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Transcriptome Analysis Identified SPP1-
Positive Monocytes as a Key in Extracellular
Matrix Formation in Thrombi
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BACKGROUND: Thrombi follow various natural courses. They are known to become harder over time and may persist long term;
some of them can also undergo early spontaneous dissolution and disappearance. Hindering thrombus stability may contrib-
ute to the treatment of thrombosis and the prevention of embolisms. However, the detailed mechanisms underlying thrombus
maturation remain unclear.

METHODS: We compared the RNA expression in 3 thrombi retrieved from cerebral vessels via thrombectomy with that in simul-
taneously sampled blood. The results were validated using immunohistochemistry on 66 thrombi retrieved from patients with
cerebral embolism. Single-cell RNA sequencing data of thrombi from pulmonary arteries were used to uncover the molecular
mechanisms.

RESULTS: A total of 1121 genes were upregulated in thrombi. Pathway enrichment and protein—protein interaction analyses re-
vealed upregulation of extracellular matrix formation and identified SPP7 as a hub gene. Immunohistochemistry revealed that
expression level of osteopontin (the transcript of SPP7) positively correlated to that of collagen type VI in thrombi. Osteopontin
was expressed primarily by monocytes/macrophages in the thrombi, particularly in older ones. Among these 66 patients,
the presence of collagen type VI in the thrombus was marginally associated with longer puncture-to-reperfusion time and
more passes before reperfusion, indicating that those thrombi were resistant to thrombectomy. Single-cell RNA sequencing of
thrombi identified a subpopulation of monocytes/macrophages that highly express SPP1. These SPP7-high monocytes/mac-
rophages highly expressed genes related to the extracellular matrix and communicated closely with fibroblasts.

CONCLUSIONS: Collectively, our findings indicate that SPP7-high monocytes/macrophages play a crucial role in thrombus
maturation.
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deaths worldwide.! These diseases can be clas- with intracardiac (cardiac atria) and venous thrombi ac-

Thromboembolio diseases account for 1 in every 4 thrombus is formed in high- or low-pressure systems,?
sified into 2 groups on the basis of whether the counting for most of the latter. Cardiogenic embolism,
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CLINICAL PERSPECTIVE

What Is New?

¢ Transcriptome analysis of human thrombiidentified
SPP1-positive monocytes as key contributors to
extracellular matrix formation within thrombi, with
osteopontin (encoded by SPPT) expression being
associated with thrombus organization.

What Are the Clinical Implications?

e SPP71-positive monocytes represent a potential
biomarker for thrombus age and organization,
which may inform decisions regarding mechanical
thrombectomy or thrombolytic therapy.

e Targeting SPP7-driven ECM remodeling may
provide a novel therapeutic strategy to prevent
thrombus stabilization.

Nonstandard Abbreviations and Acronyms

COL6 collagen type VI

CTEPH chronic thromboembolic
pulmonary hypertension

DEG differentially expressed gene

ECM extracellular matrix

PAI-1 plasminogen activator inhibitor-1

scRNA-seq single-cell RNA sequencing

which can be caused by the embolism of an intracardiac
thrombus, is the most severe type of ischemic stroke.
Prevention of cardiogenic embolism is of significant in-
terest because the number of patients with atrial fibrilla-
tion, the largest risk factor for cardiogenic embolism, is
rapidly increasing worldwide.® Venous thrombi primarily
form in the lower extremities and can be symptomatic.
In some patients, these thrombi can embolize the pul-
monary artery, which can be fatal. Anticoagulants are
primarily used to prevent and treat thromboembolic dis-
eases under low-pressure systems. Anticoagulants can
decrease the risk of cardioembolic stroke in patients
with atrial fibrillation; however, an approximate stroke
risk of 40% remains even with anticoagulant treatment.*
In addition, patients may experience bleeding compli-
cations.® Therefore, more effective antithrombotic ther-
apies with low risk of bleeding are required.

Thrombi detected in patients can either disappear
or persist. More than half (63%—-89%) of thrombi found
in atrial appendages disappear without symptomatic
embolic events, whereas some patients develop cere-
bral embolism.®=° Moreover, 35% of surgery-associated
venous thrombi resolve spontaneously within 72 hours,
whereas some extend to involve the proximal veins.'o"
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Furthermore, half of pulmonary embolisms resolve
within a few weeks, whereas thrombi persist; chronic
thromboembolic pulmonary hypertension (CTEPH) oc-
curs in =5% of patients after pulmonary embolism."? In
recent studies, dynamic changes occurring in thrombi
over time have been noted,'®'* which may be involved
in determining their natural course. As time passes after
a deep venous thrombus is formed, the proportion of
red blood cells decreases and the level of extracellular
matrix (ECM) proteins, such as collagen, increases.'
Thrombi can become stiffer and more resistant to
thrombolysis over time.'®'® Qur research group and
others have previously reported that older thrombi are
more resistant to reperfusion therapy in patients with
cerebral embolism."~' Therefore, it can be assumed
that conflicting processes occur within a formed throm-
bus: Some occur to make it stiff and stable and oth-
ers to dissolve it. However, the mechanisms underlying
these processes are not completely understood.

Here, we report the transcriptional differences be-
tween thrombi retrieved from cerebral vessels and
peripheral blood. Our data identified SPP7 as an up-
regulated hub gene for ECM formation in the thrombus,
supported by immunohistochemistry analyses demon-
strating positive correlation between SPP7 transcript
and collagen type 6 (COL6) expression. Furthermore,
through single-cell RNA sequencing (scRNA-seq)
data, our results indicate that SPP7-high monocytes
and macrophagesare key players in ECM formation in
thrombi. Collectively, our findings provide a basis for
understanding and insights into the molecular mecha-
nism of thrombus maturation.

