L)

Check for
updates
Copyright © 2023 Tre

Authors, some
rights reserved;
exclusive licensee

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

ATHEROSCLEROSIS

Targeting a cell-specific microRNA repressor of CXCR4
ameliorates atherosclerosis in mice
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The CXC chemokine receptor 4 (CXCR4) in endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) is
crucial for vascular integrity. The atheroprotective functions of CXCR4 in vascular cells may be counteracted by
atherogenic functions in other nonvascular cell types. Thus, strategies for cell-specifically augmenting CXCR4
function in vascular cells are crucial if this receptor is to be useful as a therapeutic target in treating atheroscle-
rosis and other vascular disorders. Here, we identified miR-206-3p as a vascular-specific CXCR4 repressor and
exploited a target-site blocker (CXCR4-TSB) that disrupted the interaction of miR-206-3p with CXCR4 in vitro and
in vivo. In vitro, CXCR4-TSB enhanced CXCR4 expression in human and murine ECs and VSMCs to modulate cell
viability, proliferation, and migration. Systemic administration of CXCR4-TSB in Apoe-deficient mice enhanced
Cxcr4 expression in ECs and VSMCs in the walls of blood vessels, reduced vascular permeability and monocyte
adhesion to endothelium, and attenuated the development of diet-induced atherosclerosis. CXCR4-TSB also
increased CXCR4 expression in B cells, corroborating its atheroprotective role in this cell type. Analyses of
human atherosclerotic plaque specimens revealed a decrease in CXCR4 and an increase in miR-206-3p expres-
sion in advanced compared with early lesions, supporting a role for the miR-206-3p—CXCR4 interaction in
human disease. Disrupting the miR-206-3p—CXCR4 interaction in a cell-specific manner with target-site blockers

is a potential therapeutic approach that could be used to treat atherosclerosis and other vascular diseases.

INTRODUCTION

Atherosclerosis is a chronic inflammatory disease of the arterial wall
and the pathophysiological substrate of acute coronary syndromes
and ischemic strokes (1), which are the major causes of mortality
and disability worldwide (2, 3). Despite the substantial improve-
ment in clinical management (4), the incidence and prevalence of
cardiovascular disease increased over the past 30 years with a high
mortality burden (2), mandating a quest to identify additional
targets to reduce the residual risk of cardiovascular events. Lipid-
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lowering approaches are the cornerstone of preventive cardiology,
but other molecular mechanisms, for instance, by driving inflam-
mation and (auto-)immune responses, are currently being explored
for therapeutic purposes (5, 6). Yet approaches more generally tar-
geting inflammatory mediators and pathways (such as canakinu-
mab and colchicine) were accompanied by side effects in clinical
trials (5, 6), and the identification of previously unidentified
targets for tailored enhancement of vascular health remains an
unmet clinical need in cardiovascular medicine.

Chemokines and their receptors have been implicated as players
and possible therapeutic targets in atherosclerosis (I, 5, 6). Beyond
its role in leukocyte trafficking, the chemokine receptor CXCR4 is
essential for embryonic angiogenesis and vessel integrity in adult-
hood (7, 8). In mice, conditional deletion of Cxcr4 in endothelial
cells (ECs) or vascular smooth muscle cells (VSMCs) aggravates
atherosclerosis by disrupting endothelial integrity and promoting
VSMC dedifferentiation, respectively (8). Consistently, the genetic
variant rs2322864 is associated with lower CXCR4 expression in
atherosclerotic plaques and a higher prevalence of coronary heart
disease in humans (8), and another variant (namely, rs4954580)
in the CXCR4 locus also showed a significant (P = 3.0 x 107°) asso-
ciation (9). This evidence from human and mouse studies unveils
the therapeutic opportunity of selectively enhancing the CXCR4
pathway. Yet CXCR4 is ubiquitously expressed, and mice with in-
ducible global deletion of Cxcr4 failed to replicate the atheroprone
phenotype of EC- or VSMC-specific deficiency (8). Although
CXCR4 antagonists and conditional deletion of Cxcr4 revealed
the protective role of CXCR4 in neutrophils and B cells (10-12),
atherogenic properties of CXCR4 in other cell types [for instance,
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progenitor cells; (13)] are likely to occur. Hence, the development of
strategies selectively boosting CXCR4 in vascular cells is crucial for
targeting this receptor for therapeutic purposes.

The gene expression landscape of every cell type undergoes mul-
tiple layers of regulation, ranging from cell-specific enhancers con-
trolling chromatin accessibility to posttranscriptional mechanisms
(14-16). The latter include microRNAs (miRNAs), small noncod-
ing RNAs that bind complementary sequences [termed miRNA-re-
sponsive elements (MREs)] of target RNA transcripts (15) to guide
their decay or translational repression within the RNA-induced si-
lencing complex (RISC) (15, 16). As a class, miRNAs are crucially
involved in atherosclerosis, and their modulation (by inhibitors or
mimics) represents an attractive therapeutic option (16, 17). The
transcription of miRNA precursors is cell specific and minimally
influenced by exogenous stimuli, including proatherogenic ones
(18). This translates into a cell-specific pattern of miRNA expres-
sion, as exemplified in the vessel wall by miR-126 in ECs or miR-
143/145 in VSMCs, both involved in atherogenesis (18—22). Previ-
ous studies have shown how miRNAs regulate CXCR4 in diverse
cell types, as in the case of miR-146a-5p in megakaryocyte progen-
itors or miR-139-5p in ECs (23, 24). Thus, we hypothesized that
miRNAs specifically restricted to vascular cells (namely, ECs and
VSMCs) are involved in a network for cell-specific regulation of
CXCR4 that could be targeted by antisense oligonucleotides dis-
rupting the miRNA-target RNA interaction.

RESULTS

CXCR4 is specifically targeted by miR-206-3p in

vascular cells

To explore the overall contribution of miRNAs in the regulation of
CXCR4 in the aortic wall, we retrieved data on Cxcr4 expression
from available transcriptomic datasets of aortas of mice with cell-
specific Dicer] deletion in ECs (Apoe™'~Cdh5-CreER"?Dicer™")
or VSMCs (Apoe™'~Smmbhc-iCreER™ Dicer") (25-28). Higher
expression of Cxcr4 (but not of its ligand Cxcl12 and the alternative
receptor Ackr3) was found in both models, reaching statistical sig-
nificance for DicerI depletion in VSMCs (P = 1.9 x 107%). In con-
trast, Cxcr4 was significantly down-regulated (P = 5.6 x 107°) upon
deletion of Dicerl in macrophages derived from monocytes of
Apoe™~LysM-CreDicer """ (Fig. 1A). These data were validated in
loss-of-function experiments in vitro. Silencing of Dicerl was effec-
tively obtained by transfecting GapmeRs in murine aortic ECs
(MAOECs) and aortic VSMCs (MOVAS), as confirmed by quanti-
tative polymerase chain reaction (QPCR) (fig. S1A), and was associ-
ated with an increase in CXCR4 mRNA and protein, as assessed by
qPCR and Western blot (Fig. 1, B and C). We also sought to explore
whether the miRNA-dependent regulatory mechanism is conserved
in humans. To this end, we performed loss-of-function experiments
in human aortic ECs (HA0oECs), VSMCs (HAoSMCs), and macro-
phages [THP-1 cells stimulated with phorbol 12-myristate 13-
acetate (PMA)] (fig. S1A). We detected an increase in CXCR4 at
the protein level upon DICERI knockdown in HAoECs and
HA0oSMCs by immunoblotting (Fig. 1D). Conversely, deletion of
DICERI in THP-1-derived macrophages did not influence the ex-
pression of CXCR4 (Fig. 1D). Together, these findings uncover a
miRNA-mediated repressive pathway for CXCR4 in ECs and
VSMCs of murine aortas but not in myeloid cells, which can also
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be observed for CXCR4 protein in human primary cells and likely
in human arteries.

