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Single-cell transcriptomics reveals writers
of RNA modification-mediated immune
microenvironment and cardiac resident
Macro-MYL2 macrophages in heart failure
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Abstract

Background Heart failure (HF), which is caused by cardiac overload and injury, is linked to significant mortality.
Writers of RNA modification (WRMs) play a crucial role in the regulation of epigenetic processes involved in immune
response and cardiovascular disease. However, the potential roles of these writers in the immunological milieu of HF
remain unknown.

Methods \We comprehensively characterized the expressions of 28 WRMs using datasets GSE145154 and GSE141910
to map the cardiac immunological microenvironment in HF patients. Based on the expression of WRMs, the
immunological cells in the datasets were scored.

Results Single-cell transcriptomics analysis (GSE145154) revealed immunological dysregulation in HF as well

as differential expression of WRMs in immunological cells from HF and non-HF (NHF) samples. WRM-scored
immunological cells were positively correlated with the immunological response, and the high WRM score group
exhibited elevated immunological cell infiltration. WRMs are involved in the differentiation of T cells and myeloid
cells. WRM scores of T cell and myeloid cell subtypes were significantly reduced in the HF group compared to the
NHF group. We identified a myogenesis-related resident macrophage population in the heart, Macro-MYL2, that

was characterized by an increased expression of cardiomyocyte structural genes (MYL2, TNNI3, TNNCT, TCAP, and
TNNT2) and was regulated by TRMT10C. Based on the WRM expression pattern, the transcriptomics data (GSE141910)
identified two distinct clusters of HF samples, each with distinct functional enrichments and immunological
characteristics.

Conclusion Our study demonstrated a significant relationship between the WRMs and immunological
microenvironment in HF, as well as a novel resident macrophage population, Macro-MYL2, characterized by
myogenesis. These results provide a novel perspective on the underlying mechanisms and therapeutic targets for HF.
Further experiments are required to validate the regulation of WRMs and Macro-MYL2 macrophage subtype in the
cardiac immunological milieu.
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Introduction

Heart failure (HF) is a syndromic outcome of abnormali-
ties in cardiac structure, function, rhythm, or conduc-
tion [1]. It occurs when the heart is unable to effectively
pump blood due to cardiac muscle weakness or stiffness
[2, 3]. The most prevalent risk factors contributing to HF
include genetics, diabetes, coronary artery disease, obe-
sity, high blood pressure, and chronic kidney disease [4,
5]. HF affects about 13.7 million patients in China, and an
estimated 3.0 million Chinese adults experience incident
HF each year [6]. HF imposes a substantial burden in
terms of morbidity, mortality, and health care expenses.
The prevention and management of HF are challenging,
and its prevalence may continue to rise in the foresee-
able future. The prognosis of HF patients remains poor,
despite the advancements that have been made in the
medical treatment of HF, including the use of angiotensin
converting enzyme inhibitors [7], angiotensin receptor-
neprilysin inhibitors [8, 9], sodium/glucose cotransporter
2 (SGLT?2) inhibitors [10, 11], spironolactone [12], inhibi-
tors of soluble epoxide hydrolase [13], and inflamma-
tion modulators [14]. HF alters cardiac proteins and
hormones [15-17], which is relevant to the diagnosis,
therapy, and prognosis of HF patients. Therefore, it is
imperative to improve the prognosis of HF patients and
to provide them with effective therapy.

Cardiac injury is associated with a systemic immune
response. The immune response is beneficial during
the early stages of cardiac injury. After a distinct tissue
injury, immune cells like neutrophils and monocytes are
initially recruited to facilitate effective tissue repair [18].
Neutrophils exhibit distinct phenotypes and function
that can promote both tissue repair and collateral dam-
age processes [19]. Macrophages, which are generated
by monocytes, are responsible for wound healing, elimi-
nating apoptotic cells, fibroblast-to-myofibroblast dif-
ferentiation, and the removal of debris in cardiac repair
[20]. Regulatory T cells (Tregs) are also involved in car-
diac injury, where they inhibit excessive inflammatory
responses and promote scar formation [21]. In addition
to the cells mentioned above, other immune cells such
as B cells [22], T cells [18], natural killer (NK) cells [23],
dendritic cells (DC) [24], and mast cells [25] have been
shown to be involved in cardiac injury. The timely tran-
sition from pro-inflammatory to anti-inflammatory
activities of the immune response is crucial during car-
diac repair, and a dysregulated immune response leads
to HF [18]. The expander and activation of immune cells
have been identified through single-cell RNA sequenc-
ing (scRNA-seq) in the HF model [26]. This process

induces fibrosis by recruiting monocyte-derived mac-
rophages [27]. Therefore, examining immune microen-
vironment regulation is essential for understanding HF
development.

RNA modification is widespread in nature. Read-
ers, erasers, and writers are responsible for the binding,
removal, and addition of the modified bases to influence
cellular biological processes [28], which are performed
by RNA modifications. More than 170 modifications in
RNA levels have been identified, including but not lim-
ited to N6-methyladenosine (m6A), N1-methyladenosine
(m1A), N7-methylguanosine (m7@), alternative polyad-
enylation (APA), and adenosine-to-inosine (A-I) [29]. In
eukaryotes, the m6A modification is the most prevalent
and abundant mRNA modification, occurring in most
non-coding RNA [30]. The m1A modification is revers-
ible, and tRNA is the most modified RNA [31]. m7G
binds to the 5’ cap co-transcriptionally during transcrip-
tion initiation and exists internally within mRNA, tRNA,
and rRNA [32]. APA cleaves mRNA to add poly A tails
for generating transcripts that contain different lengths
of 3’-untranslated region or coding regions [33]. A-IRNA
modification, which converts adenosines to inosines
by deamination in RNA, is widely found in pre-mRNA,
mRNA, and non-coding RNA [34]. However, a compre-
hensive analysis of these RNA modification regulators in
HF has not been reported.

