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cDC1s Promote Atherosclerosis via Local
Immunity and Are Targetable for Therapy
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BACKGROUND: Atherosclerosis is characterized by immune cell accumulation in the arterial wall and adaptive CD4* Th1
immunity contributes to atherosclerosis development. However, how conventional dendritic cells (cDCs) orchestrate this
adaptive response remains controversial. This study unveils strategies for the gain and loss of function of cDCs to decipher
their role in atherosclerosis induction in relation to adaptive T-cell immunity.

METHODS: We tested atherosclerosis in Ldlr~~ mice fed a high-cholesterol diet (HCD). Expansion ofc@Q&&ﬁVwo was achieved
by overexpression of FLT3L (Fms-like tyrosine kinase 3 ligand), while the effect of ablation of conventional type 1 dendritic
cells (cDC1s) in atherosclerosis was analyzed by grafting bone marrow from different mouse models of cDC1 depletion,
including Xcr1¢eP™ and /f8A32 mice, into lethally irradiated’ Ldlr”’~ recipients before HCD. CD3* T-cell subsets were
analyzed using flow cytometry or scRNA-seq. Nanoparticles loaded with dexamethasone and decorated with anti-CLEC9A
antibody to target cDC1s were tested forimmunotherapy.

RESULTS: Expansion of dendritic cells in Ldlr~~ mice fed HCD.for 8-weeks led to increased atherosclerotic lesion, which was
prevented when Ldlr”~ mice were grafted before dendritic cell-expansion with Xcr1¢eP™ cDC1-depleted bone marrow
compared with controls. Consistently, even in the absence of dendritic cell expansion, cDC1 deficiency prevented HCD-
induced atherosclerosis. The scRNA-seqanalysis of aortic CD3* T cellsin this experimental approach showed a local reduction
in CD4* Th1 and-CD8* IEN (interferon)-y* T cells in-the absence of cDC1s-compared with control mice. Mechanistically,
stimulator of IFN genes in cDC1s was required for the proatherogenic function of cDC1s. As a potential cDC1-targeted
immunotherapy for atherosclerosis, we generated lipid nanoparticles decorated with an anti-CLEC9A antibody to specifically
target cDC1s. When loaded with the immunosuppressive drug dexamethasone, these nanoparticles promoted a reduction
of the atherosclerotic lesion in Ldlr~~ mice fed HCD, correlating with decreased CD4* Th1 and CD8" IFN-y* T cells in the
spleen. These immunosuppressive nanoparticles, however, did not impair antiviral response.

CONCLUSIONS: Using state-of-the-art strategies, our results establish that cDC1s have a proatherogenic role in atherosclerosis
by boosting CD4+ and CD8* T-cell immunity and propose that cDC1s can be targeted with an immunosuppressive drug to
decrease atherosclerosis progression.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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characterized by lipid accumulation and immune  sis is the leading cause of cardiovascular diseases and

Atherosclerosis is a systemic inflammatory disease  formation of atheroma plaques.” Although atherosclero-
cell infiltration in the arterial walls leading to the  the contribution of adaptive immunity is well studied,
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c¢DC1s Drive Atherosclerosis and Are Therapy Target

Novelty and Significance

What Is Known?

+ Conventional dendritic cells are professional antigen-
presenting cells that orchestrate innate and adaptive
immunity.

* There is growing evidence for the importance of adap-
tive immunity in atherosclerosis and particularly, the
function of dendritic cells in priming distinct T-cell
responses. However, the precise function of conven-
tional type 1 dendritic cells (cDC1s) in atherosclerosis
is controversial.

What New Information Does This Article

Contribute?

 After previous controversial results, we used more
refined strategies for expansion (gain of function) or
depletion (loss of function) of cDC1s to establish their
proatherogenic role in inducing a local aortic CD4* Th1
and CD8* IFN (interferon)-y* effector response.

* Activation of cDC1s in the plaque involves the stimula-
tor of interferon genes pathway.

¢ Lipid nanoparticles loaded with the immunosuppres-
sive drug dexamethasone are a potential immunother-
apy for atherosclerosis that specifically targets cDC1s
through the cDC1-specific receptor CLECSA.

Previous reports suggest contradictory roles for cDC1s in
atherosclerosis development, suggesting either protec-
tive or detrimental effects, whereas other reports show
no effect on atherosclerosis progression on cDC1 deple-
tion. Using different gain and loss of function approaches,
we demonstrate that cDC1s contribute to CD3* T-cell
immunity in atherosclerosis. In vivo expansion of dendritic
cells in Ldlr~~ mice fed high-cholesterol diet for 8 weeks
led to increased atherosclerotic lesion, which was depen-
dent on cDC1s, because it was prevented when Ldlr ~~
mice were grafted before dendritic cell expansion with
Xer1¢eP™ cDC1-depleted BM compared with controls.
The scRNA-seq analysis of aortic CD3* T cells showed
a local reduction in CD4* Th1 and CD8* IFN-y* T cells
in the absence of cDC1s compared with control mice.
Mechanistically, we demonstrate that stimulator of inter-
feron gene activation in cDC1s contributes to the proath-
erogenic effect. Based on the proatherogenic function
of cDC1s, we developed a novel immunotherapy for
atherosclerosis based on cDC1-targeted lipid nanopar-
ticles loaded with the immunosuppressive drug dexa-
methasone. These nanoparticles prevented progression
of the atherosclerotic lesion in Ldl~ mice fed a high-
cholesterol diet, which correlated with decreased CD4+*
Th1 and CD8* IFN-y* T cells in the spleen.