Having established the net contribution of miRNAs as a class, we
next aimed to identify specific miRNA(s) responsible for regulating
CXCR4 in ECs and VSMCs. We applied a multistep screening ap-
proach (Fig. 1E and table S1): First, we referred to TargetScan (v8.0)
for miRNAs with predicted binding sites in the 3’ untranslated
region (3'UTR) of the CXCR4 transcript to identify 188 and 193
miRNAs in humans and mice, respectively. We then restricted
our analyses to 10 miRNAs pairing to binding sites with high evo-
lutionary conservation (branch length score > 2.0 for 8-mer or > 3.0
for 7-mer-m8 MREs). Among those, we focused on a set of six
miRNAs, which belong to families broadly conserved in metazoans
in the evolutionary data of MirGeneDB (v2.0) (29, 30). Aiming for a
possible role in vascular biology, we interrogated the CAGE (cap
analysis of gene expression) datasets of the FANTOMS5 project
(31, 32) to find that only three of these miRNAs (miR-140-3p,
miR-1-3p, and miR-206-3p) were detectable in murine adult
aortas (ID# FF46-23H1). With the major purpose of identifying
miRNAs expressed in ECs and VSMCs but not in macrophages,
we excluded miR-140-3p, because its expression was detected in
the CAGE datasets of murine macrophages (ID# FF2171-50H8,
FF3704-170A1, FF3632-171A1, and FF3704-172A1). Conversely,
miR-1-3p and miR-206-3p, members of the same miRNA family,
were not retrieved in this dataset, indicating an exclusive expression
in vascular cells but not macrophages. We experimentally validated
the ability of these miRNAs to repress Cxcr4 in a reporter assay de-
tecting reduced luciferase activity in human embryonic kidney
(HEK) 293 cells transfected with mimics of miR-1-3p or miR-
206-3p but not with scrambled mimics or empty vectors (Fig. 1F).
Using the same assay, we also tested 19 additional miRNAs predict-
ed to target Cxcr4 and expressed in macrophages (selected from lit-
erature and expression datasets), and although a slight effect was
observed for miR-132-3p, none of these miRNAs caused a substan-
tial reduction in luciferase activity (fig. S1, B and C). These findings
imply that macrophage miRNAs are insufficient in repressing
CXCR4 and may thus explain the discrepancy in the regulatory
role of DICER1 between vascular cells and macrophages (Fig. 1,
C and D). Together, we identified a miRNA family (miR-1/miR-
206), conserved in metazoans (fig. S1D), as a putative regulator of
CXCR4 in vascular cells.

Among the members of the miR-1/miR-206 family, miR-1-3p is
enriched in the heart and contributes to cardiac homeostasis and
function (33-35). For this reason, we decided to investigate miR-
206-3p to minimize the risk of possible off-target gene regulation
in cardiomyocytes. To validate miR-206-3p as a vascular cell-spe-
cific modulator of CXCR4, we first measured the expression of this
miRNA by qPCR in MAoECs, MOVAS, and bone marrow—derived
macrophages (BMDMs). The expression of miR-206-3p was detect-
ed at the highest amount in MAoECs, was slightly lower in MOVAS,
and was negligible in BMDM:s (Fig. 1G). To prove a regulatory role,
we performed gain- and loss-of-function experiments by transfect-
ing miR-206-3p mimics and inhibitors in MAoECs and MOVAS
before assessing the CXCR4 expression at mRNA and protein
levels by qPCR and Western blot, respectively. Transfection of
mimics and inhibitors effectively modulated miR-206-3p expres-
sion (fig. S1, E and F). Consistent with a posttranscriptional repres-
sive role of miR-206-3p, treatment with mimics reduced the
expression of CXCR4 in both cell types (Fig. 1H). In contrast,
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Fig. 1. Identification of miR-206-
3p as a CXCR4 repressor in vas-
cular cells. (A) Cxcr4, Cxcl12, and
Ackr3 expression from transcrip-
tional datasets of mice with Dicer1
deletion in ECs, VSMCs, or myeloid
cells (Md). (B and C) Expression of
CXCR4 at the mRNA (B) and protein
(C) levels in MAOECs and MOVAS
without (Ctrl) and with GapmeR-
mediated silencing of Dicer1
(DICER1 KD), as assessed by qPCR or
Western blot, respectively (n = 3 to
6). KD, knockdown. (D) Represen-
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miR-206-3p inhibitors strongly increased CXCR4 expression
(Fig. 1I), thus confirming the regulatory role of endogenous miR-
206-3p in MAoECs and MOVAS. Moreover, we confirmed the
RISC-loading of Cxcr4 mRNA by immunoprecipitating the RISC
in MAOECs cotransfected with miR-206-3p mimics and the pMir-
Trap vector, which expresses a tagged C-terminal truncated GW182
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protein to enable the capture of miRNA targets and their immuno-
precipitation (Fig. 1]). Next, we exposed MAoECs and MOVAS to
oxidized low-density lipoproteins (oxLDL, 100 pg/ml) for 24 hours
to mimic an atherogenic environment in vitro. This treatment re-
sulted in an increase in miR-206-3p (Fig. 1K) paralleled by lower
expression of CXCR4 mRNA and protein compared with controls
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(Fig. 1, L and M), thus demonstrating the relevance of this regula-
tory axis under atherogenic conditions. Last, consistent with the rel-
evance of miR-206-3p as a vascular-specific Cxcr4 regulator, an
analysis of the publicly available transcriptional data [Gene Expres-
sion Omnibus (GEO) ID# GSE34054] revealed lower expression of
miR-206-3p in carotid arteries of mice with genetic deletion of
Dicer] in VSMCs (fig. S1G). This supports a vascular origin, and
integrative target prediction analysis combining mRNA and
miRNA transcriptomes using MAGIA® (miRNA and genes inte-
grated analysis 2) (36) unveiled a significant interaction between
miR-206-3p and Cxcr4 mRNA (g = 1.8 x 107°). Together, our
results show that miR-206-3p is enriched in ECs and VSMCs and
mediates a repressive pathway for CXCR4 by direct interaction with
the 3'UTR of its transcript.

