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Abstract

Objective—Understanding message delivery among vascular cells is essential for deciphering the
intercellular communications in cardiovascular diseases. MicroRNA (miR)-92a is enriched in
endothelial cells (ECs) and circulation under atheroprone conditions. Macrophages are the primary
immune cells in atherosclerotic lesions that modulate lesion development. Therefore, we
hypothesize that, in response to atheroprone stimuli, ECs export miR-92a to macrophages to
regulate their functions and enhance atherosclerotic progression.

Approach and Results—We investigated the macrophage functions that are regulated by EC
miR-92a under atheroprone microenvironments. We first determined the distributions of functional
extracellular miR-92a by fractionating the intra- and extra-vesicular compartments from
endothelial conditioned media and mice serum. The results indicate that extracellular vesicles are
the primary vehicles for EC miR-92a transportation. Overexpression of miR-92a in ECs enhanced
the pro-inflammatory responses and low-density-lipoprotein uptake, while impaired the migration,
of co-cultured macrophage. Opposite effects were found in macrophages co-cultured with ECs
with miR-92a knockdown. Further analyses demonstrated that intra-vesicular miR-92a suppressed
the expression of target gene Kriippel-like factor 4 (KLF4) in macrophages, suggesting a
mechanism by which intra-vesicular miR-92a regulates recipient cell functions. Indeed, the
overexpression of KLF4 rescued the EC miR-92a-induced macrophage atheroprone phenotypes.
Furthermore, an inverse correlation of intra-vesicular miR-92a in blood serum and KLF4
expression in lesions was observed in atherosclerotic animals, indicating the potential function of
extracellular miR-92a in regulating vascular diseases.
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Conclusions—EC miR-92a can be transported to macrophages through extracellular vesicles to
regulate KLF4 levels, thus leading to the atheroprone phenotypes of macrophage and hence
atherosclerotic lesion formation.
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Introduction

Atherosclerosis is a chronic disease driven by maladaptive processes and non-resolving
inflammatory responses?. At the early stage of pathological progression in atherosclerosis,
circulating monocytes are recruited by injured endothelial layer, subsequently, adhere and
transmigrate into the subendothelial space. In response to local cytokines and low-density
lipoproteins (LDL), infiltrating monocytes differentiate into macrophages (M¢s), which
constitute the primary immune cells accumulated in atherosclerotic plaques?3. The non-
resolving inflammation usually results from the imbalance between pro-inflammatory and
pro-resolving responses caused by M¢ heterogeneity, which has been found to play an
important role in atherosclerotic lesion development?. Therefore, the interaction between
immune cells and dysfunctional endothelial cells (ECs) is recognized as an early event for
the initiation of inflammatory cascades and an important contributor to the pathological
progression of atherosclerotic vascular diseases.

Activation of inflammatory responses in monocyte-derived M¢s is critical for the nascent
atherosclerotic lesion formation, and this is followed by an extensive spectrum of signal
networks and functions through the alterations of pro-inflammatory and pro-resolving
responses®. There are different functions in pro-inflammatory and pro-resolving Mé¢s,
including inflammatory responses, pathogen clearance, efferocytosis, LDL uptake, and
migration ability8-8. Notably, the pro-inflammatory M¢s are classified into classically active
M¢s with the secretion of pro-inflammatory cytokines or chemokines, such as tumor
necrosis factor-a. (TNF-a.) and interleukin-6 (IL-6)°. A high capacity of LDL uptake in pro-
inflammatory M¢s has been found to accelerate the local inflammatory responses. On the
contrary, those M¢s activated by the alternative pathway with cytokines interleukin (1L)-4
and IL-13 are classified as pro-resolving M¢s which release anti-inflammatory cytokines
and prevent the necrotic core formation by facilitating migration abilityl%. Hemoglobin
scavenger receptor CD163 and transforming growth factor-beta (TGF-p) have been
demonstrated to participate in signal transduction of anti-inflammatory responses and M¢
alternative activationl112, In advanced lesions, the imbalance of M¢s with pro-inflammatory
and pro-resolving phenotypes contributes to the expansion of necrotic cores and rupture risk
of lesion plaques. In contrast to the advanced lesion, regression lesions have more effective
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pro-resolving Més to reduce the accumulation of pro-inflammatory M¢s by cleaning
apoptotic M¢s from atherosclerotic plagues*13.

Emerging biological evidence and bioinformatics survey have revealed that microRNAs
(miRs) are released into human plasma and serum to serve as the biomarkers for clinical
diagnosis, prognosis, and follow-up monitoring the consequence of treatments!4. The
extracellular miRs retain their stability and avoid degradation by being incorporated into
membrane-derived vesicles or bound to circulating proteins, to mediate cells communicating
with neighboring or remote cells1®16. miR-92a, a member of miR17-92 cluster, is important
for cell angiogenesis, apoptosis, migration, and inflammation’-19. Endothelial miR-92a is
responsive to atheroprone microenvironmental cues, and its expressional level is increased
by oscillatory low shear stress and oxidized LDLZC. Kriippel-like factor (KLF4) is one of the
downstream targets of miR-92a. The increase of KLF4 by diminishing miR-92a in ECs
promotes EC homeostasis?1:22. /n vivo study has shown that systemic inhibition of miR-92a
with specific oligomers prevents atherosclerosis in /a/r—/— mice23. The circulating miR-92a
in human serum and plasma correlates positively to atherosclerosis, renal failure,
hypertension, and inversely to brown fat activity?4-26, suggesting that miR-92a serves as an
extracellular messenger for cell-cell communication in the cardiovascular system.