Dysregulation of epigenetic modification and aberrant
gene expression occur frequently in HF patients. In car-
diovascular diseases, previous research has indicated that
metabolic and regulatory pathways are primarily affected
by alterations of m6A RNA methylation during progres-
sion to HF [35]. Cardiomyocyte hypertrophy stimulates
methyltransferase-like 3 (METTL3)-mediated methyla-
tion of m6A, whereas the absence of METTL3 acceler-
ates HF progression and drives eccentric cardiomyocyte
remodeling and dysfunction [36]. METTL3 expression
is consistently increased in the fibrotic cardiac tissue of
mice, which contributes to collagen accumulation [37].
RNA modification regulators also modulate the immune
response to influence HF development. For instance, the
immunological microenvironment of HF [38] is highly
associated with the m7G modification. RNA modifica-
tion patterns mediated by differential m6A regulators
determine the pattern of immunological cell infiltration
in atrial fibrillation [39]. A high m6A modification pat-
tern is associated with elevated cardiac infiltration of
immune cells in patients with coronary heart disease [40].
Moreover, different m6A regulators exhibit unique asso-
ciations with immune cells in ischemic cardiomyopathy
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[41]. These investigations indicate that RNA modifica-
tion is a vital factor in cardiac remodeling and immune
response reprogramming. A comprehensive understand-
ing of the regulatory network of various RNA modi-
fications in the immune milieu of HF will help develop
immunotherapeutic strategies.

In this study, we systematically examined the modifi-
cation patterns of writer of RNA modification (WRM)
in the immune microenvironment of HF using publicly
available HF datasets. Additionally, we investigated the
infiltration and functioning of specific immune cell sub-
types regulated by WRMs. Importantly, we identified a
myogenesis-associated population of cardiac resident
macrophages (CRMs), termed Macro-MYL2, which
expresses high levels of cardiomyocyte structural genes
and is regulated by the mlA writer TRMT10C. Our
results demonstrate a significant impact of WRMs on the
immunological microenvironment in HF, suggesting a
novel approach for treating HF.

Materials and methods

Datasets preprocessing

The scRNA-seq dataset GSE145154 [42] was derived
from the Gene Expression Omnibus (GEO) database,
containing 10 HF samples and 5 non-HF samples (NHF).
These samples were isolated from the myocardium and
the corresponding peripheral blood. The scRNA-seq
data, quantified using Cell Ranger from 10X Genomics
with default parameters, was analyzed using the Seurat
package in the R software. We quantified the number of
genes and unique molecular identifiers (UMIs) for each
cell and retained only high-quality cells meeting the fol-
lowing criteria: 500-9,000 genes, 500-100,000 UMIs,
less than 25% of mitochondrial gene counts, and less
than 3% of erythrocytes. The DoubletFinder package
was employed to identify doublets with default param-
eters. Principal component analysis and uniform mani-
fold approximation and projection (UMAP) were utilized
to conduct a comprehensive dimensionality reduction
analysis on single-cell samples. The SingleR package and
BlueprintEncodeData were investigated as reference data
for auxiliary annotation. Subsequently, marker genes
were identified for manual annotation of various clusters.

scRNA-seq data analysis

We utilized the R package “limma” to identify the dif-
ferentially expressed genes (DEGs) for each cell cluster.
Cell-cell communication and gene regulatory networks
were constructed by CellChat and Single-Cell Regu-
latory Network Inference and Clustering (SCENIC)
analysis, respectively. To identify marker genes for each
cell cluster and DEGs between groups or cell types, the
FindAllMarkers function in the Seurat package was
employed, with the criteria of |log2 fold change| > 1 and
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p value<0.05. Gene-set variation analysis (GSVA) was
conducted for pathway enrichment analysis. Pseudotime
trajectory analysis was performed using the Monocle2
package for. Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analy-
sis of DEGs was performed using R packages, including
“topGO” (2.52.0), “clusterProfiler” (4.8.3), and “stringr”
(1.5.0). The R package “Cibersort” (0.1.1) was utilized to
analyze the proportion of infiltrated immune cells. We
performed the correlation analysis using the R package
ggcorrplot (0.1.4.1).

Identification of differentially expressed WRM

According to previous studies [29, 38], WRM-related
genes were selected from m6A, m1A, APA, A-I, and m7G
regulators. WRM scores for each cluster and cell type
were calculated using single-sample gene-set enrich-
ment analysis (ssGSEA) based on the expression levels of
WRM-related genes. The statistical differences between
groups were analyzed using the Wilcoxon test, and a p
value <0.05 was considered statistically significant.

Bulk RNA-seq data analysis

The R package “limma” (3.56.2) was used to normalize
the bulk RNA-seq dataset GSE141910 [43], which was
extracted from the GEO database. The dataset contained
200 HF samples and 166 NHF samples, and it was subse-
quently analyzed. The process of handling bulk RNA-seq
data followed the scRNA-seq data analysis. Additionally,
the R package “ggpubr” (0.6.0) was used to assess the
expression of WRM-related genes in the HF and NHF
samples in dataset GSE141910.