Disrupting the miR-206-3p—CXCR4 interaction affects EC
and VSMC function in vitro
We showed the regulatory role of miR-206-3p on CXCR4 expres-
sion in vascular cells; however, 125 experimentally validated
targets are reported for miR-206-3p in the latest release of miRTar-
base (v8.0) (37). Hence, miR-206-3p inhibitors may be burdened by
side effects from the derepression of transcripts other than CXCR4.
To specifically modulate the miR-206-3p—CXCR4 interaction, we
designed locked nucleic acid (LNA)-modified oligonucleotides
[termed CXCR4-target site blocker (CXCR4-TSB)] pairing the
MRE mapped to nucleotides 3545 to 3352 of human CXCR4 tran-
script (and nucleotides 1448 to 1468 of the 3'UTR of murine Cxcr4
mRNA) to prevent binding with miR-206-3p (Fig. 2A). Compared
with cells treated with a scrambled LNA oligonucleotide, transfec-
tion of HA0ECs and HAoSMCs with the CXCR4-TSB effectively
increased the expression of CXCR4 mRNA and protein, as shown
by qPCR and Western blotting (Fig. 2, B and C). To gain more com-
prehensive insights into the transcriptional effects and specificity of
CXCR4-TSB, we further analyzed the transcriptome of oxLDL-
exposed HAOECs treated with CXCR4-T'SB or a scrambled oligonu-
cleotide using an efficient bulk RNA-sequencing (RNA-seq)
method (Prime-seq) (38). Higher expression of CXCR4 was also ob-
served in the RNA-seq (fig. S2A). Yet none of the 17,256 detected
genes showed a difference in mRNA expression despite consider-
able statistical power to detect them (38). In particular, no differenc-
es were evident in other validated targets of miR-206-3p (fig. S2B),
as confirmed for NOTCH3, VEGFA, and GJAI by qPCR in HA0ECs
and HAoSMCs (Fig. 2, B and C). These findings indicate that
CXCR4-TSB exerts biological functions in HA0ECs by posttran-
scriptional mechanisms and rather subtle transcriptional changes
(39). On the other hand, dimensional reduction of transcriptomic
data by principal components analysis revealed a distinct transcrip-
tional signature upon CXCR4-TSB treatment, which was not ob-
served after CXCR4 silencing using short hairpin RNAs
(shRNAs) (fig. S2, C and D), indicating that the subtle effects on
the transcriptional profile may be related to CXCR4. The ability of
CXCR4-TSB to increase CXCR4 expression without affecting other
validated targets was also evident in MAoECs and MOVAS (Fig. 2,
D and E). Cumulatively, our data establish that CXCR4-TSB treat-
ment is an effective approach for selectively enhancing CXCR4 ex-
pression in vascular cells in humans and mice.

We previously reported CXCR4 deficiency to drive proathero-
genic features in ECs (8). Thus, we investigated whether enhancing
its expression by CXCR4-TSB promotes beneficial outcomes.

Cimen et al., Sci. Transl. Med. 15, eadf3357 (2023) 1 November 2023

Consistent with the relevance of the miR-206-3p—CXCR4 axis in
atherogenic conditions (Fig. 1, K to M), not only did the CXCR4-
TSB substantially increase CXCR4 expression in HA0ECs grown
under standard conditions, but this effect was also enhanced in
cells exposed to oxLDL (Fig. 3, A and B). In line with the functional
relevance of boosting CXCR4, we measured higher rates of prolifer-
ation by 5-ethynyl-2'-deoxyuridine (EdU)-incorporation assays
(Fig. 3C) and higher migratory capacity in wound healing assays
(Fig. 3D) using HAOECs transfected with CXCR4-TSB versus
scrambled control. Moreover, CXCR4-TSB mitigated the increase
in apoptosis (as assessed by a caspase-3/7 activity assay; Fig. 3E)
and in permeability for fluorescently labeled dextran (Fig. 3F) trig-
gered by oxLDL treatment. In addition, we found that treatment
with CXCR4-TSB blunted the increase in monocyte adhesion to
an endothelial monolayer activated by oxLDL (Fig. 3G). Identical
outcomes were observed in MAoECs (fig. S3), confirming the con-
servation of this regulatory axis across species. Last, rescue experi-
ments in HAoECs revealed that silencing of CXCR4 by shRNA
prevented the CXCR4-TSB~induced enhancement of proliferation
and migration both in the presence and in the absence of oxLDL
(Fig. 3, H to J), validating the mechanistic requirement of
CXCR4. Of note, silencing of CXCR4 also reduced proliferation
and migration in control cells, supporting its relevance for EC ho-
meostasis (Fig. 3, I and J). Together, these data provide functional
evidence for the ability of CXCR4-TSB to promote endothelial in-
tegrity and antiatherogenic features in vitro.

Because the deletion of CXCR4 also affects the atherogenic func-
tions of VSMCs (8), we next explored the effects of CXCR4-TSB on
human and murine VSMCs. As observed in ECs, treatment with
CXCR4-TSB enhanced the expression of CXCR4 mRNA and
protein in HAoSMCs and MOVAS with or without oxLDL stimu-
lation (Fig. 4, A and B; and fig. S4, A and B). In contrast to ECs, the
CXCR4-TSB repressed the higher proliferative rate and migration
capacity induced by treatment with oxLDL in HAoSMCs and
MOVAS, as assessed by EAU incorporation and wound healing
assays, respectively (Fig. 4, C and D, and fig. S4, C and D). This
was consistent with the maintenance of a differentiated VSMC phe-
notype, because treatment with CXCR4-TSB prevented the oxLDL-
mediated decrease in the contraction marker MYH11 (SMMHC)
(Fig. 4, E and F, and fig. S4E). Whereas silencing of CXCR4 in-
creased proliferation and migration in control HAoSMCs,
CXCR4-TSB treatment did not reduce proliferation and migration
after silencing of CXCR4 in HAoSMC:s in the presence or absence of
oxLDL (Fig. 4, G to I). These results show that CXCR4-TSB can in-
crease CXCR4 expression to promote and sustain a quiescent phe-
notype of VSMCs.

CXCR4-TSB prevents hyperlipidemia-induced endothelial
dysfunction in vivo

We next tested whether the antiatherogenic properties of CXCR4-
TSB observed in vitro can be recapitulated in an atheroprone
Apoe™™ mouse model of advanced atherosclerosis. Mice were fed
a Western diet (WD) for 16 weeks and received weekly systemic ad-
ministration of CXCR4-TSB or control scrambled LNA oligonucle-
otides (0.4 mg/20 g, intravenously) for the final 4 weeks (Fig. 5A).
Immunofluorescence staining revealed increased expression of
CXCR4 in atherosclerotic lesions of the aortic root upon treatment
with CXCR4-TSB. Quantitative analysis of mean fluorescence in-
tensity (MFI) revealed that treatment with CXCR4-TSB promoted
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Fig. 2. Design and validation of selective CXCR4 target site blockers (TSB). (A) Sequences of miR-206-3p and the binding sites of its seed sequence in the 3'UTR of
human (left) and murine (right) CXCR4 transcripts. The sequence of the TSB and the Watson-Crick pairing with the CXCR4 transcript is reported below. (B to E) Functional
validation of transfection of CXCR4-TSB (TSB) in HAOECs (B) and HAoSMCs (C) as well as in MAOECs (D) and MOVAS (E). Immunoblotting representative of three inde-
pendent experiments and quantification of CXCR4 at the mRNA level by gPCR are shown. Additional miR-206-3p targets were assessed by qPCR as negative controls for
CXCR4-TSB specificity (n = 4 to 8). Data are presented as means and SEM and were analyzed by factorial ANOVA with Bonferroni post hoc test. *P < 0.05; **P < 0.01; ***P

< 0.001.

higher CXCR4 signals in von Willebrand factor (VWF)" ECs and a-
smooth muscle actin (SMA)" VSMCs but not in Mac2" macrophag-
es (Fig. 5B). These results show that CXCR4-TSB can enhance ar-
terial CXCR4 expression under atherogenic conditions.

