to be expressed at the equivalent of 10 reads or more (after
normalizing for library size) in at least as many samples as the smallest experimental group considered. The raw
counts were then normalized using the trimmed mean of M values (TMM) method (87) in the edgeR package
v3.40.2 (79) before transforming to z-scores to generate the corresponding heatmaps. Multiple testing correction
was performed by using edgeR’s default Benjamini-Hochburg method for controlling the false discovery rate.
We performed (82) using fgsea v1.24.0 (70) with 1,000 permutations against the hallmark gene sets obtained
from the Molecular Signatures Database (MsigDB) v2023.1 (71, 72). Terms with adjusted p-values < 0.05 were

considered significant.

Single cell RNA-seq on mouse cardiac immune cells

Cell Isolation

Single cell suspension from ActcI™'C and Actc1®° hearts (n=3, each) were prepared as mentioned before. Cells
were then blocked for 1 hour at 4°C in blocking buffer cocktail as mentioned earlier, followed by labelling with
an anti-mouse CD45 antibody (BioLegend, 103108, 1:1000) at 4°C for 1 hour. For multiplexing purposes, we

employed a hashtag staining approach. Individual samples were stained with either TotalSeq-C0301 anti-mouse

47



023

1024

025

1026

(027

028

1029

(030

(031

(032

033

(034

(035

(036

(037

038

1039

(040

1041

1042

043

044

045

1046

(047

Hashtag 1 Antibody: barcode — ACCCACCAGTAAGAC (BioLegend, 155861, 10 pg/ml per 10° cells), or
TotalSeq-C0302 anti-mouse Hashtag 2 Antibody: barcode - GGTCGAGAGCATTCA (BioLegend, 155863, 10
ug/ml per 10° cells), or TotalSeq-C0303 anti-mouse Hashtag 3 Antibody: barcode — CTTGCCGCATGTCAT
(BioLegend, 155865, 10 pg/ml per 10° cells) according to manufacturer’s instruction. Cells from the same
genotype were pooled and underwent sorting. Immune cells (CD45") were then sorted from total live cell

population.

Library preparation

The densities of cell suspensions were determined with acridine orange/propidium iodide fluorescence using a
LUNA-FX7 cell counter (Logos Biosystems). 14,000-30,000 cells per sample were loaded onto the 10X
Genomics Chromium Controller (Chip K). Gene expression and feature barcoding libraries (CD45+ fractions)
were prepared using the 10x Genomics Single Cell 5° Reagent Kits v2 (Dual Index) following manufacturer user
guide (CG000330 Rev B). The final libraries were diluted to ~10nM for storage. The 10nM library was denatured
and further diluted prior to loading on the NovaSeq6000 sequencing platform (Illumina, v1.5 chemistry, 150bp

paired end).

Data analysis

Raw data were pre-processed using 10x Genomics cellRanger count v7.1.0 pipeline (83) with the mouse reference
genome mm10 provided by 10x Genomics (version 2020-A). Then, ambient RNA was removed using SoupX
v1.6.0 (84) and doublets were removed using DoubletFinder v2.0 (85) before being imported into Seurat v4.3.0
(86). The cells were filtered for mitochondrial genes (percent mit < 20%), number of features/genes (500 <
nFeature RNA <5, 000), and ribosomal genes (percent_ribo <20%). Samples were then integrated using harmony
v0.1 (66). The cells were clustered by finding the variable features using FindVariableFeatures() function before
using FindClusters() in Seurat v4.3.0 (66) before being annotated based on their marker genes using
FindAllMarkers() function.
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Histology

Mouse hearts were cannulated through the aorta, rinsed with ice cold 1 x HBSS followed with 4%
paraformaldehyde (PFA) fixation overnight and then kept in 70% ethanol at 4°C. Hearts were cut through long
axis into half and embedded in paraffin. For a general overview of cardiac morphology and fibrosis, 10 pm
sections were stained with either Picrosirius Red (Polysciences, 24901-500) or Masson Trichrome Stain Kit
(Polysciences, 25088-100), scanned with Aperio CS2 digital slide scanner (Leica Biosystems). Following
Picrosirius red staining, images were captured using Aperio ImageScope 12.1 at consistent magnification levels
for comparison between genotypes and across time points. Quantitative analysis was performed using ImageJ to
assess fibrosis in defined regions as described before (87). The ventricle average included apex, left ventricle,
septum, and right ventricle, while the atrium average included the left and right atrium. Wildtype hearts served as

the baseline for threshold setting for each batch of staining.

