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Role of Leukocytes in Cardiovascular Disease

Mast cells in failing human hearts demonstrate transcriptomic activation of
pathways involved in cardiac remodeling
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Abstract

Intracardiac mast cells (CMCs) have previously been shown to contribute to adverse remodeling and heart failure in animal mod-
els. As CMCs in human hearts remain unexplored, the aim of this study was to investigate the pathophysiological relevance of
human CMCs through transcriptomic profiling. Biopsies were collected from the four heart chambers of heart failure patients
undergoing heart transplantation surgery (n = 9), as well as from deceased organ donors without chronic heart failure (n = 5).
Using flow cytometry, C-kit "CD45" CMCs and C-kit CD45 " hematopoietic cells were identified in all failing and nonfailing
hearts and were sorted for RNA sequencing analysis. In comparison with other hematopoietic C-kit CD45 " cells and CMCs in
nonfailing hearts, CMCs in failing hearts demonstrated significant activation of pathways involved in cardiac remodeling and
heart failure, including fibrosis-associated and inflammatory pathways. Our results support a role for mast cells in human heart
failure and constitute the first in-depth characterization of mast cells in the nonfailing and failing human heart.

NEW & NOTEWORTHY Intracardiac mast cells (CMCs) have been shown to contribute to remodeling and fibrosis in animal mod-
els. No phenotypical characterization of human CMCs has been conducted before the current transcriptomic profiling study.
CMCs isolated from failing human hearts demonstrated activated pathways involved in cardiac remodeling and fibrosis, both
compared with other hematopoietic cells and to CMCs in nonfailing hearts. The study suggests that CMCs may constitute a
novel candidate for modulation in human heart failure.

heart failure; immune system; mast cells; normal heart; transcriptomics

INTRODUCTION

Heart failure constitutes a clinical syndrome associated
with substantial morbidity and mortality (1). Although treat-
ment and diagnosis of heart failure have improved, progno-
sis remains poor. Multiple etiologies, including myocardial
ischemia, myocarditis, valvular disease, and hypertension,
may all result in heart failure (2). Immune system-associated
mechanisms have been reported to contribute to cardiac
remodeling in numerous settings. Mast cells constitute cells
of the innate immune system which upon activation may
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secrete signaling factors such as histamine, cytokines,
growth factors, prostaglandins and leukotrienes, as well as
the proteases tryptase and chymase (3). The pathophysiolog-
ical relevance of mast cells in cardiovascular disease has
been established during the past decades.

The existence of tissue-resident intracardiac mast cells
(CMCs) has been reported in multiple species, including
mice (4), rats (5, 6), and humans (7). Most cardiac diseases
result in increased CMC density and activity in the acute
and/or chronic setting, as demonstrated through animal
models of pressure/volume overload (5, 8), autoimmune/
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viral myocarditis (9, 10), and myocardial infarction (MI) (11,
12). In spontaneously hypertensive rats, CMCs may contrib-
ute to fibrosis via secretion of cytokines, growth factors,
as well as the mast cell-associated proteases tryptase and
chymase (5, 13). Mast cell-associated signaling may also con-
tribute to cardiac hypertrophy, fibrosis, and dysfunction fol-
lowing autoimmune myocarditis (9, 14). Similarly, CMCs
have been shown to contribute to cardiac inflammation,
fibrosis, and dysfunction secondary to viral myocarditis (10).
Finally, contrasting effects of CMCs and mast cell-associated
factors have been proposed following MI, including both
stimulating and inhibiting effects on cardiac fibrosis (15).

Patients with chronic heart failure have demonstrated an
accumulation of CMCs in previous studies (16, 17). The con-
centration of CMCs has been shown to be similarly elevated
in the ventricles of ischemic and nonischemic failing human
hearts in comparison with nonfailing control hearts (16).
Human CMCs have been shown to express the pan-hemato-
poietic marker CD45, and most cells express the hematopoi-
etic stem cell/mast cell marker C-kit/CD117 as well as
tryptase and chymase (7). The amount of cardiac fibrosis (17,
18) has been shown to be positively correlated with the CMC
density in human hearts.

As most studies of human and nonhuman CMCs have
been limited to in situ histological/immunohistochemical
analyses or analyses on tissue-level, no extensive phenotypi-
cal characterization of CMCs has previously been conducted.
Whether the transcriptome of human CMCs may differ
between failing and nonfailing hearts is, therefore, not
known. Possible transcriptomic differences between human
CMCs and other hematopoietic cells, as well as for CMCs in
the different chambers of the human heart, have also not
been explored. Thus, in the current study, C-kit*™CD45™"
mast cells and C-kit"CD45" hematopoietic cells in failing
and nonfailing human hearts were analyzed using flow
cytometry (FACS) and sorted for RNA sequencing analysis.
The transcriptomic analysis of CMCs in failing hearts
revealed significant activation of pathways involved in car-
diac remodeling and heart failure. Our findings, therefore,
support a pathophysiological role for CMCs in human heart
failure and that CMCs could constitute a novel candidate for
intervention.

MATERIALS AND METHODS

Study Participants

The study was conducted after approval of the local ethics
committee at the University of Gothenburg (Nos. 436-15 and
596-11) and in accordance with the Helsinki Declaration as
revised 2013. Following explantation of the heart during
heart transplantation, biopsies were collected from the four
chambers of terminal heart failure patients at Sahlgrenska
University Hospital (n = 9, Supplemental Table S1). Written
informed consent had been obtained. Biopsies were similarly
collected from organ donors not suffering from chronic heart
failure based on information from medical records and rela-
tives (n = 5, Supplemental Table S2). The hearts of the
included organ donors were ineligible for transplantation, in
general due to old age and/or comorbidities. For one donor
(“Donor 5,” Supplemental Table S2) the heart could not
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undergo transplantation as no suitable recipient was avail-
able. All donors had documentation of consent for use of
organs for transplantation as well as other medical pur-
poses, including research. Due to limited supply of biop-
sies, material from some of the patients and donors has
also been included in other published and unpublished
studies (19-23).

Cell Isolation and Staining

Tissue procurement, cell isolation, staining and flow cyto-
metric analysis, and sorting were conducted as previously
described (21). The time span between heart excision and
biopsy collection was kept at a minimum while allowing for
surgical handling, transportation, and practical prepara-
tions. Following excision, hearts were preserved at 4°C. All
biopsies were collected within 12 h following excision, and
most hearts were processed after only a few hours.