Nonstandard Abbreviations and Acronyms

BM bone marrow
cDCi1s conventional type 1 dendritic cells
cDC2s conventional type 2 dendritic cells
cDCs conventional dendritic cells
CTR
DCs dendritic cells
empty pUMVC3 vector
FLT3L Fms-like tyrosine kinase 3 ligand
HCD High-cholesterol diet
HDL high-density lipoprotein
IFN interferon
IL interleukin
IRF8 interferon regulatory factor 8
LDL low-density lipoprotein
mFLex mammalian expression vector expressing
a secreted form of mouse FLT3L
STING Stimulator of interferon genes
TCR T-cell receptor
TLR toll-like receptor 3
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the knowledge of how the adaptive immune response
can be manipulated for immunotherapy is still limited.2™
Conventional dendritic cells (cDCs) are professional
antigen-presenting cells that orchestrate innate and
adaptive immunity and are divided into 2 main lineages.
conventional type 1 dendritic cells (cDC1s) and con-
ventional type 2 dendritic cells (cDC2s) both derive
from a common dendritic cell (DC) progenitor.® FLT3L
(fms-like tyrosine kinase 3 ligand) promotes the differ-
entiation of these precursors into fully functional DCs.
Mice lacking FLT3L or FLT3 (CD135) genes show a
drastic reduction in DC populations,”® whereas injection
of exogenous FLT3L in mice increases the frequency of
DCs subsets.® cDC1s from mice require the transcrip-
tion factors ID2, BATF3, IRF8 (interferon regulatory
factor 8) and NFIL3 for their development'® and are
characterized by expression of XCR1 and CLECOA.!"-13
cDC1s are highly efficient in presenting exogenous
antigen on MHC class | molecules to CD8* T cells, a
process called cross-presentation.'*'® cDC1s also pro-
mote CD4* Th1 responses by providing IL (interleukin)-
12 during priming.'®'” On the other hand, murine cDC2s
rely on IRF4, NOTCHZ2, KLF4, and ZEB2 transcription
factors™®'® and express CD11b and SIRPa.'® cDC2s
are highly efficient at presenting antigens on MHC
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class Il molecules to CD4* T helper cells, priming Th2
and Th17 responses.?°?

Despite growing evidence for the important role of
adaptive immunity in atherosclerosis and the key func-
tion of DCs in priming distinct CD3* T-cell responses,
the precise function of cDC1s in atherosclerosis is
controversial. Initial results suggested an atheropro-
tective role for cDC1s because LdlIr’= FIt3~~ mice
showed a deficiency in aortic cDC1s and a concomitant
decrease in CD4* Foxp3* Tregs, with exacerbated ath-
erosclerotic lesions.?? Conversely, other reports have
shown that cDC1 depletion is associated with reduced
atherosclerosis. For instance, mice with a specific dele-
tion of IRF8 in CD11c* cells exhibited reduced infiltra-
tion of cDC1s in the aorta, correlating with lower CD3*
T-cell infiltration and smaller atherosclerotic lesions.?®
Furthermore, bone marrow (BM) restricted deletion
of CLECO9A, a receptor specific to cDC1s involved
in cross-presentation,'? in atheroprone LdlIr’= mice
also reduced atherosclerosis by increasing an anti-
inflammatory IL-10-mediated response.?* Similarly, the
absence of BATF3, which compromised cDC1 pres-
ence and function,?® in ApoE~~ mice resulted in fewer
cDC1s in the aorta, and diminished CD4* Th1 polar-
ization, leading to decreased atherosclerosis-pathol-
ogy.?® However, other reports using a similar strategy
to impair cDC1s by targeting BATF3 did not find any
impact on atherosclerosis. In one study, Ldlr~~ Batf3~'~
mice fed with high-cholesterol diet (HCD) did-not-show
differences in atherosclerosis development.?” Similarly,
another study showed that Ldlr~~ mice grafted with
Batf37~ BM had fewer cDC1s and reduced cross-
priming capacity but developed similar atherosclerotic
lesions on HCD compared with mice grafted with wild-
type BM.?® These reports suggest a complex role for
cDC1s in atherosclerosis that requires novel strategies
to establish their function.

In addition, cDC1-directed immunotherapy has not
been fully developed yet. To target pharmacological enti-
ties to cDC1s in a flexible manner, one option is the use
of lipid-based nanoparticles. Liposomes exhibit a high
capacity to solubilize and stabilize a wide range of drugs
and act as carriers to improve delivery to the specific
target cell type. Liposomal drug formulations, such as
Doxil, are clinically approved?®3° and nanoparticles have
emerged as promising tools in the diagnosis and treat-
ment of atherosclerosis®' For instance, nanoparticles
coated with ligands that recognize and bind to recep-
tors expressed on macrophages ensure precise drug
delivery.3? However, nanoparticles targeted to cDCls
have not been developed as an immunotherapy for
atherosclerosis.

Here, we explore new combined gain and loss of
function strategies to dissect the role of cDC1s in ath-
erosclerosis. Furthermore, we generated a novel preclini-
cal atherosclerosis immunotherapy based on the specific
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targeting of ¢cDC1s with nanoparticles loaded with an
anti-inflammatory drug dexamethasone.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
A detailed methods section is available in the Supplemental
Material I. A list of all the reagents and their references is avail-
able in Table S1 in detailed methods. For more information
about the reagents, please see the Major Resources Table in
Supplemental Material I1.

RESULTS
Expansion of cDC1s Promotes Atherosclerosis

To analyze the effect of DC expansion in early athero-
sclerosis, we hydrodynamically injected a plasmid encod-
ing for the secreted extracellular domain of mouse FLT3L
(mFLex [mammalian expressioff. vector expressing a
secreted form of mouse FLTSLNW&?&ERLIarger expands
DCs,*® or empty pUMVC3 vector (CTR) in 8-week-old
Ldlr’=-male-mice.-Then, the animals were subsequently
fed with HCD for 8 weeks (Figure 1A). Hydrodynamic
injection” of 'mFLex mainly expands cDC1s (8.8-fold
expansion)-and-plasmacytoid DCs (5.5-fold expansion),
whereas otherimmune cells are also expanded in a lower
ratio (1-2.5-fold expansion; Figure S1A). Analysis of total
DCs,cDC1s,and cDC2s confirmed the expansion of both
¢DC subsets in the spleen and aorta of mFLex-injected
Ldlr’"= mice compared with.empty CTR vector-injected
Ldlr”="mice at the end point (Figure S1B). Expansion of
DCs in Ldir’= mice fed HCD did not affect body weight
gain or lipid profile (LDL [low-density lipoprotein], HDL
[high-density lipoprotein], total cholesterol, and free cho-
lesterol; Figure 1B and 1C). However, expansion of DCs
induced an increase in Oil Red-O* atherosclerotic lesion
size in both the aorta and the aortic heart valve (Fig-
ure 1D), correlating with increased CD3* T-cell number
per area of lesion (Figure 1E). Other plaque parameters
tested, such as collagen staining, necrotic core, MAC2
(macrophage) staining, and caspase 3 were similar
between groups (Figure S1C).

We also explored the effect of DC expansion in already
established atherosclerosis by mFLex (or CTR vector)
hydrodynamic injection in Ldlr”’= male mice already fed
HCD for 8 weeks. After the injection, Ldlr”’= mice were
fed HCD for a further 4 weeks (Figure S2A). Although
body weight gain was not affected (Figure S2B), late DC
expansion resulted in increased atherosclerotic lesion in
the aorta and the aortic heart valve (Figure S2C).

