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Novel Long Noncoding RNA HEAT4 Affects
Monocyte Subtypes, Reducing Inflammation and
Promoting Vascular Healing
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BACKGROUND: Activation of the immune system contributes to cardiovascular diseases. The role of human-specific long
noncoding RNAs in cardioimmunology is poorly understood.

METHODS: Single-cell sequencing in peripheral blood mononuclear cells revealed a novel human-speeific long noncoding RNA

called HEAT4 (heart failure—associated transcript 4). HEAT4 expression was assessed in severaflif@i f0:ahd ex vivo models
of immune cell activation, as well as in the blood of patients with heart failure (HF), acute myocardie\ﬂ infarction, or cardiogenic
shock. The transcriptional regulation of HEAT4 was verified through cytokine treatment and single-cell sequencing. Loss-of-
function and gain-of-function studies and multiple RNA—protein interaction assays uncovered a mechanistic role of HEAT4
in the monocyte anti-inflammatory gene program. HEAT4 expression and function was characterized in a vascular injury

model in NOD.CB17-Prkdc scid/Rj mice.

RESULTS: HEAT4 expression was increased in the blood of patients with HF acute myocardial infarction, or cardiogenic shock.
HEAT4 levels distinguished patients with HF from people without HF and predicted all-cause mortality.in a cohort of patients
with HF over 7 years of follow-up. Monocytes, particularly anti-inflammatory CD16* monocytes, which are increased in
patients with HF, are-the primary-source of HEAT4 expression-in the blood.. HEAT4 is-transcriptionally activated by treatment
with anti-inflammatory interleukin-10. HEAT4 activates anti-inflammatory. and inhibits proinflammatory gene expression.
Increased HEAT4 levels result in a shift toward more CD16% monocytes. HEAT4 binds to ST100A9, causing a monocyte
subtype switch, thereby reducing inflammation. As a result, HEAT4 improves endothelial barrier integrity during inflammation
and promotes vascular healing after injury in mice.

CONCLUSIONS: These results characterize a novel endogenous anti-inflammatory pathway that involves the conversion
of monocyte subtypes into anti-inflammatory CD16* monocytes. The data identify a novel function for the class of long
noncoding RNAs by preventing protein secretion and suggest long noncoding RNAs as potential targets for interventions in
the field of cardioimmunology.

Key Words: heart failure ® monocytes ® regeneration ® RNA, long noncoding

Correspondence to: Jes-Niels Boeckel, PhD, Klinik und Poliklinik fir Kardiologie, Universitétsklinikum Leipzig, Johannisallee 30, 04103 Leipzig, Germany. Email
boeckel@medizin.uni-leipzig.de

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.124.069315.

For Sources of Funding and Disclosures, see page XXX.

© 2024 The Authors. Circulation is published on behalf of the American Heart Association, Inc, by Wolters Kluwer Health, Inc. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided that the
original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Circulation is available at www.ahajournals.org/journal/circ

Circulation. 2024;150:00—00. DOI: 10.1161/CIRCULATIONAHA.124.069315 Xxx xxx, 2024 1


http://crossmark.crossref.org/dialog/?doi=10.1161%2FCIRCULATIONAHA.124.069315&domain=pdf&date_stamp=2024-07-15

=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

20z ‘2T AInc uo Aq Bio'sfeusnofeye//:dny wouy papeojumoq

Kneuer et al HEAT4 in Heart Disease, Inflammation
Clinical Perspective Nonstandard Abbreviations and Acronyms
What Is New? CANTOS Canakinumab Anti-
* HEAT4 (heart failure—associated transcript 4) is a Inflammatory Thrombosis
o : . Outcomes Study
novel human-specific long noncoding RNA that is i g
enriched in monocytes and induced in patients with CvD cardiovascular disease
heart failure, acute myocardial infarction, or cardio- HEAT3 heart failure—associated
genic shock. transcript 3
* HEAT4 levels can distinguish patients with heart HEAT4 heart failure—associated
failure from people without heart failure and are pre- transcript 4
dictive of all-cause mortality in a cohort of patients HEK human embryonic kidney
with heart failure over 7 years of follow-up. . HF heart failure
* HEAT4 promotes an anti-inflammatory monocytic . .
CD16* cell phenotype and exacerbates injury- IL interleukin
induced vascular healing, which involves HEAT4 ITGAM integrin alpha M
physical interaction with S100A9, thereby prevent- IncRNA long noncoding RNA
ing its secretion and promoting its translocation to (V1] myocardial infarction
the nucleus, where it binds to promoter regions. PBMC peripheral blood mononuclear
A i cell
What A.re. the Cllnlcal Impll?at"’_“S? _ PREDICT-HFPEF  Prediction of the Development
e Our fln.dlngs prowdg new |nS|ght into therapeutic of Heart Failure With
§trateg|gs for cardiovascular fjlsease by target- Preserved Ejection Fraction
gihtlzylsnterplay i eoelig el nenseeling PRIDE Proteomics Identifications
* Targeting long noncoding RNAs may repre- qPCR quantitative polymerase chain
sent an approach to control monocyte-mediated reaction
inflammation. RNA-seq next-generation bulk RNA
sequencing
scRNA-seq single-cell RNA sequencing
The immune system plays a crucial role in maintain- SHOCK-COOL Mild Hypothermia in
ing human health by protecting against invading Cardiogenic Shock
pathogens and foreign substances. Dysregulations Complicating Myocardial
of the immune system contribute to the development and Infarction
progression of various thuman-diseases, including can- SICA-HF Studies Investigating
cer,"? autoimmune-disorders,3*and cardiovascular-dis- Comorbidities Aggravating
eases (CVDs).56 Heart Failure
The inflammatory process has anti-inflammatory TNFa tumor necrosis factor o

and proinflammatory phases, which are characterized
by changes in inflammatory cytokines and immune cell
types.” These cells and signaling molecules are tempo-
rarily activated and deactivated in a temporal sequence
of an inflammatory and a healing phase. Prolonged and
pathologic activation of inflammatory cell types and sig-
naling molecules, such as interleukin (IL)-6 or IL-16, can
cause chronic disease states, such as heart failure (HF)
and atherosclerosis®'® Anti-inflammatory interventions
(eg, inhibition of IL-1p in CANTOS [Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study]) exert ben-
eficial effects on CVD outcomes.!"'? However, transient
activation of components of both pro-inflammatory and
anti-inflammatory pathways are important for regenera-
tive processes (eg, vascular healing after ischemia and
reperfusion). Prolonged activation of anti-inflammatory
processes is associated with negative effects in chronic
HF as well.”*'® Therefore, a better understanding of the
cellular and molecular basis of anti-inflammatory pro-
cesses is necessary to develop more effective strategies
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to diagnose and potentially control the inflammatory pro-
cess in CVDs.

Inflammatory cells, including monocytes and T cells,
infiltrate the heart after myocardial injury and can clear
damaged tissue. However, excessive or prolonged
inflammation can lead to the development of fibrosis and
hypertrophy, conditions that are associated with impaired
cardiac function.'®'® Monocytes are the primary par-
ticipants in early inflammation, with different subsets
exhibiting both pro-inflammatory and anti-inflammatory
functions within the inflammatory process.”® Differ-
ent subsets can be distinguished on the basis of their
expression of CD16. CD16* monocytes patrol the vas-
culature, do not infiltrate, and are implicated in the anti-
inflammatory part of the inflammatory process.?® Gaining
a deeper understanding of monocyte subtype transitions
in humans has the potential to unlock novel therapeutic
options for treating inflammation, including in CVDs.
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Rapid transcriptional regulation is a key aspect of
gene expression control within the immune system, and
emerging evidence highlights the important role of long
noncoding RNAs (IncRNAs) in this process.?' LncRNAs
have recently garnered increasing attention as critical
modulators of various biologic processes.?? These ver-
satile molecules exhibit distinct expression patterns spe-
cific to different immune cell lineages and play pivotal
roles in governing the differentiation and functions of
both innate and adaptive cell populations.?*2¢ LncRNAs
were recently shown to be important regulators of
inflammation and fibrosis in cardiovascular cell types,
such as vascular smooth muscle cells (SMCs) and fibro-
blasts, in the cardiovascular system.?”® Unraveling the
intricate mechanisms through which IncRNAs contribute
to immune cell regulation can provide valuable insights
into the transcriptional control within the immune system.