Transmural biopsies were excised from the free wall of the
right and left atrium, as well as the right and left ventricle
near the apex. Areas with apparent fibrosis were omitted.
Biopsies were collected and rinsed in cold phosphate-buf-
fered saline (PBS) to remove blood. After biopsy dissection
into small pieces using scissors, enzymatic digestion was
conducted using Liberase type TM 0.52 U/mL (Roche, Basel,
Switzerland) and DNase type I 2,000 U/mL (Roche or
Worthington Biochemical Corporation, Lakewood, NJ) in
DMEM:F12 (Thermo Fisher Scientific, Waltham, MA) under
magnetic stirring. After 4.5 h, cells were incubated with
0.05% Trypsin-EDTA (Thermo Fisher Scientific), followed by
sequential filtering down to 100-um pore size to remove
larger cells and tissue fragments.

To optimize expression and detection of cell surface
markers, cells underwent epitope regeneration through incu-
bation with DMEM:F12 supplemented with 5% fetal bovine
serum (FBS, Sigma-Aldrich, St. Louis, MO) and 1 mM EDTA
(Sigma-Aldrich) using mild magnetic stirring for 10-
12 h. Epitope regeneration was followed by treatment with
nonenzymatic cell dissociation solution (Sigma-Aldrich) and
erythrocyte lysis buffer, followed by resuspension in FACS
staining buffer [PBS supplemented with 5% FBS, 1% BSA
(Sigma-Aldrich) and 2 mM EDTA] and filtering down to
40-pum pore size to attain a suspension of single cells without
mature cardiomyocytes.

Cell Staining and Fixation

Cells were stained using 7-AAD (Thermo Fisher Scientific)
and antibodies (Supplemental Table S3) for identification of
dead cells and cell surface markers. Cells were stored in dark-
ness, on ice, in FACS staining buffer until FACS. In some
cases, storage was prolonged for several hours until analysis
due to practical circumstances. Such cell samples were fixed
using formaldehyde following 7-AAD/antibody staining to
stop mRNA degradation. This method has been validated
(24) and applied (21) in previous studies. To enable statistical
correction, both nonfixed and fixed samples were analyzed
and sorted during experiments with sufficient biopsy mate-
rial and minimal delay until analysis/sorting. In cases with
compatible antibody/fluorochrome panels, samples were
stained with DAPI (Thermo Fisher Scientific) during fixation
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to improve FACS cell identification. Nonfixed cells could not
be stained with DAPI as they were not permeable.

FACS Analysis and Sorting

FACS was conducted using a FACSaria II cell sorter (BD,
Franklin Lakes, NJ), with lasers and filters enabling analysis
of the implemented fluorochromes, and analysis was per-
formed using FACSdiva version 6.1.1 (BD). Forward scatter
versus side scatter, as well as DAPI staining, for fixed sam-
ples, were used to identify cells (Supplemental Fig. S1). Dead
7-AAD ™ cells were omitted from further analysis and sort-
ing. A CD45 " gate was applied to attain adequate separation
of the CD45 " /CD45™ populations. Due to the relative scat-
city of C-kit* cells, an exclusive C-Kkit * gating strategy was
applied, with < 0.01% false-positive cells based on isotype con-
trols (Supplemental Fig. S2). C-kit " CD45 " and C-kit"CD45*
cells were FACS sorted for further RNA sequencing into sepa-
rate polypropylene tubes containing either RNase-free PBS
(Thermo Fisher Scientific) or RLT buffer including DTT
(Qiagen, Hilden, Germany) for fixed and nonfixed samples,
respectively. Sorted samples were stored at —80°C until RNA
extraction.

RNA Extraction

Different protocols were used to isolate RNA from fixed
and nonfixed samples. DNase concentrations were opti-
mized for fixed, as well as nonfixed samples to minimize
genomic DNA contamination without affecting RNA yield
and quality.

For nonfixed cell samples, RNA isolation was conducted
using the miRNeasy Cells Advanced Micro Kit (Qiagen)
with minor modifications. Cells were directly sorted into
the RLT buffer with DTT during FACS. Twenty-nanogram
carrier RNA (Qiagen) was added to increase RNA yield.
DNase I (Qiagen) diluted 1:200 was used according to
standard RNeasy protocols from Qiagen. The vacuum
manifold QIAvac (Qiagen) was used instead of centrifuga-
tion to maximize the volume loaded onto the columns for
samples with large volumes. Drying of the column and elu-
tion was conducted using centrifugation for all samples.

For formaldehyde fixed cell samples, RNA isolation was
conducted using the miRNeasy FFPE kit (Qiagen). DNase I
was included for the columns at a dilution of 1:80. Twenty-
nanogram carrier RNA was added to increase RNA yield.
The QIAvac was used except for drying of the membrane,
which was conducted using centrifugation for all samples.
RNA was eluted in 20 pL RNase-free water.

Library Preparation and RNA Sequencing

Library preparation, RNA sequencing, and compilation of
raw mRNA count data were conducted by TATAA Biocenter
(TATAA Biocenter, Gothenburg, Sweden). Extracted RNA
was used to prepare a library using the HTG EdgeSeq tran-
scriptome panel (HTG Molecular Diagnostics, Tucson, AZ)
according to the recommendations from the manufacturer.
This technique implements a target-based PCR step before
RNA sequencing, resulting in near-transcriptomic cover-
age. Samples underwent RNA sequencing using the
Illumina NovaSeq 6000 (Illumina, San Diego, CA) with the
S2 flow cell configuration. Fastq files were created using
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bcl2fastq, and read quality parameters were assessed using
FastQC/MultiQC. Raw mRNA count data (https://doi.org/
10.6084/m9.figshare.30666515) were generated using the
HTG EdgeSeq Parser software (HTG Molecular Diagnostics).