Given the potential of endothelial miR-92a on M¢ phenotypic switch, we investigated its
role in the communication between ECs and M¢s. Our current study has demonstrated that
(A) miR-92a is transported from atherogenic ECs to Més through extracellular vesicles; (B)
the pathophysiologic M¢ phenotypes, such as inflammatory responses, LDL uptake, and
impaired migration ability, are induced by intra-vesicular miR-92a; and (C) that M¢ KLF4 is
targeted by endothelial miR-92a. Our studies have demonstrated that endothelial miR-92a
modulates M¢ plasticity under pathophysiologic microenvironments.

Materials and Methods

The data that support the findings of this study are available from the corresponding and first
authors upon reasonable request.

Antibodies and reagents

Rabbit polyclonal antibody (pAb) against Alix was purchased from System Bioscience. Rat
monoclonal antibody (mAb) against CD68 was purchased from Bio-Rad. Anti-alpha smooth
muscle actin antibody conjugated with FITC was purchased from Abcam. Rabbit pAb
against Flotillin-1 and GKLF (KLF4, H-180), mouse mAb against CD63 (E-12), CD81
(1.3.3.22), B-actin, GAPDH, goat pAb against ICAM-1 (M-19), and goat pAb VCAM-1
(C-19) were purchased from Santa Cruz Biotechnology. Custom miR-92a with Dy547 was
purchased from Dharmacon™. Lipofectamine RNAIMAX, Lipofectamine 2000, mirVana
miR-92a mimic (Pre-92a), mirVana miR-92a inhibitor (Anti-92a), and control
oligonucleotides were purchased from Thermo Fisher Scientific. pcDNA3.1-HA-KLF4 FL
was a gift from Michael Ruppert (Addgene plasmid #34593)27. miRCURY ™ RNA isolation
kits for cells and biofluids were purchased from Exiqon. Cel-miR-39, a synthetic C.elegans
microRNA, served as a spike-in control for all the extracellular miR assays. For more
detailed information, please see the Major Resources Table in the Supplemental Material.
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Human umbilical venous endothelial cells (HUVECS) were maintained in medium 199
(M199) with 10% (v/v) fetal bovine serum (FBS, Cell Application, Inc.), 10% endothelial
basal medium (EBM, Cell Application, Inc.), 1% (v/v) L-glutamine (Thermo Fisher
Scientific) and 1% (v/v/) penicillin-streptomycin (P-S, Thermo Fisher Scientific)
supplements. THP-1 cells were maintained in RPMI 1640 media supplemented with 10%
FBS, 1% GlutaMax (Thermo Fisher Scientific), and 1% P-S, and differentiated into M¢s
using phorbol-12-mysristate acetate (PMA, 150nM) treatment for 48 hours.

Peripheral blood mononuclear cell (PBMC) purification and M¢ differentiation and

polarization

Buffy coats from healthy volunteers were purchased from San Diego blood bank, and
PBMCs were immediately purified with Histopaque-1077 gradient. Briefly, buffy coat was
diluted with PBS and layered on top of Histopaque-1077, followed by 400xg centrifuge for
35 minutes at room temperature. The PBMC-containing interface was gently transferred into
a fresh conical tube, rinsed twice with PBS, and pelleted with 250xg centrifugation. PBMCs
were maintained in RPM11640 medium and then differentiated into M¢s with recombinant
human macrophage colony-stimulating factor (M-CSF, 50ng/mL) for 7 days. M¢s were
further polarized by treatments with lipopolysaccharide (LPS, 10pg/mL), interferon gamma
(IFN~y, 20ng/mL), interleukin (IL)-4 (20ng/mL), and IL-13 (20ng/mL) for cellular plasticity
verifications. For resource information of PBMC, please see the Major Resources Table in
the Supplemental Material.

EC-M¢ co-culture in static experiments

The EC-M¢ co-culture was conducted using transwell inserts with 1.0-um pore size
(Corning) in a 6-well plate. HUVECs (5x10%) were seeded onto the upper compartment of
the insert for 24 hours followed by pre-conditioning with shRNA, siRNA, and TNF-a..
PBMCs or THP1 cells at the bottom of the 6-well plate were differentiated into M¢s prior to
co-culture assembly (Figure 1A).