Having verified the feasibility of a CXCR4-TSB treatment in
vivo, we studied its relevance to vessel integrity. Consistent with
higher proliferative rates, immunofluorescence staining revealed
that the proportion of vVWF" ECs displaying a nuclear Ki67 staining
was increased in mice treated with CXCR4-TSB (Fig. 5C). No dis-
cernable staining for Ki67 was observed in the subintimal space, in
line with the EC-specific effect on proliferation observed in vitro.
Next, we evaluated changes in vascular permeability and found
that mice treated with CXCR4-TSB for 4 weeks displayed lower
Evans blue extravasation in the aorta, particularly in the athero-sus-
ceptible aortic arch (Fig. 5, D and E), as well as in the kidneys and
spleen (fig. S5A). This result suggests a benefit of disrupting the
miR-206-3p—~CXCR4 interaction for both the macro- and microvas-
culature. We further studied possible effects on LDL retention and
subintimal extravasation as crucial events in early atherogenesis. To
this end, we analyzed Dil-labeled LDL (Dil-LDL) retention ex vivo
in viable carotid arteries isolated from Apoe™~ mice undergoing a
6-week WD and weekly administration of CXCR4-TSB or control
LNA oligonucleotides during the final 4 weeks. As visualized by
two-photon laser scanning microscopy (TPLSM), the retention of
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Dil-LDL was decreased in CXCR4-TSB—treated mice as compared
with controls (Fig. 5F). As revealed by four-dimensional confocal
microscopy, the subintimal Dil-LDL extravasation was delayed in
en face prepared aortas of mice treated with CXCR4-TSB as com-
pared with controls (movies S1 and S2), thus extending the findings
to another vascular district. Collectively, these results establish the
ability of CXCR4-TSB to preserve vascular integrity and reduce per-
meability to atherogenic lipoproteins.

Furthermore, we analyzed the effect of CXCR4-TSB on leuko-
cyte adhesion to the endothelium as a surrogate of inflammatory
activation and dysfunction. After 2 weeks of WD feeding to
promote endothelial activation, Apoe™ ™ mice were treated with
CXCR4-TSB or control scrambled LNA oligonucleotides before iso-
lating carotids for ex vivo arterial perfusion assay (Fig. 6A). As vi-
sualized by TPLSM, the adhesion of leukocytes on the endothelium
of mounted carotid arteries from mice treated with the CXCR4-TSB
was reduced when compared with controls (Fig. 6B). We did not
observe any difference when leukocytes isolated from mice treated
with CXCR4-TSB were perfused in carotid arteries of mice injected
with a control LNA oligonucleotide (Fig. 6B), establishing that
changes in adhesion were dependent on effects on the arterial
wall rather than leukocytes. Consistent with lower inflammatory ac-
tivation of ECs, the proportion of intercellular adhesion molecule-1
(ICAM-1)" ECs in carotid arteries mounted in an ex vivo perfusion
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Fig. 3. Functional relevance of disrupting the miR-206-3p—CXCR4 interaction in ECs. (A to G) HAOECs were transfected with CXCR4-TSB (TSB, 50 nM) or scrambled
oligonucleotides (Ctrl) for 48 hours before being treated with or without oxLDL (100 pg/ml) for 24 hours. CXCR4 expression was evaluated at the mRNA (qPCR, A) and
protein (Western blot, B) levels (n = 4 to 7). Quantification of (C) 5-ethynyl-2'-deoxyuridine (EdU) incorporation to assess proliferation (n = 4), (D) wound healing assays to
evaluate migration (n = 7), (E) caspase-3/7 cleavage assays for apoptosis activation (n = 5 or 6), (F) permeability for fluorescein isothiocyanate (FITC)—conjugated dextran (n
=510 10), and (G) adhesion of calcein-labeled monocytes to the endothelial monolayer normalized to control (n = 4). Representative images are provided for (B) to (D). (H
to J) HAoECs were transduced with lentiviral particles expressing shRNAs targeting CXCR4 (shCXCR4) or scrambled controls (shSCR) and transfected with CXCR4-TSB (TSB,
50 nM) or scrambled oligonucleotides (Ctrl) for 48 hours before treatment with or without oxLDL (100 pg/ml) for 24 hours. CXCR4 expression was evaluated at the mRNA
level by gPCR (n = 5) (H). Representative images and quantification of wound healing (I) and EdU incorporation (J) assays (n = 3 or 4). Scale bars, 10 um. Data are presented
as means and SEM and analyzed by factorial ANOVA with the Bonferroni post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001. DAPI, 4’,6-diamidino-2-phenylindole.
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Fig. 4. Functional relevance of disrupting the miR-206-3p—CXCR4 interaction in VSMCs. (A to F) HAoSMCs were transfected with CXCR4-TSB (TSB, 50 nM) or scram-
bled oligonucleotides (Ctrl) for 48 hours before being treated with or without oxLDL (100 pg/ml) for 24 hours. CXCR4 expression was measured at the mRNA (qPCR, A) and
protein (Western blot, B) levels (n = 5 to 8). Quantification and representative images of EdU incorporation assays for proliferation (C) (n = 5) and wound healing assays for
migration (D) (n = 3). SMMHC1 expression was measured at the mRNA (qPCR, E) (n = 4) and protein (Western blot, F) levels (n = 8), and a representative immunoblotting is
provided. (G to 1) HAoSMCs were transduced with lentiviral particles expressing shRNAs targeting CXCR4 (shCXCR4) or scrambled controls (shSCR) and transfected with
CXCR4-TSB (TSB, 50 nM) or scrambled oligonucleotides (Ctrl) for 48 hours before treatment with or without oxLDL (100 pg/ml) for 24 hours. CXCR4 expression was
evaluated at the mRNA level by qPCR (n = 6) (G). Representative images and quantification of wound healing (H) and EdU incorporation (1) assays (n = 3 to 6). Scale
bars, 10 um. Data are presented as means and SEM and analyzed by factorial ANOVA with the Bonferroni post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 5. Assessment of CXCR4-TSB
functionality in vivo. (A) Experimen-
tal layout detailing the treatment plan
and tissues collected and analyzed. (B)
Representative immunofluorescent
images and quantification of mean

