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Abstract

Background Viral myocarditis (VMC) is an inflammatory myocardial condition triggered by viral infections which
involves pathogenic-related damage and immune-mediated damage. However, the precise immunopathogenic
mechanisms underlying VMC remain elusive.

Methods We performed single-cell RNA sequencing on mouse hearts during the acute phase of CVB3-induced
VMC. After manually annotating cell types, functional analyses of macrophage were performed by cell ratio changes,
customized gene set module scoring and CellPhoneDB. Utilizing indirect co-culture experiments in vitro, the effects
of macrophage-derived SPP1 on cardiac fibroblasts were investigated. Depletion of macrophages and inhibition

of SPP1 expression in mice were carried out to study the effects of macrophage-derived SPP1 on cardiac function,
inflammation levels, and myocardial injury in mice with VMC.

Results Our data revealed that macrophages are the major immune cells which infiltrate the heart during the

acute phase of VMC, particularly a macrophage subpopulation which highly expresses SppT (Spp T+ macrophages)
and exhibited characteristics of peripheral blood monocytes. Spp1* macrophages communicate extensively with
fibroblasts during VMC, and that SPP1 promotes fibroblast conversion to an inflammatory phenotype with high Ccl2/
Ccl7 expression. This in turn increases monocyte chemotaxis to the heart. Besides, a partial depletion of macrophages
in the early stages of VMC attenuated myocardial inflammation and myocardial injury in mice. Inhibition of SPP1
reduced cardiac macrophage infiltration, attenuated myocardial inflammation, and improved cardiac function in VMC
mice.

Conclusion Our findings suggested that Spp7* macrophages could self-recruit, and macrophage-derived SPP1

exacerbated myocardial immune injury by promoting high Ccl2/Ccl7 expression in fibroblasts. Our study advances
understandings of VMC pathogenesis, and provides novel insight into potential immunotherapies for VMC.
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Introduction

Myocarditis is a common disease, particularly in children
and adolescents [1]. However, due to insufficient under-
standings of the underlying etiologies and pathogenesis
of myocarditis, there is currently a lack of specific and
effective treatments for the conditions. Roughly 30% of
patients with myocarditis may develop dilated cardio-
myopathy, which has a five-year survival rate of less than
50% [2]. Thus, elucidating complex disease mechanisms
and devising effective therapies is crucial.

Myocarditis refers to inflammatory myocardial lesions
related to non-ischemic etiologies [3]. Infectious condi-
tions are important drivers of myocarditis, with entero-
viruses, particularly Coxsackie virus B (CVB), being the
most common causative pathogens. The pathogenesis of
viral myocarditis (VMC) is currently believed to involve
direct damage caused by pathogen infections and indi-
rect damage caused by secondary immune responses.
During the acute phase of myocarditis, an influx of
immune cells infiltrates myocardial tissue, and interact
with cardiomyocytes, fibroblasts, endothelial cells and
other cardiac cells. However, the specific roles of cardiac
cells, infiltrating immune cells, gene expression profiles,
and cellular communication in myocarditis are still not
fully understood.

Jiangping Song et al. studied the single-cell transcrip-
tional profiles of cardiac immune cells collected during
different experimental autoimmune myocarditis (EAM)
phase, and detailed the immunological network underly-
ing EAM for the first time [4]. Han Zhu et al. reported
peripheral immune profiles of patients with immune
checkpoint inhibitor (ICI) myocarditis, and found an
expansion of specialized effector CD8*T cells (Temra
CD8* cells) in the peripheral blood [5]. Daowen Wang et
al. studied the single-cell transcriptional landscapes and
cell-cell communications of cardiomyocytes, infiltrating
immune cells, and peripheral immune cells in mice with
fulminant myocarditis [6]. However, the transcriptional
profiles of non-cardiomyocyte cells, including cardiac
fibroblasts, endothelial cells, and mural cells, as well as
any of their communications with immune cells, have not
yet been studied.

In 2020, a study published in Nature reported on the
full repertoire of adult cardiac cells, and showed that
cardiac fibroblasts were the most abundant type of cells
in cardiac tissue after cardiomyocytes, accounting for
20-25% of all atrial and ventricular cells [7]. The clas-
sic function of cardiac fibroblasts is extracellular matrix
synthesis and degradation, which helps maintain tis-
sue homeostasis. Prior to this, most studies on myocar-
ditis had been focused on cardiomyocytes, and often
neglected the role of fibroblasts. One study pointed out
that, in the pathogenesis of inflammatory dilated cardio-
myopathy, cardiac fibroblasts secreted key chemokines
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and cytokines which shaped immune cell chemotaxis
and differentiation [8]. However, there are still insuffi-
cient understandings of the proportional and phenotypic
changes in cardiac fibroblasts during the acute phases of
myocarditis.

Here, we established a single-cell landscape of immune
cells and cardiac cells during the acute phase of VMC,
which provides comprehensive insight into immune
responses and cell-cell communications. We predomi-
nantly focused on macrophages and fibroblasts, both of
which showed significant proportional and transcrip-
tional changes during the acute disease phase. Our find-
ings suggest that SppI* macrophages both self-recruit
and exacerbate myocardial immune injuries by promot-
ing high Ccl2/Ccl7 expression in fibroblasts. This study
contributes to increased understandings of the mecha-
nisms underlying inflammation in VMC, and may help
lead to novel treatment targets for the condition.

Materials and methods

Mice

4-5-week-old male BALB/c mice were purchased from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. Viral myocarditis mouse model was constructed by
intraperitoneal injection of 200 puL 10° TCID50 Coxsackie
virus B3 (CVB3, strain Nancy). Bacteria-free phosphate
buffer solution (PBS) was used as a control. General con-
ditions and weight were recorded daily until sacrifice
on day?. This study was approved by the Animal Ethical
Committee of Shandong Provincial Hospital Affiliated to
Shandong First Medical University. All procedures com-
plied with the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health.

Macrophage depletion

For the macrophage depletion, mice were intravenously
injected with 200 pL Clophosome®-Clodronate Lipo-
somes (FormuMax Scientific, USA) the day before
CVB3 injection, and supplemental doses of 150 pL were
injected every 3 days. PBS was used as a control.

SPP1 inhibition

For the SPP1 inhibition, mice were intravenously injected
with 250 ug osteopontin (also called Secreted Phospho-
protein 1, SPP1) expression inhibitor (MedChemExpress,
China) the day before CVB3 injection and supplemen-
tally injected every 3 days. The solvent of SPP1 expres-
sion inhibitor was used as a control.