METHODS

Data and Materials Availability

RNA-seq data of the thrombi were deposited in the
National Institutes of Health Gene Expression Omnibus
with accession ID PRJINA1099305 and can be ac-
cessed by https://www.ncbi.nim.nih.gov/sra/PRJNA
1099305. The clinical data are available upon request
from the corresponding author.

Sample Collection and Total RNA Isolation
This study was approved by the Ethics Committees of
the Toyonaka Municipal Hospital in accordance with
the Declaration of Helsinki, and all participants provided
written informed consent before commencement of the
study. The clinical backgrounds of the participants are
shown in Table S1. Thrombi retrieved from 5 patients
with acute ischemic stroke were stored in RNAlater
(Thermo Fisher, Waltham, MA) overnight at 4 °C
promptly after mechanical thrombectomy. The thrombi
were then transferred to a —80°C freezer until subse-
quent analyses. Whole blood was sampled from the
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patients via the femoral arterial sheath during the me-
chanical thrombectomy and stored using a PAXgene
RNA blood collection tube (762 165; BD Biosciences,
San Jose, CA) in a =80 °C freezer until subsequent
steps. Total RNA was extracted from each thrombus
using a ReliaPrep RNA tissue MiniPrep System (Z6110;
Promega, Madison, WI) and from whole blood using
a PAXgene Blood RNA Kit (762 164; Qiagen, Hilden,
Germany), according to the respective manufacturers’
instructions.

Library Preparation and Sequencing

The purity and quantity of the isolated total RNA were
assessed using a NanoDrop 2000 spectrophotometer
(Thermo Fisher). The RNA integrity number (RIN) was
assessed using a Bioanalyzer 2100 system (Agilent,
Santa Clara, CA). The 3 thrombus RNA samples with
the highest RINs and their paired blood RNA samples
were subjected to subsequent analyses. The RINs for
the thrombus samples were 8.0, 6.8, and 4.5, and
those for the paired blood samples were 7.2, 7.1, and
7.7. Total RNA samples were subjected to library prepa-
ration using the lllumina TruSeq Stranded Total RNA
Library Prep Kit with Ribo-Zero Globin (lllumina, San
Diego, CA), according to the manufacturer’s protocol.
RNA libraries were subjected to 100-bp paired-end se-
quencing on a NovaSeq 6000 system (lllumina) with a
median of 40 million reads.

RNA-Seq Data Processing, Mapping, and
Counting

Sequence quality was assessed using FastQC (ver-
sion 0.12.1, Babraham Bioinformatics), and reads were
trimmed using Trimmomatic (version 0.36).2° The reads
were mapped to GRCh38 using HISAT2 software (ver-
sion 2.2.1)." Mapped reads were counted using the
feature Counts (version 2.0.3).22 All these procedures
were performed on the Galaxy platform,?® and default
parameters were used.

Differentially Expressed Genes and
Enrichment Analysis

Differentially expressed genes (DEGs) between the
thrombi and blood were identified using an integrated
browser application, iDEP1.1.%* Minimal counts of
1.5 per million in at least 2 libraries were set in the
preprocessing data interface, and the count data were
subjected to a variance-stabilizing transformation for
clustering. A heat map was generated to include the top
2000 genes. Unsupervised hierarchical clustering was
performed using 1-Pearson correlation and average
linkage. DEGs were identified using the iDEP built-in
DESeq?2 package® with a threshold of false discovery
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rate <0.01 and a minimum absolute value of fold change
>4,

Enrichment analysis was performed using the DEGs
defined above to determine the most enriched gene
ontology pathways in terms of biological processes,
cellular components, and molecular functions. Genes
with a false discovery rate >0.6 were removed from the
pathway analysis. The top 20 pathways were displayed
as a network. Nodes were connected if they shared
>20% genes. All parameters not specified above were
left as the default values. Pathway clusters were man-
ually annotated.

Protein—-Protein Interaction Analysis

The protein—protein interactions between all DEGs up-
regulated in the thrombus, except for mitochondrial
genes, were analyzed using the Search Tool for the
Retrieval of Interacting Genes database (version 12.0).%6
A minimal interaction score of 0.4 was set as the de-
fault. Hub genes were identified using Cytoscape (ver-
sion 3.10.1) software and the CytoHubba plugin (version
0.1).%” DEGs with the highest Matthews correlation co-
efficient scores were considered hub genes. The DEGs
were clustered using Markov clustering with a default
inflation parameter of 3. Gene ontology enrichment
analysis was performed on these clusters. Clusters
were manually annotated on the basis of the enriched
pathways and visualized using Cytoscape software.