These results could suggest that DC expansion
could have a proatherogenic role. However, because of
the expansion of other immune cells apart from cDC1s
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Figure 1. Expansion of conventional type 1 dendritic cells (cDC1s) increases atherosclerosis lesion independently of lipid

profile.

A, Expansion of DCs at early stage of atherosclerosis. Ldlr’~ male mice were intravenously injected with mFLex (mammalian expression vector
expressing a secreted form of mouse Fms-like tyrosine kinase 3 ligand) or control plasmid (CTR) and fed high-cholesterol diet (HCD) for 8
weeks, followed by euthanasia and analysis. B, Percentage of body weight tracked for 8 weeks of HCD after DCs expansion (n=13/group). C,
Total cholesterol, free cholesterol, LDL (low-density lipoprotein), and HDL (high-density lipoprotein) analysis in plasma at end (Continued)
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with mFLex injection (Figure S1A), we cannot attribute
the increased atherosclerosis lesion to cDC1s. To dis-
sect the specific contribution of cDC1s to atherogen-
esis induced on hydrodynamic injection with mFLex,
we tested the effect of mFLex hydrodynamic injection
in mice lacking cDC1s. To this aim, lethally irradiated
Ldlir’= CD45.1 male mice were grafted with BM from
Xer16e D™ mice (Xer19® x lox-STOP-lox DTA, resulting in
DTA expression under Xcr1 driver and leading to cDC1
impairment) or with BM from control Xcr1%e mice. After
BM reconstitution (Figure S2D), Ldlr’= CD45.1 mice
received a hydrodynamic injection of mFLex plasmid and
were fed HCD for 8 weeks (Figure 1F). Comparing the
effect of mFLex in immune cell subsets, Xcr1¢eP™ mice
fully depleted cDC1s, along with a reduction in T cells
that could be a consequence of cDC1 reduction (Fig-
ure S2E), but the rest of the immune cells were similarly
affected by mFLex. At the end point, we confirmed that
both cDC1s and cDC2s were expanded in the spleen of
Ldlr’= grafted with control Xcr1¢® BM and cDC2s but
not cDC1s were expanded in Ldlr”~ grafted with Xcr1¢e
O™ BM (Figure S2F). Depletion of cDC1s on mFLex DC
expansion did not affect body weight gain or lipid profile
(Figure 1G and 1H) but led to a decrease in atheroscle-
rotic lesions in the aorta and in the aortic heart valve (Fig-
ure 11). Taking together all these results, hydrodynamic
injection of mFLex increases atherosclerosis disease in
a cDC1-dependent fashion.

cDC1 Impairment Reduces Atheroma Plaque
Formation

To explore whether the impairment of cDC1s could also
affect atherosclerosis development in a homeostatic set-
ting, without mFLex injection, lethally irradiated Ldir’~
CD45.1 male mice were grafted with Xcri¢eP™ or
control Xcr1%e BM. After BM reconstitution (Figure S3A)
mice were fed HCD for 8 weeks (Figure 2A). Xcr1¢rebm™
grafted Ldlr’= mice showed a reduction in the number
of cDC1s both in the aorta and the spleen compared
with Xcri1®e grafted Ldlr’= mice (Figure 2B) Decreased
cDC1 numbers did not affect body weight gain (Fig-
ure S3B) or cholesterol concentrations (Figure 2C) but
associated with a decreased atherosclerotic lesion in
aorta and aortic heart valves (Figure 2D). Flow cytometry

c¢DC1s Drive Atherosclerosis and Are Therapy Target

analysis of aorta at end point showed a reduction in CD3*
T cells, but not in B cells, monocytes, neutrophils, or NK
cells in Xcr1¢=P™ grafted Ldlr’~ compared with con-
trol (Figure S3C). At systemic level, no difference in any
immune population was observed in the spleen at end
point (Figure S3C). In addition, analysis of aortic plaque
lesions showed that Ldlr”’~ mice grafted with Xcricet™
BM and fed HCD had a lower number of CD3* T cells
infiltrating into the atherosclerotic lesion compared with
Ldlr~= mice grafted with control Xcr1¢® BM (Figure 2E).
However, no differences in collagen deposition, necrotic
core, macrophage infiltration, or caspase 3* cells in the
lesion were observed (Figure S3D). These results sug-
gest that cDC1s promote atherosclerosis.

We also analyzed the proatherogenic role of cDC1s
in Ldlr’= female mice after the same experimental
approach: Ldlr’= CD4b5.1 female mice were grafted with
Xer1€eP™ or control Xcr1®® BM. After BM reconstitu-
tion, mice were fed HCD for 8 weeks (Figure S4A and
S4B). Xcr1¢eP™ grafted Ldlr’~ mice showed a drastic
reduction in number of cDC1s and a mild compensa-
tory increase of cDC2s in thepleen compared with
control Xcr1¢e grafted Ldlr'~ mide (Eigure S4C). Similar
to males, decreased cDC1 numbers did not affect body
weight-gain-(Figure.S4D) or cholesterol concentrations
(Figure S4E) but were associated with a reduction of
atherosclerotic lesions in aorta (Figure S4F).

To. validate that cDC1s promote atherosclerosis with
an independent approach, we used a different mouse
model to deplete cDC1s by targeting IRF8, which is
required for cDC1 differentiation. A 421bp deletion of
an enhancer located 32-kb downstream of the Irf8 tran-
scriptional start site (+82-kb Irf8) using CRISPR/Cas9
endonuclease results in the elimination of all cDC1s.3*
BM from /fEA32 mice or wild type as a control were
transferred to lethally irradiated Ldlr”= CD45.1 male mice
(Figure 3A; Figure SHA). At the end point, we observed
a complete depletion of cDC1s and a compensatory
increase of cDC2s in the spleen (Figure 3B). Analysis
of other immune cells of the aorta and spleen by flow
cytometry showed a mild reduction in CD3* T cells in the
spleen, but not in B cells, monocytes, neutrophils, or NK
cells in the spleen or aorta from Xcr1e"™ grafted Ldlr'~
compared with control (Figure S5B). Depletion of cDC1s
did not affect body weight gain (Figure S5C) or lipid

