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Zusammenfassung (Deutsch)
Hintergrund:
Die Expansion des nekrotischen Kerns ist ein wesentlicher Faktor für das
Fortschreiten atherosklerotischer Plaques und erhöht das Risiko einer Plaqueruptur
sowie thrombotischer Ereignisse, wie Myokardinfarkt und Schlaganfall. Die Bildung
von Cholesterinkristallen spielt eine zentrale Rolle bei der Entwicklung des
nekrotischen Kerns und steht im Zusammenhang mit der sekundären Nekrose von
Lipidtröpfchen (LD)-haltigen Plaque-Makrophagen. Die zugrunde liegenden
molekularen Mechanismen sind bislang jedoch nur unzureichend verstanden. Dicer
ist eine Schlüssel-Endonuklease in der Biogenese von microRNAs. Unsere
vorhergehenden Studien deuten darauf hin, dass die Dicer-Expression in
Makrophagen die Lipidakkumulation, Apoptose und die Bildung des nekrotischen
Kerns in atherosklerotischen Plaques begrenzt. In vitro fördert Dicer die
mitochondriale Atmung in LD-haltigen Makrophagen. Ob Dicer jedoch auch in vivo
die mitochondriale Funktion in Plaque-Makrophagen reguliert, ist bislang unklar. Ziel
dieser Studie war es daher zu untersuchen, ob Dicer durch die Förderung der
mitochondrialen Funktion die Lipidakkumulation in Plaque-Makrophagen reduziert
und damit Apoptose, sekundäre Nekrose und Cholesterinkristallbildung begrenzt.
Zudem wurde geprüft, ob diese Effekte durch microRNAs vermittelt werden.

Methoden:
Es wurde ein konfokaler Live-Imaging-Ansatz zur Analyse der Funktion von Dicer in
Makrophagen atherosklerotischer Plaques unter Verwendung von Aortenbogen- bzw.
Aortenwurzelgewebe von Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox und
Apoe-/-mTmG/LysMCreT/T/DicerWT/WT Mäusen nach 12 bzw. 24 Wochen fettreicher
Diät etabliert. Die Cholesterinkristallbildung wurde mittels Polarisations- und
konfokaler Reflexionsmikroskopie erfasst. Die mitochondriale Atmung im lebenden
Plaquegewebe wurde durch Seahorse-Analysen bestimmt. Zusätzlich führten wir
GFP-RIP-Seq, Proteomik und ein NanoString-MicroRNA-Profiling durch, um
Dicer-vermittelte microRNAs und deren Zielgene zu identifizieren.

Ergebnisse:
Es wurden drei Makrophagensubtypen innerhalb der atherosklerotischen Plaques,
basierend auf dem Gehalt an LDs und der mitochondrialen gefunden: LDhigh (>20%
LDs), LDinter (5-20% LDs) und LDlow (<5% LDs) Makrophagen. LDhigh-Makrophagen
zeigten eine verringerte mitochondriale Aktivität im Vergleich zu LDinter und LDlow,
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was primär auf ein erhöhtes Protonen-leack zurückzuführen war. Dicer begrenzte die
Entstehung von LDhigh-Makrophagen durch die Hemmung der Bildung von
Mitochondrien, die mit LDs assoziiert sind, sogenannte „peridroplet
mitochondria“ (PDM), sowie die LD-Expansion. Zudem reduzierte Dicer die
mitochondriale Dysfunktion in Plaque-Makrophagen, wodurch die Freisetzung von
mtDNA und die Typ-I-Interferonantworten eingeschränkt wurden. In der Folge
senkte Dicer die Caspase-3-Aktivierung in LDhigh-Makrophagen und verhinderte so
sekundäre Nekrose. Bemerkenswerterweise wurden Cholesterinkristalle bevorzugt
an der Grenzfläche extrazellulärer DNA-Ablagerungen beobachtet. Durch die
Vermeidung der DNA-Freisetzung aus sekundär nekrotischen Zellen schränkte Dicer
die Cholesterinkristallbildung ein. Mechanistisch konnten Ftl1 und Vim als Zielgene
der Dicer-regulierten miR-22-3p bzw. miR-30d-5p identifiziert werden, welche an der
Regulation der mitochondrialen Funktion und PDM-Dynamik beteiligt sein könnten.

Schlussfolgerung:
Diese Studie stellt eine neuartige konfokale Bildgebungsmethode zur
Echtzeit-Analyse von Makrophagenfunktionen in lebenden atherosklerotischen
Plaques vor. Erstmals liefern wir in vivo Evidenz für die Existenz von PDM in
Plaque-Makrophagen und zeigen deren Rolle bei der LD-Expansion auf. Zudem
identifizieren wir extrazelluläre DNA als zentralen Faktor bei der
Cholesterinkristallbildung. Darüber hinaus belegen wir, dass Dicer eine
entscheidende Schutzfunktion gegenüber der durch Cholesterinkristalle induzierten
Bildung eines nekrotischen Kerns ausübt, indem es die mitochondriale Funktion
erhält und die LD-Expansion in LDhigh-Makrophagen einschränkt. Diese protektive
Wirkung könnte über die miR-22-Ftl1- und miR-30-Vim-Achsen vermittelt werden,
welche mit der Regulation der mitochondrialen Funktion über Eisenhomöostase bzw.
Zytoskelettumbau in Verbindung stehen. Auch wenn diese Signalwege weiterer
Untersuchung bedürfen, stellen sie potenzielle Zielstrukturen für therapeutische
Interventionen dar, mit dem Ziel, die mitochondriale Funktion von
Plaque-Makrophagen zu verbessern und den nekrotisch bedingten Fortschritt der
Atherosklerose einzudämmen.
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Abstract (English)

Background:
Expansion of the necrotic core is a major contributor to plaque progression in
atherosclerosis, increasing the risk of plaque rupture and thrombotic events such as
myocardial infarction and stroke. Cholesterol crystal (CC) formation plays a critical
role in necrotic core development and has been linked to secondary necrosis of
LD-containing plaque macrophages. However, the molecular mechanisms governing
this process remain poorly understood. Dicer is a key endonuclease in microRNA
biogenesis. Our previous study suggests that Dicer expression in macrophages limits
macrophage lipid accumulation, apoptosis, and necrotic core formation in
atherosclerotic plaques. In vitro, Dicer enhances mitochondrial respiration in
LD-containing macrophages. However, the role of Dicer in regulating mitochondrial
function in plaque macrophages in vivo remains unknown. This study aimed to
determine whether Dicer reduces lipid accumulation by enhancing mitochondrial
respiration in live plaque macrophages, thereby limiting apoptosis, secondary
necrosis, and CC formation. Furthermore, this study aimed to determine whether
Dicer-dependent microRNAs mediate these effects.

Methods:
A live plaque confocal imaging approach was established to investigate the role of
Dicer in macrophages in atherosclerotic plaques, using aortic arch or root tissue from
the Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT

mice after 12 or 24 weeks of high-fat diet feeding. CC formation was detected by
polarized microscopy and confocal reflection microscopy. Mitochondrial respiration
in live plaque tissue was measured using a Seahorse assay. Furthermore, I performed
GFP-tagged Ago2-RIP-seq, proteomics, and NanoString microRNA profiling to identify
Dicer-mediated miRNAs and their targets.

Results:
Three macrophage subtypes within atherosclerotic plaques were identified based on
lipid droplet (LD) content: LDhigh, LDinter, and LDlow macrophages. LDhigh macrophages
showed reduced mitochondrial activity compared to LDlow macrophages, primarily
due to increased proton leak. Dicer restricted LDhigh macrophage formation by
suppressing peri-droplet mitochondria (PDM) formation and LD expansion. In
addition, Dicer limited mitochondrial dysfunction in plaque macrophages, thus
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limiting mtDNA release and Type I interferon responses. Consequently, Dicer
reduced caspase-3 activation in LDhigh macrophages, thereby limiting secondary
necrosis. Notably, CCs were observed to form at the interface of extracellular DNA
deposits. By preventing extracellular DNA deposition from secondary necrotic cells,
Dicer restricted CC formation. Mechanistically, Ftl1 and Vim, identified as targets of
Dicer-mediated miR-22-3p and miR-30d-5p, respectively, may be involved in
regulating mitochondrial function and PDM dynamics.

Conclusion:
This study provides a novel confocal imaging method for real-time functional analysis
of macrophages in live atherosclerotic plaques. Using this approach, this study
presents the first in vivo evidence of PDM in plaque macrophages and reveal their
role in LD expansion. This study also offers new insight into CC formation,
highlighting its association with extracellular DNA deposition. Furthermore, this
study demonstrates that Dicer plays a critical role in restraining CC-driven necrotic
core expansion by preserving mitochondrial function and limiting LD expansion in
LDhigh macrophages. This protective effect may involve the Dicer-regulated
miR-22-Ftl1 and miR-30-Vim axes, which have been implicated in regulating
mitochondrial function through iron homeostasis and cytoskeletal remodeling,
respectively. While these pathways require further investigation, they represent
promising targets for therapeutic intervention aimed at improving mitochondrial
function of plaque macrophages to prevent necrotic core-driven atherosclerotic
progression.
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1. Introduction
1. 1 Pathogenesis of atherosclerosis
Cardiovascular diseases remain the leading cause of morbidity and mortality
worldwide1. Atherosclerosis, the primary pathological basis of cardiovascular
diseases, is a chronic inflammatory condition characterized by the buildup of lipids
and immune cells in the sub-endothelium of the arterial wall. In the initial stage of
atherosclerosis, risk factors such as high cholesterol, hypertension, obesity, diabetes,
smoking, and low-shear stress2-5 trigger the increase in the endothelial permeability
and the retention of cholesterol-rich lipoproteins, primarily low-density lipoprotein
(LDL), in the sub-endothelial space. The trapped LDL particles are susceptible to
oxidative modification, resulting in oxidized LDL (oxLDL), which initiates an
inflammatory process and activates endothelial cells (ECs). Activated ECs express
adhesion molecules that attract circulating monocytes to the intima surface.
Monocytes then enter the intima and differentiate into macrophages in response to
cytokines and the macrophage colony-stimulating factor. In atherosclerotic lesions,
macrophages take up oxLDL through scavenger receptors like CD36 and SR-A16.
Subsequently, oxLDL is processed in the endolysosome, where lysosomal acid lipase
hydrolyzes the cholesterol ester to free cholesterol7. Excessive accumulation of free
cholesterol stimulates its re-esterification by acyl-coenzyme A: cholesterol
acyltransferase-1 in the endoplasmic reticulum (ER), leading to the storage of
cholesterol ester in lipid droplets (LDs). Conversely, cholesterol ester can be
converted again to free cholesterol by the action of cholesteryl ester hydrolase.
Moreover, free cholesterol can be removed from the macrophages via the reverse
cholesterol transport pathway involving high-density lipoprotein and cholesterol
transporters, such as ABCA18,9. During atherosclerosis progression, excessive uptake
of oxLDL leads to LD-containing macrophage (foam cell) formation (Fig. 1). Although
macrophages also take up native LDL via the LDL receptor, this pathway does not
lead to foam cell formation. Lipid and foam cell accumulation drives the formation of
plaques, the hallmark of atherosclerosis10. The lipid overload induces loss of
membrane fluidity11,12, ER stress13, mitochondrial dysfunction14, intracellular
cholesterol crystallization12, and oxysterol formation15. These pathological processes
ultimately cause apoptotic cell death (Fig. 1), contributing to plaque necrotic core
formation. The growth of atherosclerotic plaques results in vascular stenosis and
luminal occlusion16. Furthermore, large necrotic cores heighten the plaque's
vulnerability to rupture, thereby inducing atherothrombosis and ultimately leading
to ischemic cardiovascular diseases such as myocardial infarction and stroke16,17.
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Thus, reducing the size of the necrotic core presents a promising therapeutic
strategy to mitigate the consequences of atherosclerosis.