Statistical Analysis of Flow Cytometric Data

For C-kit "CD45 " and C-kit CD45 " cells, the percentage
of cells, which had stained falsely positive based on isotype
controls, was subtracted before calculation of statistics.
RStudio version 2023.03.1 with R base version 4.2.1 (R Core
Team) (25) was used to conduct statistical analyses. When
data deviated from the normal distribution, log transforma-
tion was conducted. Comparisons between groups were pri-
marily conducted by analysis of variance (ANOVA) followed
by Tukey’s post hoc test with the R packages Ime4, car, and
emmeans. In comparisons between heart chambers for
which study participant was included as a block variable, a
mixed model was fitted using study participant as random
factor. For data that did not fulfill criteria of normal distribu-
tion and equal variance, a nonparametric test was calculated
using the Prentice test as implemented in the R package
musStat. This was followed by Wilcoxon signed-rank test for
paired data and Wilcoxon rank-sum test for grouped data.
Adjustment for multiple testing was conducted using the
Hochberg method as implemented in the p.adjust function
inR.

Statistical Analysis of RNA Sequencing Count Data

See Fig. 1 for a summary of the statistical comparisons.
RStudio version 2023.03.1 with R base version 4.2.1 (25) was
used for all statistical analyses of RNA sequencing data.

A small number of targets used in the HTG EdgeSeq tran-
scriptome panel represented families of genes. For these
gene families, the mean count per gene was used, rounded
to the closest integer. For a few genes, the gene was repre-
sented both as an individual gene and in a family of genes.
In these cases, the individual count was used for analysis.

Genes with very few or no counts in most of the samples
were excluded from the analysis. For comparisons between
populations and between failing/nonfailing hearts, only
genes with at least five counts in at least n — 5 samples were
included, n being the sample size of the smallest compared
group. Due to the smaller number of samples included in
comparisons between heart chambers, a different numerical
cutoff was used for inclusion of genes, that is, genes with at
least five counts in at least n — 2 samples.

Normalization of raw count data was conducted using
functions in DESeq2 and variance-stabilized transformed
values were calculated (“blind” option set to false) and used
for principal component analysis (PCA). The 5,000 genes
with the highest variance in the samples analyzed were
selected as input to PCA using the pcaMethods R package.
Missing values were managed using the svdImpute method.
Kruskal-Wallis H tests were calculated for each principal
component to determine clustering of samples.

Technical parameters with systematic impact on the tran-
scriptomic pattern of the analyzed samples were identified
based on PCA of all samples, as well as samples selected for
each statistical comparison as outlined in Fig. 1. Systematic
clustering was identified based on fixation, low expression
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Figure 1. Statistical design. Each arrow corresponds to one PCA/IPA analysis. The group constituting the reference level of each IPA analysis has been
situated to the right and has been color-coded blue. Three levels of group comparisons were conducted. A: C-kit " CD45 ™ mast cells and C-kit CD45 "
hematopoietic cells were compared in nonfailing and failing hearts, respectively. Samples from all heart chambers were included. C-kit"CD45 " samples
constituted reference level. B: failing/nonfailing hearts were compared for C-kit " CD45 ™ and C-kit CD45 " cells, respectively. Samples from all heart
chambers were included. Nonfailing hearts constituted reference level. C: C-kit " CD45 " cells isolated from the different heart chambers of failing hearts
were compared. Right atrium/right ventricle and left atrium/left ventricle were compared using ventricle as reference level. Right atrium/left atrium and

right ventricle/left ventricle were compared using left as reference level. IPA, ingenuity pathway analysis; PCA, principal component analysis. Figure cre-
ated with a licensed version of BioRender.com.
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variability across sequenced targets (“QC2” in the HTG assay)
and gDNA contamination (“QC3” in the HTG assay). To mini-
mize the risk of introducing bias through variation in techni-
cal parameters, samples that demonstrated low expression
variability across sequenced targets were excluded based
on the QC2 cutoff recommended by the manufacturer.
Furthermore, fixation status and level of gDNA contamina-
tion/QC3 were included as correction factors in all subse-
quent DESeq2 models. Resulting PCA models were assessed
to confirm the absence of relevant residual clustering based
on fixation status and level of gDNA contamination/QC3.

Based on PCA plots combined with Hotelling’s T2 statis-
tics, samples that constituted extreme outliers when com-
pared with the majority of samples were identified. A total of
10 outlier samples were identified in the comparisons (Fig. 1)
between C-kit™CD45" /C-kit"CD45" samples, failing/non-
failing hearts for C-kit"CD45" samples, and the different
heart chambers for C-kit " CD45 " samples. These 10 samples
were excluded from all subsequent analyses.

For samples, which constituted technical replicates,
that is, two fixed or two nonfixed samples isolated from
the same heart chamber of a particular study participant,
the “Collapse” function within DESeq2 was used to calcu-
late a mean count matrix for the two samples. For techni-
cal replicate pairs in which one sample had been fixed
with formaldehyde, whereas the other had not, only the
nonfixed sample was included for subsequent analyses.

DESeq2 was used to conduct differential gene expression
analysis for the comparisons outlined in Fig. 1. For compari-
sons between C-kit™CD45" /C-kit"CD45™" cells as well as
between failing/nonfailing hearts, samples from all heart
chambers were included as biological replicates. Effect
shrinkage was conducted using the IfcShrink function with
the adaptive shrinkage estimator from the “ashr” package.

Ingenuity Pathway Analysis

Canonical pathway analysis was conducted using ingenu-
ity pathway analysis (IPA; QIAGEN Redwood City Inc.,
Redwood City, CA) based on differentially expressed genes
(DEGS) with a log, fold change of either >1.0 or < —1.0. To
determine the significance level of enrichment, P values
were calculated using right-tailed Fisher’s exact tests. The P
value represents the probability of observing a random over-
lap between the collection of genes in the input dataset and
the genes of a specific IPA pathway. P values were adjusted
for multiple testing according to the Benjamini—-Hochberg
procedure. The activation Z-score was calculated to estimate
the activation state of each pathway. Pathways with Z-scores
>2 and <-2 were, respectively, defined as significantly acti-
vated and deactivated. Only pathways with an adjusted P
value < 0.05 and a Z-score >2, <—2 or undetermined (either
due to insufficient number of pathway-genes within the
dataset or due to the design of the pathway) were reported as
significantly enriched. For each group comparison, a selec-
tion of the most biologically relevant significant pathways
was visualized in a bar plot.