Consensus clustering analysis based on WRM

The R package “ConsensusClusterPlus” (1.64.0) was used
for consensus clustering analysis according to the expres-
sions of WRM-related genes in the 200 HF samples in the
dataset GSE141910. Subsequently, differential and path-
way enrichment analyses were conducted based on the
consensus clustering results.

Isolation of cardiac macrophages

As demonstrated in prior research [27], cardiac mac-
rophages were isolated from the ventricular myocar-
dium of mice. Red blood cells were removed from the
heart by flushing it with PBS. It was then minced into
a slurry and digested in Hanks Balanced Salt Solution
(21022CM, Corning) with 2.5 mM CaCl,, 0.1% collage-
nase B (11088831001, Roche), 10 mM Hepes, and 2.4 U/
ml Dispase II (04942078001, Roche) in a 37 °C water bath
for 30 min. Immune cell-focused panels were utilized in
flow cytometry to identify macrophages. The isolated
macrophages were cultured in DMEM (10-013-CVRC,
CORNING) supplemented with 10% fetal bovine serum
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(10099141 C, GIBCO), 1x penicillin/streptomycin, 20 ng/
ml of lipopolysaccharide (00497693, eBioscience), and 5%
CO, at 37 °C.

Cell transfection

A total of 3x10* cells/mL of macrophages were seeded
into 24-well plates. The TrmtlOc overexpression plas-
mids were transfected into cardiac macrophages using
lipo2000 (11668019, Thermo) at a final concentration of
50 nM.

RT-qPCR
Total RNA was extracted from macrophages employing
the TRIzol LS reagent (10296028CN, Invitrogen, USA).
RT-qPCR was performed using the following prim-
ers: TrmtlOc-F: 5-TGGGACAAATTGCTCTTAACAG
C-3} TrmtlOc-R: 5-GTTGCTATGTTTAACCGTTTGG
C-3} Gapdh-F: 5-CAAAATGGTGAAGGTCGGTGT-3;
Gapdh-R: 5-GAGGTCAATGAAGGGGTCGTT-3.

Western blot

The total proteins were isolated from macrophages and
separated in a 10% SDS-PAGE gel. Subsequently, the pro-
teins were transferred to a PVDF membrane (Millipore,
USA). The proteins were incubated at 4 °C overnight with
the primary antibodies anti-TRMT10C (1/2000, 29087-1-
AP, Proteintech) and anti-GAPDH (1/15000, 60004-1-1g,
Proteintech). Following this, the primary antibodies were
incubated with the corresponding second antibodies goat
anti-mouse IgG H&L (HRP, 1/1000, ab205719, Abcam)
and goat anti-rabbit IgG H&L (HRP, 1/20000, ab6721,
Abcam).

Immunofluorescence

The MLY2 protein in macrophages was identified using
the primary antibody anti-MYL2 (10906-1-AP, Protein-
tech) after 48 h of cell transfection. The cells were fixed
with methanol for 30 min, followed by sealing with 3%
bovine serum albumin. The primary antibody was used to
incubate cells at 4 °C overnight. The secondary antibody
goat anti-rabbit IgG H&L (Alexa Fluor® 488, ab150077,
Abcam) was then used to incubate cells at ambient tem-
perature for 1 h in a dark room. The DAPI stain (C1006,
Beyotime) was used to stain nuclei. An inverted fluo-
rescence microscope was used to observe fluorescent
images (NIKON). The Image Pro Plus software was used
to measure the fluorescent intensity.

Statistical analysis

Student’s t-test was used for comparisons between the
two groups. P<0.05 values was set as indicating statisti-
cal significance.
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Results

The scRNA-seq data reveals immune dysregulation in HF
The GSE145154 dataset was employed to examine the
cellular milieu in failing hearts by analyzing CD45™ cells
in the myocardium and CD45" immune cells isolated
from the myocardium and corresponding peripheral
blood of 10 HF and 5 NHF samples [42]. After applying
quality-control filtering, 72,041 quality-control-positive
cells were obtained. This included 47,418 cells from HF
samples and 24,623 cells from NHF samples (Fig. S1A).
The unsupervised graph-based clustering revealed 10
major cell types, including endothelial cells, fibroblasts,
smooth muscle cells (SMC), pericytes, cardiomyo-
cytes, T cells, NK cells, B cells, myeloid cells, and mast
cells (Fig. 1A and Fig. S1B). Compared with the NHF
samples, we observed that the NK cells and T cells were
augmented in the HF samples, whereas endothelial cells,
fibroblasts, and myeloid cells were inhibited in HF pro-
gression (Fig. 1B). As shown in Fig. 1C, GSVA revealed an
enrichment of the immune cells (T cells, NK cells, B cells,
myeloid cells, and mast cells) in immune-associated path-
ways, such as IL-2/STATS5 signaling, IL-6/JAK2/STAT3
signaling pathway, inflammatory response, and interferon
alpha/gamma response. The fibroblasts and endothelial
cells were activated in epithelial mesenchymal transition,
myogenesis, and angiogenesis that were related to car-
diac remodeling. The cardiomyocytes were also enriched
in oxidative phosphorylation and fatty acid metabolism,
in addition to myogenesis. The cell-chat analysis revealed
diverse interactions among these cell types (Fig. 1D), and
the number of ligand-receptor pairs varied (Fig. S1C).
In brief, these results comprehensively indicate the cell
composition in the heart and reveal immune dysregula-
tion in HE.