Figure 1 Continued. point (n=13/group). D, Quantification (top) and representative images of the mean (bottom) of atherosclerotic lesion by
Oil Red-0 staining of the aorta (left) or aortic heart valve (right; n=13/group). E, Staining of CD3* T cells infiltrating the aortic heart valve lesion
showing quantification (top) and representative images of the mean (bottom; n=11/group). F, Ldlr’~ CD45.1 male mice were grafted with
bone marrow (BM) from Xcr1%e or Xcr1e™ donor mice. After BM reconstitution, DCs were expanded by intravenous injection of mFLex plasmid
and mice were fed HCD for 8 weeks, followed by euthanasia and analysis. G, Percentage of body weight tracked for 8 weeks of HCD after DCs
expansion (n=15 in Xcr1%e~ +mFLex and n=13 in Xcr1¢=®™ + mFLex groups). H, Total cholesterol, free cholesterol, LDL, and HDL analysis in
plasma at end point (n=15 in Xcr1¢e + mFLex and n=13 in Xcr1¢™ + mFLex group). I, Quantification (left) and representative images of

the mean (right) of atherosclerotic lesion by Oil Red-O staining of the aorta (top) or aortic heart valve (bottom; n=15 in Xcr1®*~ + mFLex and
n=13in Xcr1®P"+mFLex group). Biological replicates are shown in all the graphs with the individual data and mean+SEM. B and G, Two-way
repeated measures ANOVA test with Holm-Sidak correction was performed. € through E, H, and I, Unpaired t test was performed. Exact Pvalues
are indicated in Supplemental Material lll. Gating strategy for flow cytometry analysis is shown in Supplemental Material IV.*A<0.05, **A<0.01,

*R<0.0001.
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Figure 2. Conventional type 1 dendritic cell (cDC1) depletion using Xcr7¢<°™ mice reduces atheroma plaque formation.

A, Ldlr’- CD45.1 male mice were grafted with bone marrow (BM) from Xcr1¢ or Xcr1¢==™ donor mice. After BM reconstitution, mice were fed

a high-cholesterol diet (HCD) for 8 weeks, followed by euthanasia and analysis. B, Flow cytometry analysis of total cDCs (F4/80-, CD3-, CD19-,
Ly6c, Ly6G-, CD11c* and IA/IE*), cDC1s (cDCs, XCR1* and CD11b") and cDC2s (cDCs, XCR1~, and CD11b*). Spleen numbers (top left)
and frequencies within CD45* cells in the aorta (bottom left) of cDCs, cDC1s, and conventional type 2 dendritic cells (cDC2s) by flow cytometry
analyses, showing representative contour plots of the mean (right; n=12 in Xcr1¢e and n=10 in Xcr1¢=P™ groups for spleen analysis (Continued)
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profile in the grafted Ldlr’~ mice fed HCD (Figure 3C),
whereas atherosclerotic lesion in the aorta and the aortic
heart valve was significantly reduced (Figure 3D). These
results independently confirm that cDC1s contribute to
the development of atherosclerosis.

cDC1s Boost CD4+* Th1 and Cytotoxic CD8*
Immunity at the Atheroma Plaque

Within DCs, cDC1s are superior in priming proinflam-
matory CD4* Th1 responses and cytotoxic CD8" T
cells.?® Given the observed reduction of infiltrating T cells
into the aortic heart valve in Ldlr~= chimeric mice with
impaired cDC1s (Figure 2D), we further dissected the
changes in the infiltrating T-cell population in the aorta of
cDC1-impaired compared with control mice by scRNA-
seq. To this aim, lethally irradiated Ldlr”= CD45.1 male
mice were grafted with Xcr1¢eP"™ or control Xcri¢e BM
and fed HCD for 8 weeks. At the end point, 10 mice per
group were pooled and aortic CD45* CD3* CD11¢c™ IA/
IE- F4/80~ Ly6C- LyBG~ NK1.1~ were sorted (Figure
SB6A) and sequenced. Several 6259 CD3* T cells were
sequenced in Xcri1®e control chimeric mice, while 4072
cells were sequenced in cDC1-impaired Xcr1¢eP™ chi-
meric mice. Nine different clusters were identified-based
on the following gene expression profile (Figures 4A
and 4B; Figure S6B and S6C): CD4* Th1 (/fng, Tbx21,),
CD4* Th17 (Rorc, lI7r, 1117a), CD4* Treg (Foxp3,-i2ra),
naive CD4* (Ccr7, Sell), and stem cell-like memory
CD4* (Foxpl, Lefl, Foxol, KIf7). CD8* clusters were
stratified as cytotoxic CD8* (Gzmb, Ifng, Prf11, Thx21),
naive CD8* (Ccr?, Sell) and stem cell-like memory CD8*
(Foxp1, Lef1, Foxo1, Kif7). One additional cluster of y&T
cells (Trdc, Myb) was also identified.

CD4* Th1 cells are associated with a proatherogenic
role.®® In this line, we observed that the chimeric Ldlr-
mice lacking cDC1s had a drastic reduction in the CD4+
Th1 and cytotoxic CD8* clusters, along with a decrease
in CD4* Tregs possibly as a secondary effect (Fig-
ure 4C). CD4* Th1 polarization is dependent on IL-12.'7
Consistently, IL-12 mRNA expression in aortic CD45*
cells in chimeric Xcr1©e®™ mice was decreased com-
pared with Xcr1¢® BM-grafted Ldlr~ mice (Figure 4D).
Notably, IFN (interferon)-y production was decreased
in both CD4* and CD8* cells in the spleen (Figure 4E)
and restimulation of splenocytes isolated from chimeric
mice that lack cDC1 showed impaired I1L-12 production

c¢DC1s Drive Atherosclerosis and Are Therapy Target

(Figure 4F), suggesting that the modulation of immunity
by the absence of cDC1s is systemic and not only local
in the aorta, as revealed by the scRNA-seq of immune
infiltrates in the aorta. CD4* Treg frequency was also
mildly decreased in the spleen, while CD4* Th17 cells
were similar in frequency (Figure S6D).

To assess the degree of clonality of T cells in our
scRNA-seq dataset, we analyzed the TCR (T-cell recep-
tor) repertoire using the TRUST4 algorithm, obtaining
a total of 1658 cells with TCR information. While this
approach provides valuable insights into CD3* T-cell
clonal diversity, the inherent features of 3" scRNA-seq
limit the number of captured TCRs, which could affect
the resolution of our clonal analysis. Cells with TCR
information were distributed equally in both samples and
along all the clusters (Figure S6E). Expectedly, the yoT
cell cluster was enriched with TRy and TR sequences,
while all other clusters corresponded to afT cell clusters
enriched in TRa and TRP sequences (Figure S6F). The
data analysis showed a lower number of clonotypes and
clonal expansion in CD3* T cells from aorta of Xcr1¢ebm
chimeric mice compared with Xef7¢ BM-grafted Ldlr’"~
mice (Figure 4G; Figure SGG)E-IE’GI%TS%thy, some CD4+*
Th1 and cytotoxic CD8* clones were uniquely expanded
in-control Xer1<e-BM-grafted LdlIr’~ mice compared
with Xcr1%e=™ chimeric mice (Figure 4H), suggesting
that CD4* Th1 and cytotoxic CD8* cell responses were
marked by clonal.expansion in atherosclerosis and asso-
ciated with the presence of cDCl1s.