Cytoscape Analysis

Cytoscape was used to visualize the IPA output to conduct
a holistic analysis of the pathway activation patterns. Data
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were imported using the EnrichmentMap application.
Visualized pathways were limited to significant pathways
with adjusted P values < 0.05 and Z-scores >2.0 or <—2.0 or
undetermined. The nodes of the Cytoscape networks repre-
sented individual pathways. Each node was color-coded cor-
responding to the activated (red, i.e., Z-score > 2.0) or
deactivated (blue, i.e., Z-score < —2.0) status of the pathway.
Nodes with undetermined Z-scores were color-coded black.
The size of each node corresponded to the number of genes
constituting the pathway. Overlap between pathways was
represented as edges between nodes. The AutoAnnotate
function combined with manual curation was used to cluster
nodes based on biological relevance. Nodes within each clus-
ter were manually reviewed to identify the dominant enrich-
ment patterns based on the overall activation status of the
pathways.

Upstream Regulator Analysis

IPA was used to predict upstream regulatory elements
(URESs) that may explain the observed transcriptomic differ-
ence between C-kit " CD45 " samples isolated from nonfailing
and failing hearts. All DEGs with an absolute fold change > 2
and a false discovery rate (FDR) value < 0.05 were included,
and UREs were limited to genes, RNAs, and proteins.

For each URE, a Z-score was calculated based on the
known relationship between the DEGs and the URE and the
direction of change of the DEGs. Activated and deactivated
URESs, respectively, have Z-scores >0 and <0. Z-scores > 2 or
<—2 are considered statistically significant. To identify
highly significant URESs, the analysis was limited to UREs
with Z-scores > 3 or <—3. An overlap P value was calculated
for each URE using Fisher’s exact test, corresponding to the
statistical significance of the overlap between the DEGs and
the genes regulated by a URE. Only UREs with an overlap P
value < 0.01 were analyzed.

Disease and function analysis in IPA was used to identify
UREs associated with the terms “Inflammatory response,”
“Proliferation of immune cells,” “Leukocyte migration,”
“Cell death of immune cells,” “Synthesis of eicosanoid,”
“Cardiomyopathy,” “Hypertrophy of cardiac muscle,” “Cell
death of cardiomyocytes,” and “Fibrosis of heart.” IPA
Knowledge Base was used to identify drugs that interact
with the predicted UREs.

RESULTS

C-kit " CD45 * Mast Cells Were Identified in All
Chambers of Failing and Nonfailing Human Hearts, and
Were Significantly Fewer within the Left Ventricle

C-kit*CD45 ™" cells were identified in all chambers of fail-
ing and nonfailing human hearts (Fig. 2, A-C). The portion
of C-kit*CD45" cells was significantly smaller within the
left ventricle in comparison with all other heart chambers
(Fig. 2C). The portion of C-kit * CD45* cells did not differ sig-
nificantly between failing/nonfailing hearts or between
ischemic/nonischemic failing hearts. In comparison with
C-kit " CD45 " cells, C-kit CD45 " hematopoietic cells consti-
tuted a larger population in all chambers of all analyzed
hearts (Fig. 2D).
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Figure 2. Example FACS plots and summary statistics for the different chambers of failing and nonfailing hearts. Scatter plots demonstrating C-kit/CD45
staining for one nonfailing heart (A) and one failing heart (B). Positive staining was determined based on isotype controls (Supplemental Fig. S2). The por-
tions of C-kit* CD45 ™" and C-kit CD45 " cells of all live cells have been noted. The portions of C-kit " CD45 " and C-kit CD45 " cells of all live cells for
several sample groups are, respectively, summarized in C and D. Mean, standard error of the mean (SEM), and individual data points are displayed.
Group sample size is noted in parentheses following each x-axis label. Statistical comparisons between heart chambers, failing/nonfailing hearts, and
ischemic/nonischemic failing hearts were conducted as described in Statistics. *P < 0.05; **P < 0.01; ***P < 0.001. The percentages of false-positive
cells based on isotype controls have been subtracted for the summary statistics in C and D, but not for the example FACS plots of A and B. HF, heart

failure.
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The Transcriptome of C-kit " CD45 * Mast Cells Differed
Significantly in Comparison with C-kit CD45 *
Hematopoietic Cells as well as between Failing and
Nonfailing Hearts

FACS-sorted C-kit"CD45" and C-kit CD45" samples
underwent RNA sequencing followed by principal compo-
nent analysis (PCA). C-kit "CD45 " samples clustered sepa-
rately from C-kitCD45 " samples in both failing (Fig. 3A) and
nonfailing (Fig. 3B) hearts based on the first principal compo-
nent (PC). C-kit " CD45" sample clustering based on the first
PC correlated with high expression of mast cell marker genes,
including tryptase (TPSAB1/TPSB2, Supplemental Fig. S3).

C-kit*CD45" samples from failing and nonfailing hearts
clustered separately based on the first PC (Fig. 3C).
C-kit"CD45 ™" samples isolated from failing and nonfailing
hearts also clustered based on the first PC (Fig. 3D). The clus-
tering was, however, less distinct in comparison with that of
the C-kit " CD45 " samples.

C-kit *CD45* samples isolated from the respective heart
chambers of failing hearts did not demonstrate significant
clustering based on heart chamber origin (Supplemental
Fig. S4).

C-kit* CD45 ™ Cells in Nonfailing Hearts Compared
with C-kit"CD45 * Cells Demonstrated Significant
Activation of Pathways Associated with IL-33 Signaling,
Prostaglandin/Thromboxane Synthesis, and
Angiotensinogen to Angiotensin Metabolism

When C-kit "CD45" and C-kit " CD45" samples isolated
from nonfailing hearts were compared, 381 genes were sig-
nificantly differentially expressed at an adjusted P value <
0.05 (Supplemental Table S4). The mast cell marker genes
TPSABI1/TPSB2, KIT, CPA3, and HDC were significantly
higher expressed in C-kit*CD45™" cells. The transcriptomic
patterns of the two populations were compared using IPA
pathway analysis, resulting in eight significantly enriched
pathways (Fig. 4, Supplemental Table S5).

“IL-33 Signaling Pathway,” “synthesis of prostaglandins
(PG) and thromboxanes (TX),” and “metabolism of angioten-
sinogen to angiotensin” constituted the significant pathways
for which Z-scores could be determined and were all acti-
vated in C-kit™CD45™" cells, that is, had Z-scores > 2. For
five significant pathways, no Z-score could be calculated.