In this study, an unbiased single-cell sequencing
approach revealed a novel human-specific IncRNA
named HEAT4 (heart failure—associated transcript 4).
HEAT4 levels were increased in the blood of patients
with HF, acute myocardial infarction (MI), or cardio-
genic shock. We show that HEAT4 is enriched in
anti-inflammatory CD16* monocytes and activates anti-
inflammatory and inhibits proinflammatory gene expres-
sion. Increased HEAT4 levels result in a shift toward
more CD16* monocytes. The IncRNA HEAT4 was dis-
covered to be able to bind to the S100A9 protein. This
mechanism prevents secretion of the S100A8/A9 het-
erodimer. Using a humanized mouse model, we observed
that HEAT4-expressing monocytes promoted vascular
healing after carotid artery injury. These data identify
a novel mechanism- that-controls. the-human-monocyte
subpopulation by-a human-specific IncRNA modifying
inflammation in human disease.

METHODS
Patient Inclusion

Cohort 1

Patient inclusion in this study was approved by the ethics
committee at the University of Leipzig (approval 416/18-ek).
The study was conducted in accordance with the Declaration
of Helsinki. All participants gave written informed consent for
molecular analysis. The HF group included patients with clini-
cally stable HF with reduced ejection fraction (ie, left ventricular
ejection fraction <40%) of ischemic origin defined according
to the European Society of Cardiology.?® Patients with relevant
valvular heart disease (eg, moderate or greater stenosis or
regurgitation) were excluded. Patients with a history of myo-
carditis, regular alcohol consumption, illicit drug use, cardiotoxic
chemotherapy, or unclear pathogenesis of HF were excluded.
Patients with normal left ventricular ejection fraction without
signs or symptoms of HF, normal natriuretic peptide levels, and
no evidence of structural cardiac alterations served as controls.
Those patients were recruited from the prospective ongoing
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cohort study PREDICT-HFpEF (Prediction of the Development
of Heart Failure With Preserved Ejection Fraction; URL: https://
www.clinicaltrials.gov; Unique identifier: NCT04894968) at
Heart Center Leipzig and as part of 008/20-ek at University
Hospital Leipzig.

Cohort 2

Next-generation bulk RNA sequencing (RNA-seq) data of
peripheral blood mononuclear cells (PBMCs) from 4 patients
with ischemic cardiomyopathy and 4 controls published as
cohort 2 in reference ?* were used.

Cohort 3

Quantitative polymerase chain reaction (GPCR) of RNA iso-
lated from whole blood samples from 38 controls and 63
patients with HF was performed. Patients were enrolled as part
of SICA-HF (Studies Investigating Comorbidities Aggravating
Heart Failure) between February 2010 and March 20143031
Participants were followed for >7 years (mean follow-up time,
2701£998 days) until the database was censored in August
2018.

Cohort 4

qPCR of RNA isolated from PBMCs from 23 controls and 43
patients with acute MI (part of a recently published cohort of
patients with acute MI®?) was performted.

) American
Cohort 5 \@" Aesagiation
gqPCR of RNA isolated from whole blood samples from 5 con-
trols and 4 patients with cardiogenic shock was performed.
Controls are part of a recently published control group® and
patients with cardiogenic shock are part of the recently pub-
lished randomized SHOCK-CQOOL trial (Mild Hypothermia in
Cardiogenic Shock Complicating Myocardial Infarction).3*

Carotid Injury Model

Ten-week-old male’ NOD.CB17-Prkdc. scid/Rj mice were
anesthetized with isoflurane and the left common carotid artery
was injured. CD14* human monocytes-were injected through
the retrobulbar venous plexus. After 3 days, Evans blue was
injected, and mice were killed 1 hour later. The left carotid
arteries were excised and analyzed. All animal experiments
were approved by the Veterinary Office of Saarland, Germany
(approval 34/2014).

Statistical Analysis and Blinding

GraphPad Prism 8 and IBM SPSS Statistics (version 29.0.0
[241]) were used for statistical analysis. Outliers were excluded
and columns were tested for normality. When 2 groups were
compared, paired and unpaired (with Welch correction if no
equal SDs were assumed) t tests were used for Gaussian dis-
tributed values. For non-Gaussian distributed values, Wilcoxon
matched-pairs signed rank test was used for paired experi-
ments and Mann-Whitney test for unpaired experiments.
Comparisons of >2 groups were performed with 1-way or 2-
way ANOVA. For 1-way ANOVA, paired Gaussian-distributed
values were analyzed by repeated measures or mixed model
1-way ANOVA, both followed by Dunnett multiple compari-
sons; paired non-Gaussian distributed values by Friedman
test followed by Dunn multiple comparison test; and unpaired
non-Gaussian distributed values by Kruskal-Wallis followed
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Figure 1. Characterization of peripheral immune cell populations altered in patients with heart failure and identification of

altered HEAT4 expression.

A, Schematic illustration of single-cell RNA sequencing. Peripheral blood mononuclear cells (PBMCs) are isolated from blood samples drawn from
controls (n=3) and patients with heart failure (HF; n=8; cohort 1), then subjected to single-cell RNA sequencing. Sequenced cells are presented
as mean per group (controls, n=3; HF, n=8; 2-tailed unpaired ¢ test). B, Uniform manifold approximation and projection (UMAP) plots showing the
final annotation of single cell clusters to immune cell types in PBMCs from controls and patients with HFE. A total of 20000 randomly selected
cells per condition are shown for comparability. C, Percentages of the annotated cell types are shown as mean for each group. (Continued)
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Figure 1 Continued. D, The percentage of T cells, all monocytes, and the monocyte subtypes CD16~and CD16" in controls and patients

with HF, shown as mean per group (controls, n=3; HF, n=8; 2-tailed unpaired t tests with Welch correction). E, Cell type—specific expression of
CD14, FCGR3A (CD16), and CEBPB according to (B). F, Single-cell RNA sequencing data obtained from PBMCs from controls and patients
with HF are analyzed for the expression of 56 846 long noncoding RNAs (IncRNAs) included in the LNCipedia database. The analysis identified
137 IncRNAs that are specifically expressed in monocytes, among which Inc-CEBPB-13, Inc-GHRH-4, Inc-KLF6-20, and HEAT4 (heart
failure—associated transcript 4) are the top upregulated IncRNAs in CEBPB* vs CEBPB~ monocytes. G, Relative expressions of Inc-CEBPB-13,
Inc-GHRH-4, Inc-KLF6-20, and HEAT4 in CEBPB* vs CEBPB~ monocytes based on the single-cell RNA sequencing data (CEBPB-, n=12224;
CEBPB", n=22932; 2-tailed Mann-Whitney tests). H, Cell type—specific expression of genes shown in F and G according to B in PBMCs from all
samples together (controls+patients with HF; n=11). I, Mean read coverage of genes located on chromosome 17 between base pairs 72460000
and 72711000 (hg19) detected by next-generation bulk RNA sequencing in PBMCs from controls (n=4) and patients with HF (n=4; cohort 2)
shown as track plot. Locations of the genes on the forward (arrow pointing right; —) or reverse strand (arrow pointing left; <) and the idiogram
of chromosome 17 are shown below. J, RNA expression of the genes located on chromosome 17 base pairs 72460000 to 72711000 in patients
with HF (n=4) relative to controls (n=4; 2-tailed unpaired t tests). K, Agarose gels showing the levels of HEAT4 and RPLPO, which was used as a
reference gene, in 2 representative patients from cohort 3. Thirty quantitative polymerase chain reaction cycles were used for HEAT4 and 29 for
RPLPO. L, RNA levels of HEAT3 (heart failure—associated transcript 3), HEAT4, and CD300LB determined by quantitative reverse transcription
polymerase chain reaction in whole blood samples from the sex-mixed validation cohort (cohort 3) of controls (n=38) and patients with HF
(n=63; 2-tailed Mann-Whitney tests). Bar graphs are presented as mean+SEM. Statistical differences were calculated using Mann-Whitney test

or unpaired t test with or without Welch correction (*F<0.05).

by Benjamini-Krieger-Yekutieli test. For 2-way ANOVA, values
were analyzed by ordinary 2-way ANOVA followed by Tukey
multiple comparisons test. Survival curves were compared using
Mantel-Cox log-rank test. A<0.05 was considered significant.

For animal experiments, mice were randomly divided within
blocks into treatment and control groups. Blinding procedures
to mask group and treatment assignment were used to ensure
that the experimenter was unaware of the treatment allocation.
See the extended Methods in the Supplemental Material for
further description.