A

fluorescence intensity (MFI) of CXCR4 T
signals in aortic roots of Apoe’/’ mice
fed a Western diet (WD) for 16 weeks
and treated weekly in the past 4 weeks
with CXCR4-TSB (TSB) or scrambled
control oligonucleotides (Ctrl). Cos-
taining with vVWF, a-SMA, and Mac-2

Start of WD

) Ooﬂ BM and blood:
04 mg/ZO g mouse (tvi) [} leukocyte subsets
Ctrl oligos TSB
ApoE~~
f Carotid arteries:
CXCR4 overexpression
B):n el
n 1 | 16 weeks a
AL '] —_— ortic roots:
1 77 1 ! I ! ' plaque characterization
12 weeks ﬂ ﬂ g T \

End of WD

Aortas, spleen, kidney:
(] EB permeability

marks ECs, VSMCs, and macrophages,
respectively (n = 6). L, vessel lumen.
Scale bars, 50 um. (C) Representative
immunofluorescence staining and
quantification of the percentage of
VWF" ECs with nuclear staining for the
proliferation marker Ki67 in aortic
roots of Apoe™" mice treated with
CXCR4-TSB (TSB) or scrambled control
oligonucleotides (Ctrl) (n = 6). L, vessel
lumen. Scale bars, 50 um. (D) Evans
blue (EB) extravasation from whole
aortas of Apoe™~ mice treated with
CXCR4-TSB (TSB) or scrambled control
oligonucleotides (Ctrl) (n = 4). (E)
Representative images and quantifi-
cation of Evans blue extravasation in
aortic arches of Apoe™ mice treated
with CXCR4-TSB (TSB) or scrambled
control oligonucleotides (n = 4). (F)
Representative images and quantifi-
cation of the LDL retention assay of Dil-
LDL in ex vivo mounted carotid arter-
ies of Apoe™~ mice treated with
CXCR4-TSB (TSB) or scrambled control
oligonucleotides (Ctrl) (n = 8). Scale
bars, 50 um. Data are presented as
means and SEM and were analyzed by
Student's t test. *P < 0.05; ns, not
significant.

Ctrl

chamber as in the leukocyte adhesion assay was strongly reduced in
mice treated with CXCR4-TSB (Fig. 6C). Likewise, immunofluores-
cence staining of atherosclerotic lesions in the aortic root after 16
weeks of WD revealed a lower expression of the adhesion molecule
ICAM-1 in mice treated with CXCR4-TSB compared with controls
(Fig. 6D). Last, leukocyte recruitment in vivo was assessed by bro-
modeoxyuridine (BrdU) pulse labeling and short-term intravenous
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We found that

CD45 staining of circulating leukocytes (40-42).
BrdU"CD45" cells tended to be less abundant in the aortic roots
of mice treated with CXCR4-TSB compared with controls
(Fig. 6E), in line with the notion that CXCR4 reduces leukocyte traf-
ficking in early atherogenesis by preserving endothelial integrity.
This was further corroborated by the ability of CXCR4-TSB to at-
tenuate Icam1 expression in the presence of oxLDL in MA0ECs in
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Fig. 6. Assessment of CXCR4-TSB on leukocyte adhesion and recruitment. (A to C) Experimental layout (A), representative images, and quantification (B) of monocyte
adhesion assays performed by perfusion of fluorescently labeled monocytes in ex vivo (n = 4 or 5) and (C) percentage of ICAM-1—-positive ECs in mounted carotid arteries
of Apoe™" mice treated with CXCR4-TSB (TSB) or scrambled control oligonucleotides (Ctrl) (n = 3). Scale bars, 50 um. (D) Representative immunostaining and quantifi-
cation of ICAM-1 protein expression in aortic roots oproe'/_ mice treated with CXCR4-TSB (TSB) or scrambled control oligonucleotides (Ctrl) (n = 6). Scale bars, 50 pm. (E)
Representative images and quantification of leukocyte recruitment in the aortic root in vivo upon BrdU pulse labeling and short-term intravenous CD45 staining of
Apoe™~ mice treated with CXCR4-TSB (TSB) or scrambled control oligonucleotides (Ctrl) (n = 7). Scale bars, 50 um. Data are presented as means and SEM and were

analyzed by Student's t test. *P < 0.05.

vitro while increasing VE-cadherin expression (fig. S5B), a major
determinant of endothelial integrity affected by Cxcr4 deletion in
ECs (8). Collectively, these results establish the potential of
CXCR4-TSB to reduce endothelial inflammatory activation as
well as leukocyte adhesion and their recruitment to atherosclerotic
lesions, likely reflecting preserved EC integrity.

CXCR4-TSB enhances CXCR4 expression in B cells but not in
other leukocytes

The expression of CXCR4 is ubiquitous, and the CXCR4-CXCL12
axis is instrumental for hematopoietic cell mobilization and homeo-
stasis in the bone marrow. Although we designed CXCR4-TSB to
enhance CXCR4 expression in vascular cells but not in

Cimen et al., Sci. Transl. Med. 15, eadf3357 (2023) 1 November 2023

monocytes/macrophages, we investigated whether miR-206-3p
can also affect CXCR4 expression in other circulating cells. We as-
sessed the surface expression of CXCR4 of the major leukocyte
subsets in peripheral blood and bone marrow by flow cytometry
and found that treatment of mice with CXCR4-TSB did not affect
CXCR4 expression in classical and nonclassical monocytes, T cells,
or neutrophils but increased CXCR4 expression in B cells (fig. S6A,
B). Similarly, we found that treatment with CXCR4-TSB increased
CXCR4 expression in primary human B cells (fig. S6C), validating
the data obtained in mice. Hence, we investigated the effects of
CXCR4-TSB on the homeostasis of this cell population. By flow cy-
tometry, we measured higher counts for B cells in peripheral blood
and bone marrow of mice treated with CXCR4-TSB compared with
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controls (fig. S6, D and E), whereas no differences were found for
the other main leukocytes (fig. S6, F and G). We next explored the B
cell content in the spleen and found that, whereas the overall
number of B cells was unaltered, the counts of marginal B cells
were markedly reduced (fig. S6H), possibly suggesting their
release into the circulation. CXCR4 in B cells is antiatherogenic
and enhances the release of immunoglobulin M (IgM) preventing
oxLDL uptake in macrophages (43). Consistent with the functional
role of CXCR4-TSB, we detected a higher proportion of circulating
Bla (but not B1b) cells (fig. S6I), the major source of atheroprotec-
tive IgM, and a higher concentration of plasma IgM by enzyme-
linked immunoassay (fig. S6]). Last, analysis of plasma concentra-
tion of a set of inflammatory cytokines and chemokines in Apoe™~
mice treated with CXCR4-TSB did not reveal substantial differences
as compared to controls (fig. S6K), ruling out an influence on sys-
temic inflammation and further supporting the specific functional
role in the arterial wall. Together, these results confirm that
CXCR4-TSB does not affect CXCR4 expression in most leukocyte
populations but promotes the increase of CXCR4 expression in B
cells, favoring the release of atheroprotective IgM.