Human plasma samples

Plasma samples of 7 health controls and 12 myocardi-
tis patients were collected from patients hospitalized in
Shandong Provincial Hospital with written informed
consent. Sample collection was performed according to
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the Declaration of Helsinki. Myocarditis was diagnosed
according to 2013 Position Statement of the European
Society [3], and the 2021 American Heart Association
scientific statement on the diagnosis and treatment of
childhood myocarditis [1]. The demographics and clini-
cal features of patients is listed in Supplementary Table 1.

Cell isolation and culture

Bone marrow-derived macrophages (BMDMs) were
obtained from 4-5-week-old male BALB/c mice. Briefly,
bone marrow cells were rinsed from the femur and tibia
of the mice and cultured in RPMI-1640 medium (Gibco,
USA) supplemented with 10% fetal bovine serum (ExCell
Bio, China) and 1% penicillin-streptomycin (BasalMe-
dia, China) for 24 h. Then cells were seeded into 6-well
plates at a density of 6x 10° cells/well and differentiated
with 20 ng/ml M-CSF (Biolegend, USA). The medium
was replaced every other day. After 6 days of differentia-
tion, the BMDMs were stimulated by 100 pL 10°TCID50
CVB3 per well for 12 h and the control group had no
special treatment. Mouse cardiac fibroblasts cell lines
were purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Lid. and were cultured in special
medium with fibroblast growth factor (PCM-M-186,
ZQXZBIO, China). The murine cardiac muscle cell line
HL-1 was purchased from Shanghai Zhong Qiao Xin
Zhou Biotechnology Co., Ltd. and cultured in Minimum
Essential Medium (Gibco, USA) with 10% fetal bovine
serum and 1% penicillin-streptomycin. All cells were cul-
tured at 37 °C with 5% CO,,.

Co-culture of BMDMs and fibroblasts

In order to minimize viral effects, differentiated BMDMs
were washed well with PBS after 12 h of CVB3 stimula-
tion. The general complete medium was added to con-
tinue the incubation for 12 h. Meanwhile, the BMDM:s of
SEI+ CVB3 group were supplemented with 25 ug of SPP1
expression inhibitor (SEI) dissolved in dimethyl sulfoxide
(DMSO) per well. The control group and CVB3 group
were supplemented with an equal amount of DMSO
solvent. The supernatants were collected and used as
BMDM conditioned medium. Cardiac fibroblasts were
cultured with special medium mixed with the BMDM
conditioned medium at a ratio of 1:1 for 24 h and col-
lected for further experiments.

Histology and pathology

Mouse hearts were paraffin-embedded after being fixed
in 4% paraformaldehyde for 24 h at 4 °C. The tissues
were cut into 4 pm thick serial sections. The heart sec-
tions were dewaxed and hydrated, and then subjected to
hematoxylin-eosin (HE) and Masson’s trichrome staining
by standard protocols. Myocarditis scoring criteria are
as follows: 0 indicates no inflammation; 1 indicates 1-5
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distinct mononuclear inflammatory foci with <5% cross-
sectional area involvement; 2 indicates more than 5 dis-
tinct mononuclear inflammatory foci or >5% but <20%
cross-sectional area involvement; 3 indicates diffuse
mononuclear inflammation with >20% area involvement
without necrosis; 4 indicates diffuse inflammation with
necrosis and acute inflammation [9].

Immunofluorescence

Paraffin tissue Sect. (4 um thick) were dewaxed, hydrated,
antigen repaired, permeabilizated and blocked. Next,
the slides were incubated overnight at 4°C with primary
antibodies including anti-CD68 rabbit antibody (1:200,
GB113109, Servicebio, China) or anti-SPP1 goat antibody
(5 ug/ml, AF808, R&D, USA). After PBS washing, the
slides were then incubated with Alexa Fluor® 488-conju-
gated Goat Anti-Rabbit IgG (1:200, GB25303, Service-
bio) or Cy3 conjugated Donkey Anti-Goat IgG (1:300,
GB21404, Servicebio) for 1 h at room temperature under
light-proof conditions. DAPI was used to stain the cell
nuclei. Fluorescence images were visualized under EVOS
M7000 3D digital confocal analysis system (Invitrogen,
USA).

TUNEL staining

Cardiac tissue apoptosis was assessed using the TUNEL
BrightRed Apoptosis Detection Kit (A113, Vazyme,
China) following the manufacturer’s instructions. The
apoptotic nuclei were stained with red fluorescence, and
cell nuclei were counterstained with DAPL. Pictures were
obtained by a researcher who was blind to this study
using the EVOS M7000 microscope (Invitrogen, USA).

Flow cytometry

Mouse spleens were isolated and prepared into single cell
suspensions. Macrophages were identified using FITC
anti-mouse F4/80 Antibody (123109, BioLegend, USA)
and APC anti-mouse CD45 Antibody (110713, BioLeg-
end, USA). Apoptosis rates of HL-1 cells were measured
using the BD Pharmingen™ PE Annexin V Apoptosis
Detection Kit I, following the manufacturer’s protocol.

Cell counting Kit-8 assay

The Cell Counting Kit-8 (CCK-8) assay was used to assess
the cytotoxicity of SPP1 on HL-1 cells. When the cell
density reached 50%, HL-1 cells were stimulated with dif-
ferent concentrations of SPP1 recombinant protein. After
24 h, Enhanced CCK-8 (E-CK-A362, Elabscience, China)
was used to detect cell activity, and absorbance was mea-
sured at 450 nm.

Echocardiography
Echocardiography was performed using the Silicon-
Wave 60 system with a 30 MHz high frequency probe
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(Kolo Medical, China). Mice were anesthetized by iso-
flurane and maintained normal body temperature by a
heated platform. Parasternal long axis 2-dimensional and
M-mode images were used to obtain ejection fraction
(EF) and fractional shortening (FS).

Real-time quantitative PCR

Total RNA was extracted from tissues or cells using
Trizol (Vazyme, China). Quantitative RNA was tran-
scribed into complementary DNA using the HiScript III
RT SuperMix for qPCR kit (Vazyme, China). Real-time
quantitative PCR (RT-qPCR) reactions were carried
out on a Lightcycler 480 system (Roche, Switzerland)
using ChamQ Blue Universal SYBR qPCR Master Mix
(Vazyme, China). Relative gene expression level was cal-
culated by CT value. Primer sequences are listed in Sup-
plementary Table 2.