Data Availability

The single-cell RNA-seq (scRNA-seq), bulk RNA sequenc-
ing, and chromatin immunoprecipitation sequencing data sets
shown in this publication can be accessed at the National Center
for Biotechnology. Information. Gene Expression Omnibus®
with accession number GSE267646. The mass spectrometry
proteomics data have-been-deposited tothe-ProteomeXchange
Consortium through-the PRIDE (Proteomics Identifications)®®
partner repository with dataset identifier PXD052076.

RESULTS

Characterization of Peripheral Immune Cell
Populations Altered in HF and Identification of
Altered HEAT4 Expression

To characterize the peripheral immune cell populations
in patients with HF, scRNA-seq of equal numbers of
PBMCs obtained from 8 patients with HF and 3 controls
(cohort 1; Figure 1A; Table S1) was conducted. Data in-
tegration from the resulting 83589 cells identified 15
distinct clusters (Figure STA). Cell types were assigned
to these clusters on the basis of established markers,”
as well as results from the SingleR tool*® (eg, using CD14
and CD16 for monocytes, CD79A for B cells, and CD3E
for T cells; Figure 1B; Figure S1B through S1F). The re-
sulting cell type annotations revealed a decrease in the
proportion of T cells, an increase in the proportion of
monocytes, and a higher proportion of CD16* monocytes
in patients with HF compared with controls (Figure 1C

Circulation. 2024;150:00—00. DOI: 10.1161/CIRCULATIONAHA.124.069315

and 1D; Figure S1G and STH). Next, we aimed to simul-
taneously identify InNcRNAs and mRNAs associated with
the altered immune cell composition toward more CD16*
monocytes in patients with HF. Therefore, a custom refer-
ence genome consisting of a combination of the standard
human reference genome (th&) and the annotation of
56846 IncRNAs (LNCipedia) @ \ S created. In the search
for transcripts that can induce the ‘expression of CD16
(FCGR3A) in monocytes, we filtered on the basis of the
expression of CEBPB, a relevant factor for the number
and survival. of CD16* monocytes,® rather than relying on
the presence of CD16 expression (Figure 1E).

This analysis revealed 4 intergenic IncRNAs to be
top-enriched in the CEBPB* versus CEBPB~ mono-
cytes population: Inc-CEBPB-13, Inc-GHRH-4, Inc-
KLF6-20, and HEAT4 (Figure 1F through 1H; Table S2).
The IncRNA HEAT4 is expressed from a gene within the
CD300 gene cluster, which includes 8 protein-coding
genes that encode 7 members of the CD300 family
of cell surface receptors and a non-CD300 family pro-
tein. The CD300 gene cluster also encodes for several
uncharacterized IncRNAs, including HEAT3 (heart fail-
ure—associated transcript 3) and HEAT4 (Figure 11). The
CD300 family receptors are predominantly expressed
on immune cells and have crucial roles in modulating
immune responses, such as activating, inhibiting, and
regulating various immune cell functions.*® To further
investigate the association of these RNAs with HF and
to analyze IncRNA expression with high sequencing
depth, next-generation bulk RNA-seq analysis was per-
formed on PBMCs from 4 patients with HF and 4 con-
trols (cohort 2), and showed increased expression levels
of CD300LB, HEATS, and HEAT4 in patients with HF;
other genes encoded within the CD300 gene clusters
were not significantly altered (Figure 11 and 1J). These
findings were validated in a larger independent cohort
(cohort 3: controls, n=38; HF, n=63; Table S3), and
found HEAT4 to be the most strongly induced IncRNA in
patients with HF (Figure 1K and 1L).
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Figure 2. Association of HEAT3, HEAT4, CD300LB, and CD300LD with incidence and survival in heart failure.
A, Area under the receiver operating characteristic (AUC) curve for HEAT3 (heart failure—associated transcript 3), HEAT4 (heart failure—

associated transcript 4), CD300LB, and CD300LD level using a univariate model demonstrating the discriminatory ability of each RNA between
controls (n=38) and patients with heart failure (HF; n~=63, cohort 3). B, The relationship between survival time and HEAT3, HEAT4, CD300LB,
and CD300LD level as continuous predictor variables using a Cox proportional hazards analysis (univariate model) indicates the all-cause
mortality risk as hazard ratio (HR). Participants (cohort 3) were followed for >7 years (mean follow-up time, 2701+998 days) until the database
was censored. Kaplan-Meier curves visualize the probability of survival into 2 groups of patients with HF with lower or higher RNA expression of

HEAT3 (median, 0.0025; C), HEAT4 (median, 0.0169; D), CD300LB (median, 0.0506; E) and CD300LD (median, 0.0185; F), each divided by
their median. Comparisons of the 2 survival curves were assessed by Mantel-Cox log-rank test.

Next, we investigated the clinical relevance of the
RNAs encoded by the CD300 gene cluster that are
regulated in patients with HF, such as HEAT3, HEAT4,
CD300LB, and CD300LD, which failed statistical dif-
ference (P=0.06), by examining whether these RNA
expression levels measured in whole blood have the
ability to discriminate patients with HF from controls

6 xxx xxx, 2024

and are predictors of survival. HEAT3, HEAT4, and
CD30O0LB levels obtained from whole blood samples
collected from cohort 3 (controls, n=38 [deceased,
n=0]; HF, n=63 [deceased, n=32]; 7-year follow-up;
Table S3) demonstrated a significant discriminatory
ability for HFE. The area under the receiver operat-
ing characteristic curve was 0.716, 0.736, and 0.749,

Circulation. 2024;150:00-00. DOI: 10.1161/CIRCULATIONAHA.124.069315
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Figure 3. Differential expression of HEAT4 and other CD300 gene cluster members in monocyte subpopulations and their

cellular origins.

RNA expression of HEAT4 (heart failure—associated transcript 4 (A) and CD300LB (B) in human primary monocytes, the human monocytic cell
line THP1, human umbilical vein endothelial cells (HUVECs), human coronary artery endothelial cells (HCAECs), smooth muscle cells (SMCs),
human embryonic kidney cells (HEKS), and human cardiac myocytes (HCMs) measured by quantitative reverse transcription polymerase chain
reaction (QRT-PCR; n=2-4). C, RNA expression of HEAT4, CD300LB, CD300C, and RPLPO in human blood derivatives (primary monocytes and
whole blood) and tissues (left ventricle, left atrium, skeletal muscle, stomach, artery, brain, lung, liver, and kidney) visualized by (Continued)
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Figure 3 Continued. agarose gel electrophoresis after qRT-PCR. A total of 28 PCR cycles were used for HEAT4, CD300LB, and CD300C
and 30 for RPLPO. RNA expression of CD163 (n=4; repeated-measures [RM] 1-way ANOVA followed by Dunnett multiple comparisons test
(D), HEAT4 (n=7 or 8; mixed-model ANOVA followed by Dunnett multiple comparisons test; E), HEAT3 (heart failure—associated transcript 3;
n=6; Friedman test followed by Dunn multiple comparison test; F), CD300LB (n=8; RM 1-way ANOVA followed by Dunnett multiple comparisons
test; G), and CD300C (n=7; RM 1-way ANOVA followed by Dunnett multiple comparisons test; H) in human primary monocytes and in M1 and
M2 macrophages (M®) differentiated from monocytes using GM-CSF and M-CSF, respectively, measured by gqRT-PCR. RNA expression of
HEAT4 (n=4~7; 2-tailed paired t tests; (1), CD300LB (n=4-7; 2-tailed paired t tests; (J), and CD300C (n=4; 2-tailed paired ¢ tests; K) in human
PBMCs separated into CD14 positive and negative, CD16 positive and negative, or Pan T positive and negative cells by magnetic activated cell
sorting measured by qRT-PCR. L, RNA expression of HEAT4, HEAT3, CD300LB, CD300C, MALAT 1, and FCGR3A (CD16) in human primary
monocytes separated into CD16 positive and negative monocytes by magnetic activated cell sorting after isolation by counterflow centrifugal
elutriation measured by gRT-PCR (n=4-5; 2-tailed paired t tests). M, Agarose gels showing the levels of HEAT4, FCGR3A (CD16), and RPLFPO
in representative fractions of CD16 positive and negative monocytes. Bar graphs are presented as mean+SEM. Statistical differences were
calculated using paired t test or repeated measures or mixed-model 1-way ANOVA, both followed by Dunnett multiple comparisons test or

Friedman test followed by Dunn multiple comparison test (*P<0.05).