1.2 Necrotic core formation in atherosclerosis
The necrotic core mainly consists of cell debris and CC16. Secondary necrosis,
referring to the necrosis of apoptotic cells that are not efficiently cleared, is a key
contributor to necrotic core formation (Fig. 1)17. Chronic inflammation and excess
lipid accumulation induce plaque cell apoptosis, primarily in macrophages, probably
caused by ER stress and mitochondrial dysfunction18-21. In early-stage plaques,
apoptotic cells were efficiently removed by neighboring macrophages through the
process known as efferocytosis22. This process limits inflammation by preventing
inflammatory content release from apoptotic cells and triggering the release of
anti-inflammatory factors like IL-1023. However, this apoptosis-efferocytosis balance
is disrupted in the advanced plaque due to increased apoptosis and defective
efferocytosis (Fig. 1)22. Notably, circadian rhythm-regulated microRNAs (miRNAs)
have been shown to promote apoptosis to a degree that exceeds the compensatory
capacity of efferocytosis, thereby contributing to necrotic core formation24. This
suggests a more dominant role for apoptosis in driving the imbalance and
subsequent necrotic core formation.
CC is another major necrotic core component associated with plaque vulnerability
(Fig. 1)25. Although the mechanisms of CC formation in the plaque are poorly
understood, this process has been linked to secondary necrosis (Fig. 1) and high
levels of free cholesterol accumulation, either intracellularly or spontaneously in the
extracellular space within the necrotic core25-27. Intracellular CC formation induces
several pathological processes, including NLRP3 inflammasome formation and
subsequent inflammatory activation, plasma membrane damage, lysosome rupture,
and apoptosis25. Extracellular CC growth in the necrotic core is associated with
plaque rupture and thrombosis28, e.g., by puncturing the intima29.
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Fig. 1: Role of macrophages in necrotic core formation
In advanced atherosclerotic lesions, LDL infiltrates the intima and becomes oxidized, resulting in

oxLDL accumulation, which is taken up by macrophages, leading to LD formation. Macrophages

containing LDs undergo apoptosis due to lipid overload conditions. In the absence of efficient

efferocytosis, apoptotic cells progress to secondary necrosis, releasing intracellular contents and cell

debris that contribute to necrotic core formation. Secondary necrosis is also related to CC deposition,

another key component of the necrotic core, although the underlying mechanism is poorly

understood. The figure is adapted from22.

1.3 Macrophage subtypes in atherosclerosis
Macrophages demonstrate exceptional plasticity, enabling them to alter their
functional phenotype in adaptation to distinct stimuli. In atherosclerotic plaques,
most macrophages accumulate lipids and transform into foam cells. In addition, both
pro-inflammatory and anti-inflammatory macrophages have been described within
the lesion. Pro-inflammatory macrophages produce cytokines like IL-1β and IL-12,
and attract monocytes through chemokines such as monocyte chemoattractant
protein-1. Conversely, anti-inflammatory macrophages play an anti-inflammatory
role by producing pro-resolving cytokines like IL-1030. While pro-inflammatory
macrophages are more abundant during the progression of atherosclerosis, and are
enriched in the rupture-prone shoulder region of the plaque, anti-inflammatory
macrophages play a prominent role during the regression of atherosclerosis, and are
the predominant population in the adventitia31,32. To investigate macrophage
subtype function in vitro, resting macrophages are polarized into pro-inflammatory
phenotype (M1 macrophage) upon lipopolysaccharide (LPS) and interferon-gamma
(IFN-γ) stimulation, and into anti-inflammatory phenotype (M2 macrophage) in
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response to interleukin (IL)-4 and/or IL-1333. Moreover, foam cell formation is
induced by treating macrophages with oxLDL. Nevertheless, M1/M2 polarized
macrophages and oxLDL-induced foam cells are defined under pure and idealized
conditions. Their relevance to in vivo macrophages, which are exposed to a much
more complex microenvironment, remains uncertain.
Recent single cell sequencing studies reveal macrophage heterogeneity in
atherosclerosis. In mice and humans, macrophages are primarily classified into four
subgroups: inflammatory-Mφmacrophages, resident-like macrophages (TLF resident
macrophage and aorta intima resident macrophage), Trem2+ foam macrophages,
and interferon-inducible cell (IFNIC) macrophages (Fig. 2)34-39. Resident-like
macrophages expressed increased anti-inflammatory mRNA markers37, while

inflammatory-M φ macrophages and IFNIC macrophages showed enrichment of
inflammatory markers34,40. Meanwhile, Trem2+ foam cells express mRNAs involved in
cholesterol metabolism and oxidative phosphorylation37. Although these
macrophage subtypes in vivo share some similarities with in vitro cell models, they
do not fully correspond to in vitro-defined subtypes and show less distinct
boundaries, with partial transcriptional and functional overlap. MACAIRmacrophages
show pro-inflammatory mRNA expression of IL-1β. However, they also shared an
expression pattern with Trem2+ foam cells, including Mmp12, Lgals3, Cd9, and Lpl,
highlighting their functional complexity. Notably, these major macrophage subtypes
represent a shared subset identified across multiple single-cell sequencing studies.
However, the complete spectrum of macrophage phenotypes varies across studies
due to methodological differences, sample origin, pathological phase, and species.
This highlights the heterogeneity of macrophage populations in atherosclerosis.
Therefore, the applicability of in vitro macrophage phenotype classification to
atherosclerotic lesions is challenged. Additionally, although the mRNA expression
patterns of macrophage subtypes in vivo have been identified, further functional
investigation is required to elucidate their roles in atherosclerosis.
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Fig. 2: Myeloid cell populations in human and mouse atherosclerotic lesions
Uniform Manifold Approximation and Projection (UMAP) plots showing the clustering of single-cell

RNA sequencing (scRNA-seq) data from human (left) and mouse (right) atherosclerotic arteries. Both

species share distinct macrophage subsets, including inflammatory, resident, foamy/TREM2+, and

interferon-inducible (IFNICs). In addition, myeloid populations include monocytes, conventional

dendritic cells (cDC1 and cDC2), mature DCs, and a minor fraction of proliferating cells, lymphocytes,

and non-leukocytic cells. Data were integrated across multiple datasets and visualized in a

species-separated manner for cross-species comparison. Figure is adapted from35.

1.4 Role of Dicer and miRNAs in atherosclerosis

1.4.1 Function of Dicer and miRNAs

RNase III Dicer is a key regulator of the RNA interference (RNAi) pathway, controlling
the production of miRNA and several other small RNAs. In the canonical miRNA
biogenesis process, the PAZ and platform domains from the head region of Dicer

recognize and bind to the 3′ overhang and the 5′ phosphate of one strand of
the double-stranded pre-miRNA substrate, respectively (Fig. 3)41,42. Additionally, the
helicase, dsRBD and DUF283 domains also functions in substrate recognition through
RNA binding (Fig. 3)43-45. Next, RNase IIIa and IIIb domains in the body region each
cleave one strand from the double-strand pre-miRNA46 near the terminal hairpin
loop (Fig. 3) to generate the ~22 nt miRNA duplex 47.
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Fig. 3: Structural organization of the Dicer protein
The Dicer protein shows an “L” shape, containing distinct structural domains that coordinate RNA

recognition and processing. The head region contains the platform and PAZ domains, which bind the 5’

phosphate and 3’ two nucleotides overhang of pre-miRNA substrates, respectively. The core region

includes a double-stranded RNA-binding domain (dsRBD) and two RNase III domains (RNase IIIa and

RNase IIIb), responsible for cleaving the double-stranded RNA to generate mature miRNAs. The base

region comprises the helicase domain and DUF283 domain, which are implicated in RNA binding,

unwinding, and substrate positioning. Together, these domains enable Dicer to cleave pre-miRNAs

with precise length specificity. The figure was adapted from48.

The miRNA duplex is subsequently loaded onto the Argonaute (AGO) protein by
Dicer with the assistance of TAR RNA-binding protein (TRBP). TRBP facilitates correct
strand selection by sensing duplex asymmetry and orienting the RNA appropriately
for AGO loading. Prior to loading, unloaded AGO proteins are maintained in an open
conformation by the HSP90 dimer and its co-chaperones, allowing efficient duplex
accommodation. Upon loading, AGO proteins cleave the passenger strand and retain
the guide strand, leading to the assembly of the mature RNA-induced silencing
complex (RISC, Fig. 4)49-51.



17

Fig. 4: Loading of miRNAs onto AGO protein
(A) Dicer processes long dsRNAs or pre-miRNAs into ~21 nt RNA duplexes via its two RNase III

domains (arrows). The duplex transiently dissociates and reassociates to Dicer, where TRBP detects

strand asymmetry and positions the duplex to ensure correct guide strand selection. The RNA is then

transferred to AGO, which is held in an open conformation by HSP90. (B) HSP90 dimers, together with

co-chaperones, maintain unloaded AGO proteins in an open conformation. Following RNA duplex

binding, the passenger strand (red) is removed, HSP90 hydrolyzes ATP, and AGO undergoes a

conformational shift to the closed state , retaining the guide strand (blue). Subsequently, HSP90 and

its co-chaperones dissociate from the complex. The figure was adapted from51.

RISC functions in gene silencing at the post-transcriptional level by targeting mRNA.
Recognition of target mRNA was based on the Watson-Crick base-pairing between
the 3’ untranslated region (3’ UTR) binding sites of the target mRNA and the miRNA
seed sequence52. This base-pairing leads to translational repression or target mRNA
decay 53,54. Apart from its canonical role in miRNA maturation, Dicer has been
reported to play a role in non-canonical nuclear RNA interference pathway55-57, DNA
damage response, and dsRNA removal58,59.

1.4.2 Role of macrophage miRNAs in atherosclerosis

Macrophage miRNAs play crucial roles in regulating atherosclerosis. In foam cells,
multiple miRNAs, including miR-27a/b, miR-19b, miR-144-3p, miR-758,
miR-33-3p/-5p, and miR-37860, target ABCA1, a cholesterol transporter, thereby
affecting cholesterol efflux and lipid accumulation. Notably, miR-33 has also been
shown to disrupt lipophagy-associated lipid metabolism through targeting FOXO3
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and TFEB61. Moreover, oxLDL induces miR-155 expression, which enhances lipid
accumulation in macrophages through repression of HBP162.
In addition to lipid metabolism, miRNAs are also critical regulators of inflammation in
atherosclerosis. The expression of miR-155 is elevated in atherosclerotic lesions and
inflammatory cells, where it enhances NF- κ B activation and the subsequent
inflammatory response by targeting aryl hydrocarbon receptor nuclear
translocator-like (Arntl), SOCS1, and B cell CLL/lymphoma 6 (BCL6)47. Notably,
another highly up-regulated miRNA in lesional macrophages, miR-342-5p, promotes
miR-155 expression and inflammation by targeting Akt1 in inflammatory
macrophages63.
Additionally, miRNAs regulate necrotic core formation by influencing cell death.
Macrophage miR-21 shows a circadian expression pattern and contributes to the
diurnal regulation of apoptosis in atherosclerotic plaques by targeting Xaf124. In
inflammatory macrophages, miR-383 reduces ATP consumption by targeting Parg
and prevents necroptosis64.
Moreover, mitochondrial respiration represents another pathway through which
miRNAs influence macrophage viability. Expression of miR-10 in macrophages
regulates FAO-fueled mitochondrial respiration by targeting Lcor, thereby limiting
lipid accumulation and apoptosis in macrophages65. Similarly, miR-210 restricts
FAO-dependent mitochondrial respiration by targeting DECR1, thus promoting
necroptosis64.

1.4.3 Role of Dicer in atherosclerosis

Global loss of Dicer in mice leads to embryonic lethality66, suggesting the essential
role of Dicer-mediated miRNA production in mouse development. Deletion of Dicer,
specifically in macrophages or ECs of Apoe-/- mice, decreases the expression of many
miRNAs65,67. However, the effect of Dicer depletion on atherosclerosis is opposite
between macrophages and ECs. In contrast to EC, where Dicer promotes
atherosclerosis via miR-103-mediated suppression of KLF4, Dicer expression in
macrophages decreases plaque macrophage apoptosis and necrotic core formation.
This effect of Dicer in macrophages is likely mediated by miR-10a, a Dicer-regulated
miRNA that targets Lcor, thereby enhancing FAO-fueled mitochondrial respiration
and limiting lipid accumulation, as demonstrated in bone marrow-derived
macrophages (BMDMs)65. However, the mechanistic link between Dicer-regulated
mitochondrial respiration, lipid accumulation, and macrophage apoptosis in vivo
remains poorly understood. Given the macrophage heterogeneity in vitro and in vivo,
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how Dicer regulates distinct macrophage subtypes in plaques and thereby
contributes to atherosclerosis is not fully elucidated.

1.5 Hypothesis and Aims
The size of the necrotic core determines the vulnerability of plaques to rupture,
which can lead to arterial obstruction. A primary component of the necrotic core is
CCs, which may also contribute to its expansion, along with the secondary necrosis
of macrophages. However, it remains unclear how crystal formation in the necrotic
core is regulated. Previous research has demonstrated that macrophage Dicer
expression reduces lipid accumulation and apoptosis of plaque macrophages,
thereby limiting necrotic core formation. Additionally, Dicer enhances mitochondrial
respiration in LD-containing macrophages in vitro. Based on these findings, the
hypothesis of this study is that Dicer reduces lipid accumulation in LD-containing
plaque macrophages by enhancing mitochondrial respiration by generating miRNAs,
thereby preventing apoptosis and secondary necrosis. These effects of Dicer limit
necrotic core expansion driven by CC formation.
To test this hypothesis, the following aims were addressed:
First, this study evaluated whether Dicer limits lipid accumulation of LD-containing
plaque macrophages by enhancing mitochondrial function. To this end, a live plaque
imaging approach was established utilizing reporter mice and confocal microscopy.
Additionally, mitochondrial respiration in live plaque tissue was assessed using the
Seahorse assay.
Second, the effect of Dicer on apoptosis and secondary necrosis of plaque
macrophages was examined through live plaque imaging.
Third, this study investigated how secondary necrotic cells contribute to CC
formation and whether Dicer modulates this process by combining live plaque
imaging with reflection confocal microscopy.
Fourth, the mechanism by which microRNAs mediate the protective role of Dicer in
limiting necrotic core formation was explored. For this purpose, GFP-RIP-sequencing
was performed in tAGO2 mice, complemented by proteomic analysis and NanoString
microRNA profiling in BMDMs.