Western blot

Tissues or cells were fully lysed on ice for 20 min using
RIPA lysis buffer containing protease inhibitors. The
lysates were centrifuged at 12,000 g for 20 min at 4 °C
and the proteins in the supernatants were taken. Pro-
teins were added to SDS-PAGE for separation followed
by transfer to PVDF membranes. The membranes were
blocked with 5% nonfit milk in TBST for 1 h at room tem-
perature and incubated overnight at 4°C with anti-SPP1
(1:1000, sc-73631, Santa Cruz, USA). The second day,
membranes were further incubated with HRP-conjugated
Affinipure Goat Anti-Mouse IgG (1:5000, SA00001-1,
Proteintech, China) for 1 h at room temperature. The
protein bands were then visualized using Immobilon
Western HRP Substrate (WBKLS0100, Millipore, USA).
Next, the membranes were immersed in stripping buf-
fer for 30 min to wash away bound antibodies and re-
blocked with nonfit milk. Membranes were incubated
with anti-p-actin (1:5000, sc-47778, Santa Cruz, USA)
at 4 °C overnight and visualized directly. Western blot
results were quantitatively analyzed by imagej software
(National Institutes of Health, USA).

Enzyme-linked immunosorbent assay

The plasma and cell supernatant levels of inflamma-
tory factors, SPP1, B-type natriuretic peptide (BNP) and
cardiac troponin T (cTnT) were measured using a stan-
dard enzyme-linked immunosorbent assay (ELISA) kits
following the manufacturer’s instructions. All applied
ELISA kits are listed in Supplementary Table 3.

Tissue dissociation and single-cell suspension preparation
Cardiac tissue samples were sectioned into 0.5 mm
fragments and chilled on ice, followed by rinsing with
calcium- and magnesium-depleted 1xPBS. These sam-
ples were then enzymatically processed at 37 °C with

2
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a solution comprising 0.35% Collagenase IV, 2 mg/
mL papain, and 120 units/mL DNase, under agita-
tion at 100 rpm for 20 min. The enzymatic reaction was
quenched with 1xPBS supplemented with 10% fetal
bovine serum, and the mixture was gently pipetted
5-10 times to ensure cell dissociation. The cell mixture
was strained and centrifuged at 300 g for 5 min at 4 °C.
The pellet was resuspended in 100 pl of 1xPBS contain-
ing 0.04% BSA, treated with erythrocyte lysate (Solar-
bio, China) for 2-10 min on ice, and centrifuged again at
300 g for 5 min at room temperature. The suspension was
then resuspended in 1xPBS with 0.04% BSA and centri-
fuged twice at 300 g for 3 min at 4 °C. The final cell pellet
was resuspended in 50 pl of 1x PBS with 0.04% BSA, and
cell viability, assessed by Trypan blue staining, was con-
firmed to exceed 85%. The cell concentration was stan-
dardized to a range of 700—1200 cells/pl.

Single-cell RNA sequencing and data processing

Single-cell suspensions were loaded to 10x Chromium
and sequenced on an Illumina NovaSeq 6000 sequenc-
ing system by LC-Bio Technology co. ltd (HangZhou,
China) at a minimum depth of 20,000 reads per cell.
Raw sequencing data were demultiplexed into FASTQ
format using Illumina bcl2fastq software, version 2.20.
The single-cell RNA sequencing (scRNA-seq) data were
aligned to Ensembl genome GRCh38/GRCm38 reference
genome. A total of 76,524 cells were captured from three
healthy and four diseased samples. Dimensional reduc-
tion, clustering, and analysis of scRNA-seq data were
carried out. A stringent quality control filter was applied,
retaining 68,634 cells with criteria including gene expres-
sion per cell between 250 and infinity, UMI counts below
infinity, mitochondrial gene content below 25%, and the
exclusion of multicellular events using DoubletFinder.
These cells underwent dimensionality reduction and were
visualized in a 2D UMAP space using Uniform Manifold
Approximation and Projection (UMAP). Gene expres-
sion values were normalized using the LogNormalize
method in Seurat’s “Normalization” function, followed by
PCA, with the top 20 principal components selected for
clustering and UMARP analysis. Cluster identification was
facilitated by weighted shared nearest neighbor (SNN)
graph clustering, and marker genes were determined
based on expression in over 10% of cells within a cluster
and an average log2 Fold Change (log2FC) of at least 0.26.

Differential expression and functional enrichment analysis
Differential expression analysis was performed using
the FindMarkers function of the Seurat package with
the “bimod” test. p<0.01,]log2FC| = 0.26 and expression
in more than 10% of cells were used to define differen-
tially expressed genes (DEGs). Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Gene Ontology (GO)
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pathway analysis were performed using the “clusterPro-
filer” package (version 4.0).

Cell subset annotations and cellular interaction

For cell subset annotations, the Harmony algorithm
was used to integrate cells from different samples into a
shared space for unsupervised clustering, and the result-
ing batch-effect correction matrix was used for further
analysis. We performed data cleaning on macrophages to
remove other cells mixed in with them. Finally, 5 clusters
of macrophages (resolution=0.1) and 9 clusters of fibro-
blasts (resolution=0.4) were identified. CellPhoneDB
was used to infer cell—cell interactions.

RNA velocity analysis

RNA rate analysis was used to infer the differentiation
trajectory of monocyte macrophages. RNA rates were
calculated for each cell using the default settings of the
“scvelo” Python package. The velocity field and pseudo-
time values were then projected onto a UMAP plot.

Module score calculation

Module scoring was performed based on the AddMod-
uleScore function in the Seurat package [10]. All genes
used to calculate gene scores are listed in the Supplemen-
tary Table 4.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9 (GraphPad Software Inc., USA). Differences between
the two groups was tested using unpaired Student’s t test
and statistical deference among multiple groups were
performed using one-way analysis of variance (ANOVA).
*P<0.05, **P<0.01, and ***P<0.001 were considered sta-
tistically significant.

Results

Day 7 of CVB3 infection is the peak of inflammation in a
VMC mouse model

To elucidate the immunological mechanisms under-
lying VMC, we first constructed a preliminary CVB3
infected BALB/c mouse model. Mice injected with CVB3
showed increased lethargy, poor appetites, and diarrhea.
Two mice died on days 6 and 7. The myocarditis group
showed sharp decreases in body weight. These changes
gradually recovered after the acute phase (1 week) but
still did not reach healthy levels in 21 days after disease
onset (Fig. 1A). By measuring LVEF and FS using echo-
cardiography, we found that mouse cardiac function
began to decompensate 4 days after CVB3 infection.
Without therapeutic measures, this change persisted
into day 21 (Fig. 1B, C). Interestingly, pathology showed
no significant inflammatory cardiac infiltration on day 4
within our model, and mice had the highest myocarditis
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scores on day 7 (Fig. 1D, E, F). These findings suggested
that deterioration of cardiac function occurred before the
onset of peak inflammation. On day 7 after CVB3 infec-
tion, inflammatory plaques had formed on the surface of
the heart, and a high degree of inflammatory infiltration
could be seen on microscopic examination (Fig. 1D, F).
As the disease progressed, fibrosis developed in some
mouse hearts (visualized with Masoon staining; Fig. 1G).