Stimulator.of IFN-Genes in.cDC1s.Is Required
to Boost Immunity and Contribute to
Atherosclerosis

To explore the potential upstream trigger of IL-12 pro-
duction in ¢cDC1s in the atherosclerosis context, we
explored the potential activation of stimulator of IFN
genes (STING). STING is a signaling molecule activated
downstream of the detection of cytosolic DNA, known
to activate IFN regulatory factor 3 and induce type I IFN
production and IL-12, among other cytokines.” Previous
work demonstrated that genetic deletion of STING in
ApoE~~ reduced atherosclerosis,*® but the specific role
of STING in cDC1s in their induction of atherosclerosis
has not been explored.

First, we observed that splenic cDC1s from Ldlr~~mice
fed with HCD showed an increase of phosphorylated

Figure 2 Continued. and n=6/group in aorta analysis). Each dot in aorta graphs represents a pool of 2 individual aortas. C, Total cholesterol,
free cholesterol, LDL (low-density lipoprotein), and HDL (high-density lipoprotein) analysis in plasma at end point (n=12 in Xcr1°* and n=10

in Xcr1¢==®™ groups). D, Quantification (top) and representative images of the mean (bottom) of atherosclerotic lesion by Oil Red-O staining

of the aorta (left) or aortic heart valve (right; n=12 in Xcr1¢® and n=10 in Xcr1°=P™ groups). E, Staining of CD3* T cells infiltrating the aortic
heart valve lesion showing quantification (top) and representative images of the mean (bottom; n=12 in Xcr1®® and n=14 in Xcr1=°™ groups).
Biological replicates are shown in all the graphs with the individual data and mean=SEM. Unpaired ¢ test was performed when normal distribution
was followed, whereas Mann-Whitney U test was applied when non-normal distribution was shown (Supplemental Material Ill). Exact Pvalues are
indicated in Supplemental Material |ll. Gating strategy for flow cytometry analysis is shown in Supplemental Material IV. ns indicates nonsignificant.

“A<0.05; *A<0.01; ™ A<0.001; **A<0.0001.
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Figure 3. Conventional type 1 dendritic cells (cDC1) depletion using /Irf8A32 mice reduces atheroma plaque formation.

A, Ldir’~ CD45.1 male mice were grafted with bone marrow (BM) from wild-type (WT) or If8A32 mice. After BM reconstitution mice were fed
a high-cholesterol diet (HCD) for 8 weeks, followed by euthanasia and analysis. B, Flow cytometry analysis of splenic total cDCs (F4/80-, CD3,
CD19-, Ly6c, Ly6G~, CD11c*, and IA/IE¥), cDC1s (cDCs, XCR1*, and CD11b-) and cDC2s (cDCs, XCR1~, and CD11b*). Numbers (left)

and representative contour plots of the mean (right) are shown (n=15 in WT and n=8 in /rf8A32 group). C, Total cholesterol, free cholesterol,
LDL (low-density lipoprotein), and HDL (high-density lipoprotein) analysis in plasma at end point (=23 in WT and n=14 in Irf8A32 group). D,
Quantification (left) and representative images of the mean (right) of atherosclerotic lesion by Oil red-O staining of the aorta or aortic heart valve
(n=23in WT and n=14 in Irf8A32 group). Biological replicates are shown in all the graphs with the individual data and mean£SEM. Unpaired ¢
test was performed when normal distribution was followed, whereas Mann-Whitney U test was applied when non-normal distribution was shown
(Supplemental Material IIl). Exact Pvalues are indicated in Supplemental Material Ill. Gating strategy for flow cytometry analysis is shown in
Supplemental Material V. *£<0.05; *A<0.01 ***A<0.0001.
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Figure 4. scRNA-seq analysis of aortic CD3* T cells from atheroma plaque in the presence or absence of conventional type 1
dendritic cells (cDC1s).

Ldlr’= male mice were grafted with bone marrow from Xcr1¢e or Xcr1¢e™, fed 8 weeks with a high-cholesterol diet (HCD), followed by
euthanasia and analysis. A, Dot plot of cell type markers used to identify main cell populations in a scRNA-seq analysis on aortic CD3* T cells.
B, UMAP labeled by cell type of aortic CD3* T cells based on transcriptomic profiles. C, Percentage of every cluster identified in both samples.
D, Analysis of IL (interleukin)-12 mRNA expression by quantitative polymerase chain reaction in aortic CD45+ cells (n=6 in Xcr1°® and n=5 in
Xcr1©=P™ group). Each dot is a pool of 2 aortas. E, Flow cytometry analysis of IFN (interferon)-y production by CD4+ (left) and (Continued)
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STING in comparison with splenic cDC1s from LdIr’"~
fed with chow diet (Figure S7A). This suggests that, dur-
ing atherosclerosis disease, there is a systemic STING
activation in ¢cDC1s that could contribute to their pro-
atherogenic role. To better dissect the role of STING in
cDC1s in the context of atherosclerosis, we generated
mixed BM chimeras in Ldlr’~ recipient mice using 50%
BM from C57BL/6J-Sting19/J (Tmem173%) and 50%
BM from control Xcri¢e or cDC1-depleted XcricePo™
mice. STING® contains an 1199N mutation that affects
the stability and expression of the protein, fully prevent-
ing STING responses (eg, IFN-I production in response
to STING agonists)*® After BM reconstitution (Figure
S7B), Ldlr”’= chimeric male mice were fed HCD for 8
weeks until end point analysis (Figure BA). Notably, the
numbers of total DCs, cDC1s, and cDC2s were similar
between both groups (Figure 5B), suggesting that half-
dose of Tmem173% cDC1s in Xcr1©eP™ reconstitute the
whole niche. Tmem 1739/ Xcr1¢® chimeric mice have half
BM expressing STING®, while the Tmem173%/ Xcri1¢e-
P™ chimeric mice are equal than Tmem173%/Xcrice
except for cDC1s that are all STING® (Figure 5C). No
differences in body weight gain or cholesterol concentra-
tion were observed between both groups (Figures 5D;
Figure S7C). Of note, only mice in which all.cDC1s were
mutant STING® showed a reduction in aortic plaques
(Figure BE) not caused by a decreased cDC1 number,
because the niche was fully reconstituted in both experi-
mental and control mice. Notably, analysis of the spleen
at the end point revealed that CD4* Th1 and cytotoxic
CD8* immunity decreased when all cDC1s were mutant
STING® (Figure bF). These data suggest that intrinsic
activation of STING in ¢DC1s contributes to atheroscle-
rosis progression by priming CD4* Th1 and cytotoxic
CD8* immunity.