20

2.Materials and Methods
2.1 Equipment and software
Equipment Company

Leica TCS SP8 STED 3X confocal
microscope

Leica Microsystem, Germany

DM 6B upright thunder microscope Leica Microsystem, Germany

Seahorse XFe24 Analyzer Agilent Technologies, USA

Implen NP80-Touch Spectrophotometer Implen GmbH, Germany

TissueLyser LT Qiagen, Germany

Automated capillary-based western
blotting system (JESS)

ProteinSimple, USA

QuantStudio™ 6 Flex Real-Time PCR
System

Qiagen, Germany

Leica Application Suite (LAS) X version
3.7.5 imaging software

Leica Microsystem, Germany

Fiji (ImageJ, version 2.3.0) NIH, USA

Prism (Version 10) GraphPad Software, USA

2.2 Consumables and solutions
REAGENT or RESOURCE SOURSE IDENTIFIER

µ-Slide 4 Well Glass Bottom ibidi GmbH, Germany 80427

BioTracker NucView® 405 Caspase-3 Sigma-Aldrich, USA SCT104

BioTracker 405 Blue Mitochondria Sigma-Aldrich, USA SCT135

LipidSpotTM 610 Biotium, Inc., USA 70069

MitoViewTM 633 Biotium, Inc., USA 70055

MitoTrackerTM Deep Red FM
Thermo Fisher
Scientific, USA

M22426

Human Dil high oxidized LDL
Kalen Biomedical, LLC,
USA

770262-9

Seahorse XF Calibrant Solution
Agilent Technologies,
Inc., USA

100840-000

Seahorse XFe24 Islet Capture FluxPak Agilent Technologies,
Inc., USA

103518-100

Seahorse XF DMEM medium Agilent Technologies, 103575-100



21

Inc., USA

Seahorse XF 100 mM pyruvate solution Agilent Technologies,
Inc., USA

103578-100

Seahorse XF 1.0 M glucose solution Agilent Technologies,
Inc., USA

103577-100

Seahorse XF 200 mM glutamine solution Agilent Technologies,
Inc., USA

103579-100

Oligomycin A Sigma-Aldrich, USA 579-13-5

FCCP Sigma-Aldrich, USA 370-86-5

Rotenone Sigma-Aldrich, USA 83-79-4

Antimycin A Sigma-Aldrich, USA 1397-94-0

Jess 12-230 kDa Separation Module, 8 x
25 capillary cartridges

ProteinSimple, USA SM-W004

Human low-density lipoproteins
ChromoTek GmbH,
Germany

437644

D-tube Midi Dialyzer tubes Merck, Germany 71507-3

Copper(II) sulfate pentahydrate Sigma-Aldrich, USA 7758-99-8

EDTA
Invitrogen, Thermo
Fisher Scientific, USA

AM9260G

PD-10 desalting column Cytiva, USA 17-0851-01

Lipopolysaccharide Merck, Germany L5293

Recombinant Murine IFN-γ PeproTech, Inc., USA AF-315-05

GFP-Trap Agarose Kit ChromoTek, Germany gtak-20

PicoPure RNA Isolation Kit
Thermo Fisher
Scientific, USA

KIT0204

DC protein assay kit
Bio-Rad Laboratories,
USA

5000112

12-230 kDa Fluorescence Separation
Module, 8 x 25 capillary cartridges

ProteinSimple, USA SM-FL004

Protein Normalization Module ProteinSimple, USA DM-PN02

GFP Antibody (Polyclonal, Rabbit) Rockland, USA 600-401-215L

Phospho-STAT1 (Tyr701) Monoclonal
Antibody (15H13L67)

Invitrogen, USA 701048

Anti-Rabbit IgG-HRP Conjugated Antibody Bio-Techne, USA HAF008

Goat Anti-Rabbit Secondary HRP
Conjugate

ProteinSimple, USA 042-206
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Goat Anti-Mouse Secondary HRP
Conjugate

ProteinSimple, USA 040-655

Streptavidin-HRP Conjugate Bio-Techne, USA DY998

SuperSignal™ West Pico PLUS Substrate
Thermo Fisher
Scientific, USA

34079

Mitochondria Isolation Kit for Cultured
Cells

Thermo Fisher
Scientific, USA

89874

DNeasy Blood & Tissue Kit Qiagen, Germany 69504

GoTaq® qPCR and RT-qPCR Systems Promega, USA A6001

NucleoSpin miRNA extraction
Machery Nagel,
Germany

740971.250

High-Capacity cDNA Reverse
Transcription

Applied Biosystems,
Germany

4368814

miRCURY LNA RT Kit Qiagen, Germany 339340

miRCURY Probe PCR Kit Qiagen, Germany 339371

FTL (Ferritin Light Chain) Polyclonal
Antibody

Proteintech, USA 10727-1-AP

Donkey Anti-Rat IgG (H+L),
FITC-conjugated

Jackson
ImmunoResearch, USA

712-095-153

MAC2 (Galectin-3) Antibody
In-house preparation; Supernatant from
hybridoma cell line M3/38.1.2.8 HL.2

Cy3 AffiniPure Goat Anti-Rabbit IgG (H+L)
Jackson
ImmunoResearch, USA

111-165-003

VECTASHIELD® Antifade Mounting
Medium with DAPI

Vector Laboratories,
USA

H-1200-10

2.3 Mouse Models
Apoe-/- mice expressing Cre recombinase under control of myeloid cell-specific
M-lysozyme (Lyz) promoter (Apoe-/-LysMCre) were crossed with Dicer floxed mice to
generate Apoe-/-/LysMCreT/T/Dicerflox/flox mice68. Apoe-/-/LysMCreT/T/DicerWT/WT mice
were used as controls. To generate fluorescent cre reporter mice,
Apoe-/-/LysMCreT/T/Dicerflox/flox mice were crossed with mTmG reporter mice69 (Strain
#:007676, The Jackson Laboratory) to obtain Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox

mice (Fig. 5). Apoe-/-mTmG/LysMCreT/T/DicerWT/WT mice were used as control mice.
All cells in these mTmG reporter mice exhibit a cell membrane-localized
tdTomatoRed (mT) fluorescence signal before Cre recombination. Following Cre
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recombinase activity, myeloid cells (and their future lineages) show cell
membrane-localized EGFP (mG) fluorescence, replacing the initial red fluorescence
signal.

Fig. 5: Generation of Apoe-/-mTmG/LysMCreT/T/Dicerflox/floxmice
Apoe-/-/LysMCreT/T/Dicerflox/flox mice were generated by crossing Apoe-/- mice expressing Cre

recombinase under the control of the myeloid-specific lysozyme M promoter with Dicerflox/flox mice. To

visualize Cre activity, mice were further crossed with mTmG reporter mice, where

membrane-targeted tdTomatoRed (mT) is expressed in all cells before recombination. Upon Cre

activation, tdTomatoRed is excised and replaced with membrane-targeted EGFP (mG) specifically in

myeloid cells. This strategy allows genetic deletion of Dicer in macrophages and simultaneous

fluorescent tracking of Cre-expressing cells.

Moreover, Apoe-/-/LysMCreT/T/Dicerflox/flox mice were crossed with mice carrying a
GFP-tagged Argonaute 2 transgene under the control of a loxP-flanked stop cassette
(LSL-tAgo2, Strain #:017626, The Jackson Laboratory)70 to obtain
Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox mice (Fig. 6), in which tAGO2 is specifically
expressed in myeloid cells upon Cre-mediated recombination.
Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT mice were used as control mice. Male and
female mice aged 6-8 weeks were fed a western-type diet (WD) comprising 21% fat,
19.5% casein, and 0.15% cholesterol (Ssniff Spezialdiäten GmbH) for 12 or 24 weeks.
All mice were maintained under controlled conditions with a 12-hour light phase
(7:00 a.m. to 7:00 p.m.) and a 12-hour dark phase (7:00 p.m. to 7:00 a.m.), and were
provided with ad libitum access to food and water. All animal procedures were
conducted in accordance with German animal welfare regulations and were
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approved by the local authorities (approval numbers ROB-55.2Vet-2532.
Vet_02-20-67 District Government of Upper Bavaria).

Fig. 6: Generation of Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox mice
Apoe-/-/LysMCreT/T/Dicerflox/flox mice were crossed with Rosa26tAGO2 knock-in mice to study

Dicer-mediated regulation of miRNA targets in macrophages. Cre recombination in myeloid cells

induces both the deletion of Dicer and the expression of GFP-myc-tagged Ago2. This allows for

myeloid cell-specific tAgo2 immunoprecipitation in macrophages in vivo. Schematic illustration

created with BioRender.com.

2.4 4D live plaque imaging and analysis

2.4.1 4D live plaque imaging
Aortic arch or root tissues containing plaques were harvested from
Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT mice
following 12 or 24 weeks of WD feeding (Fig. 7). The live tissues were immediately
placed into a chamber slide (µ-Slide 4 Well Glass Bottom, Ibidi) containing medium
(DMEM supplemented with 10% FBS and 5% L929 supernatant) with the luminal side
downwards (Fig. 7). Live plaque imaging was conducted using confocal laser scanning
microscopy (Leica SP8 3X, Leica Microsystems) with a white light laser, a 63x/1.40
plan-apo oil objective, and hybrid diode detectors (Fig. 7). Throughout imaging,
tissues were kept at 37°C in a climate chamber with 5% CO2. All fluorescent targets
were recorded in individual spectral channels and acquired in sequential mode with
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optimized excitation and emission parameters: BioTracker NucView® 405 Caspase-3
and BioTracker 405 Blue Mitochondria dye (excitation: 405nm, detection:
410-478nm); LipidSpotTM 610, MitoViewTM 633 dye, MitoTrackerTM Deep Red FM
(excitation: 612nm, detection: 617-729nm); EGFP (excitation: 488nm, detection:
493-557nm); TomatoRed and Human DiI high oxidized LDL (excitation: 554nm,
detection: 559-616nm). Crystals were detected using confocal reflection microscopy,
with the reflection light captured by placing the detector channel over the
wavelength of the selected laser channel (excitation: 488nm, detection: 486-491nm).
Spectral channel settings were chosen to optimize intensity while limiting
bleed-through and background noise. Images with a z-stack up to 30 μm and a time
up to seven hours were acquired to represent plaque overview and activity in real
time in reconstructed 3D z-projections. The raw images were deconvolved using the
lightning algorithms of the acquisition software Leica Application Suite X (LAS X 3.4;
Leica Microsystems). Image processing was performed with LAS X 3.7 (Leica
Microsystems) to generate the final representative images and videos.

Fig. 7: Schematic overview for live imaging of atherosclerotic plaques
Aortic arch and root tissues were harvested from WD-fed Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox and

Apoe-/-mTmG/LysMCreT/T/DicerWT/WTmice mice, cut open to expose the luminal surface with plaques,

and mounted luminal side down in chamber slides. Live plaques were imaged using confocal laser
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scanning microscopy under physiological conditions maintained at 37 °C with controlled CO₂ supply,

allowing visualization of EGFP+ myeloid cells, TomatoRed+ non-myeloid cells, and CCs. Schematic

illustration created with BioRender.com.

2.4.2 Lipid droplet analysis
LipidSpotTM 610 (Biotium) was used to stain lipid droplets. The Lipidspot-positive
area in EGFP-positive cells (central 2-3 z-stacks without nuclei area) was quantified in
confocal images of mouse plaques using Fiji (ImageJ, version 2.3.0). The individual LD
size in the plaque macrophages was determined in 3D reconstructions of the
confocal images using the LASX 3D Analysis module (Leica).

2.4.3 Mitochondria analysis
Dyes that label mitochondria with an intact mitochondrial membrane potential
(BioTracker 405 Blue Mitochondria dye, Sigma-Aldrich, and MitoViewTM 633,
Biotium) were used to visualize mitochondrial activity. MitoTrackerTM Deep Red FM
(Thermo Fisher Scientific) was used to label mitochondrial morphology. BioTracker
405 signal-positive area in EGFP-positive cells (central 2-3 z-stacks without nuclei
area) was quantified in confocal images of mouse plaques using Fiji (ImageJ, version
2.3.0).

2.4.4 oxLDL uptake analysis
Dil-labeled oxidized LDL (Dil-oxLDL; Kalen Biomedical) was added to plaque tissue
during live imaging to assess the oxLDL uptake capacity of plaque macrophages.
Co-localization of the red Dil-oxLDL signal with green EGFP signal was identified as
oxLDL uptake by macrophages and quantified using 3D image analysis in the Leica
Application Suite X software (version 3.7.5).