respectively, indicating good differentiation between
the HF and an age-matched control group, whereas
CD30O0LD levels were unable to discriminate between
these 2 groups (area under the receiver operating
characteristic curve, 0.575; Figure 2A). To investigate
the relationship between survival time of patients with
HF and HEATS, HEAT4, CD300LB, and CD300LD as
continuous predictor variables, a Cox proportional haz-
ards analysis was conducted. The analysis indicated an
increased risk of all-cause mortality for patients with
HF with higher levels for 3 of the predictor variables:
HEAT3, HEAT4, and CD300LD (hazard ratio, 1.817
[P=0.008]; hazard ratio, 1.952 [P=0.009]; hazard
ratio, 1.845 [P=0.004], respectively), with the excep-
tion of CD300LB (hazard ratio, 0.991 [P=0.980]; Fig-
ure 2B). The predictive property of HEAT3, HEAT4, and
CD300LD was preserved after adjusting the models for
age, sex, and high-sensitivity C-reactive protein (Table
S4). Kaplan-Meier curves visualize the probability of
survival in 2 groups of patients with HF with lower or
higher RNA expression of HEAT3, HEAT4, CD300LB,
and CD300LD, each divided by their median (Fig-
ure 2C through 2F). Individuals with HEAT3, HEAT4,
and CD300LD values lower than the respective median
had higher probability of survival as determined by the
log-rank test. In summary, the levels of HEAT3, HEATH4,
and CD300LB in whole blood show promise as poten-
tial biomarkers to distinguish patients with HF from
people without HF. In addition, these IncRNAs, HEAT3
and HEAT4, together with CD300LD, are predictive of
all-cause mortality in patients with HF in the analyzed
patient cohort over a follow-up of 7 years.

Differential Expression of HEAT4 and

CD300 Gene Cluster Members in Monocyte
Subpopulations and Their Cellular Origins
Characterizations of the expression of members of
the CD300 gene cluster in various human tissues and
in different cell types within the human cardiovascular
system revealed HEAT4, CD300LB, and CD300C to
be selectively and highly expressed in monocytes (Fig-

8 XXX xxx, 2024

ure 3A through 3C; Figure S2A and S2B). Expressions
of HEAT3, HEAT4, CD300LB, and CD300C were not in-
duced during monocyte differentiation into macrophage
lineages, in contrast to the established macrophage
marker CD163 (Figure 3D through 3H). Monocytes can
be categorized into subpopulations depending on their
expression of CD16. Analyzing HEAT4 expression in
different cell subsets separated from PBMCs indicated
that HEAT4 was predominantly present in CD14* and
CD16" cells (Figure 3I). Amongfembers of the CD300
gene cluster, expressions of €D30OLB and CD300C
were enriched in CD14* cells and less in the T-cell frac-
tion. (Figure 3J and 3K). Purification of monocytes using
counter-flow centrifugal elutriation*' followed by separa-
tion based on CD16 showed that HEAT4, CD300C, and
CD16(FCGR3A) were enriched in CD16* monocytes
whereas CD300LB was not (Figure 3L and 3M). Be-
cause the expression level of HEAT4 was unusually high
for an IncRNA, similar to that of the protein-coding genes
CD3S00LB and CD300C, we also compared the expres-
sion of the well-established IncRNA MALATT1, which is
one of the most highly and ubiquitously expressed In-
cRNAs. MALATT1 displayed higher expression than
HEAT4 and, like HEATS3, was only marginally enhanced
in CD16* monocytes compared with CD16~ monocytes
(Figure 3L).

On the basis of all of these results, we decided to fur-
ther characterize the role of HEAT4 in HF.

HEAT4 Overexpression in Monocytes Promotes
the CD16* Subpopulation and Suppresses the
Inflammatory Response

We observed increased expression of HEAT4 in HF pa-
tient samples using bulk RNA-seq, gqPCR, and scRNA-
seq in PBMCs of patients with HF (Figure 4A and
4B). Therefore, we aimed to examine the regulation
of HEAT4 expression in patients with HFE. Our results
from scRNA-seq revealed that HEAT4 was expressed
in CD16* monocytes of patients with HF and controls
(Figure 4C through 4E). HF is associated with changed
levels of inflammatory and anti-inflammatory cytokines,

Circulation. 2024;150:00-00. DOI: 10.1161/CIRCULATIONAHA.124.069315
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Figure 4. Regulation of HEAT4 expression.
Bar graphs showing RNA expression of HEAT4 (heart failure—associated transcript 4) in peripheral blood mononuclear cells (PBMCs) of controls
(n=3) and patients with heart failure (HF; n=8, cohort 1) measured by reverse transcription quantitative polymerase chain reaction (qPCR;

2-tailed unpaired t test; (A) and single-cell RNA sequencing (controls, n=24573; HF, n=59 016; 2-tailed Mann-Whitney test; B). C, Feature plots
showing HEAT4 expression in 20000 randomly selected cells of all individuals per condition. D, Dot plots show percentage of cells expressing

CD14, FCGR3A (CD16), and HEAT4 as well as their average expression level in monocyte subtypes (CD16~ and CD16*) of all samples together
(controls+patients with HF; n=11). Left legend accounts for CD14 and FCGR3A (CD16) expression and right legend (Continued)

Circulation. 2024;150:00—00. DOI: 10.1161/CIRCULATIONAHA.124.069315

xxx xxx, 2024

9

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

¥20z ‘2T AInc uo Aq Bio'sjeusnofeye//:dny wouy papeojumoq

Kneuer et al

HEAT4 in Heart Disease, Inflammation

Figure 4 Continued. for HEAT4 expression in CD16~ and CD16* monocytes, respectively. E, Violin plots comparing the expression of FCGR3A
(CD16) in HEAT4 positive and negative monocytes from controls (n=3; 2-tailed Mann-Whitney test), patients with HF (n=8; 2-tailed Mann-
Whitney test), and all samples together (controls+patients with HF, n=11; 2-tailed Mann-Whitney test). RNA expression of HEAT4 in human
primary monocytes after treatment with tumor necrosis factor a (TNFa; 10 ng/mL; F), interleukin (IL)=1f (10 ng/mL; (G), IL-6 (10 ng/mL; H), or
IL-10 (100 ng/mL; I) for 24 hours relative to untreated (n=5; 2-tailed paired t tests). J, RNA expression of HEAT4 in human primary monocytes
after stimulation with IL-10 (100 ng/mL) for 1, 3, 17, and 24 hours (n=4; 2-tailed paired t tests). Bar graphs are presented as mean+SEM or
mean+SEM (G, colored area). Statistical differences were calculated using paired and unpaired t test or Mann-Whitney test (*£<0.05). UMAP

indicates uniform manifold approximation and projection.

such as tumor necrosis factor a (TNFa), IL-1p, IL-6, or
IL-10. Treating monocytes with the anti-inflammatory cy-
tokine IL-10 significantly increased HEAT4 expression,
whereas treating monocytes with inflammatory cytokines
TNFa, IL-1p, or IL-6 had no effect on HEAT4 expression
(Figure 4F through 41). Increased HEAT4 expression in
monocytes was already detectable 3 hours after stimula-
tion with IL-10 (Figure 4J).

To investigate the function of increased HEAT4 in
monocytes, we induced the expression of HEAT4 in
human monocytes isolated by counterflow centrifugal
elutriation with a purity of >90%. The overexpression
of HEAT4 led to reduced mRNA levels of inflammatory
markers, including TNFa and members of the CCL che-
mokine family (CCL2, CCL3, CCL4, CCL5, and CCLS),
in monocytes (Figure A through 5D; Figure S2C
through S2E) and decreased protein levels of TNFa,
IL-1B, and IL-6 in the supernatant (Figure 5F through
5H; Figure S2F through S2H). In contrast, genes with
anti-inflammatory function and those involved in vascular
healing, such as CLEC10A and TGFBRZ, were induced
(Figure 5C and BE; Figure S2I). Most importantly, our
data revealed that overexpression of HEAT4 in mono-
cytes also upregulated expression of the pan-monocyte
marker CD14 and the monocyte subpopulation marker
CD16, indicating an increase of CD16* monocytes
(Figure 5C and BE). ScRNA-seq and flow cytometry
analysis validated that overexpression of HEAT4 led to
an increased percentage of CD16" monocytes and a
decreased percentage of CD16~ monocytes, suggest-
ing a monocyte subtype switch (Figure 5l through 5K;
Figure S3A through S3L). In line with these results, the
reduction of HEAT4 increased the expression of inflam-
matory and M1 macrophage markers, such as TNFa,
IL-6, CD86, IL-23, and IL-12, in monocytes treated with
TNFa or lipopolysaccharides to induce an inflammatory
response (Figure 5L through 5Q; Figure S4A). Taken
together, these results demonstrate that HEAT4 overex-
pression drives monocytes toward a CD16* subpopula-
tion and promotes anti-inflammatory functions.