Deconvolution of the Bulk RNA-
Sequencing Data

Bulk RNA-sequencing data were deconvoluted using
scRNA-seq data from peripheral leukocytes of healthy
adults, applying the MuSiC package (version 1.0.0) with
default parameters.?® The scRNA-seq data were ob-
tained from a public database (GSE216009).2°

Quantitative Polymerase Chain Reaction
Analysis

Reverse transcription—quantitative polymerase chain
reaction was performed to amplify and detect SPP1
from 5 pairs of thrombus and blood RNA samples,
comprising 3 pairs used for RNA-seq analysis and 2
additional pairs. First, cONA was prepared by reverse-
transcribing 400 pg of total RNA using Superscript I
and random primers (Thermo Fisher Scientific). The re-
sulting cDNA was used for real-time PCR analysis using
a Platinum SYBR Green quantitative polymerase chain
reaction SuperMix (Thermo Fisher Scientific). Next, 100
reverse transcription products and standard plasmids
were subjected to real-time polymerase chain reaction
analysis (QuantStudio 7 Flex Real-Time PCR System;
Applied Biosystems) using human -actin as an internal
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control. The following polymerase chain reaction pro-
gram was used: 10 minutes of denaturation at 95 °C,
and then 40 cycles of 95 °C for 15 seconds, 58 °C for
30 seconds, and 72 °C for 30 seconds. The primers
used are listed in Table S2.

Histological Analysis of the Thrombus

We examined 168 consecutive patients who underwent
mechanical thrombectomy for acute ischemic stroke be-
tween January 2015 and December 2019 at 2 tertiary
referral hospitals with comprehensive stroke centers in
Japan (Osaka University Hospital, Osaka; Osaka General
Medical Center, Osaka). Thrombus specimens were
available for 76 patients. Patients with left ventricular as-
sist devices, atherosclerotic intracranial stenosis, or cer-
ebral artery dissection were excluded. Finally, 66 patients
with thrombi retrieved during mechanical thrombec-
tomy for cerebral embolisms were included in this study
(Figure S1). Clinical data were also collected from the in-
cluded patients. The detailed methods for clinical data
collection were performed as previously described.'”

Immunohistochemistry Staining and
Histological Analysis

Thrombus samples were fixed in 10% neutral-buffered
formalin and embedded in paraffin. To identify the pres-
ence of osteopontin, a product of SPP1, 3 primary
antibodies were used: mouse monoclonal antibodies
(10011, 1:200; IBL, Gunma, Japan), rabbit polyclonal
antibodies (25715-1-AP, 1:800; Proteintech, Rosemont,
IL), and rabbit polyclonal antibodies against the N-
terminal region of human osteopontin (18625, 1:200;
IBL). We used human gallbladder and kidney samples
as positive controls in staining to determine the optimal
antibody concentrations. COL6 was detected using
rabbit polyclonal anti-COL6 antibody (ab182744, 1:300;
abcam, Cambridge, UK). IHC staining was performed
using a Roche Ventana BenchMark GX autostainer
(Ventana Medical Systems, Tucson, AZ), according to
the manufacturer’s instructions. The stained slides were
captured as digital images using a VS200 Slide Scanner
(Olympus, Tokyo, Japan). COL6 expression was semi-
quantified in the following manner: O, not detected; 1,
observed only in 1 part; 2, observed in >2 parts; and
3, observed in the inner part of the specimen. The age,
size, and components of the thrombi and the extent of
activation and release of neutrophil extracellular traps
were evaluated as previously described.” Thrombus
age was evaluated based on hematoxylin and eosin
staining and positivity for anti-a-smooth muscle actin
(M0851, 1:800; Agilent Technologies, Santa Clara,
CA).2° Thrombus size and red blood cell proportion
were measured using hematoxylin and eosin stain-
ing; fibrin was detected using phosphotungstic acid—
hematoxylin staining; and platelets were subjected to
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immunohistochemistry staining to assess CD42b (sc-
80728, 1:200; Santa Cruz Biotechnology, Dallas, TX).
The density of monocytes and macrophages was de-
termined through staining for CD163 (NCL-L.-CD163,
1:100; Leica Biosystems, Wetzlar, Germany), and the
extent of activation and release of neutrophil extracellu-
lar traps was determined using H3Cit staining (ab5103,
1:3200; Abcam, Cambridge, UK). Representative im-
ages of these staining have been published previ-
ously.”” Anti-plasminogen activator inhibitor-1 (PAI-1)
antibody (ab66705, 1:400, Abcam) was used to detect
PAI-1—positive cells in the thrombi. A thrombus was
considered osteopontin-high when the aggregation of
osteopontin-positive cells was observed. In addition, 4
samples were subjected to double staining with anti-
osteopontin and anti-neutrophil elastase antibodies or
with anti-osteopontin and anti-CD163 antibodies.

scRNA-Seq Data Analysis of CTEPH
Thrombi

Publicly available scRNA-seq data of thrombi collected
from patients with CTEPH, which were deposited by
Viswanathan et al (PRINA929967), were obtained.®’
Filtered matrices were loaded into the R package Seurat
(version 5.0; R Foundation for Statistical Computing,
Vienna, Austria),®? and cells with <200 features, >9000
features, <300 Unique Molecular Identifiers, >60000
Unique Molecular Identifiers, or >15% mitochondrial
gene fractions were removed. Normalization was per-
formed using the R package sctransform, followed by
the integration workflow of Seurat. Principal component
analysis was performed on the integrated data, and the
top 30 principal components were used to cluster the
cells. The FindNeighbors and FindClusters functions in
Seurat were used to identify cell clusters with a resolu-
tion of 1.0. The FindAllMarkers function in Seurat was
used to identify the markers for each cluster. Clusters
were manually annotated using known lineage mark-
ers and several clusters were combined as necessary.
Monocytes and macrophages were defined as cells
with a high CD174 or CD163 expression. monocytes and
macrophages were subjected to subclustering using a
resolution of 0.2. DEGs from each subcluster were cal-
culated using the FindAlIMarkers function, and the top
10 upregulated genes were used for the DoHeatmap
function.