2.4.5 Apoptosis analysis
The dye consists of a fluorogenic DNA dye coupled to the caspase-3/7 DEVD
recognition sequence, which will stain DNA after being cleaved by caspase-3/7
(BioTracker NucView® 405 Caspase-3, Sigma-Aldrich). This was used to indicate
caspase 3 and 7 activity and visualize DNA morphology and distribution after caspase
3 and 7 activation. Caspase3-positive plaque macrophages (EGFP positive) were
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counted in the plaque region using Fiji (ImageJ, version 2.3.0). Extracellular DNA
stained with the caspase-3 dye was quantified as caspase-3 dye-positive regions that
did not overlap with TomatoRed or EGFP signals, using 3D image analysis in LASX.

2.5 Seahorse assay
To assess mitochondrial function of the aorta tissue, the oxygen consumption rate
(OCR) was measured using the Seahorse XFe24 Analyzer. One day before
measurement, the sensor cartridge was hydrated with Seahorse XF Calibrant in a
non-CO2 incubator at 37 °C overnight. Plaques from the lower curvature of the aortic
arch, and the adjacent normal aortic tissue were harvested from
Apoe-/-/LysMCreT/T/Dicerflox/flox and Apoe-/-/LysMCreT/T/DicerWT/WT mice following 24
weeks of WD feeding. Subsequently, each plaque tissue was immediately put into
one well of the Seahorse XFe24 Islet Capture FluxPak containing 500 μL assay
medium (supplemented with Seahorse XF DMEM, 1M Seahorse XF Glucose, 100 mM
Seahorse XF Pyruvate, and 200 mM Seahorse XF L-Glutamine). Tissues were
stabilized in the well by capture screens. Next, the plate containing tissues was
placed in the non-CO2 incubator at 37 °C for 60 minutes before measurement. The
following drugs were injected through ports in the Seahorse Flux Pak cartridges
during measurement: Oligomycin (4 µM), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 1 µM), rotenone (5 µM), and antimycin A (5 µM). After
measurement, the tissue was fixed in 4% PFA and imaged using inverted Thunder
microscopy (Leica). Tissue size was quantified by Image J. OCRs were normalized to
tissue size. Basal and maximal respiration, spare respiratory capacity (SRC), ATP
production, non-mitochondrial respiration, and proton leak were analyzed using
Agilent XF Seahorse Analytics (https://seahorseanalytics.agilent.com/).

2.6 Lipid and CC analysis in murine aorta
Following overnight fixation and removal of the adventitia, the aorta was opened
along its longitudinal axis, and the en-face was stained with Oil Red O to visualize
lipid accumulation. Imaging of the whole aorta was subsequently performed using a
Leica DM6 B Thunder upright microscope (Leica). Bright-field images for lipid
visualization were acquired with a DFC365 FX camera, while CC was visualized under
polarized light using a K5 camera in combination with a polarizing filter.
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Crystal-positive areas within Oil Red O-stained regions were quantified using Fiji
(ImageJ, version 2.3.0).

2.7 Cell culture
Bone marrow cells were isolated from the femurs and tibias of
Apoe-/-/LysMCreT/T/Dicerflox/flox or Apoe-/-/LysMCreT/T/DicerWT/WT mice. The cells were
then cultured in DMEM/F12 medium supplemented with 10% FBS and 10%
L929-conditioned medium for 7 days to induce the differentiation into BMDMs.
To generate oxidized low-density lipoproteins (oxLDL), human low-density
lipoproteins (LDL; Merck) were dialyzed using D-tube Midi Dialyzer tubes (Merck) for
24 hours at 4 °C to remove EDTA. After dialysis, LDL was oxidized by incubation with
10 µM CuSO4 at 37 °C. The absorbance at 234 nm was measured using a
Spectrophotometer (Implen). The oxidation reaction was terminated by adding 20
µM EDTA when the absorbance at 234 nm did not change in three consecutive
measurements within one and a half hours. The resulting oxLDL was then purified
using a PD-10 desalting column (Cytiva) to remove residual EDTA and CuSO4, and
stored at 4 °C for up to one week until use. Foam cell was induced by incubating the
BMDMs with oxLDL (100 µg/ml) for 72 hours. Inflammatory macrophages were
induced by stimulating BMDMs with LPS (100 ng/ml, Merck) for 22 hours and 10
ng/ml IFN-γ (PeproTech) for 16 hours.

2.8 Liquid chromatography-tandem mass spectrometry

(LC-MS/MS)
LPS/IFN-γ-treated and oxLDL-treated BMDMs from Apoe-/-/LysMCreT/T/Dicerflox/flox

and Apoe-/-/LysMCreT/T/DicerWT/WT mice were harvested, pelleted, and frozen until
further use. The cell pellets were subsequently transferred to the ZfP facility of the
LMU Biomedical Center to conduct LC-MS/MS analysis, following the protocol
described by Kaseder et al71. The detected proteins from
Apoe-/-/LysMCreT/T/Dicerflox/flox mice and Apoe-/-/LysMCreT/T/DicerWT/WT mice groups
were compared using the Limma package within ImShot (version 1.0.1). Proteins
showing a fold change (FC) greater than 1.3 and an adjusted P-value less than 0.05
were considered significantly different between the groups. Pathway enrichment
analysis for differentially expressed proteins was conducted using Ingenuity Pathway
Analysis (IPA, Qiagen) or g: Profiler
(https://biit.cs.ut.ee/gprofiler_archive3/e98_eg45_p14/gost) to identify significantly
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enriched pathways and biological processes. Pathway activation states were
predicted using the IPA z-score algorithm, with thresholds of z-score > 2 or < −2
indicating predicted activation or inhibition, respectively.

2.9 GFP-tagged Ago2-IP-seq
To identify the targets of Dicer-generated miRNAs, I conducted GFP-tagged Ago2
immunoprecipitation (IP) of arteries and BMDMs using
Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox and Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT

mice. The target mRNAs of Dicer-mediated miRNAs in plaque macrophages or
BMDMs were enriched in the IP samples. To prepare artery samples, carotids, aortas,
and aortic roots from each mouse were harvested and pooled. The tissues were
minced into small fragments and transferred into pre-chilled safe-lock tubes
containing lysis buffer, protease inhibitor, and RNaseout. The tubes were then
placed in the pre-chilled tissue lyzer (Qiagen) and homogenized at 50 Hz for two
minutes, followed by one minute at 50 Hz, to ensure thorough disruption. Following
homogenization, samples were incubated on ice for 15 minutes and centrifuged at
7,000 x g for 15 minutes at 4 ° C. To prepare BMDM samples, BMDMs were
harvested and incubated with lysis buffer containing protease inhibitor and
RNaseout for 20 min at 4°C and centrifuged at 7,000 x g for 15 minutes at 4 °C. After
centrifugation, the supernatant from aorta and BMDMs samples were collected,
with an aliquot from each stored as before IP (BIP) control, and the remaining lysates
were used for subsequent immunoprecipitation. Following sample preparation,
tAGO2 was immunoprecipitated using GFP-Trap agarose beads (Chromotek,
Proteintech) containing agarose beads coupled with a GFP Nanobody/VHH. Briefly,

sample lysates were incubated with GFP-Trap agarose beads for two hours at 4°C
on a rocking platform, and subsequently washed thoroughly to remove non-specific
bindings. Bound complexes were eluted using acidic elution buffer, immediately
neutralized with Tris buffer (1 M, pH 10.4), and centrifuged to collect the
supernatant as the after IP (AIP) samples. According to the manufacturer's protocol,
RNA was then extracted from the BIP and AIP samples using the PicoPure RNA
Isolation Kit (Thermo Fisher Scientific). The concentration and purity of isolated RNA
were measured with a spectrophotometer (Implen), and samples were stored at
-80 °C until use. After collection, all IP samples were submitted to the Anthropology
and Human Genomics department of LMU for Prime-sequencing, as previously
developed and described by Janjic et al72. For analysis, the RNA read count ratio of
AIP to BIP was calculated to represent RNA RISC abundance in BMDM IP samples,
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and the AIP read counts were used to indicate RNA RISC abundance in aorta tissue IP
samples.

Fig. 8: Workflow of GFP-tagged Ago2-IP-seq
Aortic tissues (including carotid, aorta, and root) and BMDMs were isolated from

Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox and Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT mice. After tissue

lysis and homogenization, GFP-tagged AGO2 complexes were immunoprecipitated using GFP

nanobody-conjugated agarose (GFP-Trap). Co-immunoprecipitated RNA within the RISC was purified

and used for RNA sequencing to identify mRNAs targeted by Dicer-mediated miRNAs in myeloid cells.

Schematic illustration created with BioRender.com.

2.10 Automated Western Blot (JESS)

To assess target protein expression in tissues or cells, I conducted the automated
capillary-based western blotting system (JESS, ProteinSimple, USA) according to the
manufacturer’s protocol. Briefly, cell or tissue lysates were prepared using lysis
buffer, and protein concentrations were determined using the DC protein assay
(Bio-Rad Laboratories). Prior to analysis, protein samples were mixed with

fluorescent master mix and DTT and denatured by heating at 95 °C for 5 minutes.
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Subsequently, protein samples and biotinylated ladder were loaded onto the
pre-filled plate (12-230 kDa Separation Module, ProteinSimple). GFP antibodies
(Rockland), pSTAT1 antibodies (Invitrogen), secondary antibodies (anti-rabbit HRP
conjugate, ProteinSimple; anti-mouse HRP conjugate, ProteinSimple;
streptavidin-HRP conjugate, Bio-techne) were loaded into the plate. The mixture of
luminol-S and peroxide (Thermofisher Scientific) was loaded for chemiluminescent
detection. Protein normalization reagents (ProteinSimple) were loaded onto the
plate as internal controls for protein loading normalization. After all the loading, the
plate was installed in the Jess system (ProteinSimple’s Jess, Bio-techne) for
automatic protein separation, immobilization, immunoprobing, and
chemiluminescence detection. Target protein signals were quantified based on the
area under the curve (AUC) of the chemiluminescent peaks and normalized to the
total protein signal from the normalization reagent using Compass for Simple
Western software (ProteinSimple).

2.11 Mitochondrial DNA detection
To assess cytosolic release of mitochondrial DNA (mtDNA) in LD-containing
macrophages, the cytosolic level of a representative mtDNA, cytosolic cytochrome c
oxidase I was quantified by quantitative PCR (qPCR). Briefly, oxLDL-treated BMDMs
from Apoe-/-/LysMCreT/T/Dicerflox/flox and Apoe-/-/LysMCreT/T/DicerWT/WT mice were
harvested and resuspended in PBS. One-tenth of the cell suspension was used for
total DNA extraction, while the remaining cell suspension was processed for
cytosolic DNA isolation.
To prepare the cytosolic fraction, I used the Mitochondria Isolation Kit for Cultured
Cells (Thermo Scientific). The cell suspension was centrifuged at 300 g to remove
supernatant, and the cell pellet was resuspended in Reagent A, followed by brief
vortexing and incubation on ice to initiate plasma membrane disruption. Reagent B
was then added to halt the lysis reaction and preserve mitochondrial integrity,
followed by Reagent C to facilitate mitochondrial stabilization before differential
centrifugation. The homogenate was first centrifuged at 700 g for 10 minutes to
remove nuclei and intact cells, and then at 12,000 g for 15 minutes to pellet
mitochondria. The resulting supernatant was collected as the cytosolic fraction. For
preparation of the total fraction, the cell suspension was centrifuged at 300 g to
remove supernatant and resuspended in PBS containing proteinase K to degrade
proteins.
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DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The total fraction
was incubated with Buffer AL at 56 °C for 10 min. Ethanol (96-100%) was then added
to the total and cytosolic fractions, and the mixtures were vortexed thoroughly to
obtain homogeneous solutions. DNA was purified using column-based extraction per
the manufacturer’s instructions, eluted in nuclease-free water, and quantified using
a NanoPhotometer (Implen).
qPCR was performed to detect the mtDNA-encoded gene cytochrome c oxidase I,
using specific primers (forward: 5’- GCCCCAGATATAGCATTCCC -3’; reverse: 5’-
GTTCATCCTGTTCCTGCTCC -3’). Amplification was conducted using GoTaq® qPCR and
RT-qPCR Systems (Promega) on a QuantStudio ™ 6 Flex Real-Time PCR System
(Qiagen). To account for potential contamination and variation in DNA input, mtDNA
levels detected in the cytosolic fraction were normalized to the total DNA content
(from the total cell fraction) of each corresponding sample. Relative cytosolic mtDNA
levels were then compared between Apoe-/-/LysMCreT/T/Dicerflox/flox and
Apoe-/-/LysMCreT/T/DicerWT/WT mice groups using the ∆∆Ct method.