CXCR4-TSB reduces diet-induced atherosclerosis in vivo
Our results indicated the feasibility of targeting the miR-206-3p—
Cxcr4 interaction for therapeutic purposes against atherosclerosis.
Hence, we used a model of diet-induced atherosclerosis by
feeding Apoe™’™ mice a WD for 6, 12, and 16 weeks. During the
last 4 weeks before tissue harvesting, we injected CXCR4-TSB or
control scrambled LNA oligonucleotides (0.4 mg/20 g mouse)
weekly (Fig. 7A). At every time point, a lower burden of atheroscle-
rosis was detected in the aortic roots of mice treated with CXCR4-
TSB as compared with controls (Fig. 7B), yet the temporal trend re-
vealed a slower progression rather than disease regression. At the
most advanced time point (16 weeks), CXCR4-TSB effectively in-
creased the expression of Cxcr4 in the arterial wall, as assessed by
qPCR on RNA isolated from carotid arteries (fig. S7A). Although
CXCR4-TSB treatment did not alter body weight (fig. S7B),
plasma triglyceride, and cholesterol concentrations (fig. S7, C and
D), a lower plaque area was detected in en face prepared aortas
stained with Sudan IV (Fig. 7B) compared with controls. These
results establish the efficacy of CXCR4-TSB in reducing the progres-
sion of atherosclerosis without affecting metabolic and lipid
profiles.

Next, we analyzed the composition of atherosclerotic plaques
upon treatment with CXCR4-TSB. When compared with controls,
mice treated with CXCR4-TSB displayed a lower extent of Oil Red O
staining (Fig. 7C), indicative of reduced lipid accumulation in le-
sional foam cells, and smaller necrotic cores (Fig. 7F). In line with
improved vascular integrity driven by CXCR4 (8), the number of
Mac2" macrophages was lower in mice treated with CXCR4-TSB
than in controls (Fig. 7E), likely reflecting attenuated leukocyte re-
cruitment. Conversely, no differences were observed in the collagen
area assessed by Masson'’s trichrome staining (Fig. 7F) or in the
number of aSMA" VSMCs (Fig. 7G), consistent with the mainte-
nance of a quiescent VSMC phenotype. Together, our results illus-
trate the therapeutic potential of CXCR4-TSB in limiting the
progression of atherosclerosis and the inflammatory burden in
the lesions.

Cimen et al., Sci. Transl. Med. 15, eadf3357 (2023) 1 November 2023

The miR-206-3p—CXCR4 interaction occurs in human
atherosclerosis

To gain insights into the involvement of miR-206-3p and CXCR4 in
human vascular disease, we performed fluorescence in situ hybrid-
ization (FISH) to analyze miR-206-3p expression and coimmunos-
taining for CXCR4 and the EC marker CD31 in human
atherosclerotic lesions obtained by thrombendarteriectomy for
high-grade stenosis of internal carotid arteries. To infer a possible
contribution to atheroprogression, we measured the expression of
CXCR4 and miR-206-3p in slices with limited pathological evi-
dence of disease [early lesion area (ELA)] and compared them
with areas with the highest atherosclerotic burden [advanced
lesion area (ALA)]. We found that advanced plaque areas showed
higher miR-206-3p expression, with signals mainly located in the
endothelial layer and the subintimal space, whereas the expression
of CXCR4 was reduced and limited to a few ECs (Fig. 8). In contrast,
early plaque areas displayed stronger signals for CXCR4, mainly lo-
calizing to the endothelium, whereas miR-206-3p was hardly de-
tectable (Fig. 8). An inverse bivariate correlation between the
expression of miR-206-3p and that of CXCR4 was computed
(Spearman'’s rho —0.62, P = 0.048), supporting a repressive function
of miR-206-3p on CXCR4 in human atherosclerotic plaques. To-
gether, our results provide evidence for the notion that the miR-
206-3p—CXCR4 interaction is operative in mouse and human ath-
erosclerosis and that this pathway may be targeted with a CXCR4-
TSB for therapeutic purposes.

DISCUSSION

We demonstrate the beneficial effects of enhancing the expression
of CXCR4 in vascular cells as a suitable therapeutic approach for
atherosclerosis and potentially other vascular diseases. The role of
CXCR4 (and its native ligand CXCL12) in cardiovascular disease
and atherosclerosis in humans is strongly supported by genetic as-
sociation studies (8, 9, 44, 45), suggesting exploitation for therapeu-
tic purposes. Yet the intricate network of contrasting functions of
the CXCR4-CXCL12 axis in different cell types (8, 10-13) and its
involvement in bone marrow homeostasis and stem cell mobiliza-
tion (46, 47) require strategies for tailored expression of CXCR4 ex-
clusively in vascular cells. Therapeutic gene delivery can be achieved
with viral vectors [for instance, with adeno-associated viruses
(AAVs)], which received approval for the treatment of rare
genetic diseases (48, 49). However, directing the transgene expres-
sion toward specific cell types remains a major technical challenge,
and transduction of the arterial vessel wall is affected by low-effi-
ciency rates (49-51). In our study, we proposed and validated an
alternative approach based on RNA therapeutics. To address the
challenge of cell-specifically enhancing gene expression upon sys-
temic administration, we aimed to disrupt the interaction between
CXCR4 mRNA and miRNAs preferentially expressed in the cells to
be targeted, in our case miR-206-3p. miRNA expression is highly
cell specific, and studies of human cell lines found that 29% of
the miRNAs are unique to a single class of cells (52, 53). This spe-
cificity is conferred by the location of MIRNA genes in proximity to
active cell-specific superenhancers, genomic regions strongly en-
riched with binding sites for transcription factors with multiplica-
tive effects on the transcription of adjacent genes (18, 53). Although
atherogenic stimuli affect the expression of mature miRNAs, they
do not influence the use of transcription start sites (TSSs) and
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Fig. 7. CXCR4-TSB reduces diet-induced atherosclerosis. (A) Experimental layout detailing the diet and treatment plan, with representative hematoxylin and eosin
staining of aortic roots and quantification of the atherosclerotic lesion area of Apoe’/’ mice fed a WD for 6, 12, and 16 weeks and treated with CXCR4-TSB (TSB) or
scrambled oligonucleotides (Ctrl) during the last 4 weeks (n = 6 to 8). Scale bars, 100 um. (B) Representative images and quantification of Sudan IV staining on en
face aortas of Apoe™~ mice fed a WD for 16 weeks and treated with CXCR4-TSB (TSB) or scrambled oligonucleotides (Ctrl) during the past 4 weeks (n = 6). Scale
bars, 300 um. (C) Oil Red O staining of aortic roots and quantification of lipid deposition (n = 6). Scale bars, 100 um. (D) Representative hematoxylin and eosin staining
of aortic roots and quantification of the necrotic core (n = 6). Scale bars, 50 pm. (E) Immunofluorescence staining of the macrophage marker Mac2 in aortic root plaques
and quantification of the Mac2* area (n = 6). Scale bars, 100 um. (F) Masson's trichrome staining of aortic roots and quantification of the collagen area in atherosclerotic
lesions (n = 6). Scale bars, 50 um. (G) Immunofluorescence staining for the VSMC marker aSMA of atherosclerotic plaques in aortic roots and quantification (n = 6). Data are
presented as means and SEM and were analyzed by factorial ANOVA with the Bonferroni post hoc test (A) or by Student’s t test (B to G). *P < 0.05; **P < 0.01; ***P < 0.001.
ns, not significant.
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Fig. 8. The miR-206-3p—CXCR4 regulatory interaction is conserved in human atherosclerosis. Representative fluorescent in situ hybridization (FISH) on human
carotid atherosclerotic plaques with coimmunostaining for CXCR4 and the EC marker CD31. Quantification of fluorescent signals for CXCR4 and miR-206-3p is reported
for early (ELA) and advanced lesion areas (ALA) (n = 6). Scale bars, 10 um. Data are presented as means and SEM and analyzed by Student's t test. **P < 0.01; ***P < 0.001.