Cardiac tissue cytokine and chemokine profiling

Protein extracts from cardiac tissue were homogenized using the Lysing Matrix D Tubes (MP Biomedicals,
SKU:116913100) containing the RIPA lysis buffer with protease inhibitors and stored at -80°C. To measure
cytokine and chemokine amounts, we employed the mouse V-PLEX Plus Pro-inflammatory Panel 1 and Cytokine
panel 1 kits (Meso Scale Discovery, K15048D and K15245D, respectively) and followed manufacturer’s
recommended instructions. Briefly, two-fold diluted homogenized samples were added to the MSD assay plate
pre-coated with antibodies of interest (1:40 dilution) and incubated for 2 hours at room temperature. Following 3
times of washing with PBS-T (0.5% Tween-20 in PBS), detection antibody (25 pl) as manufacturer instructed
was then added and incubated for another 2 hours. After another washing step, MSD read buffer was added for
plate reading using MSD SECTOR Imager SQ120 plate reader for further analysis. Using the MSD Discovery

Workbench software, the data was collected and checked based on the overall average coefficient of variation
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(CV). When CV value exceeds 20%, the data was excluded from analysis. To avoid batch variations, samples

were normalised against the average value of 10 weeks-old wildtype samples.

Cell DIVE Imaging

To understand the distribution of cardiac immune cells, we employed the GE Cell DIVE system to image various
cell types on formalin-fixed paraffin-embedded (FFPE) mouse heart tissue slides. The approach was described
previously in FFPE human tissue samples (88). In brief, tissue slides were baked overnight at 60°C before
transferred to xylene for de-waxing and rehydration using a gradient of ethanol solutions (from 100%, 95%, 70%
to 50%). Each step was repeated twice for 5 minutes each followed by 2 washing with 1 x PBS. Slides were then

permeabilized for 10 minutes in 0.3% Triton X-100 and washed once in 1 x PBS for 5 minutes.

Heat-induced epitope retrieval (HIER) steps were then conducted firstly in boiling a Citrate solution (Vector Labs,
H3300, pH 6) and secondly in a Tris solution (Agilent, S1699, pH 9) for 20 minutes each in the NxGen decloaking
chamber (Biocare Medical). This was followed by an additional cooling step for 10 minutes and 4 washing with
1 x PBS. Tissues were then blocked using 3% bovine serum albumin, BSA (Merck, A7906) and 10% donkey
serum (Bio-Rad, C06SB) in 1 x PBS overnight. After one 1 x PBS washing, slides were exposed to an array of
light emitting diodes (LEDs) for photo-irradiation and autofluorescence quenching in a black box for 12 hours.
DAPI (Thermo, D3571) was then added for 15 minutes at room temperature. Following one 1 x PBS washing,
Cell DIVE mounting media, made of 50% glycerol (Sigma, G5516) and 4% propyl gallate (Sigma, 2370), and
cover slips were prepared for background imaging. A scan plan was acquired at 10X magnification to select
regions of interest followed by imaging at 20X to acquire background autofluorescence in DAPI, FITC, Cy3 and
CyS5 channels to generate virtual H&E images. Background imaging was used to subtract autofluorescence from
all subsequent rounds of staining. Cover slips were removed in PBS and tissues were further blocked with mouse