2.12 Immunostaining
Sections of paraformaldehyde-fixed, paraffin-embedded murine aortic root sections
were deparaffinized in xylene and rehydrated through a graded ethanol series to
distilled water. For antigen retrieval, the sections were heated in citrate buffer (pH 6)
in the microwave at 600W for 20 min, then gradually cooled to room temperature.
After rinsing with PBS, sections were blocked with 1% bovine serum albumin in PBS
for 30 minutes at room temperature to avoid non-specific antibody binding. Sections
were then incubated with anti-Ftl1 antibody (Proteintech) and anti-Mac2 antibody
(in-house preparation, supernatant from hybridoma cell line M3/38.1.2.8 HL.2)

overnight at 4°C in a humidified chamber. The following day, sections were washed
thoroughly with PBS and then incubated with secondary antibodies conjugated with
a fluorescent dye, such as anti-rat-FITC (Jackson ImmunoResearch) and
anti-Rabbit-Cy3 (Jackson ImmunoResearch), for 30 min at room temperature in the
dark. Sections were subsequently washed with PBS and mounted using Vectashield
mounting medium containing DAPI (Vector Laboratories). Fluorescent images were
acquired using a confocal laser scanning microscope.

2.13 Binding site analysis/prediction
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To identify possible miRNA binding sites for the target mRNAs, their 3' untranslated
region (3'-UTR) sequences were retrieved from the Ensembl database
(https://www.ensembl.org/index.html). The sequence of all murine miRNAs was
taken from miRBase 22.1 (http://www.mirbase.org/). Subsequently, miRNA target
site prediction was performed using RNAhybrid
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid), including the identification of
both canonical sites (8-mer, 7-mer-m8, and 7-mer-A1, defined by perfect seed
pairing without G: U wobble and a helical constraint from nucleotides 2-7) and
non-canonical sites (based on the helical constraint from nucleotides 2-7). In
addition, TargetScanMouse version 8.0 (http://www.targetscan.org/vert_80/) was
used to predict evolutionarily conserved miRNA binding sites based on seed
sequence complementarity and cross-species conservation.

2.14 Statistical analysis
Statistical analysis was performed using Prism 10 software (GraphPad Software, USA).
Prior to analysis, the Shapiro-Wilk test (n<5) and the Kolmogorov-Smirnov test (n>5)
were used to test whether the data are normally distributed. All data are shown as
mean±standard deviation (SD). For comparisons between two independent groups,
Student’s t-tests were performed. Comparisons for more than two groups were
performed using one-way ANOVA, followed by Fisher’s LSD test. Comparisons of
proteomics data were performed using Limma (ImShot_1.0.1), including analyses
between Apoe-/-/LysMCreT/T/Dicerflox/flox mice and Apoe-/-/LysMCreT/T/DicerWT/WT mice
groups, and between LPS/IFN-γ-treated and oxLDL-treated BMDMs within the
Apoe-/-/LysMCreT/T/DicerWT/WT mice. RNA RISC abundance was compared between
Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox and Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT

mice groups in BMDMs using multiple t-tests with a 1% FDR, controlled by the
two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, and in aortas
using one-tailed multiple t-tests. Differentially expressed miRNAs in oxLDL-treated
BMDMs between Apoe-/-/LysMCreT/T/Dicerflox/flox and Apoe-/-/LysMCreT/T/DicerWT/WT

mice groups were compared using multiple t-tests with Holm-Šídák correction. For
IPA analysis, statistical significance was determined using Fisher’s exact test with
Benjamini-Hochberg multiple comparison correction to control the FDR. For g:
Profiler analysis, the significance of enrichment was determined using the g: SCS
multiple testing correction method, with an adjusted P-value (FDR) threshold of <
0.05. The analysis was performed using the default background set provided by g:
Profiler.
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3. Result
3.1 Effect of Dicer on lipid accumulation in plaque macrophages
The previous study indicates that Dicer reduces lipid accumulation in plaque
macrophages, probably due to the regulation of mitochondrial activity65. However,
the exact mechanism of this Dicer effect is unclear. In this study, 4D live plaque
imaging was performed utilizing mTmG reporter Apoe-/- mice to investigate the
impact of Dicer knockout on mitochondrial activity and lipid droplet accumulation.
Based on the lipid droplet (LD) content, plaque macrophages were classified into
three subgroups: 30% contained less than 5% LDs (LDlow), 20% contained 5-20% LDs
(LDinter), and around 50% contained more than 20% LDs (LDhigh, Fig. 9A and B).
Moreover, the area of active mitochondria was reduced in LDhigh and LDinter

macrophages compared to LDlow macrophages (Fig. 9A and C).
To confirm the mitochondrial activity analysis from the live plaque imaging, OCR of
the aortic arch tissue with or without plaque was measured using a Seahorse assay.
In the presence of plaques, spare respiration capacity was lower, while the proton
leak was higher than in normal aortic arches (Fig. 9D). This result suggests a lower
level of mitochondrial respiration and a higher level of mitochondrial uncoupling in
LDhigh macrophages, the most abundant plaque cell type. Taken together, these
findings indicate that LD accumulation impairs mitochondrial function in
macrophages.
Next, I explored whether Dicer regulates the LD accumulation in plaque
macrophages. To this end, I conducted live plaque imaging utilizing mTmG reporter
Apoe-/- mice with a myeloid cell-specific Dicer knockout. Dicer knockout increased
the LDhigh and reduced the LDlow macrophage fraction (Fig. 9E), suggesting that
Dicer limits the formation of LD-containing macrophages.
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Fig. 9: Dicer knockout increased lipid accumulation in plaque macrophages
(A) 3D view of an arch plaque from an Apoe-/-mTmG/LysMCreT/T/DicerWT/WT mouse, with LDs stained

by lipidspot and mitochondria by BioTracker 405 Blue Mitochondria (Biotracker). Arrow, an

LD-containing macrophage with low mitochondrial activity; arrowhead, a non-LD-containing

macrophage with high mitochondrial activity; asterisk, an EC with high mitochondrial activity. (B) LD

content in plaque macrophages was analyzed. The percentage of LD area within the macrophage area

was determined in 256 plaque macrophages from 9 mice. (C) Active mitochondria content of plaque

macrophages, determined by the BioTracker 405 Blue Mitochondria dye, shown as

mitochondria-positive area in the macrophage. Statistical significance was determined by one-way

ANOVA with Fisher’s LSD test (n=3 mice per group). (D) OCR in aortic arch tissues with or without

plaques from Apoe-/-/LysMCreT/T/DicerWT/WT mice was measured by Seahorse assay. Basal and

maximal respiration, SRC, ATP production, non-mitochondrial respiration, and proton leak were

compared between the two groups using Student’s t-test (n=6 mice per group). (E) Macrophage

subtype ratios were compared between plaques from Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-)

and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice using Student’s t-test, three subtypes in each

genotype were compared by one-way ANOVA with Fisher’s LSD test (n=8-9 mice per group).

3.2 Effect of Dicer on LD size and oxLDL uptake
Next, I investigated whether Dicer affects LDhigh macrophage accumulation by
regulating LD size. Dicer knockout increased LD size by more than twofold in
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macrophages (Fig. 10A), suggesting Dicer inhibits LD expansion, which contributes to
limiting the formation of LDhigh macrophages. Moreover, most of the LDs contained
crystals in their core region, probably CCs (Fig. 10 B), indicating that crystal formation
contributes to the effect of Dicer knockout on LD growth.

Fig. 10: Dicer knockout increased LD size in plaque macrophages
Live plaque imaging was performed for aortic arch tissue with plaques from
Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice.
3D reconstructions of the z-stacks are shown. (A) Volume of individual LDs in macrophages was
determined after staining with Lipidspot. Statistical significance was determined by Student’s t-test
(n=4-6 mice per group). (B) Crystals were detected by reflection confocal microscopy in macrophage
LDs.

To investigate whether oxLDL uptake contributes to LD formation, plaque tissue was
incubated with DiI-labeled oxLDL before live imaging. oxLDL co-localized with LDs,
indicating that oxLDL uptake facilitates LD formation. Then I checked whether Dicer
reduced LD size by affecting oxLDL uptake. Notably, the amount of oxLDL in plaque
macrophages did not differ between Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox and
Apoe-/-mTmG/LysMCreT/T/DicerWT/WT mice (Fig. 11), indicating that Dicer does not
limit LD accumulation in macrophages by regulating oxLDL uptake.
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Fig. 11: Dicer knockout did not affect the uptake of oxLDL by plaque macrophages.
Live plaque imaging was conducted on aortic arch tissues with plaques from

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice

after incubation with Dil-labeled oxLDL. A representative 3D reconstruction of the z-stacks is

displayed. The volume of Dil-labeled oxLDL in macrophages was compared between

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice

using Student’s t-test (n=3-6 mice per group).

3.3 Role of Dicer in mitochondrial function in macrophages
To investigate how Dicer influences the mitochondrial function of plaque
macrophages, I incorporated mitochondrial membrane potential dyes together with
LipidSpot during live plaque imaging. Notably, Dicer knockout reduced mitochondrial
activity in both LDhigh and LDlow plaque macrophages (Fig. 12A, B). Consistent with
this finding, measurement of the OCR in plaques by Seahorse assay showed that
Dicer knockout reduced basal respiration, maximal respiration, and ATP production
(Fig. 12C), suggesting that Dicer promotes mitochondrial respiration in different
macrophage subtypes.
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Fig. 12: Dicer knockout decreased the mitochondrial activity of plaque macrophages.
(A) Live plaque imaging was performed on aortic arch tissues with plaques from

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice,

with LDs stained by lipidspot and mitochondria by BioTracker 405 Blue Mitochondria (Biotracker). A

3D reconstruction of the z-stacks is shown. (B) The mitochondrial activity of plaque macrophage

subtypes was assessed using Biotracker 405 Blue Mitochondria dye and compared between

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice

using a Student’s t-test (n = 3-4 mice per group). (C) The oxygen consumption rate (OCR) in aortic arch

tissues with plaques from Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT

(Dicer+/+) mice was assessed using Seahorse assay. Basal and maximal respiration, SRC, ATP

production (ATP prod.), non-mitochondrial respiration (Non-mito), and proton leak were compared

between the two groups using Student’s t-test (n=8 mice per group).
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Additionally, the distribution pattern of mitochondria was influenced by LD content.
In contrast to their preferential cytosolic localization (cytosolic mitochondria) in
LDhigh macrophages, mitochondria co-localized with LDs, resembling peri-droplet
mitochondria (PDM)73,74, primarily in LDinter macrophages (Fig. 13A, B). Cytosolic
mitochondria and PDMs are supposed to have opposite functions in LD metabolism73.
Notably, Dicer knockout increased the proportion of LDinter and LDhigh macrophages
with PDMs (Fig. 13A, B). These results indicate that Dicer limits LD formation by
redistributing mitochondria from a peri-droplet to cytosolic localization.

Fig. 13: Dicer knockout affected mitochondrial distribution in plaque macrophages
(A) Live plaque imaging was performed on aortic arch tissues with plaques from

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT mice, with LDs stained

by lipidspot and mitochondria by BioTracker 405 Blue Mitochondria (Biotracker). Cross-sectional

views of a 3D reconstruction are shown. Scale bars: 5 μm. (B) The fraction of macrophages containing

PDMs was compared between Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and

Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice. The percentage of PDM⁺ macrophages in each

subtype was compared between genotypes using Student’s t-test. Comparisons among subtypes

within the genotype were performed using one-way ANOVA with Fisher’s LSD test (n = 3 mice per

group).

3.4 Effect of Dicer on macrophage apoptosis and secondary
necrosis in plaques
Because mitochondrial dysfunction may lead to cell death, I investigated caspase-3
activity in plaque macrophages using the NucView® 405 Caspase-3 dye, which stains
DNA upon cleavage by caspase-3. I detected caspase 3 activation in 30% of the LDhigh,
20% of LDinter, but not in LDlow macrophages (Fig. 14A, B). Dicer knockout increased
caspase 3 activation in LDhigh but not in LDlow and LDinter macrophages (Fig. 14A, B).
Notably, in some LDhigh macrophages, the cytosol was stained by the caspase 3
activated DNA dye (C3D) together with nuclear DNA, indicating the presence of
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cytosolic DNA (Fig. 14A). Moreover, knockout of Dicer led to an increase of LDhigh

macrophages with cytosolic DNA stained by C3D (Fig. 14C). Using a mitochondrial
membrane potential-dependent mitochondria dye (Mitoview 633), I observed that
C3D+ cytosolic DNA appeared at sites next to mitochondria that lost their membrane
potential (Fig. 14D), indicating the cytosolic DNA was likely mtDNA released from
dysfunctional mitochondria. Taken together, Dicer inhibited caspase 3 activation in
response to mtDNA release in LDhigh macrophages.

Fig. 14: Dicer knockout increased caspase 3 activation in LDhigh macrophage
Live plaque imaging was performed on aortic arch tissues with plaques from

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice.