Pathway enrichment analysis was performed using
the enrichGO function in the R package clusterProfiler.34
We set the adjusting P method to false discovery rate,
the threshold to 0.05, the minimum gene set size to 10,
and the maximum gene set size to 600. Pathways that
included <3 genes were excluded. The top 40 path-
ways with the smallest P values were visualized using
the Emapplot function, and the bound pathways were
automatically clustered using the Emapplot function.
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The ligand-receptor interaction between each sub-
cluster of monocytes and macrophages and fibroblasts
was analyzed using CellChat (version 2.1).%® Normalized
data were used for each condition, and cell types with
<10 cells were excluded. Interaction strength refers to
the probability of communication between a given li-
gand and receptor. It was calculated as the degree of
cooperativity and interactions derived from the law of
mass action and the degree to which the ligands and
receptors are expressed.

scRNA-Seq Data Analysis of Cells from
Murine Venous Walls

We obtained scRNA-seq data from cells of the vein
wall of a mouse DVT model, which were deposited by
DeRoo et al (PRINAS16965).%6 They harvested the ves-
sel wall from the inferior vena cava 24 hours after ligation.
Sham surgery involved vessel dissection without inter-
ruption. Cells with <800 features, >8000 features, <1000
Unique Molecular Identifiers, >40000 Unique Molecular
Identifiers, or >20% mitochondrial gene fractions were
removed from the analysis. Data analysis was performed
as described above, except that the top 15 principal com-
ponents were used and that clustering was performed
with a resolution of 0.2. Identified monocytes and mac-
rophages were subjected to subclustering using the top
15 principal components and a resolution of 0.6.

Statistical Analysis

Continuous variables were reported as the median and
interquartile range, whereas categorical variables were
reported as numbers and percentages. Continuous
variables were compared using the Wilcoxon rank-
sum test. Categorical variables were compared using
Fisher’'s exact test. The cumulative rate of successful
reperfusion was evaluated using the Kaplan—-Meier
method. The association between osteopontin and
COL6 expressions, and the association between the
COLS6 expression number of passes were tested using
ordinal logistic regression. It was confirmed that the
proportional odds assumption was met using the score
test provided by PROC LOGISTIC in SAS (SAS Institute
Inc., Cary, NC). Statistical significance was set at
P<0.05. All analyses were performed using SAS Studio
software (version 9.4; SAS Institute Inc.).

RESULTS

RNA Expression in Thrombi Differs From
That in Blood

Mechanical thrombectomy is an endovascular
surgery procedure that has rapidly developed over
the past decade to recanalize occluded cerebral

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299

SPP1 and ECM Formation in Thrombi

vessels in patients with acute ischemic stroke. In the
present study, we compared the RNA expression
profile in 3 thrombi retrieved from cerebral vessels
through mechanical thrombectomy with that of
simultaneously sampled blood as a substitute for a
newly formed thrombus (Figure 1A). All patients were
diagnosed with a cardiogenic embolism (Table S1). The
heatmap in Figure 1B shows a substantial difference
in RNA expression between the thrombus and blood.
Unbiased clustering detected sample differences
(Figure 1C). Compared with that in the blood, a total
of 1121 genes were significantly upregulated and 693
were downregulated in the thrombus (Figure 1D). The
top 20 upregulated DEGs included proinflammatory
chemokines such as CXCL8 and CCL2, consistent
with a previous report (Figure 1E).3” Genes related to
the ECM, such as FNT and SPP7, were noted to be
upregulated in the thrombi.

Gene Sets Related to ECM Were Enriched
in Thrombi

The results of the enrichment analysis are shown in
Figure 2A as network plots. Biological process analy-
sis revealed clusters, including tissue morphogenesis
and ECM organization. Cellular component analysis
revealed clusters of ECM, cell adhesion, and mitochon-
drial components. Molecular function analysis revealed
clusters of chemokine activity, cell adhesion, and ECM
constituents. All analyses showed that pathways related
to the ECM were significantly enriched. Genes related
to ECM were highly expressed in thrombi (Figure S2).

Protein-Protein Interaction Analysis
Identified SPP1 as a Hub Gene

Among the 1121 upregulated DEGs, 1038 genes
were identified in the Search Tool for the Retrieval of
Interacting Genes database after excluding the mi-
tochondrial genes. We then identified 23 hub genes
using CytoHubba (Figure S3). Unbiased Markov clus-
tering identified 278 clusters using 963 genes. The top
4 clusters, which included the most genes among the
identified clusters, are visualized in Figure 2B. Cluster
1 included 55 genes associated with ECM forma-
tion; cluster 2 included 31 genes related to the anti-
inflammatory response; cluster 3 included 26 genes
related to the ERBB signaling pathway, and cluster 4 in-
cluded 25 genes related to proinflammatory cytokines.
Fifteen hub genes were included in the top 4 clusters.
We identified 5 hub genes (FN1, MMP2, IGFT,
SERPINET, and SPP1) in the ECM formation cluster,
as this cluster included the most genes and pathways
related to ECM that were highly enriched in the enrich-
ment analysis (Figure 2A). FNT encodes for fibronectin, a
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Figure 1. Comparison of gene expression profiles between
the thrombi and blood.