Selective Targeting of cDC1s With
Dexamethasone-Loaded Nanoparticles
Prevents Atherosclerosis Progression

The results showing that cDC1s prime a proatherogenic
response led us to hypothesize that specific dampening
of the immunogenic activity of cDC1s could reduce ath-
erosclerosis. Dexamethasone is a well-established phar-
macological entity that prevents DC immunogenicity.*® To
specifically target cDC1s, we generated liposome-based
nanoparticles functionalized with 7H11 anti-CLECOA
antibody which specifically binds to DNGR-1/CLECOA,
a C-type lectin-like receptor with selective high expres-
sion in cDC1s.'? In addition, to reduce the immunogenic

c¢DC1s Drive Atherosclerosis and Are Therapy Target

capacity of cDC1s, these cDC1-targeted- nanoparticles
were loaded with dexamethasone (Figure 6A).

The mean hydrodynamic diameter and polydispersity
index of liposome batches before (LP) and after drug
loading (LP,.,,) and antibody coupling (LP-CLEC9A
and LP__,,-CLEC9A) demonstrated an adequate size
for intravenous administration (Figure S8A). Dexameth-
asone concentrations loaded into nanoparticles were
calculated and showed similar loading in LP and
LP,¢,,~CLECOA (Figure S8B).

To test cDC1 targeting, LdIr’~ mice were injected
intravenously with fluorescent DiR-labeled nanopar-
ticles decorated (LP,,,-CLEC9A) or not (LP_.,,) with
7H11 anti-CLECO9A and their uptake by splenic cDC1s,
cDC2s, macrophages, and monocytes was analyzed by
flow cytometry detection of DiR. LP,.,,-CLECOA tar-
geted around 60% of cDC1s while were hardly detected
in cDC2s, macrophages, or monocytes. Control LF’DEXA
showed some uptake by macrophages but was not found
in cDC1s, cDC2s, or monocytes (Figure 6B). To test the
effect of LP,.,,-CLECOA in cDCT1s, we stimulated in
vivo with Polyl:C, an agonist of enlosomal TLR3 (toll-like
receptor 3) highly expressed ineDCHs.LP, ., ,-CLECOA
decreased the expression of costimulatory molecules
CDB80 and €D40.in response to Polyl:C in comparison
with LP-CLECOA, suggesting reduced cDC1 immuno-
genicity (Figure S8C).

To. test-whether LP__,,-CLECOA could be used to
specifically attenuate the immunogenicity of cDC1s in
the context of atherosclerosis, Ldlr’— male mice were
fed with HCD for 8 weeks and administered intrave-
nous LR LP-CLECOA, LR, ,-CLECOA, or LP__,, twice
weekly in the last 4 weeks (Figure 6C). None of these
nanoparticles is influenced by body weight (Figure 6D).
Remarkably, mice treated with LP__,,-CLECOA showed
less atherosclerosis in the aorta and the heart valve (Fig-
ure 6E) compared with all other groups. Because LP_,,
administration did not affect atherosclerosis progression,
these data suggest that specific delivery of dexametha-
sone to cDC1s is required to reduce atherosclerosis. Of
note, the reduction in atherosclerosis lesions observed
on LP,.,-CLECOA administration was independent
of the lipid profile (Figure 6F), and we did not find an
increase in plasma biomarkers related to hepatic (ALT/
GPT, AST/GOT, total bilirubin) or renal damage (ureic
nitrogen, phosphorus) in mice treated with any of these
nanoparticles (Figure S8D).

Systemic administration of nanoparticles intrave-
nously also resulted in changes in splenic CD4* and
CD8* T cells. Mice treated with LP__, ,-CLEC9A showed

DEXA

DEXA

Figure 4 Continued. CD8" (right) T cells in phorbol 12-myristate 13-acetate (PMA)-restimulated splenocytes (n=12 in Xcr1®® and n=11 in
Xcr1¢==P™ group). F, IL-12 concentration measured by ELISA in the supernatant of PMA-restimulated splenocytes (n=12 in Xcr1®® and n=11

in Xcr1¢==®™ group). G, TCR (T-cell receptor) analysis of aortic CD3* T cells. Effective number of clonotypes (left) and diversity estimation by
Hill numbers (right). H, Analysis of expanded clones and its CDR3 sequence in CD4* Th1 and cytotoxic CD8* clusters. Biological replicates are
shown in all the graphs with the individual data and mean+SEM. D through F, Mann-Whitney U test was performed. Exact Pvalues are indicated
in Supplemental Material |ll. Gating strategy for flow cytometry analysis is shown in Supplemental Material V. *A<0.05; **F<0.01; **A<0.001.
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Figure 5. Stimulator of IFN (interferon) genes (STING) in conventional type 1 dendritic cells (cDC1s) is required to boost
immunity and contributes to atherosclerosis.

A, Ldir’- CD45.1 male mice were grafted with 50% of bone marrow (BM) from Tmem173% and 50% from Xcr1¢ or Xcr1¢™ mice. After
BM reconstitution mice were fed with high-cholesterol diet (HCD) for 8 weeks, followed by euthanasia and analysis. B, Flow cytometry analysis
of total cDCs (F4/80-, CD3~, CD19, Ly6¢c, LyBG~, CD11c*, IAZIE*), cDC1s (cDCs, XCR1*, CD11b~) and conventional type 2 dendritic cells
(cDC2s; cDCs, XCR17, CD11b) in spleen. Numbers (left) and representative contour plots of the mean (Continued)
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a reduction in CD4* Th1 cells compared with all other
groups (Figure 6G). CD8* IFN-y * cells decreased with
LP, ey, CLECOA compared with LP and LP-CLEC9A but
showed no significant difference compared with LP__, ..
No changes were observed in CD4* Tregs or CD4* Th17
cells (Figure 6G).

Finally, given the immunosuppressive capacity of
LP,c,~CLECOA nanoparticles, we tested whether
administration of these nanoparticles could affect anti-
viral immunity. For this purpose, LP-CLEC9A or LP__, .-
CLEC9A nanoparticles were injected in Ldlr’~ mice 7
and 4 days before intranasal infection with PR8 influ-
enza virus, and body weight was monitored along the
experiment. In addition, blood was collected 8 days
after viral infection to analyze antigen-specific immune
response against PR8 virus (Figure S8E). We observed
that mice treated with LP-CLEC9A or LP_, ,-CLEC9A
showed no differential morbidity to viral infection by
weight change (Figure S8F). Antiviral effector immunity
was similar, with similar total, naive (CD44~- CD62L"),
central memory (CD44* CD62L*), and effector (CD44+
CD62L") CD8* T cells in blood 8 days postviral infec-
tion. Moreover, specific antigen response against PR8
influenza virus epitope in effector CD8* T cells was
equal, measured by H2-Db-PR8 influenza A -nucleopro-
tein tetramer (Figure S8G).