EC-M¢ co-culture in parallel-plate shear system

Different from static experiments, the ECs for shear studies were cultured at the bottom of
the transwell insert, and the THP1- or PBMC-derived M¢s were cultured on its top (Figure
1D). M199 and RPMI 1640 culture media, with 10% FBS supplement, were used for
maintaining ECs and Més, respectively. The inserts were subsequently incorporated into
parallel-plate flow chambers and connected to a perfusion system to generate pulsatile shear
flow (PS, 12+4 dyn/cm?) and oscillatory shear flow (OS, 0+4 dyn/cm?).

Isolation of extracellular vesicles (EVs) from media

HUVECs were cultured in culture medium with the 10% exosome-depleted FBS (System
Bioscience). The ECs were treated with TNF-a (10 ng/mL, R&D) or subjected to shear
flows. The collected media were subjected to 300xg centrifugation for 10 minutes to
eliminate cell debris, followed by 100,000xg ultracentrifugation for 90 minutes. The vesicle
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(pellet) and vesicle-free (supernatant) fractions were collected. Additional washing steps on
the vesicle portion were performed with PBS.

Transmission electronic microscopy examination of EVs

Immunogold labeling was conducted as previous described?®. In brief, EVs were fixed with
4% paraformaldehyde and deposited onto electron-microscopy grids. The samples were
blocked with 2% BSA for 10 minutes and incubated with anti-CD63, anti-CD81, and anti-
LAMP1 for 1 hour. The gold-conjugated-secondary antibodies were subsequently applied
for 30 minutes, followed by 1% glutaraldehyde incubation to stabilize the immunoreaction.
The grid was dried at room temperature and examined on a JEOL 1200 EXII transmission
electron microscope.

Nanoparticles tracking analysis of EVs

The sizes and numbers of EVs were analyzed by NanoSight LM10-HS (Malvern
Instruments). NanoSight LN10-HS characterizes the nanoparticle by referring to the
distribution of light scattering intensity.

Isolation of EVs from animal serum

The sera from ApoE~'~ mice fed with normal or Pagien diet for 8 weeks were collected by
serum separator tubes with 3,500 rpm centrifugation for 15 minutes. EVs from the collected
mice sera were purified with ExoQuick kit (SBI) following the Standard Operating
Procedures from the Extracellular RNA Communication Consortium (ERCC) Research
Portal.

Quantitative real-time PCR and miRNA assay

Total RNA was isolated from intra-cellular, intra-vesicular, and extra-vesicular
compartments by TRIzol (Thermo Fisher Scientific) or miRCURY ™ RNA isolation Kits.
Quantitative PCR (gPCR) was conducted with iTag Universal SYBR Green Supermix (Bio-
Rad) or Tagman Fast Universal PCR Master Mix (Applied Biosystems) using specific
primers and probes. The expressional levels of intracellular miRNA were normalized to the
internal control RNU48; and the levels of intra-/extra-vesicular miRNA were normalized to
the spike-in control Cel-miR-39.

Cytokine array

The conditioned media of M¢s under various experimental conditions were collected and
cleaned by 1,500 rpm centrifugation for 10 minutes. The media (1 ml) were mixed with the
detection antibodies, and then applied to the cytokine array (R&D) at 4°C overnight. The
signals were detected with luminol-based enhanced chemiluminescence (ECL) HRP
substrate system (Thermo Fisher Scientific). The grayscale intensity of each dot plot was
quantified with Image J, and then normalized to the positive control on each array
membrane.
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Migration assay

Transwell migration assay was conducted with 8-um pore size inserts (Corning). THP1 cells
(1x1068 cells/insert) were seeded onto the top membrane and differentiated into M¢ for 2
days prior to co-culturing. HUVECs (0.5x10° cells/well) were preconditioned with ShRNA,
SiRNA, or TNF-a for 24 hours prior to culturing into 6-well plate. After 24-hour co-
culturing, the migratory M¢s at bottom of the membrane were visualized and quantified by
hematoxylin staining.

Western blot analysis

After experiments, the cells were lysed with RIPA buffer containing 50 mM Tris, pH 7.4,
1% NP-40, 1% deoxycholate, 0.1% SDS, 150 mM NaCl, 5 mM EDTA, 50 mM NaF with
protease and phosphatase inhibitors (1 mM PMSF, 1 mM sodium orthovanadate, 10 pg/pL
leupeptin, 10 pg/uL aprotinin). The proteins were separated on 10% or 12% SDS-PAGE and
then transferred onto nitrocellulose membranes. Non-specific bindings were blocked by 5%
BSA in Tris-buffer saline with Tween 20 (TBSt) before incubation with specific primary
antibodies against ICAM1, VCAML, Alix, Flottilin-1, CD81, KLF4, GAPDH, and beta-
actin. Appropriate secondary antibodies (Santa Cruz) and ECL HRP substrate system
(Thermo Fisher Scientific) were used to detect the signals.