C-kit* CD45 ™ Cells in Failing Hearts Compared with
C-kit”CD45* Cells Demonstrated Significant Activation
of Pathways Associated with Cardiac Hypertrophy,
Fibrotic Diseases, Intercellular Signaling, and Immune
Response

When C-kit*CD45" and C-kit"CD45* samples isolated
from failing hearts were compared, 8,667 genes were signifi-
cantly differentially expressed at an adjusted P value < 0.05
(Supplemental Table S6). The mast cell marker genes
TPSABI/TPSB2, KIT, CPA3, HDC, and CMA1 were signifi-
cantly higher expressed in C-kit " CD45 " cells. The transcrip-
tomic patterns of the two populations were compared using
IPA pathway analysis, resulting in 97 significantly enriched
pathways (Fig. 5, A and B, Supplemental Table S7). Most
enriched pathways were activated in C-kit*CD45" cells,
that is, had a Z-score > 2.

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00921.2025

C-kit*CD45* cells demonstrated significant activation for
pathways within the “cardiac hypertrophy and cardiogene-
sis” and “fibrotic diseases” clusters (Fig. 5, B and C), includ-
ing “cardiac hypertrophy signaling,” “factors promoting
cardiogenesis in vertebrates,” “pulmonary fibrosis idiopathic
signaling pathway,” and the “hepatic fibrosis signaling path-
way.” Notably, the “activation of matrix metalloproteinases”
pathway was also activated in C-kit " CD45 " cells.

Pathways within the “immune response” cluster (Fig. 5, B
and C), including “IL-17 signaling,” “IL-33 signaling path-
way,” “leukocyte extravasation signaling,” “neuroinflamma-
tion signaling pathway,” and “production of nitric oxide and
reactive oxygen species in macrophages” were also signifi-
cantly activated in C-kit " CD45™" cells.

C-kit "CD45™" cells also demonstrated significant activa-
tion for pathways within the “intercellular signaling” cluster
(Fig. 5, B and (), including “FGF signaling,” “Endothelin-1
signaling,” “Eicosanoid signaling,” “estrogen receptor signal-
ing,” “EGF signaling,” and the “WNT/CA™* pathway.” The
“intrinsic prothrombin activation pathway” was also acti-
vated in C-kit * CD45* cells.

2

C-kit" CD45 " Cells in Failing Hearts Compared with
Nonfailing Hearts Demonstrated Significant Activation
of Pathways Associated with the Inmune Response,
Interleukins, Fibrotic Diseases, and Inter-/Intracellular
Signaling

When C-kit*CD45"% samples isolated from failing and
nonfailing hearts were compared, 4,049 genes were signifi-
cantly differentially expressed at an adjusted P value < 0.05
(Supplemental Table S8). The mast cell marker genes
TPSABI1/TPSB2, KIT, CPA3, and CMA1 were significantly
higher expressed in C-kit *CD45* cells in failing hearts. The
transcriptomic patterns of the two populations were com-
pared using IPA pathway analysis, resulting in 65 signifi-
cantly enriched pathways (Fig. 6, A and B, Supplemental
Table S9). Most enriched pathways were activated in
C-Kkit*CD45 " cells isolated from failing hearts, that is, had a
Z-score > 2, whereas no significant pathways were deacti-
vated in C-kit " CD45* cells isolated from failing hearts. For
six significant pathways, no Z-score could be calculated.
When C-kitCD45 ™" cells isolated from failing and nonfailing
hearts were compared, no significantly enriched pathways
were identified (data not shown).

C-kit "CD45™" cells in failing hearts demonstrated signifi-
cant activation for the “hepatic fibrosis signaling pathway”
and the “pulmonary fibrosis idiopathic signaling pathway”
within the “fibrotic diseases” cluster (Fig. 6, B and C). The
“regulation of the epithelial mesenchymal transition by
growth factors pathway” was also activated in C-kit " CD45*
cells in failing hearts.

A number of pathways within the “interleukins” and
“immune response” clusters were significantly activated in
C-kit "CD45™" cells in failing hearts (Fig. 6, B and C), includ-
ing “IL-17A signaling in fibroblasts,” “role of IL-17F in allergic
inflammatory airway diseases,” “interleukin-4 and interleu-
kin-13 signaling,” “interleukin-10 signaling,” “role of JAK
family kinases in IL-6 type cytokine signaling,” “other inter-
leukin signaling,” “neutrophil degranulation,” and “acute
phase response signaling.”
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Figure 3. Clustering of isolated C-kit " CD45 " and C-kit"CD45 " samples based on the 5,000 genes with highest variance, visualized by principal com-
ponent analysis (PCA). A: C-kit " CD45 " samples compared with C-kit"CD45 " samples in failing hearts. B: C-kit " CD45 " samples compared with
C-kit"CD45 " samples in nonfailing hearts. C: C-kit " CD45 " samples isolated from failing hearts compared with samples isolated from nonfailing hearts.
D: C-kit CD45 " samples isolated from failing hearts compared with samples isolated from nonfailing hearts. A Kruskal-Wallis H test was conducted to
assess the significance of clustering according to cell population identity (A and B) or presence/absence of heart failure (C and D) for each PC.
P values < 0.05 have been noted with “*.” Group sample size is noted within parentheses to the right of each group label, including all samples that
were collected from each heart and included in the transcriptomic analysis (i.e., samples from the different chambers of each heart). HF, heart failure;
nHF, not heart failure; PC, principal component.
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C-kit*CD45™ cells in failing hearts demonstrated signifi-
cant activation for several pathways within the “intercellular
signaling” cluster (Fig. 6, B and C), that is, the “eicosanoid sig-
naling,” “estrogen receptor signaling,” “extra-nuclear estrogen
signaling,” “ephrin receptor signaling,” and “metabolism of
nitric oxide: NOS3 activation and regulation” pathways.
Pathways within the “intracellular signaling” cluster were also
activated, including “P38 MAPK signaling,” “ERK/MAPK sig-
naling,” “PIP3 activates AKT signaling,” and “HIF1« signaling.”