pri-miRNA transcription (18). Thus, cell-specific miRNAs are un-
likely to undergo major transcriptional changes under atherogenic
conditions, but differences in miRNA expression are rather deter-
mined at the posttranscriptional level (18, 20). For this reason, our
workflow for identifying the best candidate was based on the
CAGE-seq data from the FANTOMS5 consortium (31), which pro-
vides effective genome-wide transcriptional profiling and quantifies
the TSS (31, 32). RNA therapeutics are rapidly and cost-effectively
produced and emerged as powerful treatment strategies with a rapid
transition toward clinical applications, as shown by the mRNA vac-
cines against severe acute respiratory syndrome coronavirus 2 (54,
55) or the small interfering RNA targeting PCSK9 (inclisiran) (56).
For CXCR4-TSB, we used LNA-modified oligonucleotides, which
are naturally taken up by cells, with a fully phosphorothioate-mod-
ified backbone that makes them resistant to ribonuclease-mediated
degradation (26, 57). Our study supports this approach as an alter-
native to viral vectors, and we achieved the unmet therapeutic
feature of boosting the expression of CXCR4 in ECs, VSMCs, and
B cells (expressing miR-206-3p) while leaving myeloid cells
unaffected.

In addition to providing a promising therapeutic tool, the ad-
ministration of CXCR4-TSB in vivo corroborated the cell-specific
mechanistic relevance of CXCR4 in the processes of atherosclerosis.
Whereas genetic deletion of Cxcr4 in ECs markedly increased ath-
erogenesis by disrupting endothelial integrity and promoting leuko-
cyte recruitment (8), we found that CXCR4-TSB can enhance
CXCR4 expression in ECs to reduce arterial leakage, cholesterol re-
tention, monocyte adhesion and recruitment in the vessel wall, and
ultimately atherogenesis.

An unexpected yet intriguing finding was the existence of a miR-
206-3p—CXCR4 interaction in B cells. The contribution of CXCR4
in this cell type and its relevance in atherogenesis have emerged in
recent years (11, 12). CXCR4 has been implicated in bone marrow
retention of Bla cells to promote an adequate secretion of athero-
protective IgM (11), whereas conditional deletion of Cxcr4 in B cells
(in Apoe™~Cd19“*RT Cxcrd™) strongly reduced bone marrow
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content of Bla cells, plasma IgM concentration, and aggravated
the development of atherosclerosis (12). In line with these findings,
CXCR4-TSB was able to increase the retention of B cells in the bone
marrow and increase IgM production. Solid evidence supports an
atheroprotective role of IgM by showing its ability to target oxida-
tion-specific epitopes on LDLs as well as an inverse association
between plasma concentrations of such IgM and cardiovascular
disease in humans (11, 58-61). Therefore, the effects on B cells
are likely to contribute to the overall protective properties of
CXCR4-TSB against atherogenesis.

Of note, the protective effects were not associated with changes
in the plasma lipid profile, supporting the translational perspective
of a lipid-independent therapeutic agent operating in synergy with
available lipid-lowering strategies to reduce the residual risk for car-
diovascular events in patients with atherosclerosis at high cardiovas-
cular risk, such as patients in need of secondary prevention. To this
end, additional preclinical studies in large animal models are war-
ranted to validate the present findings and to address the pharma-
cokinetics of these compounds before entering development of
clinical application in humans.

Although we foresee the perspective of using CXCR4-TSB for
therapeutic purposes, some aspects require further investigation.
Because we focused our analyses on a set of cell types implicated
in atherogenesis, we cannot exclude biologically relevant functions
of the miR-206-3p—CXCR4 pathway in other cells and tissue not
primarily involved in cardiovascular diseases, such as the skeletal
muscle. Moreover, the contribution of B cells and IgM to the anti-
atherosclerotic features of CXCR4-TSB as well as the underlying
mechanisms and additional effects on the immunoglobulin reper-
toire remain to be clarified at this stage. Future studies in transgenic
models, such as B cell-deficient p.MTf/ ~ mice (62), will be required
to dissect the functional relevance of this cell subset. Last, we show
that CXCR4-TSB limited the progression of atherosclerosis but did
not result in regression of established disease. Thus, it would be war-
ranted to assess whether higher doses or prolonged treatment may
further enhance the therapeutic potential of CXCR4-TSB in a quest
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to define the optimal therapeutic window for possible clinical
applications.

In conclusion, disengagement of miRNA-mediated gene repres-
sion represents an attractive, feasible, and cost-effective strategy to
promote and fine-tune gene expression at a cell-specific level. Ulti-
mately, this approach might revolutionize current viral-based gene
delivery approaches by providing an RNA-based targeting strategy
with implications for the development of therapeutics to treat car-
diovascular disease and beyond.

MATERIALS AND METHODS

Study design

The main objective of our study was to identify a miRNA-CXCR4
regulatory axis operating in cells of the arterial wall (ECs and
VSMCs) to selectively disrupt it and to specifically boost CXCR4
expression in these cells. Because miRNAs exhibit remarkable
cell-specific transcription, we took advantage of available CAGE-
seq databases to identify miRNAs, which can regulate CXCR4
and are transcribed in arterial vessels but not in myeloid cells. Ex-
periments in vitro in murine and human ECs, VSMCs, and macro-
phages involved gain- and loss-of-function approaches and
luciferase report assays to validate the effective regulatory activity
of the candidate miRNAs. To disrupt the interaction of the strongest
candidate (miR-206-3p) with CXCR4 mRNA, we used a short oli-
gonucleotide and (i) assessed the functional role on proliferation,
migration, apoptosis, and inflammatory activation in murine and
human cells in vitro; (ii) confirmed the functional relevance and
the neutral effect on leukocytes in an atheroprone mouse model
in vivo; and (iii) determined the potential of therapeutic use in a
mouse model of advanced diet-induced atherosclerosis. Last, we
tested the conservation of this pathway in human atherosclerosis
by associative analyses between miR-206-3p and CXCR4 in
human atherosclerotic lesions with different severity. For animal ex-
periments, mice were randomized to the different experimental
groups, and an a priori calculation of power based on previous
data in literature and pilot experiments was performed that aimed
at 80% statistical power for detecting biological relevant changes
(50%) with a two-tailed a value of 0.05. Animals were excluded
from analyses only in the presence of severe health issues. For in
vitro experiments, sample sizes were selected empirically on the
basis of pilot experiments. Quantification of immunostaining was
performed in a blinded manner.