We also examined the plasma levels of inflammatory
cytokines and myocardial injury markers during disease
progression. As expected, on day 7, the levels of IL-1f,
IL-6, IFN-y, and c¢TnT were significantly elevated. The
secretion of TNF-a also increased, although not statisti-
cally significant. There were slight elevations in BNP, this
change was not statistically significant, which may be
because of marked inter-individual differences in BNP
levels (Fig. 1H, I). IL-4 and IL-10 levels did not increase
in the early myocarditis stages, but did increase after
day 14 (Fig. 1]). Both IL-4 and IL-10 are protective cyto-
kines in VMC [11-13], suggesting that the disease enters
a recovery phase after day 14. In summary, our model
suggested that day 7 of CVB3 infection was the inflam-
matory peak in myocarditis. However, the immune cell
subtypes that contributed to this inflammatory peak, as
well as the transcription changes, remained unclear.

Macrophages are the main immune cells infiltrating the
heart in the acute phase of VMC

To investigate the roles of infiltrating immune cells and
cardiac cells during the acute phases of VMC, we col-
lected cardiac tissue from three control mice and four
CVB3-infected mice during the acute disease phase (day
7), and performed single-cell RNA sequencing (scRNA-
seq) using the 10x Genomics Chromium platform. After
quality control, a total of 68,634 cells were used for fur-
ther analysis. Unbiased cluster analysis showed 27 clus-
ters of cardiac cells (Fig. 2A). Manual annotation was
performed using the typical markers. We identified seven
immune cell types, including macrophages, monocytes,
T cells, neutrophils, B cells, natural killer (NK) cells, and
dendritic (DC) cells, and five non-immune cell types,
including fibroblasts, endothelial cells, mural cells, car-
diomyocytes, and glial cells. We also identified prolifera-
tive cells and other cell types (Fig. 2B, C and Figure S1A).
Fibroblasts were the most predominant non-immune
cell type, but decreased in proportion during the acute
phase of myocarditis, while endothelial cell popula-
tions increased. In cardiac tissue of VMC mice, the
macrophage populations expanded more than ten-fold
to become the predominant immune cell type (Fig. 2D
and Figure S1B~D). Immunofluorescence confirmed
this finding (Fig. 2E). GO enrichment pathway analysis
of differentially-expressed macrophage genes between
the VMC and healthy control groups showed significant
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Fig. 2 Single-cell atlas of cardiac cells and infiltrating immune cells in VMC heart, and functional analysis of macrophages. (A) Schematic diagram show-
ing scRNA-seq pipeline of cardiac tissues. (B) UMAP plot of cardiac cells and infiltrating immune cells colored by cell type. (C) Bubble plot of marker
genes of each cell type. The dot color represents the gene expression level, and the dot size represents the percentage of cells expressing the respective
gene. (D) Histogram of all cell population proportions (left) and doughnut chart of immune cell population proportions (right). (E) Representative im-
munofluorescent staining of macrophages (CD68, green) and nuclei (DAPI, blue) in cardiac tissues from control and VMC mice. Scale bars: 50 um. (F) Top
15 upregulated GO analysis terms of differentially expressed genes (DEGs) between control and VMC mice in macrophages. DEGs used in the analysis
were selected with P<0.01 and|log2FC| > 0.26. (G) KEGG analysis of DEGs between control and VMC mice in macrophages. (H) Interaction strength of
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changes in several immune response-related pathways
(Fig. 2F). KEGG pathway analysis suggested that these
differentially-expressed genes (DEGs) were enriched in
enhanced cytokine-cytokine receptor interactions, as
well as in the activation of PI3K-AKT and MAPK signal-
ing pathways (Fig. 2G). Macrophage phagocytosis and
metabolic capacity were also both enhanced in hearts
with myocarditis. These data highlight the important role
of macrophages in the development of VMC.

We also assessed cell-cell communications between
macrophages and other cell types by analyzing interac-
tion weights. We found that macrophages had the stron-
gest interactions with monocytes, followed by fibroblasts
(Fig. 2H). Previous studies have shown that fibroblasts
promote the conversion of monocytes to macrophages in
VMC [14, 15]. We found that both the macrophage clus-
ters and fibroblast clusters changed considerably in acute
VMC (Fig. 2D). We conducted further analysis of these
two cell clusters.

Spp1* macrophages expand in the hearts of VMC mice

Macrophages are a highly heterogeneous cellular popula-
tion, and different macrophages perform distinct or even
opposing functions in cardiovascular disease [16]. To fur-
ther identify the subtypes of immune cells that influence
the development of VMC, we re-clustered macrophages
and identified four clusters. Based on each cluster’s
characteristic gene expression, the four clusters were
sequentially named: SppI* macrophages (highest rela-
tive expression of Sppl and Gpnmb), Clg" macrophages
(highest expression of complement component 1q),
Mito* macrophages (highest expression of mitochon-
dria-associated genes mt-Ruri, Lars2, and mt-Rnr2), and
proliferating macrophages (highest relative expression of
proliferation-associated genes McmS5, Mcm6 and Mki67)
(Fig. 3A, B and Figure S2A, B). Comparative analysis of
cellular proportions revealed that Sppl* macrophages
were significantly expanded in VMC mice (Fig. 3C, D and
Figure S2C). We also analyzed DEGs in overall macro-
phage populations between the control group and myo-
carditis group, and similarly found significant increases
of Sppl in the myocarditis group (Fig. 3E), which was
also confirmed by RT-qPCR of cardiac tissues (Fig. 3F).
SPP1, which is also known as osteopontin, is involved
in a variety of biological processes, including biologi-
cal mineralization, inflammation, and wound healing
[17]. We examined SPP1 protein levels using ELISA and
western blots, and found increased SPP1 expression in
both plasma and cardiac tissue of VMC mice (Fig. 3G,
H). Immunofluorescence tests showed that SppI* mac-
rophage levels increased in the cardiac tissue of VMC
mice, which were identified by colocalization of SPP1 and
CDe68 (Fig. 3I). To determine differentiation and develop-
mental relationships among macrophage subgroups and
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monocytes, we performed RNA velocity analysis. Our
dynamic velocity analysis model indicated that SppI*
macrophages were predominantly derived from mono-
cytes (Fig. 3G), suggesting that expanded Sppl* macro-
phages in the heart benefitted from the recruitment and
transformation of peripheral blood monocytes. Clg*
macrophages, in contrast, might arise from the prolifera-
tion and transformation of resident cardiac macrophages.
We found that Cig" macrophages expressed classical
markers of tissue-resident macrophages, such as Cd163,
Lyvel and Cbr2 [5], while Spp1™ macrophages showed
high levels of Ccr2, which is a marker of monocyte-
derived macrophages (Fig. 3K). Both SppI* and Clg*
macrophages eventually differentiated into Mito™ mac-
rophages. Among the four major macrophages clusters,
SppI" macrophages had the highest proliferation scores
and acute inflammation scores (Fig. 3L), although they
also exhibited transcriptomic features of M2-type mac-
rophages (Figure S2D). These data suggest that SppI*
macrophages may represent an activated cellular popula-
tion with strong proliferative and inflammatory response
capacity in VMC. Collectively, these findings suggest that
SppI” macrophages play a major role in the development
of VMC.