Atherosclerotic animal model

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of California, San Diego. ApoE ™'~ mice fed with Paigen diet
(15% fat, 1.25% cholesterol, and 0.5% sodium cholate) for 8 weeks were used to examine
the levels of miR-92a and M¢ heterogeneity during atherosclerotic development. The blood
was collected via cardiac puncture from the ventricle immediately after the animals having
been sacrificed. The vascular tissues were harvested and embedded in Tissue-Tek O.C.T..
For resource and background information of ApoE~/~ mice, please see the Major Resources
Table in the Supplemental Material.

Tissue immunohistochemistry assay

Sections (10-pm) of vessel samples were acquired from serial cryosectioning. Tissue
sections were blocked with 5 % BSA in PBS, followed by the hybridization of primary
antibodies against alpha smooth muscle actin, CD68, and KLF4 at 4°C overnight, followed
by Alexa Fluor 647 or 594-conjugated secondary antibodies, and DAPI was used for
counterstaining. Fluorescent images were acquired from an epi-fluorescence microscope.

Statistical analysis

Results were presented as mean+SD from at least three independent experiments. Analyses
were performed with Prism GraphPad 8.0.1 (GraphPad Software, USA). ~test for equal
variance examinations and normality tests were performed before analyzing statistical
significance between two groups by unpaired t-test. Two-way ANOVA plus a post hoc
Sidak’s multiple comparisons test was used to compare among three or more groups. All the
data for multi-group statistics passed normality and equal variance test. The univariate
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correlation was analyzed by Pearson correlation coefficient. A Two-tailed P value < 0.05
was considered statistical significance.

Atherogenic ECs enhanced M¢s pro-inflammation

EC miR-92a

To determine the M¢ responses to cytokine-pretreated ECs, a transwell co-culture system
was employed. The human PBMCs were isolated and differentiated into M¢s by M-CSF for
7 days. The monocytic lineage of the PBMC-derived M¢s was validated with the positive
staining of CD14 (Figure I1A). The plasticity of these PBMC-derived M¢s was assessed by
their responses to cytokine treatments. The LPS + IFNvy treatment induced the M¢ to be
round fried-egg-shaped with a low aspect ratio, while IL-4 + IL-13 treatment caused M¢ to
be elongated spindle-shaped with a high aspect ratio, indicating their capacities for
polarization2? (Figure 1B). The atherogenic phenotype of ECs was induced by the treatment
with TNF-a or OS, as validated by the expressions of ICAM1 and VCAML1 (Figure I1).

Atherogenic ECs caused the increases of pro-inflammatory genes including IL-6, IL-1a,
IL-1B, TNF-a, and iNOS in co-cultured PBMC-derived Més (Figure 1B). These results
suggest that the atherogenic ECs activate M¢s to trigger inflammatory responses. Such
inflammatory responses have also been induced in THP1-derived M¢s co-cultured with the
TNF-a-pretreated ECs (Figure 1C). In addition, we investigated the effects of shear flow-
regulated ECs on M¢s inflammation, by exposing ECs to atherogenic OS or athero-
protective PS in a parallel-plate co-culture flow system (Figure 1D). The expression levels of
IL-6, IL-1a, IL-1B, TNF-a, CD80, and iNOS significantly increased in both PBMC-derived
Mé¢s (Figure 1E) and THP1-derived M¢s (Figure 1F) co-cultured with ECs under OS in
comparison to the ones under PS. Collectively, these results indicate that chemical- and
mechanical-induced atherogenic ECs exhibit pro-inflammatory effects on Més.

is transported to M¢s via extracellular vesicles

MicroRNA(mMIiR)-92a is reported as an atheroprone miR involved in inflammasome
activation in ECs2L. To explore whether endothelial miR-92a is the mediator for atherogenic
EC-induced M¢s inflammation, we investigated miR-92a biogenesis (pri-miR-92a and
mature miR-92a) in co-cultured ECs and M¢s. The pri-miR-92a in the co-cultured ECs
increased markedly under TNF-a treatment or OS exposure, but there was no change of pri-
mi-92a in the co-cultured M¢s (Figures 2A and 2B); whereas the levels of mature miR-92a
were significantly increased in both ECs and M¢s (Figures 2C and 2D). These findings
suggest that EC-M¢ co-culture does not induce biogenesis of miR-92a in M¢ and that the
increase of mature miR-92a in M¢s is transported from the co-cultured ECs.