These results demonstrate that specific targeting to
cDC1s with LP,,,-CLECOA impairs cDC1.priming of
immunity, reducing atherosclerosis plaque formation in
the absence of potential side effects, such as liver and
renal damage or a reduction to antiviral immunity.

DISCUSSION

Although the involvement of adaptive immunity in ath-
erosclerosis is well established?™ the precise role of
DCs and, particularly, different subsets within DCs is
controversial.??7?426-28 The role of DCs in atherosclero-
sis has been previously addressed using either FIt37",
Batf3”~ or ltgax-Cre Irf8”" models to deplete cDC1s in
atheroprone Ldlr”’= or ApoE~~ mice. However, although
in all these models, CD8a* cDC1s and aortic CD11b~
CD103* cDC1s were depleted, the results in atheroscle-
rosis progression were contradictory, showing that cDC1
depletion resulted in an increase,?” decrease,?*?*2° or no

c¢DC1s Drive Atherosclerosis and Are Therapy Target

effect?® of atherosclerosis lesion. Herein, we have used
alternative approaches combining strategies for gain
and loss of function of cDCs and particularly cDC1s to
address their role in atherosclerosis. As a gain-of-function
approach, we expanded all DC subsets by hydrodynamic
injection of the mFLex plasmid expressing FLT3L® and
found an increase in atherosclerosis, indicating that at
least 1 DC subset promotes atherosclerosis and can-
not be compensated by a protective role of any other
expanded DC subset. We then asked the question of
which DC subtype could be responsible for this pheno-
type. Although BATF3-deficiency has been used exten-
sively in the literature to deplete cDC1s, this model has
several caveats.*'"** We thus used 2 different models to
deplete specifically cDC1s: a flox STOP-DTA under the
control of Xcr1-Cre driver and the /[f8A32 mice that spe-
cifically target IRF8-dependent cDC1 development. Of
note, the increased atherosclerosis on mFLex expansion
was prevented by cDC1 depletion. Moreover, even in the
absence of mFLex and DC expansion, cDC1 depletion
using the Xcr1¢e"™ model decreased HCD-induced ath-
erosclerosis in grafted Ldlr~ maf€ and female mice. This
atheroprone effect of cDC 1s wag validats

grafted with If8A32 or control BM and fed HCD. These
results-support a-proatherogenic role for cDC1s.2324%
Mechanistically, our combined gain and loss of function
approaches suggest that cDC1s prime a proatherogenic
CD4* Th1.and cytotoxic CD8* T-cell immunity. IL-12 is a
key CD4* Th1 cell polarizing'” and CD8+T-cell activating
cytokine produced by cDC1s.'® In our work, the decrease
in CD4* Th1 and CD8+T-cell response correlated with
lower IL-12 production in the aortas and spleens of
cDC1-deficient mice. Regarding cDC1 activation in ath-
erosclerosis to provide IL-12 proatherogenic cytokine, we
found that STING in cDC1s is needed for their proathero-
genic function. STING regulates the activation of cDC1s
through the detection of cytosolic DNA and subsequent
production of type | IFNs and other cytokines, including
IL-12.4 In other cardiovascular diseases, such as obesity,
cDC1s from white adipose tissue uptake self-DNA from
apoptotic bodies and produce IL-12 in a STING depen-
dent manner. Consistent with our findings in atheroscle-
rosis, cDC1 depletion through diphtheria toxin injection in
Xer1®™® mice fed a high-fat diet reduced obesity-related
inflammation by limiting I1L-12 production.®”

Figure 5 Continued. (right; n=15in Tmem173¢ Xcr1 and 16 in Tmem173 9 Xcr19=-°™ group). C, Flow cytometry analysis of STING in
cDC1s and XCR1~ cells showing quantification (Ieft) and representative histogram of the mean (right; n=15 in Tmem 1739 Xcr1¢* and 16 in
Tmem 1739 Xcr19e-°™ group). D, Percentage of body weight tracked for 8 weeks of HCD (n=20 in Tmem 1739 Xcr19®and 19 in Tmem173 ¢
Xcr1¢==5" group). E, Quantification (top) and representative images of the mean (bottom) of atherosclerotic lesion by Oil Red-O staining of
the aorta (left) or aortic heart valve (right; n=20 in Tmem 1739 Xcr1¢®and 19 in Tmem173 9 Xcr19=2™ group). F, Flow cytometry analysis of
IFN-y production by CD4+ (left) and CD8* (right) T cells in phorbol 12-myristate 13-acetate-restimulated splenocytes (n=19 in both groups).
Biological replicates are shown in all the graphs with the individual data and mean+SEM. D, 2-way repeated measures ANOVA test with Holm-
Sidak correction was performed. For the other panels, Unpaired t test was performed when normal distribution was followed, whereas Mann-
Whitney U test was applied when non-normal distribution was shown (Supplemental Material Ill). Exact Pvalues are indicated in Supplemental
Material [ll. Gating strategy for flow cytometry analysis is shown in Supplemental Material IV. ns indicates nonsignificant. *£<0.01; **A<0.001

**R<0.0001.
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Figure 6. Selective targeting of conventional type 1 dendritic cells (cDC1s) with dexamethasone-loaded nanoparticles prevents

atherosclerosis progression.