Interaction of the IncRNA HEAT4 With the
Protein S100A9 in Monocytes

Next, we investigated how HEAT4 in monocytes
conferred the anti-inflammatory function. HEAT4 has a
poly-A tail and is located in the cytoplasm of monocytes

10 XXX xxx, 2024

(Figure 6A through 6C). The use of various analysis tools,
such as the PhyloCSF score,*? CPAT coding probability,*®
or ribosome profiling,** for predicting protein-coding po-
tential or recognizing small open reading frames shows
no potential for HEAT4 to encode a protein or small
peptide and also no translation initiation sites within the
HEAT4 transcript.® This is consistent with our results
showing no protein formation upon in vitro translation
(Figure 6D). To identify potential protein binding part-
ners of HEAT4 through antisense affinity selection, we
first identified oligonucleotide-accessible regions within
HEAT4 by using RNase H-based cleavage of RNA-
DNA heteroduplexes followed by reverse transcription
gPCR (Figure 6E and 6F). We then designed a 2'0-
Me-RNA antisense probe canffit g..a..3 -desthiobiotin-
TEG group for streptavidin pulldown<ef- HEAT4-protein
complexes, using the accessible sequence of antisense
oligonucleotide 6, and used this probe in monocyte cell
lysates to enrich for HEAT4 and its associated proteins
(Figure 8G). The biotin-eluted protein fractions were
separated by SDS-PAGE (Figure SBA and SbB) and
analyzed by mass spectrometry,*®4" and identified pro-
teins were selected according to their average monocytic
expression (Figure 6H through 6J; Figure S5C and SbD;
Table SB). The analysis identified S100 calcium binding
proteins A8 and A9 (S100A8 and S100A9), which have
established functions in the inflammatory response of
immune cells, among the top enriched proteins.*®*¢ Anti-
sense pulldown of HEAT4 with subsequent immunoblot
analysis validated the interaction of HEAT4 IncRNA with
both S1T00A8 and S100A9 protein (Figure 6K). Howev-
er, RNA immunoprecipitation for S100A8 and additional
RNA immunoprecipitation bulk RNA-seq for ST00A9
only showed an interaction of HEAT4 with S100A9
(Figure 6L through 6R; Figure SBE through SbH; Table
S6). Because S100A8 and S100A9 frequently form
heterodimers,® these results suggest that HEAT4 binds
S100A9 directly and binds S100A8 indirectly by means
of its interaction with STOOAQ. To map the interaction
site of HEAT4 with the S100A9 protein, we designed
HEAT4 deletion constructs (HEAT4- A 1-10) using both
the linear sequence and a possible secondary structure
of HEAT4 for the design, which we overexpressed in
HEK-293 (human embryonic kidney) cells together with
S100A9-Flag (Figure 6S and 6T; Figure Sbl and SbJ).
RNA immunoprecipitation for STOOA9 revealed an inter-
action of full-length HEAT4 with ST00A9 in HEK-293

Circulation. 2024;150:00-00. DOI: 10.1161/CIRCULATIONAHA.124.069315
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Figure 5. Overexpression of the IncRNA HEAT4 in human monocytes induces anti-inflammatory and vascular healing functions
and promotes CD16+ monocyte populations.
Overexpression (OE) of HEAT4 (heart failure—associated transcript 4) on RNA level measured by quantitative reverse transcription polymerase
chain reaction (qRT-PCR; n=5; 2-tailed Wilcoxon matched-pairs signed rank test; A) and agarose gel electrophoresis; B). C, Heat map showing
selection of the top upregulated and downregulated genes after HEAT4 overexpression identified by next-generation bulk RNA sequencing
(n=4). Validation of downregulated (n=4-6; 2-tailed paired t test; D) and upregulated (n=4; 2-tailed paired t test; E) genes in monocytes with
HEAT4 OE by qRT-PCR. Protein levels of tumor necrosis factor a (TNFa; n=4; 2-tailed paired ¢ test; F), interleukin (IL)=1p (n=4; (Continued)
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Figure 5 Continued. 2-tailed paired ttest; G), and IL-6 (n=4; 2-tailed paired ttest; H) in supernatants of human primary monocytes without
and with HEAT4 OE measured by ELISA. I, Single-cell RNA sequencing of human primary monocytes without or with HEAT4 OE was performed.
Monocytes in both conditions were divided into HEAT4* and HEAT4~ monocytes on the basis of the HEAT4 expression of each individual cell.
Percentage of CD16* monocytes among the HEAT4* monocytes is given in the upper panel; the left pie chart shows control condition (pcDNA)
and right pie chart shows OE HEAT4. HEAT4 expression level of HEAT4* monocytes for both conditions is given in the bottom panel (pcDNA,
n=28; OE HEAT4, n=152; 2-tailed Mann-Whitney test). J, Representative flow cytometric measurements of human primary monocytes without
or with HEAT4 overexpression labelled with antibodies targeting CD14 and CD16. K, Stacked bar plots showing percentages of the 3 monocyte
subtypes (CD14+, CD167), (CD14**, CD16%), and (CD14*, CD16**) among human primary monocytes without or with HEAT4 overexpression
on the basis of flow cytometry analysis (n=5; 2-tailed paired t test). Knockdown of HEAT4 was validated on RNA level by gRT-PCR (n=5;
2-tailed paired ttest; L) and agarose gel electrophoresis (M). N, Heat map showing genes with altered expressions in monocytes without and
with HEAT4 knockdown and in the presence and absence of lipopolysaccharides (100 ng/mL, 6 hours) analyzed by next-generation bulk RNA
sequencing (n=4). O, Top upregulated genes in monocytes with HEAT4 knockdown and lipopolysaccharides (100 ng/mL, 6 hours) treatment
(FPKM, n=4; 2-tailed paired t tests). RNA expression of IL-1f (n=b; ordinary 2-way ANOVA followed by Tukey multiple comparisons test; P)

and IL-6 (n=7; ordinary 2-way ANOVA followed by Tukey multiple comparisons test; Q) in human primary monocytes after HEAT4 knockdown
and lipopolysaccharides (100 ng/mL, 6 hours) or TNFa (10 ng/mL, 6 hours) treatment measured by qRT-PCR. Bar graphs are presented as
mean+SEM. Statistical differences were calculated using paired and unpaired ¢ test or Wilcoxon matched-pairs signed rank test or Mann-Whitney
test or ordinary 2-way ANOVA followed by Tukey multiple comparisons test (*~<0.05).

cells, confirming our results from monocytes (Figure 6U).
Among the deletion constructs, the region at the end of
exon 1 at the transition to exon 2 of HEAT4 appears
to be most important for the interaction with ST00A9
(HEAT4- A 3,- A'7,- A 9), but other elements also appear
to mediate the interaction, such as a possible secondary
structure at the 3"-end and 5’-beginning of the HEAT4
transcript (see HEAT4-A6 and -A 10), although to a
lesser extent.

HEAT4 Reduces Extracellular S100A8/A9
Levels and Leads to Nuclear Translocation of
S100A9

Reducing S100A9 levels inmonocytes decreased TNFa-
induced inflammation, as shown by the reduced induction
of IL-6 expression, whereas HEAT4 expression was not
affected (Figure SBA through SBC). Conversely, overex-
pression of STO0A9 increased-the expression of IL-6,
which was countered by co-overexpression of HEAT4
(Figure 7A through 7C). Overexpression of HEAT4 had
no effect on the mRNA or protein level of STO0A9 or the
S100A8 mRNA level in monocytes (Figure 7D and 7E;
Figure S6D through S6G). After HEAT4 overexpression,
we observed a decreased release of the STO0A8/A9
heterodimer from monocytes (Figure 7F and 7G). These
results suggest that HEAT4 interacts with STO0A9 in
monocytes and suppresses the inflammatory response
by inhibiting the release of the STO0A8/A9 heterodi-
mer. HEAT4 overexpression or IL-10 treatment resulted
in translocation of STO00A9 into the nucleus (Figure 7H
through 7J; Figure S6H). The chromatin profile of
S100A9 in monocytes and the overlap of the interaction
peaks corresponded to active enhancer and promoter
elements (Figure 7K through 7N). We identified a top in-
teraction motif for STO0OA9 within the significant peaks
by a de novo search for motif enrichments (Figure 70;
Figure S6I through S6K). Chromatin immunoprecipita-
tion sequencing® of S100A9 after HEAT4 overexpres-
sion and IL-10 treatment shows increased binding of