To investigate the routes for EC miR-92a transportation to M¢s, we fractionated EC
conditioned media (CM) of ECs subjected to TNF-a. or OS using sequential
ultracentrifugation to pellet the extracellular vesicles (EVs) and obtain the EV-free
supernatant (Figure I11). The EVs were confirmed by their physical features with particle
diameters ranging from 60 to 240nm (classic sizes of microvesicles and exosomes; Figure
IVA) and EV markers (CD63, CD81, and LAMP1) immunogold labeling on intact EVs with
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toroidal shape (Figure 1VB). Additionally, ELISA reader demonstrated that EV markers,
CD63 and CD81, are predominantly presented in EV pellet but not in the supernatant
(Figure IVC to IVF). RNAs were isolated from the pellets (intra-vesicular RNA) and the
supernatant portion (extra-vesicular RNA). In the time-course assessments, both intra- and
extra-vesicular miR-92a levels were elevated in ECs subjected to TNF-a for 48 and 72
hours, with the intra-vesicular miR-92a levels being significantly higher than those of extra-
vesicular miR-92a (Figure 2E). Furthermore, we quantified the percentages of miR-92a in
relation to total RNA presented in intra-vesicular and extra-vesicular compartments based on
the absolute amount of endothelial miR-92a in each distinct compartment, quantified by
integrating the miR-92a levels and medium volume as dilution factors (Figure VA). The
TNF-a treatment and OS application had little effects on the RNA distributions in the three
distinct compartments (Figures VB and VC). However, the results demonstrated that there is
a markedly higher percentage of miR-92a in the intra-vesicular than extra-vesicular
compartments (Figures 2F and 2G). The unchanged EV secretion numbers (Figures VIA and
VIB) and the high percentage of intra-vesicular miR-92a suggest that ECs enrich miR-92a in
EVs when exposed to the atheroprone environment.

To determine the functional effects of the transported miR-92a, THP-1-derived M¢s were
treated with the fractionated EVs and supernatant of EC-CM. The EVs enhanced the
expressions of pro-inflammatory TNF-a and 1L-6, and suppressed that of anti-inflammatory
CD163 in M¢s, in comparison to the treatment with supernatant fraction (Figure VIIA).
Further cytokine secretion analyses validated that EVs from cytokine-pretreated ECs
enhanced M¢ pro-inflammatory IL-6, chemokine (C-X-C motif) ligand 1 (CXCL1),
complement component 5a (C5a), and IL-1a secretion (Figure VIIB). The induction of
miR-92a and pro-inflammatory genes in M¢s receiving TNF-a treated EC-EVs were
decreased by knockdown of miR-92a prior to or during the EV treatments (Figure V1II).
Overall, these findings suggested that intra-vesicular miR-92a participates, at least in part, in
ECs-to-M¢s communication and activates the inflammatory responses in M¢s.

EC miR-92a enhances atherogenic phenotypes of M¢

We examined the role of EC miR-92a in modulating EC-to-M¢ communication and the
consequential alterations of M¢ phenotypes. The Dy537-labeled EC miR-92a was detected
in the M¢s (Figure 3A). In addition, overexpression of miR-92a in ECs increased the
expressional levels of TNF-a and IL-6, and decreased CD163 and TGF-p expressions, in the
co-cultured Mé¢s (Figure 3B). Complementary experiments showed that knockdown of EC
miR-92a reduced the expressional levels of TNF-a and IL-6, and enhanced the CD163 and
TGF-B, in the co-cultured M¢s (Figure 3C).

In addition to the augmented inflammatory responses, alterations of the capacities for
migration and LDL uptake are also crucial characteristics for atherogenic M¢s in regulating
atherosclerotic plaque progression. The Pre-92a transfection of ECs led to the decreases of
M¢s migrating through the porous membrane in the transwell co-culture system, and the
anti-92a transfection of ECs had opposite effects (Figure 3D). LDL uptake in M¢s was
enhanced by EC miR-92a overexpression and suppressed by EC miR-92a knockdown
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(Figure 3E). These findings indicate that EC miR-92a plays a critical role in regulating M¢
functions.

EC miR-92a targets KLF4 to modulate M¢ phenotypes

KLF4 is reported to be a transcription factor in regulating M¢ plasticity and a target of
miR-92a in ECs22:30, We investigated if the miR-92a transported from EC to target M¢
KLF4 and hence to regulate M¢ phenotype. We first demonstrated that the atherogenic ECs
significantly reduced KLF4 in co-cultured M¢s (Figures 4A and 4B). In addition, the
miR-92a-overexpressed ECs significantly reduced the M¢ KLF4 levels, while the miR-92a
knockdown in ECs increased KLF4 expressions (Figures 4C and 4D). These results showed
that the EC miR-92a indeed targeted KLF4 expression in M¢s. To further validate miR-92a
transport, M¢ KLF4 levels were examined under treatments with either the intra-vesicular or
the extra-vesicular components isolated from CM of atheroprone ECs. KLF4 was
significantly reduced, at both RNA (Figure 4E) and protein (Figure 4F) levels, in the M¢s
treated with intra-vesicular component compared with extra-vesicular component. Moreover,
EVs isolated from CM of Pre- or Anti-miR-92a transfected ECs validated the role of intra-
vesicular miR-92a in regulating M¢ KLF4 (Figure 4G and 4H).

To understand the role of KLF4 in mediating the EC miR-92a modulation of M¢
phenotypes, we manipulated the expressional levels of KLF4 (Figures 5A to 5D) in M¢s
prior to co-culture with miR-92a-overexpressed ECs. The overexpression of M¢ KLF4
attenuated the EC miR-92a-induced pro-inflammatory genes, while elevated the anti-
inflammatory genes IL-10, Arg-1, and Fizz1 (Figure 5E). The knockdown of M¢ KLF4
enhanced EC miR-92a-induced pro-inflammatory genes, while significantly decreased the
EC miR-92a-induced anti-inflammatory genes (Figure 5F) In addition, the EC miR-92a-
induced LDL uptake and impairment of M¢ migration were significantly reversed by KLF4
overexpression and enhanced by KLF4 knockdown (Figure 5G and 5H). These results
suggest that KLF4 acts as a functional regulator for EC miR-92a to modulate M¢ functions
and that the inhibition of KLF4 by EC miR-92a leads to M¢ phenotypic changes toward
atherogenic phenotypes.