A, Summary of the analytical results. B, Heatmaps of the gene
expression patterns. C, Unsupervised hierarchical clustering
of the samples. D, Number of upregulated and downregulated
genes in the thrombi compared with that in the blood. E, MA
plot of the genes. Genes upregulated in thrombi are shown
in red, and genes with the top 20 highest fold changes are
annotated. DEGs indicates differentially expressed genes; IHC,
immunohistochemistry; and PPI, protein—protein interaction.

glycoprotein involved in cell adhesion, migration, wound
healing, and embryonic development. Fibronectin is
vital for bleeding control.3® MMP2 encodes matrix
metalloproteinase-2, which is involved in the degra-
dation and remodeling of various ECM components.
MMPZ2 inactivation prevents thrombosis and prolonged
bleeding time.3° Insulin-like growth factor 1 (IGF-1) is
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growth factor involved in various processes such as cell
proliferation, maturation, differentiation, and survival.*© It
also regulates fibroblast growth and ECM deposition.*!
SERPINET encodes PAI-1; its deficiency causes abnor-
mal bleeding.*?> SPP1 encodes osteopontin, a secreted
multifunctional glycophosphoprotein that plays an im-
portant role in physiological and pathophysiological
processes.*® Osteopontin drives immune responses
under ischemic conditions and induces neutrophil and
macrophage infiltration.*4=¢ It was recently reported
that osteopontin is a ligand for integrin a9p1, a potential
target for preventing arterial thrombosis.*~*° Therefore,
we decided to investigate whether osteopontin is pres-
ent in thrombi retrieved from cerebral vessels and to de-
termine how osteopontin is associated with the clinical
characteristics of patients who underwent mechanical
thrombectomy.

To confirm that the elevation of SPP7 expression in
thrombi was not due to changes in the proportion of
cell types, we deconvoluted the bulk RNA sequenc-
ing data. The proportions of monocytes and platelets
were higher in thrombi (Figure S4A). SPP1 expression
remained elevated in thrombi even after normalization
to the proportion of monocytes (Figure S4B).

As a sensitivity analysis, we repeated the same
analysis after excluding the thrombus sample with the
lowest RIN. The most significantly upregulated genes
remained largely consistent with those identified in the
original analysis (Figure S5A). Enrichment analysis sim-
ilarly revealed upregulation of pathways related to the
ECM in thrombi, consistent with the original analysis
(Figure S5B).

Osteopontin Is Expressed by Monocytes
and Macrophages in Thrombi

We first validated SPP7 expression using reverse
transcription-quantitative polymerase chain reaction
with 5 pairs of samples, adding 2 other pairs to the
samples used for RNA sequencing. In the thrombi re-
trieved from the cerebral artery, SPPT expression was
elevated compared with that in the blood (Figure 3A).
In addition, the expression of TIMP1, which is modu-
lated by osteopontin and related to ECM,®° was also
elevated.

Next, we performed immunohistochemistry staining
of paraffin-embedded thrombus samples using 3 anti-
osteopontin antibodies. All antibodies validated the
presence of osteopontin in thrombi (Figure S6). All the
observed samples were positive for osteopontin, but the
extent varied (Figure 3B and 3C). Heterogeneous oste-
opontin positivity was observed in many thrombi; within
individual thrombi, some regions exhibited strong stain-
ing, whereas others were negative, as exemplified by
the thrombus shown in Figure 3D. Osteopontin-positive
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Figure 2. Enrichment and PPI analysis.

A, Enrichment analysis results. The top 20 upregulated pathways in each category are visualized. Pathways sharing genes are
connected by edges. The width of the edges represents the number of shared genes. The pathways were manually clustered and
annotated. B, PPl network. Genes belonging to the top 4 clusters of the 963 upregulated genes identified in the Search Tool for
the Retrieval of Interacting Genes database are visualized. Clustering was performed using Markov clustering, and each cluster is
represented by a different color. The thickness of each edge represents the level of confidence. Hub genes are identified through their
Matthews correlation coefficients and are indicated with bold circles. Enrichment analysis results based on each cluster are shown as
a table on the right and are arranged based on strength. Cluster annotation was performed manually. FDR indicates false discovery

rate; and PPI, protein—protein interaction.

cell aggregation (where osteopontin-positive cells
were observed as a cluster) was also observed when
the thrombus was strongly positive for osteopontin.
Thus, we classified the thrombi into osteopontin-high
or osteopontin-low according to the presence or ab-
sence of osteopontin-positive cell aggregation. Double
staining revealed that osteopontin was not expressed
by neutrophils that are defined as cells with a lobulated
nucleus and positive for neutrophil elastase (Figure 3E).
Osteopontin was primarily expressed by monocytes
and macrophages in the thrombi (Figure 3F).

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299

Osteopontin Expression Correlates to
COLG6 Expression in Stroke Thrombi

Next, we examined whether osteopontin expression
correlates to ECM formation in the thrombi. For this, we
reviewed the collagen gene expressions in the RNA-
seq data and determined that COL6A7 and COL7AT
were expressed in thrombi (Figure 4A). As COL6 is
expressed by fibroblast in the wound healing and
regulates dermal matrix assembly,®"-52 we decided to
investigate the association between osteopontin and
COL6 expression. We analyzed 66 thrombi retrieved
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Figure 3. Immunohistochemical staining shows the presence of osteopontin in thrombi.