FcR blocking reagent (Miltenyi Biotec, 130-092-575, 1:10 dilution) for 1 hour at room temperature.
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Each staining round allowed a mix of three primary antibodies prepared in blocking buffer overnight at 4°C
(details are listed below). Unconjugated and conjugated primary antibodies were used in the first staining round,
followed by three washing with 1 x PBS. The secondary antibodies including Donkey anti-goat IgG H&L AF555
(Abcam, ab150130, 1:1000) and Donkey anti-rabbit IgG H&L AF647 (Abcam, ab150075, 1:1000) were then
incubated for 1 hour at room temperature. Conjugated primary antibodies were used in subsequent staining rounds
with similar conditions. An antibody labelling kit was purchased (Invitrogen) to perform manual conjugation of

some primary antibodies (in a BSA-AZIDE free format) with dyes in need.

Round1
SMA | ab5694 Abcam Rabbit (CF450 kit) |5 ug/ml
1:1000
CD45 | AF114 biotechne | Goat dilution
FOXP3 | D60SR CST Rabbit (AF647 kit) | 5 ug/ml
Round2
COLVI | ab200429 | Abcam Rabbit AF488 5 ug/ml
CD3 | ab245731 | Abcam Rabbit (AF555 kit) | 2 pg/ml
LY6G | 1A8 Biolegend | Rat AF647 2.5 ug/ml

Bleaching of fluorophores between staining rounds was achieved using fresh prepared bleaching solution 0.1 M
NaHCO; (Sigma, S6297, pH=11.2) and 3% H20> (Merck, 216763) for three times (15 minutes each) with one 1
x PBS washing for 1 minute in between bleaching rounds. Slides were then re-stained for DAPI for 2 minutes
with one 1 x PBS washing for 5 minutes before imaging the dye-inactivated round as the new background round
(for subsequent background subtraction). DAPI staining between imaging rounds assists in image registration and
alignment. Slides were multiplexed with the next panel of three markers with iterative staining, bleaching, and
imaging. A negative control slide stained with isotype-matched antibodies was used at the same concentration as
the corresponding primary antibodies and using the same exposure settings. QuPath software 0.3 was used for
visualization and the isotype controls were contrast-matched to sample stained with primary antibodies for

comparison.

Confocal Imaging
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Hearts from Actc1%°% Foxp3P ™S mice were dissected and perfused using cold 1 x HBSS buffer before a brief
fixation step with 4% PFA for 1 hour at room temperature. Tissue samples were then incubated with 30% sucrose
at 4°C overnight. Tissue-Plus O.C.T. compound (Agar Scientific, AGR1180) was added to a heart tissue
containing mould within an ice-cold isopentane bath, which allows quick and smooth embedding process, and
kept at -20°C until frozen sections using a cryostat. The cryosections were brought to room temperature and
blocked with 3% BSA and 10% donkey serum at 4°C overnight. Slides were then incubated with mouse FcR
blocker (Miltenyi Biotec; 130-092-575, 1:10 dilution) for 1 hour at room temperature and primary antibody
against CD3 overnight at 4°C (Abcam ab245731, 2 ug/ml) followed by three PBS washes for 5 minutes each.

Slides were mounted with Vectashield plus (cat:H-2000) containing DAPI and imaged with Zeiss LSM 900.

Supplementary figures
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1129 figure S1. A longitudinal study of cardiac dysfunction and fibrosis in ActcI®X mice. (A) Representative
130 images in a long-axis view are shown to illustrate cardiac fibrosis stained with Picrosirius Red in Actc/NT6 and
131 Actel®®% mice, aged from 4 to 52 weeks. Scale bar represents 2 mm. Echocardiographic parameters were
132 analyzed by the Vevo Imaging software, including (B) LA size with representative images at 36 weeks of age
(133 (n=4), (C) FS SAX (n=6), (D) PSV (n=>6), (E) End systolic volume (n=>6), and (F) left ventricular internal
1134 dimension under systole (n=>6) from 4 to 52 weeks. Longitudinal haemodynamic studies show time-dependent
(135 changes in (G) end systolic pressure (n=4), (H) Max dP/dt (n=4), and (I) Tau (n=4), from 10 to 52 weeks. Date
1136 are shown in mean + SEM and statistical analyses were performed using two-way ANOVA with mixed-effects