In vitro experiments

Experiments were performed on MAoECs (PB-C57-6052, PELO-
Biotech), HAoECs (C-12271, PromoCell), MOVAS [CRL-2797,
American Type Culture Collection (ATCC)], HAoSMC (C-12533,
PromoCell), BMDMs isolated from mice and differentiated with
L929 conditioned medium and macrophage colony-stimulating
factor, THP-1 (TIB-202, ATCC) differentiated into macrophages
by incubation with PMA (Sigma-Aldrich), and primary mouse B
cells isolated with a B cell isolation kit (Miltenyi Biotec) from
single-cell spleen suspensions. All cell types were grown using
cell-specific culture medium (details in Supplementary Materials
and Methods) supplemented with 1% penicillin-streptomycin at
37°C in a humidified atmosphere containing 5% CO,. Cells were
transfected with antisense LNA GapmeRs designed against
DICERI, miRCURY LNA miR-206-3p inhibitors or mimics,
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CXCR4-TSB, or scrambled oligonucleotides (all 50 nM, Qiagen)
using Lipofectamine 2000 (Thermo Fisher Scientific). The sequenc-
es of the transfected oligonucleotides are listed in table S2.

RNA was isolated using RNeasy Mini or miRNeasy mini kits
(Qiagen). The expression of miRNAs was assessed using the miS-
cript workflow (Qiagen) following the manufacturer’s protocol.
The expression of mRNA was measured by reverse-transcribing
RNA into complementary DNA with a QuantiTect reverse tran-
scription kit (Qiagen) and performing qPCR with the GoTaq
qPCR Master Mix (Promega) and custom-designed primers (table
S$3) on the QuantStudio 6 Pro Real-Time PCR System (Applied Bio-
systems). Protein extraction was accomplished with a mammalian
protein extraction reagent (M-PER) or a radioimmunoprecipitation
assay (RIPA) buffer supplemented with protease (cOmplete prote-
ase inhibitor cocktail, Roche) and phosphatase inhibitors (Phos-
STOP, Roche), and concentration was measured by a detergent
compatible (DC) protein assay (Bio-Rad). For immunoblotting,
15 to 30 pg of proteins was resolved in 4 to 12% Bis-Tris NuPage
gels and transferred to Immobilon-E polyvinylidene difluoride
(PVDF) membranes (Merck). Membranes were incubated with
primary antibodies overnight at 4°C, followed by 1-hour incubation
with horseradish peroxidase (HRP)—conjugated secondary antibod-
ies before detection using SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Fisher Scientific). The list of antibodies
used in the study is reported in table S4.

Functional assays probed (i) permeability by analyzing the
passage of fluorescein isothiocyanate (FITC)-labeled dextran
through a monolayer of ECs seeded onto collagen-coated inserts,
(ii) wound healing by testing the ability of EC and VSMC monolay-
ers to recover confluency after experimental scratch damage, (iii)
apoptosis by measuring caspase-3/7 enzymatic activity with a
Caspase-Glo 3/7 assay (Promega), (intravenously) 5-ethynyl-2'-de-
oxyuridine (EdU) incorporation by treating ECs and VSMCs with
EdU for 12 hours followed by immunostaining for EAU (Click-iT
EdU imaging kit, Merck Millipore), and (v) adhesion of fluorescent-
ly labeled THP-1 cells incubated over a monolayer of ECs measured
as fluorescence intensity in a microplate reader (Tecan Infinite 200
PRO) after three washing steps. Detailed experimental protocols are
provided in Supplementary Materials and Methods.

Ex vivo arterial perfusion assay

Carotid arteries isolated from Apoe™~ mice treated with CXCR4-
TSB or scrambled oligonucleotides were mounted in a home-built
perfusion chamber and visualized by TPLSM as previously de-
scribed (63). Arteries were pressurized to 80 mmHg, labeled with
anti-CD31 antibody to visualize EC junctions, and perfused for
10 min at a flow rate of 0.54 ml/min (mimicking the in vivo arterial
flow rate) with fluorescently labeled leukocytes [Cell Tracker Green/
5-chloromethylfluorescein diacetate (CMFDA) or Deep Red;
Thermo Fisher Scientific]. Counting of adhesive cells was manually
performed in real time using XYZ scans. Subsequently, representa-
tive three-dimensional image datasets were recorded and processed
using the Leica Application Suite for Advanced Fluorescence (LAS
AF) software. For the LDL retention assay, Dil-LDL was intralumi-
nally infused in mounted and pressurized carotid arteries and incu-
bated for 90 min. Thereafter, arteries were flushed to remove free
Dil-LDL, labeled with anti-CD31 antibody to visualize EC junc-
tions, and visualized by TPLSM.
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In vivo experiments

All animal experiments were reviewed and approved by the local
authorities (District Government of Upper Bavaria, Germany) fol-
lowing German animal protection laws. Atheroprone 6- to 8-week-
old Apoe_/_ mice (the Jackson Laboratory) were fed a WD (21%
crude fat, 0.15% cholesterol, and 19.5% protein) for 6, 12, or 16
weeks and randomized to treatment with CXCR4-TSB or control
LNA oligonucleotides (miRCURY LNA TSB for in vivo use,
Qiagen) (0.4 mg/20 g, intravenously) during the last 4 weeks.
Once euthanized, CXCR4 expression was studied in the arterial
wall and in atherosclerotic lesions by immunofluorescence and in
leukocytes by flow cytometry. Assessment of atherosclerotic
burden and characterization of plaques was performed in en face
prepared aortas and aortic roots. Vascular permeability was as-
sessed by Evans blue extravasation. Intraplaque leukocyte recruit-
ment in vivo was assessed upon BrdU pulse labeling and short-
term intravenous anti-CD45 staining of circulating leukocytes. A
comprehensive and more detailed description of all experimental
procedures can be found in the Supplementary Materials.

Statistical analysis

Data were analyzed using Prism 10 (GraphPad Inc.). Descriptive
statistics included mean and SEM unless differently indicated.
Data distribution and homogeneity of variance were tested by the
Shapiro-Wilk and Levene's tests, respectively. Comparisons
between two groups were performed by Student's ¢ test, with
Welch correction as appropriate, or Mann-Whitney U test. Univar-
iate or factorial analysis of variance (ANOVA) with the Bonferroni
post hoc test was used to assess the significance of comparisons
among three or more groups. The statistical tests and the n
values, referring to biological replicates in at least two independent
experiments, are reported in the figure legends. Differences were
deemed significant at two-tailed P < 0.05.
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