Landscape of WRMs in HF

To investigate whether the RNA modification impacted
HE, we evaluated the expression of five major WRMs in
the cardiomyocytes, including m6A writers (METTL3,
METTL14, WTAP, RBM15 RBMI15B, ZC3H13,
KIAA1429), mlA writers (TRMT61A, TRMTI10C,
TRMT61B, TRMT6), APA writers (CPSF1, CPSF2,
CPSF3, CPSF4, CSTF1, CSTF2, CSTE3, CFI, PCF11,
CLP1, NUDT21, PABPN1), A-I writers (ADAR,
ADARBI1, ADARB2), and m7G writers (METTLI,
WDR4) (Fig. 1E). The expression levels of WRMs were
significantly different between the HF and NHF groups
(Fig. S1D). The WRM scores of T cells, myeloid cells,
endothelial cells, pericytes, fibroblasts, and SMC were
significantly different between the two groups (Fig. 1F).
Additionally, we observed that the WRMs were differen-
tially expressed among these 10 cell types (Fig. 1G). Thus,
WRM expression was abnormal in HFE.
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WRM is related to the immune microenvironment in HF

We evaluated pairwise correlations between immune
cells and pathway enrichment based on the WRM score.
The findings revealed that WRM-scored immune cells
were positively correlated with immune response (inter-
feron gamma/alpha, IL6/JAK/STAT3 signaling, IL2/
JAK/STATS5 signaling, complement, and inflammatory
response), cell metabolism (glycolysis, fatty acid metab-
olism, adipogenesis, and cholesterol homeostasis), oxi-
dative phosphorylation, cell development (apoptosis,
PISK/AKT/MTOR signaling pathway, p53 pathway, E2F
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targets, G2M check point, DNA repair, and mitotic spin-
dle), and myogenesis (Fig. 2A). Given the heterogeneity
and complexity of RNA modification, ssGSEA was per-
formed to develop a WRM score model for four immune
cell types based on WRM expression level to quan-
tify the RNA modification pattern of each HF patient.
The WRM-scored immune cells were divided into two
groups: the WRM high group (score>0) and the WRM
low group (score<0). We observed that the WRM high
group experienced a higher infiltration of immune cells,
including T cells, myeloid cells, NK cells, and B cells
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(Fig. 2B). The GSVA enrichment analysis was conducted
to further characterize the functional enrichment of the
two RNA modification patterns. The results indicated
that the enrichment level of various pathways exhibited
significant heterogeneity between the WRM low and the
WRM high groups (Fig. 2C). Collectively, these results
demonstrate that WRM is involved in the regulation of
the immune microenvironment of the failing heart.

T cells in heart display heterogeneity and complexity and
are associated with WRM

In HF patients, cardiac T cell infiltration has been docu-
mented, and various T cell subtypes have distinct func-
tions in the heart [44]. To determine the potential roles
of T cells in HF, they were re-clustered for further inves-
tigation. Based on the known marker genes and highly
expressed genes, T cells were classified into 6 subtypes,
including CD4™" naive T cells (Tn), CD4" tissue-resident
memory (Trm) T cells, CD8" effector memory T (Tem)
cells, CD8™ effector memory cells re-expressing CD45RA
(Temra), CD8" Tn cells, and y8T cells (Fig. 3A). The
pseudotime analysis of T cell subtypes revealed that the
terminals of the pseudotime trajectory were occupied
by CD8" Tem cells, CD8" Temra cells, and y8T cells
(Fig. 3B). Figure 3C illustrates the ratio of T cell subtypes
in the HF and NHF groups. It was observed that the HF
group exhibited a greater abundance of each T cell sub-
type than the NHF group. According to a growing body
of evidence, macrophage migration inhibitory factor
(MIF) can protect the heart following cardiac injury by
activating the AMPK signaling pathway, inhibiting JNK
pathway activation, and attenuating cardiomyocyte oxi-
dative stress [45, 46]. The cell-chat analysis revealed the
presence of a ligand-receptor complex (CD74-CD44)
between cardiomyocytes and CD8" Tem cells via the
MIF signaling pathway (Fig. 3D and Fig. S2A), imply-
ing that cardiomyocytes regulate T cells. To explore
the functional difference in T cells between the HF and
NHF groups, we conducted the DEG analysis (Fig. S2B).
The GO enrichment analysis of the upregulated DEGs
between the HF and NHF groups revealed an enrich-
ment of terms related to T cell activation (Fig. 3E). KEGG
enrichment analysis indicated that T cells were downreg-
ulated in pathways of atherosclerosis, dilated cardiomy-
opathy, and hypertrophic cardiomyopathy (Fig. 3F). To
determine whether the T cells were modified by WRMs,
we estimated WRM expression in the T cell subtypes.
The differential expression of WRMs among T cell sub-
types was as anticipated (Fig. 3G). The WRM scores of
CD8" Temra and CD8" Tem were significantly higher
in the NHF samples than in the HF samples (Fig. 3H).
WRM also participated in the T cell differentiation tra-
jectory (Fig. S2C). Thus, our findings demonstrated that
cardiomyocytes interacted with CD8* Tem cells via the
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MIF signaling pathway and WRM:s are closely associated
with cardiac T cell dysregulation.