3D views are shown. (A) Representative images of C3D staining in plaques. The arrow indicates LDhigh

macrophage, and the arrowhead indicates LDlow macrophage. Lesional macrophage apoptosis (B) and

macrophage with cytosolic DNA distribution (C) were determined by C3D staining for

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice.

The percentage of Cas3+ macrophages in each subtype was compared between genotypes using

Student’s t-test. Comparisons among the three subtypes within the genotype were performed using

one-way ANOVA with Fisher’s LSD test (B, n = 4-9 mice per group). The percentage of cytosolic DNA+
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macrophages was compared with Student’s t-test (C, n = 4-10 mice per group). (D) Caspase 3 activity

and mitochondrial activity in plaque macrophages were visualized within one hour and 22 minutes.

Arrows indicate sites where the Mitoview signal diminished and a caspase-3-activated DNA signal

appeared.

Notably, I observed that some C3D+ LDhigh macrophages with a cytosolic DNA
distribution lost their membrane signal after caspase 3 activation, suggesting that
these cells underwent secondary necrosis (Fig. 15). The loss of membrane signal
suggests that their cellular contents, such as DNA, were exposed to the extracellular
space.

Fig. 15: Macrophage with C3D+ cytosolic DNA underwent secondary necrosis
Live plaque imaging was performed for an aortic arch tissue with plaques from a

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox mouse. A 3D view is shown. Time of imaging is indicated. Arrows

indicate an LDhigh macrophage showing caspase 3 activation and cytosolic DNA distribution, followed

by membrane loss.

Next, I investigated Dicer's role in regulating the secondary necrosis of apoptotic
macrophages by assessing the extracellular Cas3+ DNA levels. I discovered that the
absence of Dicer resulted in a higher volume of extracellular DNA in the plaque (Fig.
16), suggesting that Dicer plays a protective role against secondary necrosis, thereby
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reducing DNA exposure to the extracellular environment. Interestingly, some of the
extracellular DNA exhibited a tubular structure (Fig. 16).

Fig. 16: Dicer knockout increased extracellular DNA accumulation in the plaque
Live plaque imaging was performed on aortic arch tissues with plaques from

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT (Dicer+/+) mice.

A 3D view is shown. Arrows indicate extracellular DNA, and arrowheads indicate extracellular DNA

with a tube-like morphology. Extracellular DNA was quantified as C3D+ DNA volume not co-localized

with EGFP and TomatoRed, normalized to the total imaging volume in the plaque, and compared

between Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT

(Dicer+/+) mice using Student’s t-test (n=5-6 mice per group).

3.5 Effect of Dicer on crystal formation in the plaque
Apoptosis and secondary necrosis of LD-containing macrophages are associated with
the formation of CCs in plaques. Therefore, crystal deposition in the plaque was
checked using reflection microscopy during live plaque imaging. Notably, I observed
extracellular crystals formed at the surface of extracellular Cas3+ DNA (Fig. 17A, B),
suggesting that extracellular Cas3+ DNA may serve as a nucleation site for
crystallization. Moreover, I observed the co-localization of needle-like crystals with
membrane debris and mitochondria (Fig. 17C). These results indicate that cellular
contents released after necrosis contribute to CC formation.
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Fig. 17: Crystal deposition in the plaque
Live plaque imaging was performed on aortic arch tissues with plaques from

Apoe-/-mTmG/LysMCreT/T/Dicerflox/flox and Apoe-/-mTmG/LysMCreT/T/DicerWT/WT mice. Crystals were

visualized by reflection confocal microscopy. Section views are shown. (A) Representative image of

crystals co-localized with extracellular DNA. (B) Cross-section view of (A) to demonstrate the

co-localization of DNA and crystal, indicated by arrows. Scale bars: 5 μm. (C) Representative image of

crystals co-localized with membrane debris (EGFP) and mitochondria (Mitotracker). Scale bars: 5 μm.

To evaluate Dicer's effect on plaque crystal formation, polarized light microscopy
was used to detect crystals in en face-prepared aortas following Oil Red O staining.
The plaque crystal area increased after Dicer knockout (Fig. 18 A-C), suggesting Dicer
limits plaque crystal formation by preventing the accumulation of extracellular DNA
following secondary necrosis.
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Fig. 18: Dicer knockout promoted crystal formation in the plaque
CCs were studied in oil red-O-stained, en face prepared aortas from Apoe-/-/LysMCreT/T/Dicerflox/flox

(Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice by polarized light microscopy. Red is oil

red-O signals, and white is crystal signals. (A) Representative images of crystals in oil red-O-stained

aortic arch. (B) Magnified view of the region outlined by the red squares from (A). (C) Crystal area in

the plaque area (identified by oil red-O positive area) was compared between

Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice using

Student’s t-test (n=3-4 mice per group).

3.6 Distinct effects of Dicer on interferon signaling in

macrophage subtypes

LD-containing and inflammatory macrophages constitute two main subtypes in the
plaque37,38. To investigate the effect of Dicer on LD-containing and inflammatory
macrophages, proteomic analysis of oxLDL or LPS/IFN-γ-treated BMDMs from
Apoe-/-/LysMCreT/T/Dicerflox/flox and Apoe-/-/LysMCreT/T/DicerWT/WT mice was
performed. LPS/IFN-γ treatment in BMDMs from the Apoe-/-/LysMCreT/T/DicerWT/WT

mice up-regulated proteins involved in immune and interferon response, such as
STAT1, STAT2, ISG15, and IFIT3, while oxLDL treatment up-regulated proteins related
to lipid metabolism like CD36 and ACBA1 (Fig. 19A). Consistently, the defense
response to viruses, the response to type I interferon, the response to
lipopolysaccharides, and the response to lipids were the most significantly enriched
pathways identified by g:Profiler (Fig. 19B).
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Fig. 19: Proteomic comparison between inflammatory and LD-containing
macrophages
(A) Proteomic analysis of oxLDL-treated and LPS/IFN-γ-treated BMDMs from

Apoe-/-/LysMCreT/T/DicerWT/WT mice (n=5 per group, Limma-test), shown by volcano plot. (B)

Pathway analysis for differentially expressed proteins (DEPs) between oxLDL-treated and

LPS/IFN--treated BMDMs from Apoe-/-/LysMCreT/T/DicerWT/WTmice, identified by using g: Profiler.

In oxLDL-treated macrophages, Dicer knockout up-regulated 456 and
down-regulated 538 out of 3809 studied proteins [adj. P< 0.05, absolute fold change
(FC) > 1.3] (Fig. 20A). In LPS/IFN- γ-treated macrophages, 394 out of 3805 detected
proteins were up-regulated and 318 were down-regulated by knockout of Dicer (Fig.
20B, adj. P< 0.05, absolute FC > 1.3). Notably, Dicer knockout regulated only 22
proteins in the same direction in oxLDL-treated and LPS/IFN-γ-treated BMDMs, with
10 proteins up-regulated, such as Hmox1, and 12 down-regulated, such as Myl6.
Next, we conducted pathway analysis for DEPs using Ingenuity Pathway Analysis
(IPA). In oxLDL-treated macrophages, Dicer knockout most strongly enriched and
activated the interferon signaling pathway (Fig. 20C). Key regulators of interferon
pathway, such as STAT1 and STAT2, and the interferon-stimulated proteins like
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ISG15, and IFIT3, were up-regulated after Dicer knockout (Fig. 20A). However, in
LPS/IFN-γ-treated macrophages, the interferon signaling pathway was inhibited (Fig.
20D), with pathway-related proteins such as STAT2 and IFIT3 down-regulated
following Dicer knockout (Fig. 20B). Notably, the degradation of chondroitin sulfate
was the most enriched and inhibited pathway after Dicer knockout in
LPS/IFN-γ-treated macrophages. (Fig. 20D). These findings suggest that Dicer plays
distinct and even opposing roles in oxLDL- and LPS/IFN-γ treated macrophages
concerning the interferon response.

Fig. 20: Differential effect of Dicer knockout on interferon signaling in macrophage
subtypes
(A and B) Proteomic analysis of oxLDL-treated (A) and LPS/IFN-γ-treated (B) BMDMs from

Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice (n=5 per

group, limma-test), shown by volcano plot. (C and D) Ingenuity Pathway Analysis for DEPs in

oxLDL-treated (A) and LPS/IFN-γ-treated (B) BMDMs between Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-)

and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice, positive z-score and negative z-score indicate the

pathway is activated and inhibited, respectively.
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Release of mtDNA into the cytosol has been reported to induce the
pSTAT1-dependent Type I interferon response75,76. Given the observation of cytosolic
DNA distribution in LDhigh macrophages, I hypothesized that Dicer knockout triggers
interferon signaling by promoting mtDNA release in LD-containing macrophages. To
verify the hypothesis, I checked the cytosolic mtDNA accumulation by measuring the
cytosolic level of cytochrome c oxidase I DNA using PCR to determine the mtDNA
release. Accordingly, Dicer knockout increased cytosolic cytochrome c oxidase I level
in oxLDL-treated macrophages (Fig. 21A), indicating that Dicer plays a role in
LD-mediated mtDNA release. Moreover, Dicer knockout increased the protein level
of phosphorylated STAT1 (pSTAT1) detected by JESS (Fig. 21B). Taken together, Dicer
limits mtDNA release and pSTAT1-mediated activation of interferon signaling in
LD-containing macrophages.

Fig. 21: Dicer knockout promoted mtDNA release and type I interferon signaling
pathway activation in LD-containing macrophages
(A) Quantitation of mtDNA Cytochrome c oxidase I DNA level in the cytosol of oxLDL-treated BMDMs

from Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice (n=2).

Student’s t-test was used to compare the groups. (B) Quantitation of pSTAT1 protein expression in

oxLDL-treated BMDMs from Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT

(Dicer+/+) mice [detected by Jess, normalized to the total protein (PN), n=3]. The blot of three

replicates is shown. Student’s t-test was used to compare the groups.

3.7 Targets of miRNAs generated by Dicer in macrophages
Dicer controls the maturation and expression of almost all miRNAs65. Therefore, I
investigated the effect of Dicer knockout on miRNA targeting in macrophages. To
this end, I conducted tAGO2-GFP IP using aortic tissue and BMDMs in
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Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox and Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT

mice expressing tAGO2 proteins specifically in myeloid cells. The tAGO2 protein was
detected using a GFP antibody in the after IP samples but not in the before IP
samples, confirming its specific enrichment after IP (Fig. 22A). Subsequently, IP
samples were used to perform the prime-sequencing and compared the mRNA
abundance in the IP samples between Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox and
Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT mice. In BMDMs, the enrichment analysis
revealed that Dicer knockout reduced the enrichment of 3956 out of 9769 genes
detected in the RISC (Fig. 22B, Log2FC > 1, q-value < 0.01). Among the 3956 genes,
484 and 306 mRNAs overlapped with the DEPs in oxLDL-treated and
LPS/IFN-γ-treated BMDMs, respectively. In contrast to Dennd10, which is not
regulated at protein levels, Hmox1, Itga5, and Mtap are among the most significantly
enriched mRNAs and up-regulated by Dicer at protein levels in oxLDL- and/or
LPS/IFN-γ-treated BMDMs (Fig. 22B and C).
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Fig. 22: Targets of Dicer-mediated miRNAs in BMDMs
(A) Detection of tAGO2 protein in before IP (BIP) sample and after IP (AIP) sample using GFP antibody

by JESS automated western blot system. (B) Volcano plot of RISC abundance is identified as the ratio

of AIP to BIP. Statistical analysis was performed using multiple t-tests with 1% FDR correction using

the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. (C) RISC abundances

(represented by the read count ratio of AIP to BIP) of the four genes most strongly enriched by Dicer

in BMDMs from Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox (Dicer-/-) and

Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT (Dicer+/+) mice and their protein levels in oxLDL-treated and

LPS/IFN-γ-treated BMDMs from Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and



50

Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+). RISC abundance were compared between genotypes using

multiple t-tests with a 1% FDR, controlled by the two-stage linear step-up procedure of Benjamini,

Krieger, and Yekutieli, and in aortas using one-tailed multiple t-tests. Protein expression levels (LFQ.

intensity) were compared between genotypes using Limma (ImShot v1.0.1).