1137 analysis: two-stage step-up method of Benjamini, Krieger and Yekutieli (adjusted p-values: *: < 0.05, **: <0.01,

(138 *#x; < (0.001, and **3*x: <0.0001).
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figure S2. Gating strategy of cardiac immune cell phenotyping using flow cytometry. (A) Gating strategy
used to identify individual immune cell subsets is illustrated. (B) Percentages of CD45" immune cells in the heart
(non-myocytes), spleen, blood, bone marrow, lung, and skeletal muscle from ActcI™N'C and Actc1¥°°% mice at 52
weeks old are shown (n>5). Data are shown in mean + SEM and statistical analyses were performed using one-

way ANOVA with multiple comparison analysis: Sidak (adjusted p-value: *3*: < 0.01).
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figure S3. Chemokine & cytokine gene and protein profiling in Actc1¥°°K hearts. (A) Gene expression of key
chemokines and cytokines in individual hearts from ActcINTC and Actc1¥°°% mice are shown (n=3-4, per genotype
per time point). Data are presented as Z-score heatmap, where darker red reflects stronger upregulation and darker
blue reflects stronger downregulation. Gender (pink: females; blue: males), age (longer bar represents older age),
and genotype (magenta: Actc1®°%; green: ActcIN'°) of individual mice are also shown. (B) Changes of key
chemokines and cytokines at protein level in hearts from ActcINTC and Actc1®°% are shown (n=8-11). Data are
shown in mean = SEM and statistical analyses were performed using two-way ANOVA mixed-effects analysis:

two-stage step-up method of Benjamini, Krieger and Yekutieli (adjusted p-values: *: < 0.05, **: < 0.01, ***: <

0.001, and s#*3#*: <0.0001).
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figure S4. Cardiac and immune phenotyping of ActcI®% Rag-1¥° mice. Four groups of mice were studied,
including ActcIN'S, ActcI®°X, Rag-1%°, and ActcI®*** Rag-1¥°. Echocardiographic parameters including (A)
EF% (n=5), (B) LVPW:d (n>6), and (C) PSV (n=7) are shown. (D) Time-dependent changes of ventricular
fibrosis from 10 to 52+ weeks in four groups are shown (n=2-10). Data are shown in mean +£ SEM and statistical
analyses were performed using two-way ANOVA mixed-effects analysis: two-stage step-up method of
Benjamini, Krieger and Yekutieli (adjusted p-values: *: < 0.05, **: <0.01, and **3*: < 0.001) between ActcINTC
and Actc1®°%. Additional pairwise comparison was made between Actc 1% and Actc1®°% Rag-1%° mice with
illustrating adjusted p-values: “A”: < 0.05, “AA”: < 0.01, and “AAA”: < 0.001. (E) Representative flow
cytometric traces and gating details of cardiac immune cell subsets in four groups at 24 weeks are presented (n=4).
(F) Enrichment scores of four hallmark gene sets are shown between Actc1F% Rag-1%© and Actc 1% hearts at

24 weeks (n=3-4).
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1169  figure S5. Presence of active CD4" Foxp3* Treg in ActcI®’X hearts. Percentages of activation markers and
1170 inhibitory molecules in cardiac CD4" Foxp3" Tregs are shown, including (A) CD25, (B) ICOS, (C) KLRG1, (D)
1171 PD-1, (E) effect memory cells, (F) central memory cells, (G) naive cells, and (H) effect cells, (I) TGF-B1, (J)
172 GATA-3, (K) IL-10, (L) TNF-a, (M) IFN-y, (N) ROR-yt, (O) T-bet, and (P) IL-17A (n=6-8). Data are shown in
1173 mean = SEM and statistical analyses were performed using Mann-Whitney test (p-values: *: < 0.05, **: <0.01,
174 and *=**: < (0.001). (Q) Representative images of Foxp3+ Tregs with intrinsic GFP signals are shown in hearts