Macro-LYVE1 and Macro-MYL2 as CRMs are identified
Cardiac macrophages contribute to cardiac repair
and remodeling post-injury [27, 47]. In this study, we
extracted myeloid cells, employed scRNA-seq data for
probing gene expression profiles of macrophages, and
defined their heterogeneity in HF. The myeloid cells
were divided into six distinct clusters: DC, Macro-IL1B,
Macro-LYVE1, Macro-MYL2, Macro-SPP1, Mono-
CD14, and Mono-CD16 (Fig. 4A). The Macro-LYVEI1
and Macro-MYL2 populations were present in a higher
percentage in the NHF samples than in the HF samples,
suggesting that the two subtypes were predominantly
present in the heart during the steady state (Fig. 4B). The
heatmap demonstrated genes with high expression in
each macrophage subtype (Fig. 4C). We observed that
Macro-LYVE1 and Macro-MYL2 were characterized
by the expression of lymphatic vessel endothelial hyal-
uronan receptor-1 (LYVEI), folate receptor 2 (FOLR2),
mannose receptor C-type 1 (MRCI), C-C motif ligand 2
(CCL2), and coagulation factor XIIIA (F13A1, Fig. 4C),
which resembled the signatures of cardiac tissue-resi-
dent macrophages [27, 48]. These results identified two
CRM populations: Macro-LYVE1 and Macro-MYL2.
Interestingly, Macro-MYL2 subtype exhibited elevated
expression of cardiomyocyte structural genes, including
MYL2, TNNI3, TNNCI, TCAP, and TNNT2 (Fig. S3A),
which were considered to constitute molecular diag-
nostic markers for hypertrophic cardiomyopathy [49].
Hence, we focused on Macro-MYL2 cells to investigate
the effects of CRMs on HF.

Macro-MYL2 differs from Macro-LYVET1 in function
enrichment and differentiation trajectory

To determine the activating transcription factors (TFs)
and functional enrichment of these myeloid cell sub-
types, we performed SCENIC analysis and GSVA
enrichment analysis. Among the myeloid cell subtypes,
Macro-LYVE1 and Macro-MYL2 exhibited compa-
rable transcriptional pattern activation, with T cell
acute lymphocytic leukemia 2 (TAL2) and nuclear fac-
tor I B (NFIB) being specially activated in both sub-
types (Fig. S3B). Macro-MYL2 cells were significantly
enriched with myogenesis and suppressed in a set of
immune response-associated pathways such as IL6/JKT/
STATS3 signaling, IL2/JKT/STAT5 signaling, inflamma-
tory response, and interferon gamma/alpha response,
as demonstrated in Fig. 4D. Macro-LYVE1 cells were
activated in the processes of protein secretion, bile acid
metabolism, and coagulation. Macro-IL1B cells evidently
exhibited characteristics of inflammatory response and
apoptosis, including the presence of TNFA signaling
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via NF«B, interferon alpha/gamma response, IL6/JKT/
STAT3 signaling, as well as apoptosis and the p53 path-
way (Fig. 4D). The Macro-SPP1 cells exhibited an acti-
vation in lipid metabolism, which included fatty acid
metabolism, cholesterol homeostasis, and adipogenesis
(Fig. 4D). Monocytes from peripheral blood can differen-
tiate into DCs and macrophages [50]. During pseudotime
analysis, the undifferentiated monocytes, Mono-CD14
and Mono-CD16 cells, were located at the onset of the
pseudotime trajectory. The mature populations of DC,
Macro-IL1B, and Macro-SPP1 appeared at the early stage
of myeloid cell development (Fig. 4E). Macro-LYVE1 and
Macro-MYL2 cells were classified as resident macro-
phages; however, their differentiation trajectories were
distinct. Macro-LYVE] differentiated along the trajec-
tory, while Macro-MYL2 primarily appeared as mature
macrophages at the terminal of the pseudotime trajec-
tory (Fig. 4E). DEG analysis was performed to examine
the differential factors and pathways in macrophage
subtypes between the HF and NHF groups (Fig. S3C).
Interestingly, we noticed that the expression of several
DEGs, including F13A1, LYVEI, and CCL2, was down-
regulated in the HF group (Fig. S3C), and downregula-
tion of F13A1, LYVEI, and CCL2 occurred mainly in the
Macro-MYL2 and Macro-LYVE1 subtypes (Fig. 4F). The
F13A1 and LYVEIL generated by CRMs are associated
with cardiovascular protection and cardiac lymphatics,
respectively [48, 51]. Additionally, the CCL2 produced by
CRMs triggers the recruitment of inflammatory mono-
cytes, thereby amplifying vascular inflammation [52].
The downregulation of F13A1, LYVEI, and CCL2 in the
Macro-MYL2 and Macro-LYVELI cells may impact mac-
rophage-based regulation of cardiovascular and cardiac
lymphatic remodeling in HF. Upon comparison with
the NHF group, enrichment analysis demonstrated that
the upregulated DEGs in the HF group were primarily
involved in antigen processing and presentation via MHC
class II and T cell activation (Fig. 4G). Conversely, the
chemokine- and neutrophil-associated pathways were
enriched in the downregulated DEGs (Fig. 4H). Thus, our
results illustrated the heterogeneity of myeloid cell sub-
types and revealed that Macro-MYL2 cells were specifi-
cally activated during myogenesis and were distinct from
the differentiation trajectory of Macro-LYVE1 cells.