In the atherosclerotic aorta, Dicer knockout in macrophages reduced 63 out of 178
detected mRNAs in the myeloid cell specific tAGO2-IP samples, such as Cathepsin B
(Ctsb), Interferon Alpha Inducible Protein 27 Like 2 (Ifit27l2a) and Heat Shock Protein
90 Alpha Family Class B Member 1 (Hsp90ab1) (Fig. 23A).
Among the miRNA targets that showed reduced enrichment after Dicer knockout in
plaque macrophages, 21 (33.3%) also showed reduction in BMDMs, including
Vimentin (Vim), Ferritin Light Chain (Ftl1) and CD74 (Fig. 23B). In contrast,
enrichment of targets like ISG15 and C3 were only reduced by Dicer knockout in
plaque macrophages, suggesting they are athero specific targets (Fig. 23B).
Notably, among the identical targets between BMDMs and plaque macrophages, Ftl1
was the only one up-regulated at the protein level following Dicer knockout (Fig.
23C). Moreover, Dicer knockout increased Ftl1 expression in oxLDL-treated but not
in LPS/IFN-γ-treated BMDMs (Fig. 23C), indicating that Dicer regulates Ftl1
specifically in LD-containing macrophages.
To confirm the effect of Dicer on Ftl1 expression, I examined Ftl1 levels in aortic root
plaques with immunofluorescence staining. Consistently, Dicer knockout increases
Ftl1 expression in plaque macrophages from the aortic root (Fig. 23D). Taken
together, these results indicate Dicer inhibits Ftl1 expression in LD-containing
macrophages by producing miRNAs.
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Fig. 23: Dicer knockout reduced Ftl1 targeting in LD-containing macrophages
(A) The ten mRNAs most strongly reduced in the Dicer knockout from the tAgo2 IP in aorta tissue

after 12 weeks of a high-fat diet. The mRNA abundance was quantified as AIP read counts in the

Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox (Dicer-/-) mice group, normalized to the

Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT (Dicer+/+) mice group. Statistical comparisons were performed

using one-tailed multiple t-tests. (n=3-4 mice in each group). *p<0.05, ** p<0.01, **** p<0.0001. (B)

The abundance of mRNAs from (A) in the RISC from BMDMs. The mRNA abundance was quantified as

read counts ratio of AIP to BIP in the Apoe-/-/tAgo2T/T/LysMCreT/T/Dicerflox/flox (Dicer-/-) mice group,

normalized to the Apoe-/-/tAgo2T/T/LysMCreT/T/DicerWT/WT (Dicer+/+) mice group. Statistical

comparisons were performed using multiple t-tests with 1% FDR correction using the two-stage linear

step-up procedure of Benjamini, Krieger, and Yekutieli (n=3-5 per group). *q<0.05, ** q<0.01. (C)

Comparison of Ftl1 protein expression levels in oxLDL-treated and LPS/IFN-γ-treated BMDMs between

Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice. (D)

Comparison of Ftl1 protein levels in plaque macrophages from the aortic root of

Apoe-/-/LysMCreT/T/Dicerflox/flox (Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice, quantified

as Ftl1+ area to Mac2+ area. Statistical analysis was performed using Student’s t-test (n=3-5 mice per

group).
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3.8 Regulation of miRNA expression by Dicer in LD-containing

macrophages
Next, I investigated which miRNAs are regulated by Dicer in LD-containing
macrophages by conducting miRNA profiling using nanostring nCounter expression
panel in oxLDL-treated BMDMs from Apoe-/-/LysMCreT/T/Dicerflox/flox and
Apoe-/-/LysMCreT/T/DicerWT/WT mice. In oxLDL-treated BMDMs from
Apoe-/-/LysMCreT/T/DicerWT/WT mice, 10 miRNAs, such as miR-16, let-7d, and miR-27a,
together represented almost 50% of the total pool of 566 miRNAs (Fig. 24A). Notably,
Dicer knockout reduced the expression of 79 miRNAs (Fig. 24B, adj. P < 0.05,
absolute FC > 2), including 9 of these most abundant miRNAs, except miR-1224.

Fig. 24: The regulation of miRNA expression by Dicer in LD-containing macrophages
(A) The top 10 most abundant miRNAs in oxLDL-treated BMDMs from Apoe-/-/LysMCreT/T/DicerWT/WT

mice were shown as percentages of the total miRNA pool in a pie chart. (B) Volcano plot of

differentially expressed miRNAs between oxLDL-treated BMDMs from Apoe-/-/LysMCreT/T/Dicerflox/flox

(Dicer-/-) and Apoe-/-/LysMCreT/T/DicerWT/WT (Dicer+/+) mice, compared using multiple t-test with

Holm-Šídák correction (n=6 per group).

Among the most abundant and down-regulated miRNAs by Dicer knockout,
miR-22-3p has a predicted binding site within the 3’-UTR of Ftl1 mRNA, identified by
both RNAhybrid (Fig. 25A) and Targetscan (Fig. 25B). Moreover, this binding site is
conserved between mouse and human (Fig. 25C). These findings suggest that
miR-22-3p mediates the repression of Ftl1 by Dicer in LD-containing macrophages.
Notably, the miR-30 family, which is also down-regulated by Dicer knockout (Fig.
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24B), has conserved binding sites within the 3’-UTR of Vim mRNA (Fig. 25D and E),
suggesting a role of Dicer-mediated miR-30 in Vim targeting.

Fig. 25: Predicted targets of Dicer-regulated miRNAs in LD-containing macrophages
(A and B) Binding site prediction for Ftl1 3’-UTR and miR-22-3p was performed using RNAhybrid (A)

and TargetScan (B). (C) TargetScan identified the conservation of the miR-22-3p binding site within

the Ftl1 3’-UTR between mouse and human. (D) Binding site prediction for Vim 3’-UTR and miR-30-5p

was conducted using TargetScan. (E) TargetScan identified the conservation of the miR-30-5p binding

site within the Vim 3’-UTR between mouse and human.
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4. Discussion

4.1 Role of Dicer in LD accumulation in plaque macrophages

Here, I identified three subtypes of plaque macrophages that differ in their LD
content: LDhigh, LDinter, and LDlow macrophages. Dicer expression in macrophages
limits the formation of LDhigh macrophages while increasing LDlow macrophages in the
plaque. This suggests that these macrophage subtypes represent dynamic and
interrelated phenotypic states rather than independent subsets, with LDlow

macrophages potentially transitioning into LDhigh macrophages, a process inhibited
by Dicer. Moreover, Dicer's effect on limiting LDhigh macrophage formation is due to a
restriction in LD growth (Fig. 26).
Mitochondrial subpopulations with distinct distribution patterns regulate LD sizes.
Unlike cytosolic mitochondria, which restrict the expansion of LDs through fatty acid
beta oxidation, PDMs facilitate LD expansion by supplying ATP from enhanced
pyruvate oxidation for triglyceride synthesis 74. Although PDMs have been found in
cells or tissues, such as brown adipocytes, hepatocytes, cardiomyocytes, and skeletal
muscle fibers74,77-80, they have not been previously reported in LD-containing
macrophages. Notably, I observed PDMs primarily in LDinter macrophages, in contrast
to the cytosolic distribution of mitochondria found in LDhigh and LDlow macrophages.
This observation suggests a transient relocation of cytosolic mitochondria to form
PDM in LDinter macrophages, supporting LD growth during the transition from LDlow to
LDhigh macrophages. Following LDhigh macrophage formation, PDMs are reduced,
potentially to prevent excessive LD accumulation. Moreover, I found Dicer promotes
the reduction of PDMs in LDhigh and LDinter macrophages, which underlie its role in
restricting LD growth and limiting LDhigh macrophage formation (Fig. 26).
Since PDM formation necessitates contact between mitochondria and LDs73, it is
suggested that Dicer initiates the separation of PDMs from LDs during the
transformation into LDhigh cells. The influence of Dicer on LD-mitochondria contacts
prompted us to consider the potential mechanisms regulating this interaction.
Notably, LDs and mitochondria are attached to intermediate filaments81,82. I found
that Dicer regulates Vimentin (Vim), a key intermediate filament cytoskeleton
protein, by targeting it with miRNAs, as the enrichment of Vim was decreased in the
RISC following Dicer knockout in plaque macrophages. Notably, Vim, which is also
found on the LD membrane83, regulates the interaction between LDs and
mitochondria through cytoskeletal reorganization82. Moreover, the 3’-UTR of Vim
contains highly conserved binding sites for miRNAs from the miR-30 family84, which
were reduced in the absence of Dicer in oxLDL-treated BMDMs. Therefore, this
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finding suggest that Dicer controls PDM abundance by miRNAs-mediated regulation
of LD-mitochondria contacts during LDhigh macrophage formation through targeting
Vim (Fig. 26). Nevertheless, further experiments are required to validate this
hypothesis.
Notably, Ftl1, which encodes the ferritin light chain protein, is another
Dicer-regulated target of miRNAs in plaque macrophages and oxLDL-treated BMDMs.
Accordingly, I observed that Dicer knockout up-regulated Ftl1 in plaque
macrophages. Ftl1, together with the ferritin heavy chain, forms ferritin, the iron
storage protein in cells that regulates the availability of free iron85. The cellular iron
homeostasis influences LD formation and the formation of contacts between LDs
and mitochondria86, indicating that Ftl1 may play a role in PDM formation.
Interestingly, the short 3’UTR of Ftl1 contains a conserved binding site for miR-22-3p.
Since Dicer knockout decreased miR-22-3p expression in oxLDL-treated BMDMs, I
hypothesize that the regulation of the iron homeostasis in plaque macrophages by
miR-22-regulated Ftl1 may be involved in the effect of Dicer on the abundance of
PDMs (Fig. 26).
Alternatively, Dicer may also limit the uptake of oxLDL and thus the expansion of LDs
in macrophages. However, results in this study show that the increased LD size in
Dicer knockout macrophages was not associated with enhanced oxLDL uptake.
Therefore, the increase in LDhigh macrophages by Dicer knockout may not be due to
the regulation of oxLDL uptake. Moreover, cholesterol efflux is unlikely to be
involved in the Dicer effect on LD expansion, as the cholesterol content does not
significantly contribute to LD size compared to triglycerides87.

4.2 Role of Dicer in mitochondrial function of plaque macrophages

In LDhigh macrophages, LD accumulation is associated with reduced mitochondrial
activity. This finding contradicts the previous in vitro results, where lipid
accumulation led to increased oxidative phosphorylation, similar to that in
IL-4-stimulated macrophages65. This discrepancy highlights substantial differences
between the in vivo and in vitro models regarding mitochondrial response to LD
accumulation. Notably, a recent study reveals the heterogeneity of foam cells in
human atherosclerosis. Whereas TREM2+ foam cells exhibit high cholesterol
metabolism and fatty acid degradation, SPP1+ TREM2- foam cells show increased
fatty acid biosynthesis and glycolysis, associated with cellular dysfunction and worse
prognosis88. Consistently, the plaque LDhigh macrophages I observed showed reduced
mitochondrial respiration, a metabolic profile more closely resembling the SPP1⁺
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foam cell subtype. Dicer enhances mitochondrial activity in LDhigh macrophages,
consistent with previous in vitro findings65. These results suggest that although the
mitochondrial response to LD accumulation differs between in vitro and in vivo
conditions, the effect of Dicer on maintaining mitochondrial function was similar in
both.
Lipid toxicity, such as free cholesterol overload, has been reported to cause
mitochondrial dysfunction-induced apoptosis14. Despite this, this study suggest that
Dicer may primarily limit the accumulation of TAG and LD, while the regulation of
free cholesterol is uncertain. Notably, a previous study reported that excessive
accumulation of TAG and LD in macrophages induces mitochondrial dysfunction,
probably due to up-regulation of proapoptotic Bax, and the down-regulation of
antiapoptotic bcl-2, leading to mitochondrial outer membrane permeabilization
(MOMP) and intrinsic apoptosis89. This evidence aligns with my findings that
enhanced formation of LDs after Dicer knockout is associated with a substantial
reduction of mitochondrial function in LDhigh macrophages. This suggests that Dicer
may limit LD and TAG stress, thus preserving mitochondrial function (Fig. 26).
Additionally, Dicer-mediated Ftl1 may play a role in preventing mitochondrial
dysfunction by maintaining iron homeostasis (Fig. 26). This is based on the fact that
both iron overload and deficiency may induce mitochondrial dysfunction. Whereas
iron overload induces mitochondrial dysfunction by oxidative stress, which is part of
the ferroptosis pathway90, iron deficiency is associated with impaired mitochondrial
respiration in myocardium91, probably due to the disrupted biosynthesis of Fe/S
clusters, which are critical components of mitochondrial complexes I-V92.
Nevertheless, further investigations are necessary to validate the hypothesis.
Collectively, this evidence suggests that Dicer may enhance mitochondrial function in
LDhigh macrophages by regulating iron homeostasis and lipid accumulation.

4.3 Role of Dicer in macrophage apoptosis

In addition to regulating LD accumulation and mitochondrial function, Dicer protects
macrophages against apoptosis in atherosclerotic plaques65. However, the
underlying mechanism remains unclear. This study demonstrated that LDhigh, rather
than LDlow, is the primary source of caspase 3+ macrophages in atherosclerotic
plaques. Notably, I found Dicer prevents LDhigh macrophage caspase 3 activation,
which is associated with the maintenance of mitochondrial function. Given that
mitochondrial dysfunction can trigger the intrinsic apoptosis93, this finding suggests
that Dicer plays a protective role in preventing LDhigh macrophage apoptosis,
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probably by maintaining mitochondrial function (Fig. 26). Although Dicer knockout
also reduced mitochondrial activity in LDlow macrophages, it did not lead to caspase 3
activation. This could be explained by the retaining mitochondrial activity in LDlow

macrophages after Dicer knockout, which is sufficient to sustain cell survival, as
compared to LDhigh macrophages. Notably, the apoptosis pathway is inhibited by
Dicer knockout in LPS/IFN-γ-treated BMDMs, which at least can partially explain the
absence of caspase 3 activation in LDlow macrophages within the plaque after Dicer
knockout. These findings support the hypothesis from previous study that Dicer's
role in maintaining mitochondrial function may account for its protective effect
against macrophage apoptosis in atherosclerotic plaques65. However, this effect is
primarily observed in LDhigh macrophages.