Circulating miR-92a level is inversely related to KLF4 expression in M¢s in atherosclerotic
lesions

Circulating miR-92a is identified as a potential biomarker for cardiovascular-related
diseases, including chronic kidney disease and hypertension?4:25. Therefore, we study on the
association between circulating miR-92a and M¢s in atherosclerotic lesions to provide
valuable information on the mechanism of circulating biomarkers in lesion formation. We
found that the intra-vesicular miR-92a was significantly increased in mice fed with Paigen
diet when compared to that from mice fed with normal diet (Figure 6A). Integrity of EVs
from mice sera were analyzed by phospholipid, CD63, CD81, and size distributions across
fractions using NAP-5 size exclusion chromatography (Figures IXA-D, GE Healthcare Life
Sciences). The miR-92a was primarily detected in the fractions with CD63 and CD81
expressions (Figure IXE). The /n vivo evidence supported our /in vitro finding that miR-92a
is enriched in EVs under atherogenic conditions. The characterization of the atherosclerotic
lesion at the aorta inner curvature demonstrated massive M¢ infiltration and high
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heterogeneity of smooth muscle cells (SMCs), as well as the necrotic cores (Figures XA and
XB). The KLF4 expression in the lesion M¢s shows an inverse correlation with circulating
miR-92a (Figure 6B). Double staining of the lesions also revealed the reversal expression
patterns of miR-92a and KLF4 (Figure XI), suggesting the potential regulatory role of
extracellular miR-92a in targeting M¢ KLF4 in atherogenesis.

Discussion

Cell-to-cell communications are important processes for both physiological and pathological
responses. In the pathogenesis of vascular diseases, the dynamics of multicellular responses
play critical roles in lesion progression and regression3L. Extracellular miRs can mediate
cell-to-cell communication via their binding to secretory proteins or transport in membrane-
formed vesicles'532-34 |n pathological processes in blood vessels, extracellular miR-126,
miR-143, and miR-145 have been found to mediate cellular communication between ECs
and SMCs to regulate SMC turnover or differentiation; while SMCs also can enhance EC
proliferation via miR-27a transportation®3536_ |n addition, extracellular miR-146a serves
as a migration inhibitor between lesion Mé¢s to entrap them in atherosclerotic lesions®’.
However, the communication between ECs and M¢s in the pathological progression of
vascular diseases remains unclear.

Among the small non-coding RNAs, miR-92a exerts its effects on physiological responses in
a pleiotropic manner that regulates inflammation, cell cycles, and adhesion in cell and tissue
levels?1:38:39 |n this study, we have demonstrated that miR-92a-containing EVs from ECs
modulates M¢ functions and phenotypes through the mechanism of targeting KLF4 (Figure
7). Our results showed that atherogenic ECs with high miR-92a expression (Figures 2C and
2D) caused the up-regulation of inflammatory genes in co-cultured M¢s (Figure 1),
suggesting that the inflammatory responses of Més can be induced by EC miR-92a. Of note,
we found the level of intra-vesicular miR-92a was markedly increased (Figure 2) without
altering the amount of total RNA in EVs (Figure V) or the numbers of EV secreted from
atherogenic ECs (Figure VI). These results suggest the existence of a mechanism to enwrap
miRs into EVs in response to atheroprone stimuli. Our current data revealed that
extracellular miR-92a is transported from ECs to M¢s with significantly higher abundance in
intra-vesicular compartment compared to the extra-vesicular compartment (Figure 2E).
Moreover, the increases of inflammatory genes and cytokines were determined in M¢s when
treated with the intra-vesicular compartment from EC-CM,; this further validates that the
uptake of EV miR-92a is functional in modulating M¢ phenotypes.