12 xxx xxx, 2024

S100A9 to promoter and enhancer elements of genes
with increased expression after HEAT4 overexpres-
sion (Figure 7P; HEAT4 overexpression: Figure 5C). We
showed that HEAT4 reduces the extracellular release of
S100A9, but also leads to translocation of STO0A9 to
the nucleus, where it interacts with active promoters and

enhancers. >
¢ %ﬂi} American
\\L\ g:sccr:tiunon

HEAT4 Overexpression in Monocytes Enhances
Endothelial Barrier Regeneration and Promotes
Vascular Healing

CD16* monocytes are associated with ischemic dis-
eases, in which they maintain vascular homeostasis by
patrolling the endothelium, in search of injury.'®2%%? To
investigate the potential effect of HEAT4 on vascular
homeostasis after injury, we first analyzed the regulation
of HEAT4 in ischemic heart diseases and then evalu-
ated the effect of HEAT4-overexpressing monocytes on
endothelial barrier function in an inflammatory setting.
HEAT4 levels were increased in patients after acute M|
(cohort 4; n=42), both ST-segment—elevation Ml (n=21)
and non-ST-segment—elevation MI (n=21), as well as in
patients after cardiogenic shock (cohort 5; n=4), com-
pared with controls (Figure 8A through 8D; Table S7
and S8). Our results show that human monocytes over-
expressing HEAT4 provide better regeneration of endo-
thelial barrier function after an inflammatory stimulation
(Figure 8E and 8F). The IncRNA HEAT4 does not ex-
ist in mice. Neither the sequence nor the genomic locus
shows evolutionary conservation. Therefore, a humanized
mouse model of vascular injury was used to investigate
the in vivo function of HEAT4. We injured the left ca-
rotid artery®® of nonobese diabetic—severe combined
immunodeficiency mice and injected human monocytes
without or with HEAT4 overexpression (Figure 8G and
8H). We excised the left carotid arteries 3 days later,
quantified the re-endothelialized area, and found that
carotid arteries of nonobese diabetic—severe combined
immunodeficiency mice injected with human monocytes

Circulation. 2024;150:00-00. DOI: 10.1161/CIRCULATIONAHA.124.069315



¥20z ‘2T AInc uo Aq Bio'sjeusnofeye//:dny wouy papeojumoq

Kneuer et al HEAT4 in Heart Disease, Inflammation
Poly(A)*  Poly(A)
A oly(A) oly(A) - c _ D « & E —
p FEEEERL & 10007 . & . g
i [E—— | Heatd pa <28<28 e > s =
100 g 1007 £25238%5 PO WL =
00 {mmmmm= o JRPIPO S E £532382 5 \ ( =
2 W X =0 T =0z =
100 4 ====== | ccRELL1 £ 3 1 " RNﬁ‘EH m
X 3 T = # R
1= O g g 0.1 - AW 7 \'8-)%“!\"“ =
5 * .14 ==l
§$ Poly(A) © sé 5 - J 4PCR k g
D - RS . ——
E § Ff"- 0.01 -"-,- 5 No amplification Amplification
E 5]
ZE & 00014 mmes - -
=8 P »®
ZE K ¢ Ni-NTA
=5 = Purification
£ 8 G . § H | J
4
F g % . Heatd-bound
= O proteins
O wlo AS DNA dligo 55 8 onocytes
_— [ wi AS DNA oligo T8 2 5100A8 . st00ss
=0 5 3 TE 1 $100A9 aw lﬁ
= =20 - 2
5t 7.3 89 ) o
S < _ y . 2 Genes with high
é E 200 - - & 3 0 average expression in M".”’
& 5 1501 w S monacytes
38 & &
$8 10 IR SIS
N
o0 0 U — - = 4- ha
;:“E% N NGB A = NEELS o 2 Q E§4
¥ = - ] = S 5 = S
= AS DNA oligo wa 2 % o §% o 292 %% N
=2 B e o
K g g ~11 [ ] $100A8 g e 10 ~14 [ ==] 10049 5=
2 E ) 55 o
- B 3 3e S
3 T ® k=] =
wa £ 8 2 Mz Z 8 05 P _ 2 £3
2o2= E] 2o < =5 M
~11 === s10088 bp E=2Hpx £ bp £20= £=
4 ] stoos 100 T Hea CIN N o [ sl
R S® S
c 80 a® %>
s 1gG
ISRT)] M S100A9 T .
5
2 i ‘ ; < & *: + $100A9 70
72520000 72530000 72540000 Z=z
- CD300LB Heat4 Co300C 'JP g E)J JD?
" ~128 [ Heatd | Heat ol lengt
s o u ~191 =] RPLPO g
o ~87 [== Heatd-A1 ;
I —— fepug
- ~85 [==_] Heatd-A2
£ = 1500 ot EEm—Irppy | Hen2
2 =
S8 10004 ~98 [C==_ Heatd-A3 |Heat4-A3
2T e ~191 [EEEE RPLPO
b 1 T
2 & a0 ~90 [ Heatd-Ad
3 0 ~190 [T RPLPO
=3 ~17 [ Heatd-A5 |Hr\,”‘_lr,ﬁ
% =) 200- ~191 [EZ=_1RPLPO R
53 00- ~116 [ Heatd-A6 |
gq‘ ~191 [E=E=0 RPLPO
o~
g 0- ~120 [ Heatd-A7
SRARRIDEAS S ~191 [ RPLPO
N@&e&a&e&a‘a&e& "&’3«@}& o = eatkts |
3 ~191 == RPLPO
&b
< 0 I e | g
— ~191 [ RPLPO
& + -Flag
® Exon1 ) OF S100A9 -1tz I ook 810 |
O Exon2 /) ~191 [E==_1RPLPO

Figure 6. Interaction of the IncRNA HEAT4 with S100A9 in the cytoplasm of human monocytes.

A, Representative image and quantification (B) of HEAT4 (heart failure—associated transcript 4), RPLPO (poly[A] positive control), and circRELL 1
(poly[A] negative control) RNAs in poly(A) positive and negative RNA fractions of human primary monocytes separated by oligo d(T),, magnetic
beads and analyzed by agarose gel electrophoresis (n=3; 1-tailed [positive controls: poly(A) positive: RPLPO; poly(A) negative: circRELL1]

and 2-tailed [HEAT4] paired ttests). C, Localizations of HEAT4, RPLPO (cytoplasmic control), and U6 (nuclear control) RNAs in nuclear and
cytoplasmic fractions of human primary monocytes analyzed by quantitative reverse transcription polymerase chain reaction (qQRT-PCR). D, In vitro
translations of HEAT4 and DHFR (positive control) without and with Ni-NTA purification analyzed by SDS-PAGE using a (Continued)
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Figure 6 Continued. 4% to 20% gel followed by Coomassie staining. Asterisks indicate the translated DHFR (dihydrofolate reductase) protein.
E, Schematic illustration of the RNA accessibility assay to identify probe-accessible sites on the HEAT4 RNA. RNase H (blue) can recognize
and cleave the RNA in antisense DNA oligonucleotide (red)-RNA (gray) heteroduplexes. Inaccessible sites (green and purple; eg, due to binding
of proteins) are not cleaved and result in similar HEAT4 RNA expression as when no antisense DNA oligonucleotide was added. F, Accessible
regions of the HEAT4 RNA indicated by reduced HEAT4 expression signal using monocyte lysates treated with or without an antisense DNA
oligonucleotide (AS DNA oligo) followed by RNase H digestion and analyzed by gRT-PCR (n=3-5; 1-tailed paired t test and Wilcoxon matched-
pairs signed rank test). G, HEAT4 enrichment after RNA affinity purification using against-HEAT4 directed 2°0-Me-RNA oligonucleotides
(sequence of AS oligo 6) in lysates of human primary monocyte analyzed by qRT-PCR (n=3 per elution; 2-tailed Wilcoxon matched-pairs signed
rank test). H, Venn diagram showing overlaps between proteins bound to HEAT4 isolated by HEAT4 RNA affinity purification and identified by
mass spectrometry with genes enriched in monocytes detected by single-cell RNA sequencing. Feature plots showing ST00A8 (I) and STO00A9
() expression in 20000 peripheral blood mononuclear cells of controls of cohort 1 (n=3). K, RNA affinity purification of HEAT4 using 2’0-Me-
RNA oligonucleotides with subsequent immunoblotting for S1T00A8 and ST00A9. RNA immunoprecipitation (RIP) of S100A8 in human primary
monocytes after HEAT4 overexpression (OE) with subsequent immunoblotting for STO0A8 (L) and detection of HEAT4 (M) by agarose gel
electrophoresis after gqRT-PCR. N, Quantitation of HEAT4 bound to S100A8 isolated by RIP and analyzed by gRT-PCR (n=4; 1-tailed paired t
test). RIP of STOOA9 in human primary monocytes after HEAT4 OE with subsequent immunoblotting for STO0A9 (0) and detection of HEAT4
(P) by agarose gel electrophoresis after gRT-PCR. Q, Quantitation of HEAT4 bound to S100A9 isolated by RIP and analyzed by gRT-PCR
(n=3; 1-tailed paired ttest). R, Reads per bin of CD300LB, HEAT4, and CD300C (all hg19) detected by next-generation bulk RNA sequencing
in monocytes after RIP using immunoglobulin G (IgG) or ST00A9 antibody. All genes are located on the reverse strand (arrow pointing left,