Macrophage-derived SPP1 drive Ccl2*Ccl7* inflammatory
fibroblasts activation

The above single-cell sequencing results revealed that
fibroblasts were an abundant cardiac cellular type, and
had rich, complex interactions with macrophages in
VMC mice (Fig. 2D, H). Differential expression analysis
revealed increased Ccl2 and Ccl7 expression in fibro-
blasts in the myocarditis group, although the number
and percentage of fibroblasts were reduced (Fig. 4A). This
piqued our interest because the transcription proteins of
Ccl2 and Ccl7 are chemokines that bind to CCR2 recep-
tors, which mediate monocyte mobilization and recruit-
ment from the bone marrow to the site of inflammation
[18, 19]. The major histocompatibility complex (MHC)-1
components of fibroblasts, including H2-K1 and H2-D1,
were also upregulated in the myocarditis group. GO
enrichment analysis revealed that DEGs in fibroblasts
between control and myocarditis mice were related to
immune responses in VMC (Fig. 4B). This finding is
consistent with previous studies, which have shown that
fibroblasts can secrete chemokines and inflammatory
factors participating in the inflammatory response pro-
cess during the acute phases of VMC [20].

We next performed unbiased cluster analysis of fibro-
blasts, and obtained nine clusters (Figure S3A). Five
fibroblast populations were identified according to the
biological functions of their marker genes (Fig. 4C, D and
Figure S3B, C). Inflammatory fibroblasts were enriched
in Cxcl1, Ccl2 and Ccl7, and were increased in number in
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the VMC group (Fig. 4E, F and Figure S3D). Matrix fibro-
blasts abundantly expressed extracellular matrix-related
genes (Mfap5, Coldal, Cold4a2, Cd248). Cluster 3 was
characterized by significant upregulation in WN'T signal-
ing pathway inhibitors Wifl and Dkk3, which we named
“Wnt related fibroblasts” This population may origi-
nate in the epicardium [21]. Cluster 4 shared many gene
expression profiles with cluster 3, and was characterized

by the expression of Lfgbp3, Fgl2 and Apoe. Richard P.
Harvey. et al. suggested this cluster may represent an
intermediate population between Cluster 3 and another
population of fibroblasts [22], which, here, we catego-
rize them to Wnt related fibroblasts. The other two sub-
populations were mito fibroblasts (mt-Rnr2, mt-Rnrl,
Lars2) and lipid-related fibroblasts (Vcan, Neatl, Fabp4).
To understand the cellular communications between
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Fig. 4 Fibroblasts re-clustered analysis and intercellular communication between macrophage and fibroblast subpopulations. (A) Volcano plot showing
DEGs between control and VMC mice in fibroblasts. (B) Top 15 upregulated GO analysis terms of DEGs between control and VMC mice in fibroblasts. DEGs

used in the analysis were selected with P<0.01 and|log2FC| > 0.26. (C) UMAP

plot of fibroblast subpopulations colored by cell type. (D) Bubble plot show-

ing the expression levels of cell-typing genes in fibroblast subpopulations. (E) Histogram of fibroblast subpopulations proportions. (F) UMAP plots of Ccl2

and Ccl7 expression in fibroblasts from control and VMC mice. The dot color

represents the gene expression level in each cell. (G) Heatmap showing the

interaction ratio between macrophage subpopulations and fibroblast subpopulations in the myocarditis and control groups. (H) Bubble plot showing the
Spp-related intercellular communication among inflammatory fibroblasts and Spp1* macrophages, using CellPhoneDB working flow

macrophages and fibroblasts, we performed cell-cell
interactions analysis, and compared interaction weights
between the VMC and control groups. We found that
interactions between SppI* macrophages and all of the
fibroblast subpopulations were significantly enhanced in
the VMC group (Fig. 4G and Figure S3E). CellPhoneDB
analysis revealed that SppI* macrophages interacted with
fibroblasts via integrins a4b1, aVb3, and a9bl (Fig. 4H).

These interactions suggested that Sppl played a role in
fibroblast activation. Thus, we hypothesized that the
Sppl* macrophages might contribute to Cecl2*Ccl7*
inflammatory fibroblast activation, which could then fur-
ther recruit more macrophages to infiltrate the heart.

To investigate whether CVB3 could directly elicit SPP1
secretion from macrophages, we stimulated BMDMs
with CVB3 in vitro, and found that both supernatant and



Duan et al. Biology Direct (2025) 20:30

intracellular SPP1 protein levels were elevated (Fig. 5A,
B). We next designed an indirect co-culture experiment
to verify the effects of SPP1 on cardiac fibroblast expres-
sion of Ccl2 and Ccl7 (Fig. 5C). We used SPP1 expres-
sion inhibitor (SEI) to inhibit SPP1 secretion in BMDMs
(Fig. 5D, E). We found that supernatant of CVB3-stimu-
lated BMDMs lead to increased Ccl2 and Ccl7 expression
in cardiac fibroblasts, but that this effect was significantly
diminished when SPP1 was inhibited (Fig. 5F). This
finding suggested that BMDM-derived SPP1 could pro-
mote the transformation of fibroblasts to a Ccl2*Ccl7*
inflammatory phenotype in vitro. CCL2 and CCL7, also
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known as monocyte chemotactic protein-1(MCP-1)and
monocyte chemotactic protein-3 (MCP-3), both belong
to the CC chemokine family. Israel F. Charo et al. found
defective recruitment of monocyte/macrophage to sites
of inflammation in MCP-1 or MCP-3 knockout mice,
suggesting that MCP-1 and MCP-3 were essential for
monocyte/macrophage mobilization and recruitment of
monocytes to inflamed tissues [18]. This suggests that
inflammatory phenotypic transformation of fibroblasts
may influence the course of VMC by regulating mono-
cyte/macrophage migration.