2

C-kit* CD45 ™ Cells in Failing Hearts Demonstrated
Activated Upstream Regulatory Elements Involved in
Immunological and Fibrotic Signaling Compared with
C-kit* CD45 ™ Cells in Nonfailing Hearts

IPA was used to predict upstream regulators (URESs) based
on DEGs between C-kit™CD45% samples isolated from

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00921.2025

Pathway with no
available Z-score

failing and nonfailing hearts (Fig. 7, Supplemental Table
S10). Seventy-nine UREs were significant, that is, activated
with a Z-score > 3 or deactivated with a Z-score < —3 for
C-kit"CD45 ™" cells in failing hearts. Most of the 79 significant
URESs were predicted to be activated in failing hearts (n = 63).

A large portion of the 79 UREs was associated with leuko-
cyte function based on IPA disease and function analysis,
that is, the UREs were included in the annotation terms
“Inflammatory response” (n = 40), “Proliferation of immune
cells” (n = 38), “Leukocyte migration” (n = 42), “Cell death of
immune cells” (n = 37), and/or “Synthesis of eicosanoid”
(n = 27). A portion of UREs was also included in annotation
terms associated with cardiac pathophysiology and heart
failure, that is, “Cardiomyopathy” (n = 36), “Hypertrophy of
cardiac muscle” (n = 16), “Cell death of cardiomyocytes” (n =
18), and/or “Fibrosis of heart” (n = 17). URE-targeting drugs
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were identified for 35 UREs based on the IPA Knowledge
Base.

DISCUSSION

In the current study, human C-kit *CD45* cardiac mast
cells (CMCs) were identified in all chambers of failing
and nonfailing hearts. CMCs in failing human hearts dem-
onstrated a large number of activated pathways compared

H1500

Insufficient gene number
for Z value determination

Pathway with no
available Z value

with CMCs in nonfailing hearts, as well as to C-kit " CD45*
hematopoietic cells in failing hearts (Fig. 8). Many activated
pathways were associated with tissue fibrosis, remodeling,
and inflammatory signaling. Seventy-nine upstream regula-
tory elements (UREs) were identified, most of which were
activated in CMCs in failing hearts compared with nonfailing
hearts. A large portion of activated UREs were associated
with leukocyte function, synthesis of eicosanoids, and/or
heart failure-associated processes such as heart fibrosis,
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Figure 6. Analysis of activated/deactivated IPA pathways in C-kit* CD45 " CMCs in failing hearts compared with C-kit ™ CD45 % CMCs in nonfailing
donor hearts. A: analysis overview and color code for pathway visualization. B: significant pathways, that is, pathways with FDR-adjusted overlap P val-
ues < 0.05 and absolute Z-scores > 2 were visualized using Cytoscape. Pathways with undetermined Z-scores were also included if they had an FDR-
adjusted overlap P value < 0.05. Each node constituted one pathway and was color-coded according to activation status/Z-score. Red = activation in
C-kit* CD45 " CMCs in failing hearts (Z-score > 2); blue = activation in C-kit " CD45 " cells in nonfailing donor hearts (Z-score < —2); black = undeter-
mined Z-score. The size of each node corresponds to the gene set size of the pathway. Biologically associated pathways were organized into clusters
with names summarizing the biological relevance of the pathways. C: visualization of the most biologically relevant pathways included in the Cytoscape
network. Bar size corresponds to the —log(Benjamini—Hochberg-adjusted P value) and color gradient to the Z-score. Dotted threshold line corresponds
to a Benjamini—-Hochberg-adjusted P value = 0.05. Orange = Z-score > 2, that is, activated pathway in C-kit " CD45 * CMCs in failing hearts; gray =
undetermined Z-score due to the design of the pathway. B-H, Benjamini-Hochberg; CMCs, intracardiac mast cells; COPD, chronic obstructive pulmo-
nary disease; IPA, ingenuity pathway analysis. Figure created with a licensed version of BioRender.com.
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Figure 7. Predicted upstream regulators (UREs) and interacting drugs. IPA was used to predict UREs based on DEGs between C-kit " CD45 " samples
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Figure 8. Summary of study findings. Figure created with a licensed ver-
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hypertrophy, and cell death of cardiomyocytes. UREs may
constitute candidates for CMC modulation through URE-tar-
geting drugs.

Cardiac Mast Cells Exist in All Chambers of Failing and
Nonfailing Human Hearts

The presence of CMCs within all heart chambers indicates
that mast cells may contribute to physiologic and patho-
physiologic processes in the entire human heart. Notably,
the smaller portion of CMCs within the left ventricle corrobo-
rated the atrial enrichment of CMCs previously observed in
humans (7) and mice (4). Although the cause for the atrial
and right ventricular enrichment of CMCs observed in the
current study is not known, the transcriptomic analysis con-
ducted in the current study indicates that the phenotypes of
atrial and ventricular CMCs are similar.

In contrast to our results, previous studies have observed
an increased CMC density in failing compared with nonfail-
ing human hearts (16-18). Notably, these studies have been
limited to histological/immunohistochemical analyses of
ventricular biopsies and have mainly implemented either
toluidine blue/alcian blue or staining for mast cell-associated
tryptase/chymase, rather than C-Kit, for identification of mast
cells. The reasons for the discrepancy between previous stud-
ies and the current study are unclear, but could potentially be
differences in methodology, study participant cohorts and/or
study power. Interestingly, maturation of immature CMCs
rather than expansion of the total CMC population may
explain the increased CMC density observed following acute
volume overload in rats (26), as well as in spontaneously
hypertensive rats (27). As immature hematopoietic cells
retain their C-kit expression during maturation into tissue-
resident mast cells, both immature and mature mast cells
should be identified as C-kit *. Sperr et al. (7) found that C-kit
was expressed by most CMCs, supporting identification of
CMCs based on C-kit positivity. Due to the heterogeneity of
the CMC population, correlation between disease state and
mast cell concentration may not adequately reflect the patho-
physiological contribution of CMCs. CMC gene and/or protein
expression therefore needs to be taken into account.

Mast Cells in Failing Hearts Are Characterized by a
Distinct Transcriptomic Activation Pattern

C-kit "CD45" CMCs clustered distinctly compared with
C-kit~CD45" hematopoietic cells in both failing and non-
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failing hearts based on PCA. The number of significantly dif-
ferentially expressed genes (DEGs) and enriched pathways
based on the C-kit " CD45" /C-kit " CD45" comparison was
considerably larger in failing hearts than in nonfailing
hearts. Bootstrapping modeling demonstrated that limited
study power was not a likely explanation for the observed
differences in pathway activation patterns between failing
and nonfailing hearts (data not shown). A more likely expla-
nation may be differential activation of CMCs and the bulk
of hematopoietic cells in the failing human heart. These
results are in support of a particular pathophysiological
importance for CMCs in human heart failure.