TRMT10C participates in Macro-MYL2 subtype
differentiation

To determine if any strong associations existed between
WRMs and myeloid cells in the HF development, we
assessed WRM expression in the different subtypes.
Figure 5A illustrates the distinct expression of WRM in
myeloid cell subtypes. In addition, the WRM scores in the
Mono-CD14, Mono-CD16, Macro-LYVE]1, and Macro-
IL1B subtypes were significantly higher in the NHF
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group than in the HF group (Fig. S3D). The WRM gene
expression was subsequently plotted to track variations
across different myeloid cell states, which demonstrated
the participation of WRM in the myeloid cell differentia-
tion process (Fig. 5B). TRMT10C was responsible for the
mlA modification of mitochondrial tRNA and mRNA
[53]. The trajectory of Macro-MYL2 differentiation was
characterized by a gradual increase in TRMT10C expres-
sion (Fig. 5B). We also discovered elevated TRMTI10C
expression in the NHF group compared to the HF group
(Fig. S3E), consistent with the alterations in Macro-
MYL2 abundance (Fig. 4B). Subsequently, Trmt10c was
overexpressed in cardiac macrophages of mice (Fig. 5C
and D), which resulted in a significant elevation of the
MYL2* macrophage population (Fig. 5E). These results
demonstrated TRMT10C involvement in Macro-MYL2
differentiation.

Identification of immune microenvironment in HF based
on the bulk RNA-seq data

To further investigate the regulatory roles of WRM in
the immune microenvironment in HF, we employed the
bulk RNA-seq data from the GSE141910 dataset, which
included 200 HF samples and 166 NHF samples [43].
DEG analysis was initially performed between the HF
and NHF samples, and a total of 901 DEGs were detected,
including 624 upregulated DEGs and 277 downregulated
DEGs (Fig. S4A). The GO enrichment analysis revealed
that the upregulated genes were actively involved in
immune and fibrotic responses, including immune
response-activating cells, T cell differentiation, regula-
tion of T cell activation, mononuclear cell differentia-
tion, and lymphocyte differentiation, as well as collagen
fibril organization and extracellular matrix organization
(Fig. 6A). Moreover, the DEGs involved in macrophage
regulation and acute response were downregulated in
HE. This included DEGs engaged in the positive regula-
tion of macrophage-derived foam cell differentiation,
macrophage activation, acute-phase response, and acute
inflammatory response (Fig. 6B). We also evaluated the
infiltrating level of immune cells (Fig. S4B). The infiltrat-
ing levels of several subtypes, including CD4* Tn, CD8*
Temra, CD8* Tem, and DC, were significantly higher in
HF samples than in NHF samples (Fig. 6C). Conversely,
the levels of CD4" Trm, Macro-CD14, Macro-IL1B, and
Macro-MYL2 cells were significantly higher in NHF sam-
ples than in HF samples. We also found that changes in
abundance of CD4" Tn, CD8* Temra, CD8" Tem, and
Macro-MYL2 cells were consistent with the scRNA-
seq data results (Figs. 3C, 4B, and 6C). Upon cell-chat
analysis, we observed that these immune cell subtypes
exhibited a close interaction with each other, with DC
and Macro-MYL2 being the most negatively correlated
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Fig. 6 Bulk RNA-seq data reveals an immune dysregulation in HF. (A) and (B) GO functional enrichment analysis was performed for DEGs between the HF
and NHF groups based on bulk RNA-seq data that showed GO terms related to upregulated DEGs (A) and downregulated DEGs (B), respectively. (C) The
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(Fig. 6D). Together, these findings further confirmed that
the immune response was dysregulated in HE.

RNA modification writers not only interacted with immune
cells, but also with each other

We compared the WRM alterations between normal and
HF samples to determine whether HF influenced WRM
expression. The findings revealed that the expression of
most of the writers varied in HF (Fig. 7A—E). Specifically,
compared to the NHF samples, the expression of most of
the WRMs was significantly higher in the HF samples.
This included cleavage and polyadenylation specificity
factor (CPSF2), pre-mRNA cleavage complex 2 protein
(PCF11), TRMT10C, Wilms’ tumor 1-associated protein
(WTAP), and WD repeat domain 4 (WDR4, Fig. 7A-E).
To explore the relationship between writers and immune

cells, we assessed their pairwise correlations. The results
indicated that CD8" Tem, CD8" Temra, and CD4*
Tn exhibited a more negative correlation with WRMs
(Fig. 7F). Additionally, the 28 writers in the HF samples
engaged in a unique crosstalk that resulted in a positive
correlation between the WRM within the same category
and a significant correlation between various types of
WRM (Fig. 7G). Our results revealed that the WRMs
interacted with immune cells and with one another.