«). S, Schematic illustration of the distribution of the 10 HEAT4 deletion constructs A 1 to A 10 on HEAT4 folded according to the prediction
of RNAfold WebServer. Exons 1 and 2 of HEAT4 are distinguished on the basis of their color. T, Agarose gels showing the levels of HEAT4,
RPLPO, and the HEAT4 deletion constructs A 1 through A 10 in human embryonic kidney (HEK) cells after cotransfection of ST00A9™ and
the respective deletion construct or HEAT4—full length. U, RNA expression of HEAT4—full length and HEAT4 deletion constructs A 1 through

A 10 in HEK cells after cotransfection of S1T00A9™% and HEAT4—full length or HEAT4 deletion constructs A 1 through A 10 and subsequent
Flag-IP compared with Flag-IP of pcDNA-transfected HEK cells (n=2-5). Bar graphs show mean+SEM. Statistical differences were calculated
using paired and unpaired t test or Wilcoxon matched-pairs signed rank test or Mann-Whitney test (*£<0.05). UMAP indicates uniform manifold
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approximation and projection.

overexpressing HEAT4 regenerated faster than those
injected with control monocytes (Figure 8l and 8J). These
results suggest that human monocytes overexpressing
HEAT4 can improve the regeneration of endothelial bar-
rier function in an inflammatory setting and enhance the
re-endothelialized area of carotid arteries in a humanized
mouse model of vascular injury.

DISCUSSION

This study uncovers the INcRNA HEAT4 as a regulator of
monocyte subtypes toward an anti-inflammatory pheno-
type. This research shows for the first time that specific
INcRNAs modulate monocyte function, dampen inflam-
mation, and promote the restoration of endothelial bar-
rier function and vascular injury. The identification of the
ability of HEAT4 to suppress the release of the ST00A8/
A9 heterodimer and promote the translocation of S100A9
into the nucleus, where it binds to active promoter and en-
hancer elements, reveals a novel function for IncRNAs and
advances our understanding of their versatile regulatory
roles in immune responses. These findings may lead to the
development of targeted interventions aimed at harnessing
immune responses and fostering vascular recovery across
various inflammatory conditions, including CVDs.

The results demonstrate that HEAT4 is enriched in
CD16" monocytes of patients with HF, suggesting the
potential involvement of HEAT4 in the immune regula-
tion of monocytes in HF. CD16* monocytes are known
for their active patrolling of the vascular endothelium to
eliminate damaged cells and debris, and have been impli-
cated in various human diseases, including CVDs, cancer,

14 xxx xxx, 2024

and autoimmune disorders.mo\éﬁF%wamonocytes pos-
sess unique phenotypic and functional traits that distin-
guish them from other monocyte subsets, such as their
adhesion to the endothelial wall and their association
with wound-healing processes,?? and their dysregulation
can-affect disease progression considerably.>*

CD16" monocytes have been reported to exhibit profi-
brotic phenotypes in chronic conditions.**" CD16* cells
play a role in wound and vascular healing. We observed
an increase in the TGFp. signaling pathway in mono-
cytes after HEAT4 overexpression. This relationship
may explain the observed association between higher
HEAT4 levels and poorer survival in patients with HF. The
observation that overexpression of HEAT4 enhances the
regeneration of endothelial barrier function suggests its
potential involvement in promoting the perivascular func-
tions of CD16* monocytes.®® By modulating the inflam-
matory response and promoting vascular healing, CD16*
monocytes, in conjunction with HEAT4, may contribute
to the resolution of inflammation and the restoration of
vascular homeostasis in human diseases.

The observation that HEAT4 is induced by the anti-
infammatory cytokine IL-10 and appears to be an
anti-inflammatory mediator itself is interesting given its
association with unfavorable cardiovascular outcomes.
The inflammatory process has pro- and anti-inflammatory
phases, and prolonged activation of both pro- and anti-
inflammatory processes is associated with unfavorable
effects (eg, in chronic HF or cardiac fibrosis).'®='® Also,
IL-10 is elevated in accelerated atherosclerosis after
deep vein thrombosis, whereby deep vein thrombosis
and natural thrombus dissolution are processes that are

Circulation. 2024;150:00-00. DOI: 10.1161/CIRCULATIONAHA.124.069315
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Figure 7. HEAT4 reduces extracellular S100A8/A9 levels and leads to nuclear translocation of S100A9.

A, RNA level of STO0A9in monocytes without or with STO0A9 overexpression (OE; n=7; 2-tailed Wilcoxon matched-pairs signed rank test). B,
Interleukin (IL)-6 RNA expression in monocytes without or with ST00A9 OE alone or with co-overexpression of HEAT4 (heart failure—associated
transcript 4) measured by quantitative reverse transcription polymerase chain reaction (n=5; 1-tailed Wilcoxon matched-pairs signed rank test).
C, HEAT4 RNA expression in monocytes without or with ST00A9 OE (n=6; 2-tailed Wilcoxon matched-pairs signed rank test). STO0A9 protein
levels in cell lysates (n=4; 2-tailed paired t test; D) and supernatants (n=4; 2-tailed Wilcoxon matched-pairs signed rank test; E) of monocytes
without or with HEAT4 overexpression measured by ELISA. S100A8/A9 heterodimer protein levels in cell lysates (n=4; 2-tailed (Continued)
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Figure 7 Continued. paired ttest; F) and supernatants (n=3; 2-tailed paired ttest; G) of monocytes without or with HEAT4 overexpression
measured by ELISA. H, Nuclear and cytoplasmic ST00A9 levels after treatment of human primary monocytes with IL-10 (100 ng/mL, 24
hours; control: pcDNA) identified by nucleus-cytoplasm fractionation followed by immunoblotting for STO0A9 and GAPDH (cytoplasmic
marker). Cytoplasmic samples were diluted 1:20 before loading. I, Nuclear STO0A9 levels after HEAT4 OE and IL-10 treatment (100 ng/mL,
24 hours) identified by nucleus-cytoplasm fractionation followed by immunoblotting for S1T00A9. Exemplary blot showing HP1 (nucleus
marker). Densitometric analysis of ST00A9 (1, top) is shown (n=4; ordinary 2-way ANOVA followed by Tukey multiple comparisons test; J). K,
Chromatin immunoprecipitation (ChIP) of S100A9 with subsequent immunoblotting for S100A9. L, Average profile of S100A9 (n=4) and histone
modification ChIP peaks (obtained from USCS) binding to transcription start site (TSS) region. M, Percentage of peak overlap of STO0A9 ChIP
(n=4) and histone modification peaks. N, Heat map of ST00A9 (n=4) and chromatin occupancy of the indicated factors at £3000 bp of TSS.
0, Top de novo DNA motif identified after STO0A9 ChIP (n=4). P, Heat map of differential peaks (found in each of the 8 samples) enriched

in STOOA9 ChIP after IL-10 treatment and HEAT4 OE compared with ST00A9 ChIP without treatment. Selected genes are shown that were
increased after HEAT4 OE (Figure 5C). Statistical differences were calculated using paired ¢ test or Wilcoxon matched-pairs signed rank test or
ordinary 2-way ANOVA followed by Tukey multiple comparisons test (*P<0.05).

closely associated with (vascular) wound healing.*®° This
suggests that the anti-inflammatory and healing function
of HEAT4 is beneficial after acute inflammatory stimuli
or injury, but produces adverse effects upon long-term
activation, similar to other anti-inflammatory molecules,
such as TGF-f3.