We investigated the effect of miR-92a knockdown prior to and during the EC-EV treatments
(Figure VIII). The transfection prior to EC-EV treatment showed that inhibition of miR-92a
in M¢s with EC-EVTNF-a treatment (high miR-92a) was markedly stronger than the one
with EC-EV'e" (low miR-92a) treatment, indicating the Anti-92a transfection blocked the
exogenous EV miR-92a (Figure VIIIA). Furthermore, the inhibitory effects of Anti-92a
during EV treatment was stronger than prior to EV treatment (Figures VI1IIC), also
suggesting that transfection of Anti-92a blocked the exogenous miR-92a in EC-EVs. Indeed,
the knockdown of miR-92a prior to and during the EC-EV treatments decreased the EC-
EVTNF-cinduced pro-inflammatory gene expression (Figures VIIIB and VIIID).
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The cellular composition in atherosclerotic lesions is dynamic and heterogenic at different
progressive stages®L. M¢s are the major inflammatory cells in lesions, which adapt to
microenvironmental cues and contribute to every stages during lesion progression®. At the
initial stage, lesion Mé¢s present a lipid-laden, pro-inflammatory, metabolic, proliferative,
and effective pro-resolving phenotype, followed by accelerated apoptosis, elevated pro-
inflammatory, and ineffective pro-resolving phenotype in the advanced lesions*%:13, Lesion
M¢s with high heterogeneity maintain the dysfunction of nascent lesions via their
capabilities to modulate local inflammation and lipid accumulation, the continuous uptake of
lipoproteins by M¢s leads to foam cells transformation to reinforce the lesion progression
toward advanced lesions. Here, we identified that the lipoprotein uptake capacity of M¢s is
increased by co-culture with miR-92a-enriched ECs (Figure 3E), suggesting EC dysfunction
sends messages to lesion M¢s and enhance the foam cell transformation. In addition to lipid-
loading, M¢ migration ability is also reduced by miR-92a-enriched ECs (Figure 3D), and
this may result in the accumulation of more M¢s and foam cells near the dysfunctional ECs.

We demonstrated the EC miR-92a in regulating molecular signaling on M¢ by detecting a
decrease of KLF4 expression in M¢s when co-cultured with miR-92a-enriched ECs and EVs
(Figure 4). Enhancement of KLF4 expressional levels in co-cultured M¢s exerted reversal
effects on EC miR-92a-induced phenotypic changes (Figure 5), suggesting that KLF4 is a
critical mediator for the miR-92a signaling from ECs to M¢s to regulate M¢ phenotypes.
With respect to M¢ polarization, KLF4 has been reported to robustly induce M2¢ in
peritoneal M¢s, bone marrow-derived M¢s, and Kupffer cells3%40. Hence, based on our /in
vitro findings and the information of literature, we conclude that the EC miR-92a promotes
M¢s toward the atherogenic phenotype via regulating the KLF4 level in Més. This concept
is also validated by our /7 vivo findings that the KLF4 level in lesion M¢s is inversely
correlated with the serum miR-92a level in an ApoE ™~ atherosclerotic mouse model
(Figures 6 and XI). This is the first time that miR-92a has been demonstrated to serve as a
mediator to promote lesion growth via inhibiting the KLF4 expression in lesion M¢s.

It is shown that circulating miR-92a may associate with multiple carriers, including
lipoproteins and microvesicles. Niculescu et al. showed that miR-92a associated with high-
density lipoprotein as well as intermediate- and low-density lipoproteins in human sera®.
The miR-92a has also been found in the endothelial microvesicles isolated from plasma of
the coronary artery disease patients to regulate the endothelial functions*L. These studies
support our notion that circulating miR-92a can be an effector in the atherogenesis. We
acknowledge the possibility of a false positive result due to non-vesicular miR-92
contamination in the vesicle-enriched fractions arising from the ExoQuick kit isolation
method used. We cannot rule out the possibility that ExoQuick may create an artificial lipid
complex/aggregate that is composed of lipids and parts of all damaged lipid carriers in the
sample (including EVs and non-EVs). A firm conclusion that miR-92 is carried in EVs will
require more in-depth follow up studies. Together, these data suggest that miR-92 is carried,
at least in part, in vesicles isolated with vesicle-enriched fractions.

In conclusion, our study demonstrated that intra-vesicular miR-92a secreted by ECs plays a
critical role in modulating M¢ inflammation, migration, and lipoprotein uptake to contribute
to the subsequent lesion progression. These findings provide new insights into a regulatory
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mechanism for extracellular miRs as highlighted by the multi-functional intra-vesicular
miR-92a as a robust biomarker for the potential therapeutic target in atherosclerosis-related
diseases.
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Highlights

. Atherosclerosis is a chronic inflammatory disease, with endothelial
dysfunction and macrophage infiltration.

. MiR-92a is significantly enriched in endothelial cells and circulation under
atherogenic conditions.

. Endothelial miR-92a is transported to macrophages mainly through
extracellular vesicles.

. Enriched intra-vesicular miR-92a enhances macrophage inflammatory
responses, lipoprotein uptake, and confines macrophage migration.

. Intra-vascular miR-92a is functional in regulating macrophage functions and

phenotypes to promote pathogenesis.
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Figure 1. Macrophages (M¢s) inflammatory responses are activated by co-culturing with
inflamed endothelial cells (ECs).