Unsupervised cluster analysis for HF samples by WRM
clustering

The crosstalk among the writers was important for gen-
erating different RNA modification patterns between
individual HF samples. Thus, based on the WRM expres-
sion, we conducted unsupervised consensus clustering
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analysis for HF samples to further investigate RNA
modification patterns in HF (Fig. SSA-C). The cluster-
ing results demonstrated that k=2 was an appropriate
selection, indicating that HF samples were accurately
divided into two types: WRM type 1 and WRM type 2
(Fig. 8A). A GSVA enrichment analysis was conducted to
further define the WRM type 1 and WRM type 2 pheno-
types. As shown in Fig. 8B, WRM type 2 was significantly
enriched in myogenesis, PI3K/AKT/MTOR signaling, the
p53 pathway, glycolysis, reactive oxygen species, oxida-
tive phosphorylation, DNA repair, and fatty acid metabo-
lism. For WRM type 1, cell cycle-related pathways were
activated, such as E2F targets, G2M checkpoints, and
the mitotic spindle (Fig. 8B). Furthermore, DEG analysis
results revealed alterations in 4,509 DEGs between WRM
type 1 and WRM type 2, including 2,212 upregulated
genes and 2,297 downregulated genes (Fig. S5D). The
KEGG enrichment analysis revealed that, compared with
type 2 WRMs, upregulated DEGs of type 1 WRMs were
significantly enriched in arrhythmogenic right ventricu-
lar cardiomyopathy and actin cytoskeleton regulation
(Fig. 8C). DEGs that are involved in oxidative phosphory-
lation, diabetic cardiomyopathy, cardiac muscle contrac-
tion, phagosomes, and endocytosis were downregulated,
as illustrated in Fig. 8D.

To better understand immune-related characteristics in
WRM type 1 and WRM type 2, we evaluated the immune
cell infiltration within the two WRM types (Fig. S5E). We
observed that the infiltration level of immune cell sub-
types, including CD4* Tn, CD8" Temra, Macro-SPP1,
and Macro-MYL2, was significantly higher in WRM type
2 than in WRM type 1. However, CD4* Trm, Mono-
CD14, Macro-IL1B, and DC were significantly enriched
in WRM type 1 (Fig. 8E). Furthermore, the expressions
of RNA modification regulators demonstrated substan-
tial differences in WRM type 1 and WRM type 2 (Fig.
S5F). In general, these results indicated that two WRM-
related regulatory patterns were present in HF samples,
and the two types exhibited distinct immune-related
characteristics.

Discussion

Inflammation dysregulation is a prevalent underlying
contributor to the risk factors associated with HF, and
the immune microenvironment is closely correlated
with RNA modification regulators in the development
of HF [38, 54]. Our results revealed immune response
dysregulation and a global landscape of RNA modifica-
tion writers in the HF immune microenvironment using
scRNA-seq and bulk RNA-seq data. We identified a myo-
genesis-related CRM population, termed Macro-MYL2,
which excessively expresses cardiomyocyte structural
genes. Additionally, WRM TRMT10C plays an impor-
tant role in Macro-MYL2 subtype differentiation. Our
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findings highlight the impact of WRMs on the immune
microenvironment of HF and identify potential targets
for improving diagnostic and therapeutic strategies for
HE

This study revealed noticeable differences in the
immune environment between HF and normal patients,
consistent with previous studies [55]. In the early stage of
cardiac injury, reparative or anti-inflammatory responses
are essential for minimizing myocardial damage, promot-
ing healing, and preventing scar formation. Conversely,
an enhanced or persistent pro-inflammatory response
can delay the reparative macrophage-mediated repair
response and exacerbate adverse ventricular remodeling
[56], suggesting the dual role of the immune response
in the heart. Similarly, atherosclerosis is an immune-
mediated inflammatory condition. Both immune cells
and their secreted cytokines have a protective and pro-
atherogenic effect on atherosclerotic plaques [57]. The
polarization of the pro-inflammatory and anti-inflam-
matory macrophage phenotypes plays a pivotal role in
HF development. For example, YAP/TAZ promotes the
pro-inflammatory response by increasing IL6 expression
in macrophages. Conversely, YAP/TAZ deletion results
in impaired pro-inflammatory and enhanced repara-
tive responses, leading to improved cardiac function
[56]. Blocking TRPA1 also decreases the proportion of
M2 macrophages and reduces profibrotic cytokine lev-
els, thereby improving cardiac fibrosis [58]. Addition-
ally, IL-34 can sustain NF-kB pathway activation to elicit
elevated CCL2 expression, which contributes to CCR2*
macrophage recruitment and polarization and subse-
quently exacerbates cardiac remodeling and HF post-
ischemia/reperfusion [59]. These results underscore the
critical function of macrophages in HE. In this study,
the distribution and pseudotime trajectory of different
subclusters within the same cell type exhibited differ-
ences between the HF and NHF samples. For instance,
a higher proportion of Macro-LYVE1 and Macro-MYL2
subtypes were observed in the NHF samples than in the
HF samples, in contrast with other macrophage subtypes.
In addition, Mono-CD14 and Mono-CD16 cells were
located at the beginning of the pseudotime trajectory,
and the Macro-IL1B and Macro-SPP1 subtypes appeared
at the early stage of myeloid cell development. Thus, the
immune system strictly regulates the differentiation of
cardiac macrophages in response to HF development.