A, Gene expression as measured using quantitative polymerase chain reaction. B through D, Immunohistochemical staining for
osteopontin using rabbit polyclonal antibodies against the N-terminal part of human osteopontin (18625). Boxed areas are magnified
in the panel. Bar=200 um. B, Representative image of a thrombus with strong positivity for osteopontin. Aggregation of osteopontin+
cells was observed. C, Thrombus with weak positivity for osteopontin. D, Osteopontin-positive cells unevenly distributed in 1
thrombus. E, Double-staining against neutrophil elastase 1 (purple) and osteopontin (yellow). Bar=20 um (F) Double-staining against
CD163 (purple) and osteopontin (yellow). OPN indicates osteopontin.

during mechanical thrombectomy for cerebral em-
bolisms (Figure S1). Among the 66 samples, 40 were
osteopontin-high and 26 were osteopontin-low. COL6
expression was mostly observed only on the surface

of the thrombus (Figure 4B). Semiquantification of the
COL6 expression showed a positive correlation be-
tween osteopontin and COL6 expression in thrombi
(P<0.001; Figure 4C).

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299 8
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Effect of COL6 Expression on Resistance
to Thrombectomy

Following the identification of COL6 in thrombi, we ex-
amined whether this ECM formation is of clinical signifi-
cance. When a thrombus is resistant to thrombectomy,
the number of passes required for reperfusion and the
time from puncture to reperfusion are increased. Thus,
we compared the time to reperfusion across the pres-
ence of COL6 in thrombi in the 66 patients using time
to event analysis. The presence of COL6 was margin-
ally associated with longer time to reperfusion (log-
rank P=0.090; Figure 5A) and more passes (P=0.110;
Figure 5B).

Osteopontin Expression and Thrombus
Features

Next, we explored the characteristics of thrombi with
high osteopontin expression. First, we compared the
features of the thrombi on the basis of osteopontin
expression. Fresh thrombi were less common among
osteopontin-high samples (2.5% versus 46.2%,
P<0.001; Figure S7A). No significant differences were
observed in the proportions of red blood cells, fibrin,
or platelets. The density of monocytes and mac-
rophages was higher in the osteopontin-high samples
(Figure S7B). PAI-1—positive cells tended to be more fre-
quent in osteopontin-high thrombi than in osteopontin-
low thrombi (40.0% versus 15.4%, P=0.054; Figure S7C).

Osteopontin Expression and Clinical
Characteristics

We also investigated the differences in clinical charac-
teristics by comparing patient backgrounds according
to osteopontin expression (Table S3). The proportion
of patients with atrial fibrillation was marginally higher
(54% versus 78%, P=0.060), the level of brain natriu-
retic peptide was marginally higher (82.5 versus 225
pg/mL, P=0.054), and the cardiothoracic ratio was sig-
nificantly higher (57% versus 62%, P=0.023) in patients
with osteopontin-high thrombi. The proportion of stroke
subtypes also differed significantly across osteopon-
tin expression (P=0.043; Figure S8); the proportion of
cardioembolic stroke was higher among patients with
osteopontin-high thrombi.

SPP1-High Monocytes and Macrophages
in Thrombi Are Related to ECM Formation

Thus far, we have shown the potential importance of
SPP1 expression in ECM formation in stroke thrombi.
However, these observations cannot be applied to
chronic thrombi such as deep venous thrombi, be-
cause stroke thrombi are mostly <5days old."”'® In ad-
dition, the molecular mechanism how SPP7-positive

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299
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monocytes and macrophages promote ECM forma-
tion remains unclear. To assess these questions, we
used scRNA-seq data of thrombi from patients with
CTEPH.3" After unbiased clustering (Figure S9), we
successfully identified monocytes and macrophages
(Figure 6A and 6B). Fibroblasts in these CTEPH
thrombi expressed COLTAT and COL3A7, not only
COLBAT (Figure 6B), consistent with the supposition
that these thrombi were older than stroke thrombi.
SPP1 was also primarily expressed by monocytes
and macrophages in these samples. Four subclus-
ters of monocytes and macrophages were identified
(Figure 6C), and SPP1 was listed as one of the top
10 highly expressed genes in subcluster 2 (Figure 6D).
Hub gene expressions identified through protein—pro-
tein interaction analysis are shown in Figure 6E. CD68
was highly expressed in subcluster 2, whereas CXCLS8
and CCL3 were highly expressed in subcluster 1.
Enrichment analysis revealed that pathways related to
the ECM were upregulated in subcluster 2 (Figure 6F,
red circle). Pathways related to lysosomes (Figure 6F,
pink and light blue circles) were also upregulated in
subcluster 2, indicating the possible involvement of
this subcluster in the formation and remodeling of
ECM. In addition, pathways related to inflammation,
such as the cellular response to tumor necrosis fac-
tor, response to interleukin-1, and chemotaxis, were
enriched in subcluster 1 (Figure S10A).

To further understand the role of subcluster 2 (SPP17-
high monocytes and macrophages) in thrombus forma-
tion, we performed a ligand-receptor interaction analysis
using CellChat. Dense communication between mono-
cytes and macrophages and fibroblasts, which are the
major source of ECM, was inferred in the thrombi from
patients with CTEPH (Figure 7A). Among the immune
cells found in the thrombus, monocytes and macro-
phages in subcluster 2 showed the highest number
and strength of inferred ligand-receptor interactions
as the sender between fibroblasts (Figure 7B). When
monocytes and macrophages were assigned to the
sender, the ligand-receptor pairs SPP1-ITGAV ITGB1,
SPP1-ITGA8_ITGB1, and SPPI1-ITGAV_ITGB5 were in-
ferred to be the primary communicators between sub-
cluster 2 monocytes and macrophages and fibroblasts
(Figure 7C and 7D). In addition, ligand-receptor pairs
of PDGFB-PDGFRB were inferred between subclus-
ter 1 monocytes and macrophages and fibroblasts
(Figure S10B).