(A) In a static co-culture system, M¢s were co-cultured with TNF-a-pretreated ECs for 24
hours. The relative expression levels of pro-inflammatory (IL-6, IL-1a, IL-1B, TNF-a,
CD80, iNOS) and anti-inflammatory (CD163, CD206, IL-10, TGF-B, Arg-1, FIZZ1) genes
in (B; n=5) peripheral blood mononuclear cell (PBMC)-derived and (C; n=5) THP-1-derived
M¢s were measured by real-time PCR. (D) In a parallel-plate shear flow system, M¢s were
co-cultured with endothelial monolayer exposed to pulsatile shear (PS, 12+4 dyne/cm?) or
oscillatory shear (OS, 0+4 dyne/cm?) for 24 hours. The relative expression levels of pro-
inflammatory and anti-inflammatory genes in (E; n=5) PBMC-derived and (F; n=3) THP-1-
derived M¢s were measured by real-time PCR. Statistical analyses were performed with 2-
way ANOVA using the program of Prism GraphPad 8.0.1. *P< 0.05, **P< 0.01, ***P<
0.001 ****pP < 0.0001.
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Figure 2. EC mir-92a is transported via extracellular vesicles (EVs).
(A&B; n=4&n=3) Levels of Primary miR-92a (Pri-miR-92a) and (C&D; n=3) mature
miR-92a in co-cultured ECs and M¢s were determined by Tagman PCR system. (E; n=3)
The levels of intra- and extra-vesicular miR-92a were examined at different time points.
(F&G; n=3) Percentages of miR-92a presented in the intra- and extra-vesicular
compartments in conditioned media, collected from ECs subjected to TNF-a incubation and
OS stimulation, were calculated using a formula described in Figure VC. Statistical analyses
were performed by two-way ANOVA or unpaired t-test of Prism GraphPad 8.0.1. *P< 0.05,
**p<0.01, ***P<0.001, ****P< 0.0001.
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Figure 3. Modulations of miR-92a in ECs alter M¢ inflammatory responses and phenotypes.
(A) The transportation of endothelial Dy547-miR-92a was detected in M¢s in an EC-M¢ co-

culture system. Co-cultured ECs and M¢s were stained by VE-cadherin and CD68,
respectively. Expressions of pro- and anti-inflammatory genes were measured by real-time
PCR in Més co-cultured with ECs with miR-92a (B; n=3) overexpression (Pre-92a) or (C;
n=3) knockdown (Anti-92a). (D; n=5) Migrated M¢s were identified by Hematoxylin
staining at the bottom of transwell insert. (E; n=4) M¢ lipoprotein uptake was quantified by
detecting the Dil-labeling low-density lipoprotein (LDL) in M¢s co-cultured with ECs. Data
in B, C, D, and E were mean£SD. Statistical results in B and C were performed by two-way
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ANOVA, D and E were calculated by unpaired ftest. **P< 0.01, ***P< 0.001, ****P<
0.0001.
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Figure 4. Krueppel-like factor (KLF4) is a target of intra-vesicular miR-92a transferred to Més.
Relative expression levels of KLF4 in M¢s co-cultured with (A; n=3) TNF-a or (B; n=3) OS

stimulated ECs were measured by real-time PCR. KLF4 expressions in Més co-cultured
with (C; n=5) Pre-92a or (D; n=5) Anti-92a transfected ECs. KLF4 (E; n=3) RNA and (F)
protein levels in M¢s treated with the EV and EV-free components. KLF4 expressed in Més
treated with EVs from (G; n=4) Pre-92a or (H; n=4) Anti-92a transfected ECs. Statistical
analyses were performed by unpaired ftest in A, B, C, D, E, G, and H. *P< 0.05, ***P<
0.001.
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Figure 5. KLF4 serves as a mediator for EC miR-92a to regulate M¢ phenotypes.
Expressional levels of KLF4 RNA and protein were modulated by (A&B; n=3) siRNA and

(C&D; n=3) consistently expressing plasmid in M¢s before co-culturing with ECs. (E&F;

n=5) Pro- and anti-inflammatory genes, (G) Dil-LDL uptake, and (H; n=3) migration were
evaluated in KL4 overexpressed or knockdown M¢s co-cultured with miR-92a
overexpressed ECs. Statistical analyses were performed by unpaired ftest in A, C, E, F, and
H. *P<0.05, **P< 0.01 ***P<0.001, **** P<(0.0001.
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Figure 6. Intra-vesicular miR-92a in mouse serum is enriched and inversely correlated to KLF4
levels in atherosclerotic lesions.

(A; n=13) Levels of miR-92a in intra- and extra-vesicular compartments were purified from
blood serum of ApoE~/~ mice fed with normal or Paigent diet for 8 weeks. Cel-miR-39 was
used as a spike-in control. (B; n=5) Tissue segments of aortic arch were harvested from mice
after blood isolation, and were fixed and sectioning for KLF4 immunofluorescent staining.
Pearson correlation coefficient showed the correlation between intra-vesicular miR-92a and
mean intensity of KLF4 in atherosclerotic lesions. Results in A were presented by mean
+SD.
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Figure 7. A working model of EC-to-M¢ communication during atherogenesis.
Atheroprone risk factors, OS- and TNF-a,, -induced endothelial inflammation result in an

extracellular transfer of endothelial miR-92a via EVs to act on M¢s for the modulation of
M¢ KLF4 expression, which in turn to regulate M¢ phenotypic changes.
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