A 49 kxx B 2.0 * %
°©
= 3 [ Actin WEESEEES ;o 15
£ 2
£ 2] 8L 104
= SPP1 «e=s G R =
o SEVSN -2
[0 o o Qe
< 4
1 00(\\ OQQ; a =05
0 T T 00 T T
A\ ) > Lo
o(.\\@ CT\% o‘{é0 CJAQ)
o o * %k %
D 47 wxx
- \§ —
= 37
£
/ / 2
~ 2_.
SPP1 expression inhibitor &
/ (SEl) @ 4
CVB3 * ¥ Transfer
s * Wash
* ’; « ¥ ; * ik Fibroblasts 0 T T .
BMDMs___ ¥ o ¥ g Fe— ] 8 S & &
S
Stimulation 12 h Culture 12 h Culture 24 h c® 9 <//\,(C:
)
3k % %k
E 2.54 F 204 % %k %k 154 s
. * % * % 5 —_— B % % %k
) 2.0+ E {E_ E
: ~ 15+ <~
Actin «——— 39 e Z 9 40-
o ol® o o x o
£ £ 154 = [
0 ® Ew 16 ET
°5 o g 104 ]
SPP1 e - w— S5 10- 33 3z .
a L 0L 08 97
O &= 2 5 2
& ® Q> o 0.5 kS =
P & 2 2 [t
é(/ 0.0 , T T 0 T T T 0 T T T
S & @ S & & S & &
& & & o
\ <& <&
% S S
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(See figure on previous page.)

Fig. 6 Macrophage depletion at an early stage alleviates myocardial inflammation in VMC mice: (A) Timeline of macrophage depletion treatment. (B)
Ratio of macrophages in spleen from control, CVB3 and Clodronate + CVB3 mice. (C) Weight changes of the three groups in the following 7 days after
treatment. (D) Representative TUNEL staining of heart sections from control, CVB3 and Clodronate +CVB3 mice. (E) Representative parasternal long axis
2-dimensional and M-mode echocardiography images from control, CVB3 and Clodronate +CVB3 mice. (F) Cardiac immune infiltration status in differ-
ent groups. Scale bars: 50 um. (G) EF and FS of control, CVB3 and Clodronate + CVB3 mice. (H) Myocarditis scores for cardiac immune infiltration from
control, CVB3 and Clodronate + CVB3 mice. (I) The levels of inflammatory cytokines (IL-1(, IL-6, TNF-a), cTnT and BNP in plasma from control, CVB3 and
Clodronate +CVB3 mice. (J) Relative mRNA levels of inflammatory factors (IL-13, IL-6, TNF-q, IFN-y), Ccl2 and Ccl7 of cardiac tissues from control, CVB3 and
Clodronate + CVB3 mice. ANOVA was used for analysis. Data are presented as mean +SD (n=5 biologically independent samples). ***P<0.001, **P < 0.01,

*P<0.05,ns P>0.05

To determine whether SPP1 has a direct effect on
cardiomyocytes, we used the conditioned medium of
BMDMs treated with CVB3 or SEI as described above
to culture HL-1 cells. After 24 h, we detected apoptosis
rates of HL-1 cells by flow cytometry, and there were
not statistically different among the three groups (Fig-
ure S4A, B). Similarly, there was no significant change
in cTnT levels in cell supernatants (Figure S4C). To fur-
ther validate this result, we stimulated HL-1 cells with
100 ng/ml of SPP1 recombinant protein and there were
also no differences in cell apoptosis or cTnT levels (Figure
S$4D ~F). The CCK-8 cytotoxicity assay showed no direct
toxic effect of SPP1 on HL-1 cells (Figure S4G). These
results indicated that SPP1 might be involved in the pro-
gression of VMC through an immune response rather
than directly damaging cardiomyocytes.

Macrophage depletion alleviates myocardial inflammation
and reduces cardiac SPP1 levels in VMC mice

We next used clodronate liposomes to deplete macro-
phages in VMC mice to further investigate the role of
macrophages during the acute phases of VMC (Fig. 6A).
Macrophage reduction was confirmed using flow cytom-
etry of spleen tissue, although macrophage levels were
not completely depleted in our model (Fig. 6B). Early use
of clodronate liposomes significantly ameliorated CVB3
infection-induced weight loss (Fig. 6C) and reduced
cellular apoptosis in cardiomyocytes as measured by
TUNEL (Fig. 6D). Echocardiography showed signifi-
cantly enhanced cardiac function, with increased EF
and FS (Fig. 6E, G). Cardiac immune cell infiltration was
also markedly reduced (Fig. 6F, H). We found decreased
expression of inflammatory factors (IL-1p, IL-6, TNF-«)
and cTnT in plasma, but BNP levels remained unchanged
(Fig. 6I). We also found decreased expression of inflam-
matory factors (IL-1B, IL-6, TNF-a, IFN-y) in the heart
as well as decreased chemokines Cc/2 and Ccl7 (Fig. 6]).
These findings suggested that inflammation was sup-
pressed in mice with VMC after the inhibition or removal
of macrophages. Collectively, these results suggested that
partial depletion of macrophages alleviated acute inflam-
mation and improved cardiac function in VMC mice.
This indicated that immune damage caused by excessive
macrophage recruitment and infiltration is detrimental
to the heart during the acute VMC phase.

To investigate Sppl expression levels, as well as their
relationship with macrophages in VMC, we measured
Sppl mRNA and protein levels in the plasma and hearts
of both VMC mice and macrophage depletion mice. Spp1
expression levels were significantly increased in the VMC
group, and SppI was significantly reduced in both hearts
and plasma after macrophage depletion (Fig. 7A ~D).
Immunofluorescence suggested co-localization of mac-
rophages and SPP1 in the heart, and verified increased
SPP1 in macrophages in the VMC mice and synchro-
nized reduction after macrophage depletion (Fig. 7E).
These data indicated that increases in SPP1 during VMC
were mainly driven by macrophages.