4.4 Role of Dicer in CC formation

4.4.1 Role of Dicer in extracellular DNA deposition

In caspase 3+ LDhigh macrophages, cytosolic DNA dye signals were detected. The
appearance of these cytosolic DNA signals following mitochondrial membrane
potential loss suggests that they are likely mtDNA. This aligns with prior research
that mtDNA is released into the cytosol following mitochondrial dysfunction93.
Notably, Dicer prevents cytosolic DNA distribution in LDhigh macrophages. This is
supported by the in vitro finding that Dicer knockout increased mtDNA release to the
cytosol in LD-containing macrophages. These observations indicate that Dicer
prevents mtDNA release into the cytosol after mitochondrial dysfunction in LDhigh

plaque macrophages (Fig. 26).
Notably, I observed caspase 3+ LDhigh macrophages undergoing secondary necrosis,
characterized by membrane loss and exposure of DNA, primarily cytosolic DNA, to
the extracellular space. In atherosclerotic plaques, apoptotic cells that are not
promptly removed through efferocytosis eventually undergo secondary necrosis22.
This aligns with my observation that efferocytosis is absent in the plaque. Notably,
Dicer limits secondary necrosis and extracellular DNA distribution in the plaque (Fig.
26). This is likely attributed to its role in limiting LDhigh macrophage apoptosis,
thereby maintaining apoptosis-efferocytosis balance. Cell debris and intracellular
content from secondary necrotic cells contribute to necrotic core formation94.
Therefore, consistent with our previous finding, these results indicate that Dicer may
limit necrotic core formation by preventing secondary necrosis of LDhigh

macrophages and the subsequent extracellular DNA deposition in the plaque.



58

4.4.2 Involvement of extracellular DNA in CC formation

Notably, I observed that some extracellular DNA in the plaque co-localized with
crystals, suggesting a crystal-DNA association. This is supported by a previous study
showing that DNA is present in the CC clot95. CC formation is triggered by a high level
of free cholesterol accumulation, either spontaneously in the extracellular space or
intracellularly25-27. Non-cholesterol substances or structures, such as amorphous
components and LD membrane96,97, facilitate heterogeneous cholesterol nucleation
by serving as nucleation sites, probably more thermodynamically favorable than
homogeneous nucleation occurring within the LD97,98. Thus, extracellular DNA may
serve as a nucleation site, thereby promoting extracellular crystal formation and
growth in the plaque. However, further investigation is required to reveal the role of
extracellular DNA in crystal formation. Additionally, I found that some extracellular
crystals with needle- or plate-like morphology are around LDs or co-localized with
membrane debris. This aligns with previous studies showing that CCs can form on
the LD membrane with a needle-like or thin-platy shape25,99,100, or in cholesterol-rich
plasma membrane with a plate-like shape99. Moreover, I observed crystals in the
core region of the LDs from LDhigh macrophages. The LD core has been previously
shown to require higher cholesterol levels for crystal formation97. Thus, this finding
suggests high cholesterol levels in the LDs of LDhigh macrophages.

4.4.3 Dicer-mediated CC formation

Notably, Dicer prevents crystal formation in the plaque, probably functioning both
intracellularly and extracellularly. The role of Dicer in limiting LD expansion in LDhigh

macrophages may restrict intracellular CC formation. Intracellular CC deposition in
cells triggers multiple pathological effects, including lysosomal rupture by damaging
lysosome membranes101,102, mitochondrial dysfunction by inducing ROS26, and

inflammation by promoting NRLP3 inflammasome formation and IL-1βsecretion103,
ultimately leading to cell death26,104. Dicer may protect against this damage by
limiting intracellular CC formation. Additionally, lysosomal protease Cathepsin B
(Ctsb), one of the targets enriched in the RISC of plaque macrophages by Dicer, has
been shown to be released into the cytosol following CC-induced lysosomal
rupture103. This translocation of Ctsb into the cytosol is involved in CC-induced
inflammation, NLRP3 activation, cell death103,105-107. Thus, Dicer may limit CC-induced
cellular damage by regulating Ctsb. Accordingly, Dicer may limit intracellular
CC-induced LDhigh macrophage apoptosis and secondary necrosis, preventing the
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release of DNA and cell debris, thereby mitigating extracellular CC accumulation (Fig.
26). Collectively, this research reveals a critical role of Dicer in limiting intracellular
and extracellular CC formation in the plaque.

4.5 Role of Dicer in Type I interferon signaling in plaque

macrophages

The cytosolic distribution of mtDNA, in addition to functioning in crystal formation
extracellularly, can induce the Type I interferon response intracellularly76.
Consistently, Dicer suppresses interferon signaling pathway activation in oxLDL but
not LPS/IFN-γ-treated macrophages, as indicated by protein expression profile. Given
the role of Dicer in limiting cytosolic DNA distribution in LDhigh macrophages, Dicer
may also restrict interferon response in plaque LDhigh macrophages (Fig. 26).
Moreover, Ifi27l2a and ISG15, two of the interferon-stimulated genes (ISGs), are
identified as miRNA targets enriched in the RISC by Dicer in plaque macrophages,
suggesting Dicer may also limit interferon response in plaque macrophages by
directly targeting interferon-stimulated genes. Thus, these findings indicate that
Dicer limits interferon signaling in LDhigh macrophages through two distinct
mechanisms—by restricting mtDNA release and directly suppressing ISG expression.
Interferon signaling, triggered by pathogen- or self-derived nucleic acids, induces an
antiviral state by promoting inflammation, cell cycle arrest, and apoptosis
sensitization. Although interferon response is crucial for antiviral defense, its
aberrant activation under pathogen-free conditions by endogenous stimuli can cause
excessive inflammation and cell death75,108,109. My observations suggest that Dicer
may protect against LDhigh macrophage damage caused by interferon signaling
activation.
Notably, LPS/IFN-γ treatment induces the activation of interferon signaling. This
aligns with the previous study that LPS is a known interferon inducer, enhances type
I interferon response by promoting IFN-β production110. However, in contrast to the
effect on oxLDL-treated BMDMs, Dicer enhanced interferon signaling activation after
LPS/IFN-γ treatment. This is probably due to Dicer-mediated production of
miR-155111, which is up-regulated after LPS/IFN-γ treatment in macrophages112,113.
Previous studies have shown that miR-155 expression enhances interferon response
by targeting SOCS1, a negative regulator of type I interferon signaling, in
macrophages114,115. This suggests that Dicer may promote LPS/IFN-γ-induced
interferon response by generating miR-155. Thus, distinct miRNA expression
patterns in response to different stimuli shape Dicer’s role in regulating interferon
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signaling in opposing ways. Whereas Dicer suppresses interferon response triggered
by self-derived nucleic acids in oxLDL-treated macrophages, it enhances the
response induced by pathogen-related molecular patterns in LPS/IFN-γ-treated
macrophages. In this way, Dicer facilitates the precise activation of interferon
signaling to counteract pathogen-induced damage while preventing an overreaction
to self-derived stimulation. However, further studies are needed to confirm this
hypothesis.

4.6 Limitation

One limitation of this study is that the LysMCre/Dicerflox/flox genotype also induces a
Dicer knockout in neutrophils, compromising the specificity of Dicer deletion in
macrophages. However, since foam cells are primarily derived from macrophages
rather than neutrophils, this model remains specific for studying the role of LDhigh

macrophages in plaques. Moreover, the ex vivo live plaque imaging was conducted
under static conditions, which lack the physiological shear stress and hemodynamic
forces present in vivo. This limitation may introduce slight deviations from the in vivo
situation, particularly in processes sensitive to flow dynamics.
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Fig. 26: Graphic summary. Dicer maintains mitochondrial homeostasis in
LD-containing macrophages and limits CC-driven necrotic core expansion in
atherosclerosis

In atherosclerotic plaques, Dicer expression in macrophages limits PDM formation and LD expansion,

preserving mitochondrial integrity. Mitochondrial dysfunction in the absence of Dicer leads to mtDNA

release, type I interferon activation, and secondary necrosis. The resulting extracellular DNA

promotes CC formation, contributing to necrotic core expansion and plaque progression. Thus, Dicer

protects against atherogenesis by maintaining metabolic and structural balance in plaque

macrophages. This protective effect may involve the Dicer-regulated miR-22-Ftl1 and miR-30-Vim

axes, which have been implicated in regulating mitochondrial function through iron homeostasis and

cytoskeletal remodeling, respectively.
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Summary
Necrotic core expansion is a critical determinant of plaque vulnerability in
atherosclerosis, as it increases the risk of plaque rupture and subsequent thrombotic
complications, such as myocardial infarction and stroke. CC formation is one of the
key drivers of necrotic core formation. Although CC formation within the plaque has
been attributed to the secondary necrosis of plaque macrophages and the
accumulation of free cholesterol, the underlying mechanisms remain incompletely
understood. Our previous study demonstrated that Dicer expression in macrophages
limits plaque macrophage apoptosis and necrotic core formation in atherosclerosis.
In vitro, Dicer promotes mitochondrial respiration in LD-containing macrophages.
Based on this, this study hypothesizes that Dicer limits apoptosis and secondary
necrosis of LD-containing plaque macrophages by enhancing mitochondrial
respiration, thus restricting CC formation and subsequent necrotic core expansion.
To test this hypothesis, I established a live-plaque confocal imaging protocol using
live plaque tissue from mTmG reporter mice to investigate the role of Dicer in
regulating mitochondrial function and secondary necrosis of LD-containing plaque
macrophages under real-time and 3D structural conditions. Additionally, I assessed
the mitochondrial respiration of plaque cells using the Seahorse assay with live
plaque tissue. Moreover, I combined the live plaque imaging with reflection confocal
microscopy to investigate how secondary necrosis of plaque macrophages
contributes to CC formation. To elucidate the mechanism through which miRNAs
mediate the effects of Dicer on plaque macrophages, I performed integrated
multi-omics analysis, including GFP-RIP-seq of the aorta and BMDMs from tAGO2
mice, along with proteomics and NanoString microRNA profiling of LD-containing
BMDMs.
In this study, three plaque macrophage subtypes were identified according to LD
content: LDhigh, LDinter, and LDlow macrophages. Notably, LD accumulation in the LDhigh

macrophages is associated with reduced mitochondrial activity. This is confirmed by
the reduction of oxygen consumption in atherosclerotic plaques because of a
mitochondrial proton leak in macrophages. The expression of Dicer in macrophages
limits LD expansion by reducing PDM abundance during the transformation of LDinter

cells to LDhigh macrophages, thus reducing the number of LDhigh macrophages in the
plaque.
Furthermore, Dicer-mediated enhancement of mitochondrial activity in LDhigh
macrophages correlated with decreased caspase 3 activation, implying that Dicer
may inhibit intrinsic apoptosis triggered by mitochondrial dysfunction. Additionally,
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Dicer limited cytosolic DNA distribution, likely mtDNA, in LDhigh macrophages by
preventing mitochondrial dysfunction. This is confirmed in LD-containing BMDMs,
where Dicer reduced mtDNA release and subsequent activation of the type I
interferon response. Additionally, Dicer decreased secondary necrosis of LDhigh

macrophages, indicated by reduced extracellular deposition of apoptotic DNA , and
CC formation in the plaque. Because crystals formed close to extracellular apoptotic
DNA, extracellular DNA may facilitate CC formation. Thus, the effect of Dicer on the
secondary necrosis of LDhigh macropages may inhibit CC formation. Collectively, this
study uncovers a critical role for Dicer in limiting CC formation in the necrotic core by
preventing mitochondrial dysfunction and LD accumulation in LDhigh macrophages,
thereby restraining secondary necrosis and subsequent extracellular DNA deposition.
Multi-omics analysis indicated that miR-22-mediated targeting of Ftl1, which
regulates intracellular iron homeostasis, plays a crucial role in Dicer's effect on LD
formation and necrotic core expansion, probably by preserving mitochondrial
function.
These findings provide novel insights into the regulation of CC formation. Dicer and
miR22, by regulating Ftl1 expression in plaque LDhigh macrophages, may serve as
potential therapeutic targets for preventing atherosclerotic progression, particularly
CC-associated necrotic core expansion. Nevertheless, further investigation is needed
to reveal how Ftl-1-mediated iron homeostasis regulates the function of LDhigh

macrophages, CC formation, and necrotic core formation.
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