Our results show that upregulation of HEAT4 in
immune cells is associated with an increased propor-
tion of CD16* monocytes, whereas decreased expres-
sion of HEAT4 is linked to an enhanced polarization of
monocytes toward M1 macrophages. These findings
demonstrate the role of HEAT4 in modulating monocyte
fate and function and suggest its relevance in promoting
monocytes toward a CD16* phenotype, which has been
observed in several human diseases.®® The results of
our study show that HEAT4 is a key regulator in driving
the balance between CD16* monocytes and M1 macro-
phages, beyond classical cytokine signaling.

The interaction between HEAT4 and S100A8/A9
proteins provides mechanistic insights into the anti-
inflammatory properties of HEAT4. The interaction with
S100A9 is mainly mediated by the region at the end of
exon 1 at the transition to exon 2 of HEAT4, but nonlin-
ear RNA elements also appear to mediate the interac-
tion, such as a possible secondary structure at the 3”-end
and 5’-end of the HEAT4 transcript, albeit to a lesser
extent. Because ST100A9 does not possess a classic
nucleic acid binding domain, it is likely that the interaction
of S100A9 with HEAT4 is mediated in part by second-
ary RNA structures of HEAT4. HEAT4 overexpression
results in decreased release of the STOOA8/A9 het-
erodimer, thereby suppressing IL-6—induced inflamma-
tion. The alarmins STO0A8/A9 are increasingly released
by immune cells such as neutrophils and monocytes
after inflammatory stimuli®®? Extracellular concentra-
tions of STO0A8/A9 amplify the inflammatory response
by inducing immune cells such as neutrophils and mac-
rophages to release more cytokines, thereby initiating
a cycle and amplifying the inflammatory response.5®-%°
Although monocytes are found in comparatively lower
numbers than neutrophils, the S100A8/A9 released
by monocytes can activate other immune cells, such as
neutrophils and macrophages, as an inflammatory trig-

16 XXX xxx, 2024

ger. Extracellular STOOA8/A9 can activate neutrophils
in a dose-dependent manner®® It is conceivable that the
release of STO0OA8/A9 controlled by HEAT4 regulates
interactions between different immune cell types. For
example, there is evidence that STOOA8/A9 released
by neutrophils during ST-segment—elevation Ml can be
taken up by platelets.’® Our data indicate that HEAT4
inhibits the extracellular release of ST00A8/A9 from
monocytes and thus may play a limiting role in the self-
amplifying, immune cell-spanning inflammatory signal-
ing of monocytes to activate neut ophils with S100A8/
A9 in the center. Moreover, STO0AYWas shown to be
an important regulator of the conversion of inflamma-
tory monocytes to reparatory immune cells in mice after
acute ML The ability of HEAT4 to suppress the release
of 'the STO0A8/A9 heterodimer, an inflammatory alar-
min-produced by activated immune cells, introduces a
new dimension to the regulatory mechanisms of immune
cell function and inflammation. Under physiologic condi-
tions, STOOA8 and S100A9 are among the most highly
expressed mRNAs in immune cells such as neutrophils
and monaocytes, where they have important functions
in the regulation of inflammation.®® We show a translo-
cation of STO0A9 into the nucleus of monocytes, both
after HEAT4 overexpression and after treatment with
IL-10, consistent with data showing nuclear transloca-
tion of STO0A9 in breast cancer cells.® The binding of
S100A9 to active promoter and enhancer elements of
HEAT4-regulated genes that we observed is enhanced
by HEAT4 overexpression and treatment with [L-10.
Thus, we show that in addition to its well-described pro-
inflammatory functions, ST00A9 may also have anti-
inflammatory effects at the chromatin level of monocytes.
The regulated genes, such as the CD16* monocyte
marker CLEC10A™ but also CD11b (ITGAM [integrin
alpha M]), which regulates vascular patrolling and crawl-
ing of CD16* monocytes,®? show a strong association
with anti-inflammatory CD 16" monocyte function.

This novel function of HEAT4 as an inhibitor of protein
release represents an important and previously unex-
plored role for INcRNAs,"" expanding our understanding
of the effect of circulating noncoding RNAs on immune
regulation.
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Figure 8. HEAT4 overexpression in monocytes enhances the endothelial barrier regeneration and promotes vascular healing.
A, RNA levels of HEAT4 (heart failure—associated transcript 4) determined by quantitative reverse transcription polymerase chain reaction (qRT-
PCR) in peripheral blood mononuclear cells (PBMCs) from patients with acute myocardial infarction (AMI) separated into (STEMI; n=21) and
(NSTEMI; n=21) relative to controls (n=23; cohort 4; Kruskal-Wallis followed by Benjamini-Krieger-Yekutieli test). B, RNA levels of CD300LB
determined by qRT-PCR in PBMCs of patients with AMI separated into STEMI (n=19) and NSTEMI (n=21) relative to controls (n=23; cohort
4; Kruskal-Wallis followed by Benjamini-Krieger-Yekutieli test). C, RNA levels of HEAT4 determined by gRT-PCR in whole blood of patients with
cardiogenic shock (CS; n=4) relative to controls (n=5; cohort 5; Kruskal-Wallis followed by Benjamini-Krieger-Yekutieli test). dO represents day
of revascularization; d1, 1 day after revascularization; and d2, 2 days after revascularization. D, RNA levels of CD300LB determined by gRT-
PCR in whole blood of patients with CS (n=4) relative to controls (n=4; cohort 5; Kruskal-Wallis followed by Benjamini-Krieger-Yekutieli test).
dO represents day of revascularization; d1, 1 day after revascularization; and d2, 2 days after revascularization. E, Schematic illustration of the
experimental setup for measuring the endothelial barrier function. F, The endothelial barrier function of human endothelial cells treated with 10
ng/mL tumor necrosis factor a (TNFa) followed by incubation with human primary monocytes without or with HEAT4 overexpression (OE; n=3;
2-tailed paired ttests). Test time points were selected a priori, covering maximal EC permeability and recovering phase after TNFa treatment. G,
Schematic illustration of the experimental setup of a carotid artery injury model using nonobese diabetic—severe combined immunodeficiency
(NOD-SCID) mice injected with human primary monocytes. The left carotid artery was excised after 3 days and examined. H, Expression of
HEAT4 in human monocytes without or with HEAT4 OE used in the carotid artery injury model detected using agarose gel electrophoresis. Light
microscopy image (I) and quantification (J) of reendothelialized areas at day 3 after carotid injury in NOD-SCID mice in HEAT4 OE (n=6) and
control (n=6; 2-tailed unpaired ¢ test) groups. Graphs are presented as mean+SEM. Statistical differences were calculated using paired and
unpaired t test or Kruskal-Wallis followed by Benjamini-Krieger-Yekutieli test (*R<0.05).
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We also investigated the effect of HEAT4 on vas-
cular homeostasis and revealed the ability of HEAT4
to enhance the regeneration of the endothelial barrier
function in the context of inflammation. Injecting human
monocytes overexpressing HEAT4 into a humanized
mouse model of vascular injury resulted in accelerated
reendothelialization of injured carotid arteries. These find-
ings underscore the therapeutic potential of HEAT4 in
promoting vascular repair processes and maintaining vas-
cular integrity, especially in the context of HE™ HEAT4 is
a primate-specific INcRNA, which emphasizes the impor-
tance of studying human-specific molecular mechanisms
in immune-mediated diseases, particularly in HE™

The findings of this study underscore the crucial role of
HEAT4 in immune cell modulation, inflammation suppres-
sion, and maintenance of vascular homeostasis, particu-
larly in the context of HF. The identification of HEAT4 as
a key regulator of monocyte function highlights its poten-
tial therapeutic implications, opening up avenues for the
development of targeted interventions to address immune
dysregulation and vascular dysfunction in patients with
HF. Moreover, given the broader involvement of mono-
cytes and inflammation in various human diseases, the
functional importance of HEAT4 may extend beyond HF
making it a potential target for therapeutic strategies
aimed at mitigating immune dysregulation and vascular
complications in a broader range of conditions. Future
research should delve deeper into the precise molecu-
lar mechanisms underlying the effects of HEAT4 and its
clinical relevance to fully exploit its therapeutic potential
in HF and other immune-related disorders.

The study establishes an association among IncRNAs,
CD16* monocytes,-and-CVDs. Targeting IncRNAs-may
represent an innovative-approach to control-monocyte-
mediated inflammation in CVDs.
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