Our results revealed that RNA modification writers
were closely associated with immune dysregulation in
HE. Abnormal RNA modification in immune cells have
been identified in cardiovascular disease [60]. For exam-
ple, the group with a higher insulin-like growth factor-
binding protein 3 (IGFBP3) level exhibits more enriched
immune-related pathways and highly infiltrated immune
cells in comparison to the low IGFBP3 group [54]. In
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addition, the differentially expressed m7G regulators
are closely associated with a diverse array of immune
cell infiltrations and expression alterations of immune-
related functions in HE. Multiple m7G regulators have
been identified as diagnostic signatures for HF [38]. In
our study, WRM was differentially expressed in cardiac
immune cells. The WRM score of certain immune cells
exhibited significant differences between the HF and
NHF samples, with the NHF samples exhibiting higher
WRM scores. This indicates that RNA modification level
is a critical factor in immune cell infiltration. RNA modi-
fication regulators can regulate immune responses via
multiple signaling pathways. One study reports that m6A
regulator expression affects vascular cell adhesion mol-
ecule 1 expression and subsequently influences immune
cell infiltration via the Wnt signaling pathway in HF [61].
FTO knockdown in rat cardiomyocytes upregulates the
expression of pro-inflammatory cytokines, resulting in
hypermethylation of IL-6 and TNF-a mRNA transcripts
[62]. Our study revealed that WRM-related immune cells
were activated in pathways related to interferon gamma/
alpha, IL6/JAK/STAT3 signaling, and IL2/JAK/STAT5
signaling. Thus, future research can further explore the
role of WRM in the signaling pathway of immune cells.
In this study, we identified two major resident macro-
phage populations in the heart, namely the Macro-LYVE1
and Macro-MYL2 subtypes. CRMs can be divided into
CCR2™ and CCR2* subtypes, which are derived from
embryonic and adult hematopoietic lineages, respec-
tively. CCR2* resident macrophages can be derived from
blood CCR2* monocytes [63, 64]. Local proliferation of
CCR2™ macrophages and recruitment of blood mono-
cytes both contribute to cardiac macrophage expansion
[64]. Recent studies reveal a significant reduction in cer-
tain resident macrophage populations in heart tissue
during the early stages of cardiovascular disease. How-
ever, they are subsequently restored to facilitate repair
after myocardial injury [65, 66]. This study revealed
that Macro-LYVE1 and Macro-MYL2 abundance was
reduced in HF samples, and resident macrophage sig-
natures such as LYVE], CCL2, and FI3A1 in both sub-
types were significantly downregulated compared with
the NHF samples. We hypothesize that the Macro-
LYVEI and Macro-MYL2 subtypes are beneficial for the
heart and that the local proliferation of macrophages
and the recruitment of blood monocytes are limited in
HF patients who experienced cardiac dysfunction for a
prolonged period, thereby promoting adverse cardiac
remodeling. Interestingly, the Macro-LYVE1 and Macro-
MYL2 cells exhibited significant differences in pathway
enrichment, suggesting that these two CRM subtypes
perform different functions in the heart. Furthermore,
pseudotime analysis demonstrated that Macro-LYVE1
cells developed along the trajectory, and Macro-MYL2
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cells primarily appeared at the terminal phase of the
pseudotime trajectory. This indicates that Macro-LYVE1
and Macro-MYL2 cells may originate from different cell
lineages.

CRMs can stimulate angiogenesis and inhibit fibrosis
in response to cardiac pressure overload [27]. They are
responsible for the efficient clearance of dysfunctional
mitochondria and the degradation of apoptotic cardio-
myocytes for tissue repair [65, 67]. Macro-MYL2 cells
constitute a unique CRM population characterized by
the expression of cardiomyocyte structural genes. These
genes play essential roles in cardiac contractile func-
tion [49, 68]. Macro-MYL2 cells also actively involved in
the myogenesis pathway and were known to downregu-
late immune response-related genes. This suggests that
Macro-MYL2 may respond to HF by engaging in car-
diac remodeling rather than immunity. Tracking gene
expression changes of WRM across myeloid cell states
revealed a close relationship between RNA modification
and Macro-MYL2 differentiation. Previous studies have
demonstrated the regulatory roles of RNA modification
regulators in macrophage polarization. For instance, the
polarization of macrophages is linked to YTHDEF3, and
the polarization of macrophage M1 induced by lipo-
polysaccharide/IFN-y can be impaired by YTHDF3
suppression [69]. In macrophages, METTL3 upregula-
tion also drives M1 macrophage polarization, and defi-
cient METTL3 inhibits macrophage activation [70, 71].
METTL14 expression is increased in coronary heart
disease, but METTL14 knockout significantly reduces
macrophage-based inflammatory responses and ath-
erosclerotic plaque development [72]. The above stud-
ies highlight the importance of WRMs in macrophage
polarization. Interestingly, the process of Macro-MYL2
subtype differentiation was accompanied by enhanced
expression of TRMTIOC, and the proportion of
MYL2* macrophages was increased by Trmt10c overex-
pression in cardiac macrophages. TRMT10C is respon-
sible for m1A modification of mitochondrial mRNA and
tRNA [73, 74], suggesting that TRMT10C may regulate
Macro-MYL2 subtype differentiation in the heart via
mlA modification of mitochondrial mRNA or tRNA.
Further investigation is required to elucidate the mecha-
nism by which TRMT10C modulates the Macro-MYL2
subtype through m1A modification of RNA.

Conclusion

In this study, we comprehensively demonstrated the
impact of WRMs on the immune microenvironment in
HF by using scRNA-seq and bulk RNA-seq data. We also
identified a myogenesis-related population of CRMs,
termed Macro-MYL2, characterized by increased expres-
sion of cardiomyocyte structural genes and regulated
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by TRMTI0C. Our results provide a novel approach for
identifying biomarkers for HF treatment and diagnosis.
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