Inhibition of SPP1 alleviates acute myocardial
inflammation and improves cardiac function in VMC mice
Because SPP1 level was significantly increased in our
VMC model, we explored whether SPP1 inhibitors
would have therapeutic effects in VMC. SEI was injected
one day before CVB3 infection, with additional injec-
tions given every other day for a total of three injections
(Fig. 8A). Western blots and ELISA showed that SPP1
expression decreased significantly in both cardiac tis-
sue and plasma (Fig. 8C, D). Treatment with SEI did not
ameliorate weight loss in infected mice (Fig. 8B). How-
ever, SEI did significantly decrease Ccl/2 and Ccl7 expres-
sion (Fig. 8E) and macropahge infiltration in VMC mice
(Fig. 8F). Because both macrophages and fibroblasts can
produce Ccl2 and Ccl7, we could not verify causality
in these changes. And it was clear that SPP1 inhibition
reduced cardiac macrophage infiltration. Echocardiog-
raphy revealed significantly enhanced cardiac function,
with increases in EF and FS, in the SEI group (Fig. 8G, I).
Cardiac immune cell infiltration (Fig. 8H, J) and cellular
apoptosis (Fig. 8K) were markedly reduced. There were
also simultaneous reduction in inflammatory factors (IL-
1B, IL-6, TNF-a, IFN-y) and cTnT in mice plasma and
cardiac tissue (Fig. 8L, M and Figure S5). These findings
were similar to those determined with the previously per-
formed macrophage depletion. We also showed that car-
diac Sppl mRNA expression was decreased following SEI
treatment (Fig. 8N), which may be due to reductions in
macrophage levels.

In summary, inhibition of SPP1 successfully decreased
the severity of inflammation and immune infiltration in
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Fig. 7 Macrophage depletion reduces SPP1 levels in VMC mice: (A) The Western blot results of SPP1 protein expression in cardiac tissues from control,
CVB3 and Clodronate + CVB3 mice. (B) The quantitative analysis for Western blot results of SPP1 protein expression in the cardiac tissues. (C) Relative Spp1
mMRNA levels of cardiac tissues from control, CVB3 and Clodronate +CVB3 mice. (D) The expression levels of SPP1 in plasma from control, CVB3 and Clo-
dronate +CVB3 mice. (E) Representative immunofluorescent staining of macrophages (CD68, green), nuclei (DAPI, blue) and SPP1 (red) in cardiac tissues
from control, CVB3 and Clodronate +CVB3 mice. Scale bars: 125 um. ANOVA was used for analysis. Data are presented as mean+SD (n=5 biologically

independent samples). ***P<0.001, **P<0.01, *P<0.05, ns P>0.05

the heart, and improved cardiac function, in VMC mice.
We also examined plasma SPP1 levels in both healthy
and acute myocarditis patients. SPP1 levels showed more
than 2-fold elevation in the myocarditis group (Fig. 80).
Our findings highlight the clinical value of SPP1 as a bio-
marker for myocarditis.

Discussion

Research on the immune mechanisms underlying myo-
carditis has increased over the past several years, but the
pathophysiological mechanisms remain elusive. Here, we
used an established viral myocarditis (VMC) model to
construct a time series and better understand the immu-
nologic changes in the condition [23, 24]. Our mouse
model suggested that day 7 after CVB3 infection was

the peak inflammatory period, which was largely consis-
tent with previous studies [25, 26]. We also depicted the
single-cell landscape of cardiac tissue during the acute
phase of VMC, and found that macrophage populations
expanded more than any other immune cell type, while
fibroblast populations were significantly reduced. We
additionally demonstrated a population of SppI* mac-
rophages which had deleterious effects in VMC. Inter-
estingly, this macrophage population may self-recruit
by stimulating fibroblasts to shift toward a Ccl2*Ccl7*
inflammatory phenotype, leading to more severe immune
injuries in the heart.

We first observed impaired cardiac function in mice on
day 4 after CVB3 infection, which was followed by the
infiltration of a large number of immune cells and further
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cardiac dysfunction. This is consistent with a previous
study by Daowen Wang et al. [6]. Our findings suggest
that macrophages are the major immune cells which infil-
trate the heart and drive inflammation during the acute
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phase of VMC [23, 27]. During the initial phases VMC,
cardiotropic viruses enter the heart and cause direct tis-
sue damage [28]. However, secondary immune-mediated
damage often exceeds viral pathogenicity [29]. On the
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Fig. 8 Inhibition of SPP1 alleviates myocardial injury in VMC mice: (A) Timeline of SPP1 inhibition treatment. (B) Weight changes of the control, CVB3 and
SEI+CVB3 mice in the following 7 days after treatment. (C) Western blotting analysis of SPP1 in cardiac tissues from control, CVB3 and SEI+CVB3 mice.
(D) The expression levels of SPP1 in plasma from control, CVB3 and SEI+CVB3 mice. (E) Relative Ccl2 and Ccl7 mRNA levels of cardiac tissues from control,
CVB3 and SEI+CVB3 mice. (F) Representative immunofluorescent staining of macrophages (CD68, green), nuclei (DAPI, blue) and SPP1 (red) in cardiac tis-
sues from control, CVB3 and SEI+CVB3 mice. Scale bars: 125 um. (G) Representative parasternal long axis 2-dimensional and M-mode echocardiography
images from control, CVB3 and SEI+CVB3 mice. (H) Cardiac immune infiltration status in different groups. Scale bars: 50 um. (I) EF and FS of control, CVB3
and SEI+CVB3 mice. (J) Myocarditis scores for cardiac immune infiltration from control, CVB3 and SEI+CVB3 mice. (K) Representative TUNEL staining of
heart sections from control, CVB3 and SEI+CVB3 mice. (L) Relative mRNA levels of inflammatory factors (IL-13, IL-6, TNF-a) in cardiac tissues from control,
CVB3 and SEI+CVB3 mice. (M)The levels of cTnT in mouse plasma. (N) Relative SppT mRNA levels of cardiac tissues from control, CVB3 and SEI+CVB3 mice.
(0) The levels of SPP1 in plasma from control and myocarditis children. ANOVA was used for analysis. Data are presented as mean+SD (n>5 biologically