SPP1-High Monocytes and Macrophages
Are Expanded in Murine Venous Vessel
Walls After Thrombosis Induction

As monocytes and macrophages are presumed to
migrate into the thrombus through the vessel wall,®®
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Figure 4. Osteopontin expression correlates to COL6 expression in stroke thrombi.

A, Collagen mRNA expression measured as transcripts per million (tpm) in blood and thrombi. B, Immunohistochemical staining for
osteopontin and COL6. COL6 expression was semiquantified. Boxed areas are magnified in the panel. Bar=200 um. C, Association
between osteopontin and COL6 expressions. “P<0.05, **P<0.01, and ***P<0.001. COL6 indicates collagen type VI.

we hypothesized that SPP7-high monocytes and
macrophages may be present in the vessel wall after
thrombosis. We investigated SPP7 expression through
monocytes and macrophages in the venous vessel
walls of mice with and without deep vein thrombosis
(Figure S11A-D). Our results showed that the subcluster
of monocytes and macrophages with high SPP71

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299

expression was expanded in the deep vein thrombosis
group (Figure S11E).

DISCUSSION

Thrombus age has recently been reconsidered as a crit-
ical factor influencing resistance to reperfusion therapy

10
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A, Cumulative rate of successful reperfusion (expanded
treatment in cerebral ischemia >2b) after puncture. B, Proportion
of the number of passes before successful reperfusion. COL6
indicates collagen type VI.

in cerebral embolism.'"~19%4 Although it is well known
that a thrombus matures as time passes and that its
component and physical features dynamically change
after formation,'*'® the detailed process of thrombus
maturation in embolism is not yet well understood. In
the present study, we aimed to clarify the molecular
basis of thrombus maturation using comprehensive
bicinformatics analysis and immunohistochemistry of
the thrombi of patients. We elucidated the transcrip-
tional landscape after thrombus formation by compar-
ing RNA expression in thrombi from acute cerebral
infarctions with that in simultaneously collected periph-
eral blood. In addition to proinflammatory responses,
which have been reported previously,®” our findings
revealed an anti-inflammatory response and ECM for-
mation in thrombi. SPP71 was upregulated and was
identified as a hub gene of ECM formation in thrombi.
Immunohistochemistry analysis showed that the ex-
pression of SPP1 translation product, osteopontin, cor-
related to COLG expression in thrombi. This correlation
does not guarantee the causal relationship between
SPP1 expression and ECM formation in thrombi; how-
ever, considering the increased CCl between SPP1-high

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299
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monocytes and macrophages and fibroblasts shown in
the scRNA-seq and given a number of reports, which
demonstrate the involvement of SPP7-positive mac-
rophages in tissue fibrosis,?>-%° SPP7-high monocytes
and macrophages in thrombi likely contributed to ECM
formation. Collectively, our findings indicate that SPP7-
high monocytes and macrophages play a key role in
thrombus maturation, which may contribute to resist-
ance to reperfusion therapy.

SPP1-positive macrophages have recently been
identified as key cell types promoting tissue fibro-
sis.%%780 |n line with these reports, the results of enrich-
ment analysis indicate that subcluster 2 monocytes and
macrophages (SPP7-high) are related to the ECM in the
thrombi of patients with CTEPH. This was supported
by the results of our ligand-receptor interaction analy-
sis. Integrin aV, an osteopontin receptor expressed by
fibroblasts, plays key roles in fibrotic diseases.?"® The
interaction between osteopontin and integrins a1
and V85 has been reported to contribute to the adhe-
sion of smooth muscle and fibroadipogenic progenitor
cells®883; osteopontin is also chemotactic for smooth
muscle cells.®* Thus, SPP7-high monocytes and mac-
rophages may promote ECM formation by recruiting
fioroblasts to the thrombus. Nonetheless, our results
do not exclude the possibility that other subclusters of
monocytes and macrophages are involved in ECM for-
mation in the thrombus. Subcluster 1 monocytes and
macrophages have been shown to promote fibrogen-
esis through PDGFB-PDGFRB interactions. In addition,
the THBS1-CD47 interaction, which has been reported
to promote fibrosis,®® was also observed in other sub-
clusters. Further investigations are required to clarify the
role of heterogeneous monocytes and macrophages in
ECM formation in thrombi.

Osteopontin-positive cells were not evenly distrib-
uted throughout the thrombus in thrombi retrieved from
cerebral vessels. They were often densely aggregated
in certain areas, particularly around the periphery of the
thrombus. These aggregations of osteopontin-positive
cells are presumed to occur sometime after thrombus
formation, as they are less common in fresh thrombi. In
deep vein thrombosis, macrophages are presumed to
increase migrating from the vascular wall to the throm-
bus during venous thrombosis.!”"%366 The present study
showed that SPP7-high monocytes and macrophages
were expanded in the venous wall after thrombosis in-
duction. Moreover, a recent study revealed that SPP7-
positive macrophages are expanded in the left atrial
tissue of patients with persistent atrial fibrillation and
can serve as targets for immunotherapy in atrial fibril-
lation.®% Therefore, some of the osteopontin-positive
monocytes and macrophages observed in thrombi
from patients with cardioembolic stroke may have mi-
grated from the left atrial wall. The observation in the
present study that patients without atrial fibrillation had

11
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Figure 6. Analysis of scRNA-seq data of thrombi from patients with chronic thromboembolic pulmonary hypertension.