175 from ActcINTC and Actc 15X mice. Scale bar represents 20 pm.
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figure S6. The effect of Treg adoptive transfer on tissue remodelling. (A-C) The plots show the heart, lung,

or spleen weight were normalized against tibia length following adoptive transfer of Tregs or PBS vehicle control

in Rag-1%° and ActcI®* Rag-1%° mice (n>6). (D-F) The plots show the heart, lung, or spleen weight were

normalized against tibia length following adoptive transfer of Tregs or PBS vehicle control in ActcIN'C and

Actc1®°% mice (n>6). Data are shown in mean = SEM and statistical analyses were performed using one-way

ANOVA multiple comparison analysis: Sidak (adjusted p-values: *: < 0.05, and *x: < 0.01).
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figure S7. Time- and dose-dependent IL-2/c-induced Treg expansion in vivo. (A) Representative flow
cytometric traces show duration-, frequency-, and dose-dependent changes of IL-2/c on Foxp3* and/or CD25"
CD4" Treg expansion in the heart, spleen, and mediastinal lymph node (MLN). Percentages of Foxp3™ Tregs in
CD4" T cells are shown in (B) the heart (n=3-7), (C) spleen (n=3-7), and (D) MLN under various IL-2/c treatments
(n=3-7). (E-G) Ratios of the heart, lung, and spleen weight against tibia length following IL-2/c-induced Treg
expansion are shown (n=9-11). Data are shown in mean =+ SEM and statistical analyses were performed using
one-way ANOVA multiple comparison analysis: two-stage step-up method of Benjamini, Krieger and Yekutieli
(adjusted p-values: *: < 0.05, and **: < 0.01, ***: < 0.001, and ****: < 0.0001). (H) Representative flow
cytometric traces of several transcriptional factors and inflammatory cytokines expression in Foxp3™ Tregs are

shown in ActcI®°% mice with or without high frequency IL-2/c treatment with very low dose (0.375ug).

Supplementary tables

Variables

Diagnostic groups

Normal Myocarditis Heart failure HCM
(n=10) (n=7) (n=6) (n=16)
Age (years), median (IQR) 34 (27 - 47) 55 (29 - 66) 71 (54 —88) 58 (43 - 63)
Sex (male), n (%) 8(72.7) 3 (42.9) 1(16.7) 9 (52.9)
BMI (kg/m?), median (IQR) 24 (19 - 28) 24 (23 - 28) 30 (24 - 32) 26 (22 - 30)
Co-morbidities, n (%)
Hypertension 1(10.0) 1(14.3) 3(50.0) 1(6.3)
Ischaemic heart disease 0 (0) 0(0) 2(33.3) 1(6.3)
Heart failure 0(0) 0(0) 6 (100) 7 (43.8)
Atrial fibrillation 0(0) 1(14.3) 1(16.7) 5(31.3)
Stroke 0(0) 0(0) 1(33.3) 0(0)
Diabetes mellitus type Il 0(0) 0(0) 2(33.3) 2 (12.5)

Heart weight (g), median (IQR)

364 (306 — 414)

490 (335 — 525)

448 (350 — 541)

549 (424 — 581)

Heart/body weight (g/kg), median (IQR) 4.8 (4.3 -5.2) 54(4.9-64) 5.6 (5.2-6.5) 6.7 (5.7-7.2)
Degree of fibrosis, n (%)
Not significant 9(90.0) 6 (85.7) 1(16.7) 0(0)
Mild 1(10.0) 1(14.3) 4 (66.6) 5(31.3)
Moderate 0(0) 0(0) 1(16.7) 6 (37.5)
Severe 0(0) 0(0) 0 (0) 5(31.3)

BMI, body mass index; HCM, hypertrophic cardiomyopathy; IQR, interquartile range; Statistical significance was determined
by p-values calculated using Ordinary one-way ANOVA.
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Table S1. The baseline characterization of human heart samples in the study. Age, sex, body mass index (BMI), co-morbidities,

heart weight, heart/body weight ratio, and degree of fibrosis are shown in healthy controls and individuals with myocarditis, heart failure,

or HCM. Median values are shown for age, BMI, heart weight, and heart/body weight ratio with interquartile range (IQR) presented in

the parentheses. Number of males, individual co-morbidities, and degree of fibrosis are shown with their percentages in total presented

in the parentheses.