Activation of Fibrosis-Associated Pathways in Cardiac
Mast Cells in Failing Hearts

Both pro- and antifibrotic roles of CMCs have been
described previously (28). These discrepancies may relate to
context-dependent effects of CMCs as well as methodological
differences, including the use of different genetic models of
mast cell deficiency. The role of CMCs in cardiac remodeling
and fibrosis remains incompletely understood, particularly
as human CMCs have scarcely been investigated (28).

In the current study, C-kit *CD45* CMCs in failing hearts
demonstrated significant activation for several fibrosis-asso-
ciated pathways, both compared with C-kit " CD45" cells in
failing hearts and to C-kit*CD45" CMCs in nonfailing
hearts. Furthermore, 13 URESs, which were significantly acti-
vated in CMCs in failing hearts, have been implicated in
heart fibrosis, including IL-4, IL-1B, TGF-f1, TNF, and IL-17A
(29). These results were in line with previous observations of
a positive correlation between CMC density and fibrosis in
the human heart (17, 18). Furthermore, animal models of car-
diac pressure overload (5, 13) and myocarditis (9, 14) have
suggested that mast cells may contribute to profibrotic sig-
naling, including via tryptase, chymase, and bFGF.

As the “FGF signaling” pathway was activated in
C-kit*CD45% CMCs compared with C-kit"CD45" cells in
failing hearts, our results are in line with CMC-mediated pro-
fibrotic FGF signaling in human heart failure. “Endothelin-1
signaling” constitutes a profibrotic and proinflammatory
pathway previously implicated in cardiac remodeling and
heart failure (29), and was associated with C-kit"™CD45"
CMCs in failing hearts in the current study. Interestingly,
endothelin-1 has previously been implicated in mast cell
degranulation, MMP2 activation, decreased collagen volume
and ventricle dilation in rat hearts (30). CMC-mediated
endothelin-1 signaling could possibly result in both auto-
crine and paracrine effects in the failing heart.

C-kit " CD45" CMCs in failing hearts demonstrated activa-
tion of the “activation of matrix metalloproteinases” (MMPs)
pathway compared with C-kit"CD45" cells. Expression of
MMPs by mast cells (3) as well as MMP activation by mast
cell-associated chymase (31) and tryptase (32) have been
reported previously. In the current study, significantly
higher expression of tryptase (TPSABI/TPSB2) and chymase
(CMA1) was observed for C-kit"CD45" CMCs when com-
pared with C-kit"CD45 ™ hematopoietic cells in failing hearts
as well as to C-kit*CD45% CMCs in nonfailing hearts.
CMC-dependent activation of MMP2 has been implicated
in extracellular matrix remodeling (ECM) and collagen
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degradation following aortocaval fistulation (33) and
mitral regurgitation (8). Our results support a role for CMC
mediated MMP activation and ECM remodeling in the fail-
ing human heart.

Mast cells have been suggested to contribute to renin-
angiotensin-mediated cardiac remodeling and fibrosis
by expressing renin (34), as well as by secreting chymase (35)
and cathepsin g (36), which in turn may convert angioten-
sin I to angiotensin II. Although the “metabolism of angio-
tensinogen to angiotensin” pathway was activated in
C-kit*CD45" CMCs compared with C-kit " CD45" cells in
nonfailing hearts, no similar significant activation was
observed for C-kit " CD45* CMCs in failing hearts. Chymase
(CMAI) as well as cathepsin g (CTSG) were, however, signifi-
cantly higher expressed by C-kit "CD45" CMCs in failing
hearts when compared with C-kit"CD45" hematopoietic
cells in failing hearts as well as to C-kit "CD45" CMCs in
nonfailing hearts. Notably, renin (REN) was also signifi-
cantly higher expressed by C-kit*CD45" CMCs in failing
hearts when compared with C-kit"CD45" hematopoietic
cells. CMCs may, therefore, possibly contribute to local
renin-angiotensin signaling in the failing human heart.

Several IL-17-associated signaling pathways were activated
in C-kit " CD45" CMCs in failing hearts. Furthermore, IL-17A
was identified as an activated URE in CMCs in failing hearts,
suggesting that IL-17 signaling may act both up- and down-
stream of CMCs. Notably, IL-17 has generally been described
as a proinflammatory and profibrotic cytokine that may con-
tribute to cardiac injury, cardiomyocyte apoptosis, leukocyte
recruitment, and increased release of reactive oxygen/nitro-
gen species and cytokines (37). IL-17 signaling has been
reported to be involved in cardiac remodeling and fibrosis
following myocardial infarction and myocarditis (37, 38).

Activated Th2-Associated Interleukin Signaling
Pathways in Cardiac Mast Cells—Beneficial or
Deleterious in Heart Failure?

Compared with CMCs in nonfailing hearts, CMCs in fail-
ing hearts demonstrated significant activation of pathways
associated with IL-4/IL-13 and IL-10. Notably, the “IL-33
signaling pathway” was activated in C-kit " CD45" CMCs
compared with C-kit"CD45* cells both in nonfailing and
failing hearts. Activated UREs in CMCs in failing hearts
included IL-4 and IL-33. These interleukins have previ-
ously been associated with the Th2 immune response,
anti-inflammatory signaling, and either attenuated or
stimulated fibrosis. Several cardioprotective effects of IL-
33 have been observed in models of myocardial infarction,
ischemia/reperfusion injury, and cardiac remodeling, includ-
ing improved cardiomyocyte viability and decreased cardiac
fibrosis and hypertrophy (28, 39). IL-33 is known to inhibit
the Thl and stimulate the Th2 immune response, including
activation of mast cells and expression of Th2 response-asso-
ciated cytokines such as IL-4, IL-10, and IL-13 (39). Activated
mast cells may secrete IL-13, which has been reported to
inhibit proinflammatory cytokine expression (28) and con-
tribute to fibrosis, at least in noncardiac organ systems (40).
Cardioprotective effects of IL-13 following myocardial infarc-
tion has been suggested, including induction of an anti-
inflammatory and efferocytotic macrophage subpopulation

H1504

(41). The role of IL-13 in cardiac remodeling and fibrosis,
however, remains insufficiently understood (29). IL-4 signal-
ing may have both anti-inflammatory and profibrotic effects
(29, 42). Stimulation of mast cells with IL-4 has also been
shown to result in activation and proliferation, in part
mediated through downstream leukotriene signaling (43).
Furthermore, IL-4 is known to be expressed by mast cells,
and mast cell inhibition has been associated with attenu-
ated cardiac fibrosis and decreased cardiac IL-4 levels in
spontaneously hypertensive rats (13). IL-10 has, overall,
been suggested to mediate cardioprotective effects, includ-
ing an attenuation of inflammation, oxidative stress, apo-
ptosis and TNF-alpha signaling (42). Results have, however,
varied between studies, and both pro- and antifibrotic
effects of IL-10 signaling have been reported (29).