(A) UMAP pilot illustrating cell type and feature plot of SPP7 expression. B, Expression of specific marker and collagen genes. COL2
genes were not detected in these data. C, Subclustering of the monocytes and macrophages. Four subclusters are identified. D,
Heatmap of the top 10 DEGs based on each subcluster of monocytes and macrophages. SPP1 is highly expressed in subcluster
2. E, Hub gene expressions determined through PPI analysis in the thrombus. *P_val_adj<0.0001. (F) Enrichment analysis results.
Pathways upregulated in subcluster 2 monocytes and macrophages are visualized. Pathways sharing genes are connected by
edges, and the width of the edges represents the number of shared genes. Clustering was performed automatically. DEG indicates
differentially expressed gene; PPI, protein—protein interaction; scRNA-seq, single-cell RNA sequencing; and UMAP, uniform manifold

approximation and projection.

fewer osteopontin-high thrombi supports this hypoth-
esis. Therefore, the migration of osteopontin-positive
monocytes and macrophages may be a potential target
for novel antithrombotic therapies.

More monocytes and macrophages were observed
in osteopontin-high thrombi than in osteopontin-low
thrombi. Additionally, although not statistically sig-
nificant, a greater number of PAI-1-positive cells was
found in osteopontin-high thrombi. Osteopontin is
known to recruit macrophages and fibroblasts; there-
fore, its expression in thrombi may promote the infiltra-
tion of PAI-1—secreting cells, potentially contributing to
resistance to fibrinolysis. Since the density of mono-
cytes and macrophages is higher in older thrombi than

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299

in fresh ones'™®” and the number of PAI-1-positive cells
increases over time, these associations may suggest
that osteopontin-high thrombi are generally older than
osteopontin-low thrombi.

Intracardiac thrombi are frequently encountered in
clinical practice, and the prevalence of left atrial ap-
pendage thrombus formation has been estimated to
range from 5% to 27% in patients who have not pre-
viously received anticoagulant therapy.®® Patients with
intracardiac thrombi are at an elevated risk of develop-
ing cardiogenic embolisms. Thus, convenient and cost-
effective screening methods for intracardiac thrombi
are required. In a recent study, osteopontin has been
recognized as a biomarker for vascular diseases.*® The
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Figure7. Ligand-receptorinteractionanalysis using scRNA-seq datafrom thrombi of patients with chronic thromboembolic

pulmonary hypertension.

A, Network plots of the inferred numbers and strengths of ligand-receptor interactions. B, Inferred numbers and strengths of ligand-
receptor interactions with fibroblasts based on cluster. Fibroblasts were set as receivers. C, Chord diagram visualizing all inferred
ligand-receptor pairs from monocytes and macrophages subclusters to fibroblasts. D, Gene expression in the SPP1 signaling pathway.

scRNA-seq indicates single-cell RNA sequencing.

plasma concentration of osteopontin was higher in pa-
tients with atrial fibrillation than in those without and is
correlated with the extent of atrial fibrosis.®® Using un-
biased proteomics, von Zur Mihlen et al showed that
osteopontin levels in the urine can serve as a biomarker
for venous thrombosis and pulmonary embolism.”™ It
has also been reported that plasma osteopontin levels
are higher among patients with venous thrombosis than
in those without.”" Osteopontin is cleaved by thrombin
into 2 halves. In the present study, we showed that
cleaved osteopontin (N-half) was present in a thrombus
retrieved from a cerebral vessel. Considering that the
presence of cleaved osteopontin implies a thrombo-
genic state, the level of osteopontin, especially cleaved
osteopontin, in the peripheral blood may have poten-
tial value as a biomarker to predict intracardiac throm-
bus and future embolic events in patients with atrial
fibrillation.

In the present study, thrombi retrieved from cerebral
vessels were observed to contain neutrophils, consis-
tent with previous studies.®”">"3 However, neutrophils
were not identified in the scRNA-seq data of thrombi
harvested from patients with CTEPH. Experimental
findings in @ mouse inferior vena cava ligation model
indicated that neutrophils are abundant in the initial
stages of thrombus formation; however, their propor-
tion decreased over time, with the proportion of mono-
cytes and macrophages increasing at a later stage.™

J Am Heart Assoc. 2025;14:e044299. DOI: 10.1161/JAHA.125.044299

Therefore, neutrophils may disappear from the CTEPH
thrombus with age.

This study has several limitations. First, some RINs
were not sufficiently high in the thrombus samples. RINs
in thrombus samples are commonly low, and acellular
RINs tend to have lower RNA quantity and quality.” We
selected samples with a relatively high RIN for RNA-seq
and validated the results using quantitative polymerase
chain reaction after adding other samples; however, the
results should be carefully interpreted. Second, in the
bulk RNA sequencing analysis, a larger sample size
could have allowed for the detection of more subtle
differences and enabled more refined analyses. Third,
we were not able to analyze thrombi formed in arter-
ies; thus, it remains to be confirmed in future studies
whether our findings are applicable to arterial thrombi.
Fourth, thrombus pathology may have been affected by
mechanical manipulation during thrombectomy. Finally,
the sample size of the clinical and immunohistochem-
istry data was not sufficient to analyze the effect of the
thrombectomy procedure on thrombus features and
may have been underpowered to detect differences in
reperfusion quality.

In conclusion, our study identified transcriptional re-
sponses, including ECM formation, inflammatory re-
sponse, and anti-inflammatory response, in thrombi.
Collectively, our results indicate that SPP7-positive mono-
cytes and macrophages play a key role in ECM formation
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in thrombi and may be a potential target for novel anti-
thrombotic therapies that modify thrombus maturation.
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