Markers Color Clone Cat number Company Dilution
CD11c BB515 N418 565586 BD Bioscience 1:100
CCR2 BB700 475301 747965 BD Bioscience 1:100
CD206 AFe47 MR5D3 565250 BD Bioscience 1:100
B220 AF700 6D5 115528 BioLegend 1:100

FVs780 |APC-Cy7 Viability 565388 BD Bioscience| 1:2000
TLR-2 BV421 CB225 565908 BD Bioscience 1:100
CcD45 V500 30-F11 561487 BD Bioscience 1:100

Siglec F BV605 E50-2440 740388 BD Bioscience 1:100
F4/80 BV711 T45-2342 565612 BD Bioscience 1:100
MHCII BV786 M5/114.15.2 107645 BioLegend 1:100
Ly6c PE HK1.4 128008 BioLegend 1:100
cD161 |PE-CF594 PK136 562864 BD Bioscience 1:100
TLR-4 PE-Cy7 MTS510 25-9924-82 ThermofFisher 1:100
CD11b BUV395 M1/70 563553 BD Bioscience 1:100
Ly6G BUV563 1A8 565707 BD Bioscience 1:100
CD40 BUV661 3/23 741519 BD Bioscience 1:100

CD3 BUV737 145-2C11 564618 BD Bioscience 1:100

Table S2. The list of antibodies for all immune cell phenotyping using flow cytometry. Fluorescent dyes,

clones, catalog numbers, and dilutions of individual antibodies against markers of live/dead, immune cell subsets

and activation status are listed.
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Markers | Colour Clone Cat Number Company Dilution
Foxp3 eGFP Intrinsic signal
GATA-3 BB700 L50-823 566642 BD Bioscience 1:100
IL-10 APC JESS-16E3 554468 BD Bioscience 1:100
IL-17A AF700 TC11-18H10 560820 BD Bioscience 1:100
CcDs APC-H7 53-6.7 560182 BD Bioscience 1:100
TGF-B1 BV421 TW7-16B4 141408 BioLegend 1:100
IFN-y BV480 XMG1.2 566097 BD Bioscience 1:100
FVS575V | BV605 Viability 565694 BD Bioscience| 1:2000
IL-4 BV711 11B11 564005 BD Bioscience 1:100
TCR-B BV786 H57-597 742484 BD Bioscience 1:100
ROR-yt PE Q31-378 562607 BD Bioscience 1:100
T-bet PE-CF594 04-46 562467 BD Bioscience 1:100
TNF-a PE-Cy7 MP6-XT22 557644 BD Bioscience 1:100
cD4 BUV395 GK1.5 563790 BD Bioscience 1:100
TCR-y8 BUV661 GL3 750410 BD Bioscience 1:100
CD335 BUV737 29A1.4 612805 BD Bioscience 1:100

Table S3. The list of antibodies for T cell phenotyping panel using flow cytometry. Fluorescent dyes, clones,
catalog numbers, and dilutions of individual antibodies against markers of live/dead, T cell subsets with

transcriptional factors and cytokines are listed. Foxp3+ Treg can be detected by its intrinsic GFP signal.

Supplementary data files
Data file S1. Raw data and statistical methods for each figure.

Data file S2. GSEA - all hallmark gene sets based on snRNA-seq data analysis of heart samples from

mid-stage patients with HCM and healthy donors.

Data file S3. GSEA - all hallmark gene sets based on snRNA-seq data analysis of heart samples from

late-stage patients with HCM and non-failing individuals.

Data file S4. GSEA - significantly regulated hallmark gene sets based on bulk RNA-seq data analysis

from the whole heart tissue from E99K mice from 5 to 60 weeks.
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