Taken together, our results indicate that CMCs in failing
human hearts may be involved in multiple up- and/or down-
stream signaling systems with potentially beneficial effects,
including IL-4, IL-10, IL-13, and IL-33. In support of a protec-
tive role of CMC signaling pathways, Kwon et al. (12) found
that granules isolated from peritoneal mast cells caused
increased angiogenesis and macrophage infiltration, as well
as attenuated fibrosis and remodeling and when adminis-
tered during the acute phase of ischemia/reperfusion injury
in rats. The effects of CMCs in the failing heart may thus be
complex and warrant further functional studies.

Eicosanoid Signaling Pathways Are Activated in Cardiac
Mast Cells

The “eicosanoid signaling” pathway was significantly
activated in C-kit*CD45% CMCs in failing hearts, both
compared with C-kit"CD45" cells in failing hearts and
C-kit*CD45" CMCs in nonfailing hearts. Furthermore, the
“synthesis of prostaglandins (PG) and thromboxanes (TX)”
pathway was activated in C-kit *CD45 " CMCs in nonfail-
ing hearts compared with C-kit"CD45 " cells in nonfailing
hearts. Mast cells are known to produce eicosanoid sub-
stances including prostaglandin (PG) D2 and leukotrienes
(LT) B4/C4/D4/E4 (3). These eicosanoids have mainly
been implicated as contributing factors in allergic diseases
and the type 2 immune response (3, 43, 44). PGD2 and
LTB4/C4/D4/E4 signaling may stimulate cytokine signal-
ing, leukocyte chemotaxis, vasodilation, and vascular per-
meability (3, 43, 44). Interestingly, mast cell-secreted
eicosanoids may also have autocrine stimulating effects
on mast cell proliferation, chemotaxis, production of Th2-
associated cytokines, and degranulation (43).

Although results have varied between studies, deleteri-
ous effects of eicosanoid signaling have been suggested in
myocardial infarction and ischemia/reperfusion injury,
and both PGD2 and LTC4 may induce cardiomyocyte apo-
ptosis (45-47). Prostaglandin D synthase expression was
recently reported to be elevated in CMCs in patients with
Duchenne muscular dystrophy-associated cardiomyopa-
thy (48). Furthermore, PGD2 was elevated in combination
with several other eicosanoid species in failing mouse
hearts (49) and predicted 1-year mortality following acute
decompensation of heart failure in combination with
other arachidonic acid-derived substances (50). Although
eicosanoids may play a role in cardiac disease, effects of
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eicosanoids produced by CMCs in failing human hearts
have not yet been extensively characterized. Based on the
activation of eicosanoid signaling in the current study,
CMC eicosanoid signaling in failing hearts should be fur-
ther studied. Notably, 26 significantly activated UREs in
CMCs in failing hearts were found to be associated with
synthesis of eicosanoids, and may, therefore, constitute
important regulators of CMC eicosanoid signaling.

Limitations

Some study limitations should be noted. The scarcity of
available failing and nonfailing hearts for study inclusion
resulted in a relatively limited sample size. Study power
may, as a result, have been too limited to detect modest dif-
ferences between groups.

A small number of female study participants was included
in the study. This was likely caused by random sampling, as
participants were included regardless of sex. Due to the low
number of female study participants, no analysis of possible
sex-specific effects on CMC biology could be conducted.
Whether clinical parameters, such as comorbidities or treat-
ment with LVAD, may affect the transcriptomic pattern of
mast cells was also beyond the scope of this study.

Although samples isolated from failing hearts with differ-
ent etiologies tended to cluster distinctly, the sample size
was too limited to enable any transcriptomic comparison of
CMCs in ischemic, nonischemic and hypertrophic heart fail-
ure. Further studies are, therefore, needed to compare the
transcriptomic patterns of CMCs in different heart failure
populations.

Hearts of organ donors were included in the study as a
control group. Although none of the donors suffered from
chronic heart failure, most had been disqualified from
transplantation either due to high age or comorbidities.
Completely healthy organ donor hearts are, however, gen-
erally unavailable for research purposes due to their use in
heart transplantation.

Flow cytometric analysis and sorting were limited to
C-kit "CD45" CMCs and C-kit"CD45" hematopoietic cells.
Analysis of specific subsets of nonmast hematopoietic cell
populations, such as macrophages and lymphocytes, was,
unfortunately, beyond the scope of the current study.

Proteomic as well as functional studies were beyond the
scope of the current study, in part due to the limited amount
of biopsy tissue available for study. The various CMC-associ-
ated mechanisms that have been suggested based on the
study results need to be assessed through further proteomic
and functional studies. As several animal models previously
used in the study of CMCs have been associated with impor-
tant study limitations (28, 51), functional in vitro studies
should preferably be aimed at CMCs isolated from human
hearts or mature mast cells derived from human extra-car-
diac sources.

Conclusions

Cardiac mast cells were identified in all chambers of fail-
ing and nonfailing human hearts. In failing hearts, mast cells
demonstrated significant transcriptomic activation for mul-
tiple signaling pathways involved in fibrosis, inflammation,
and cardiac remodeling. Activated upstream regulators of
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cardiac mast cells in failing hearts were associated with leu-
kocyte function and heart failure-associated processes such
as heart fibrosis, hypertrophy, and cardiomyocyte cell death.
The transcriptomic activation pattern suggests that cardiac
mast cells may have a pathophysiological role in human
heart failure.
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