independent samples). ***P<0.001, **P<0.01, *P < 0.05, ns P>0.05

seventh day following CVB3 infection, we found that
macrophage phagocytosis, lysis, cellular senescence, and
metabolic activity were all markedly increased, indicat-
ing that macrophages were extensively eliminating both
infected and uninfected cells. When immune responses
are not terminated in a timely fashion, indiscriminate
macrophage activity can lead to further myocardial
damage. These indiscriminate macrophage attacks may
be a major cause of fibroblast reduction. Macrophages
play an important role in myocarditis pathogenesis. The
development of single-cell transcriptomics has allowed
for more detailed study of macrophage populations
and diversity. Kory J Lavine et al. reported on a popula-
tion of Cxcl/9*Cxcl10" macrophages in ICI myocarditis,
and found that blockade of IFN-y could be a powerful
therapeutic option [5]. Xiangming Fang et al. found a
protective role for TREM2" resident macrophages in
Sepsis-induced cardiomyopathy [30]. These studies dem-
onstrated the heterogeneity of different macrophage pop-
ulations in differing myocardial inflammatory diseases.
Our study identified a myocarditis-specific macrophage
subpopulation characterized by high Sppl expression.
This population of macrophages is derived from periph-
eral blood mononuclear cells, and undergo an almost
de novo expansion in VMC. These macrophages had the
highest acute inflammatory scores among all of the mac-
rophage clusters we identified, despite the fact that the
transcriptomic profiles most closely matched M2 mac-
rophage phenotypes. Previous studies have shown that
Spp1 plays an inflammatory chemotactic role in a variety
of cardiovascular system diseases [31-33]. This suggests
that relying solely on the traditional M1/M2 classification
system can limit the study of macrophage function and
heterogeneity. In many cases, macrophages cannot be
identified by binary classification schemes [34, 35]. Our
study provides a reference for macrophage classification
in the acute phase of VMC in mice.

We next analyzed fibroblast population changes in
VMC. We found that the chemokines Cc/2 and Ccl7 were
upregulated, and that these upregulations were related to
increased monocyte chemotaxis. Phenotypic fibroblast
shifts can emphasize the differing immune functions per-
formed by certain subpopulations [36]. Our sequencing

data suggested that SppI* macrophages enhanced inter-
actions with inflammatory fibroblasts via the integrin
complex. In vitro stimulation of cardiac fibroblasts with
BMDM-derived SPP1 increased Ccl2 and Ccl7 expres-
sion, but the exact mechanism underlying these changes
requires further investigation. Nevertheless, the thera-
peutic role of CCL2 inhibition in VMC has been dem-
onstrated. Previous studies have shown that specific
antibody blockade of CCL2 reduced monocyte migration
in mice with VMC and attenuated myocardial inflam-
mation [37]. We also found that CVB3 could directly
stimulate macrophages to secrete SPP1 without being
mediated by other cytokines. This finding suggests that
viral exposure can directly lead to macrophage activation,
and act as a trigger for severe inflammatory responses.
SPP1 levels were significantly elevated in the cardiac
tissue and peripheral blood of mice with VMC. We found
that SPP1 expression levels plummeted after macrophage
depletion, suggesting that macrophages are the major
source of SPP1 in VMC mice. Further studies demon-
strated that early inhibition or removal of macrophages
improved the overall health conditions of mice with
VMC, including increased body weight, better cardiac
functioning, and more well-regulated cardiomyocyte
apoptosis, as well as reduced cytokine release. Interest-
ingly, previous studies have shown that complete macro-
phage depletion contributes to increased viral replication
and mortality in mice, but is also related to decreases
in the severity of acute myocarditis and chronic fibro-
sis [38]. Our study emphasizes that macrophages domi-
nate both the proinflammatory and deleterious effects in
acute VMC. Understanding how to best mitigate the pro-
inflammatory role of macrophages at an appropriate time
should be a major focus of future research in VMC.
Finally, we showed that inhibiting SPP1 was sufficient
to reduce cardiac injury, cardiac inflammation, and mac-
rophage accumulation in the heart. Downregulation
of Ccl2/Ccl7 was also detected in cardiac tissue. How-
ever, in vivo environments are also complex and vari-
able. Based on previous reports, these downregulations
may result from more than just decreases in fibroblast
secretion. For example, CCL2 is produced by a variety
of cells following myocardial injuries [39], but SPP1 also



Duan et al. Biology Direct (2025) 20:30

promotes macrophage secretion of CCL2 [40]. Mac-
rophage recruitment in the heart is clearly inhibited by
Ccl2/Ccl7 downregulation when SPP1 levels are reduced.
Our study provides a preliminary indication that SPP1
can influence the inflammatory infiltrate in the heart by
regulating the expression of Cc/2/Ccl7 in fibroblasts. Car-
diomyocytes cultured in vitro were not directly affected
by SPP1, emphasizing the role of SPP1 as an inflamma-
tory cytokine in VMC. Our findings imply that macro-
phage-released SPP1 amplifies immune cascades and
leads to sustained immune responses. This provides
new insight into the pathogenesis of VMC. In addition,
research has shown that SPP1 is associated with fibrosis
in VMC [41], and we found elevated plasma SPP1 levels
in patients with acute myocarditis, suggesting that SPP1
may be a marker of persistent inflammation.

Our study has some limitations. Because of restrictions
inherent to the 10x Genomics Chromium platform, we
lack transcriptomic information about cardiomyocytes,
which limits a complete understanding of myocardial
injury. Besides, our study demonstrates that the par-
tial depletion of macrophages during the acute phase in
VMC attenuates myocarditis, but the degree of this sup-
pression remains unknown. Macrophages are involved
in both viral clearance and immune response regulation.
Considering the positive role of macrophages in immune
responses, over-depletion of macrophages may not lead
to benefits, and inhibiting SPP1 production may be a bet-
ter therapeutic alternative. Another important aspect is
that we did not investigate whether CVB3-induced myo-
carditis is attenuated in mice with macrophage-deficient
Spp1. We have confirmed the attenuation of the myocar-
dial inflammation in mice after using SPP1 expression
inhibitor. In the following study, we will further investi-
gate the role of macrophage-derived SPP1 in myocarditis
using mice with macrophage-specific deletion of SppI.
Thus, SPP1’s mechanism of action in VMC needs future
study in order to provide novel insights about potential
future therapies.

Our study provides the first evidence of crosstalk
between inflammatory fibroblasts and macrophages
during the acute phase of VMC. It also demonstrates
the proinflammatory role of SPP1, providing important
insights into the immunopathogenesis of VMC. Our
study highlights that disrupting the positive feedback
loop of macrophage self-recruitment by inhibiting SPP1
may be a promising therapeutic strategy for VMC. The
use of elevations in plasma SPP1 levels as a marker for
inflammation will also help us selectively administer
therapies.
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