A, Scheme of the synthesized nanoparticles (NPs) loaded with dexamethasone (DEXA) in the aqueous cavity, labeled with fluorescent DiR dye

and covalently coupled to 7H11 anti-CLECOA antibody to specifically target cDC1. B, Flow cytometry analysis of cell-specific targeting by LP

or LP,

DEXA

DEXA

-CLEC9A to ¢cDC1s (CD11c*, IA/IE*, XCR1%, and CD11b7), cDC2s (CD11ct, IA/IE*, XCR1~, and CD11b*), macrophages (CD64+ and

F4/80%), or monocytes (F4/80-, CD3~, CD19-, and Ly6c¢*) in spleen 24 hours after intravenous injection of NPs. Targeted cells (Continued)
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Although our results using these gain and loss of
function approaches suggest that cDC1s are proathero-
genic, there are potential explanations for the differences
between our results and previous studies suggesting dif-
ferent roles for cDC1s in the context of atherosclerosis.
On the one hand, FLT3L is a key cytokine for the develop-
ment of all cDCs (cDC1 and ¢cDC2) and also plasmacy-
toid DCs.® The absence of FLT3L sensing in FIt3~~ mice
would affect the development of all these subsets and
favoring the occupation of the niche by other monocyte-
derived DCs that may be proinflammatory, making it dif-
ficult to associate the phenotype observed only to the
absence of cDC1s. In fact, the number of CD4* Tregs in
Fit3l"~ mice is already reduced* in steady-state condi-
tions suggesting that FLT3/FLT3L axis is needed for an
appropriate CD4* Treg generation. Because CD4* Tregs
are associated with atheroprotection,*®*” the reduction in
CD4* Tregs caused by the disbalance in DC composition
in FIt3~~ model could explain the increase in atheroscle-
rosis under cDC1 depletion in the previous work2?? On
the other hand, the use of Batf3~~ mice to model cDC1
depletion has been useful in the past, but results in the
past years have shown some limitations. First, BATF3 defi-
ciency can be compensated by other transcription factors
during cDC1 development under inflammatory-conditions,
being the deficiency in this subset is partial. 4% Moreover,
BATF3 has intrinsic functions in T cells. For instance,
BATF3 regulates CD8* T-cell memory development.*'2
This limitation was observed in previous reports in.the
context of atherosclerosis, where percentages-of memory
effector CD8* T cells were reduced in Ldlr”’= Batf3~/~
compared with Ldlr”~ mice.?” In' addition, BATF3 also
has an intrinsic role in CD4* T cells by repressing Foxp3
expression and inhibiting CD4* Treg differentiation,*’ with
Batf3~~ mice displaying increased CD4* Tregs in homeo-
stasis. In this way, the protective role of cDC1 deficiency
in Batf3”~ mice could be attenuated by all these limita-
tions, explaining previous works that state that cDC1s do
not contribute to atherosclerosis disease.?"”® All these
limitations could also justify the contradictory results
with others reports that suggest a proatherogenic role

c¢DC1s Drive Atherosclerosis and Are Therapy Target

of cDC1s based on the use of Batf3-deficient mice®®
or similar models to deplete cDC1s such as ltgax-Cre
Irf87123 However, although /ltgax-Cre Irf8"* model reduces
c¢DC1 numbers, CD11c is not only expressed on DCs but
also foamy macrophages in the aorta,®® which use IRF8
to regulate IFN-y production, a key contributing factor
in atherosclerosis.®" Consequently, the specific role of
cDC1s cannot be evaluated with /tgax-Cre Irf8”F model.
Interestingly, like our results, they also observed a reduc-
tion of atheroprotective splenic CD4" Tregs in ltgax-Cre
If8”" compared with control. We hypothesize that the
suppression of proatherogenic CD4* Th1 and cytotoxic
CD8* T responses outweighs the loss of atheroprotective
CD4* Tregs, resulting in a reduction of atherosclerosis
after cDC1 depletion. In that line, the increase of athero-
protective IL-10 secretion by CD4* Treg without affecting
proatherogenic IFN-y production in Ldlr”~ grafted with
Clec9a~~ BM reduced atherosclerosis disease.* Given
the limitations of previous models to target cDCl1s, the
new approaches described in this work that combine
DCs expansion with new models to deplete cDC1s not
described before in the context offatherosclerosis, help to
better define their function in athdrosclerosis.
Lipid-lowering therapy is used to treat atherosclero-
sis, with statins (inhibitors of cholesterol synthesis) as
the therapy of choice both in primary and secondary pre-
vention for cardiovascular diseases. However, the rate of
cardiovascular events remains high despite good choles-
terol control. Moreover, high doses of statins used to treat
cardiovascular diseases can cause secondary effects,
including type 2 diabetes onset, neurological and neuro-
cognitive effects, hepatotoxicity, and renal toxicity, among
others, resulting in reduced adherence to the treatment
and even in intolerance for up to 20% of patients.>? Alter-
native pharmacological agents target lipid metabolism
(ie, fibrates, cholesterol absorption inhibitors, bile acid
sequestrants, PCSK9 [proprotein convertase subtilisin/
kexin type 9] inhibitors) and, more recently, inflammation
(ie, canakinumab in clinical trials) are emerging."*® How-
ever, the adverse effects or their cost per patient have lim-
ited their use to specific cases, generally in combination

Figure 6 Continued. were analyzed as % DiR* in each population (N=3/group). Gate for DiR* cells was defined based on FMO staining. C,
Scheme of NP-based immunotherapy for atherosclerosis. Ldlr”~ male mice were fed with a high-cholesterol diet (HCD) for 8 weeks. During

the last 4 weeks of diet, mice were treated twice weekly with LP, LP-CLEC9A, LP,

-CLECOA, or LP__,, by intravenous injection, followed by

DEXA DEXA

euthanasia and analysis. D, Percentage of body weight tracked during the NP treatment (last 4 weeks of HCD) relative to the initial weight at

week 4 (n=10 in LP, n=20 in LP-CLEC9A, n=20 in LP

DEXA

-CLEC9A and n=11in LP_,, groups). E, Quantification (top) and representative

images of the mean (bottom) of atherosclerotic lesion by Oil Red-O staining of the aorta (left) or aortic heart valve (right; n=10 in LP, n=18

in LP-CLEC9A, n=20 in LP,

DEXA

HDL (high-density lipoprotein) analysis in plasma at end point (»=10 in LP, n=18 in LP-CLEC9A, n=18 in LP,

-CLEC9A and n=11in LP__,, groups). F, Total cholesterol, free cholesterol, LDL (low-density lipoprotein), and

-CLEC9A and n=11in LP

DEXA DEXA

groups). G, Flow cytometry analysis of IFN (interferon)-y production by CD4+ (far left), CD8* (middle left), Foxp3* (middle right), and IL
(interleukin)-17+ (right) CD4* T cells in phorbol 12-myristate 13-acetate/ionomycin-restimulated splenocytes (n=10-20/group). Fold change
induction to normalize among independent experiments was calculated using the LP group as control (n=9 in LP, n=17 in LP-CLEC9A, n=20 in
LP,ey,~CLEC9A and n=11in LP__ , groups). Biological replicates are shown in all the graphs with the individual data and mean+SEM. B, Two-
way ANOVA with Holm-Sidak correction for multiple comparison was performed. D, Two-way repeated measures ANOVA test with Holm-Sidak
correction was performed. For the other part labels, ordinary 1-way ANOVA with Holm-Sidak correction was performed when normal distribution
was followed, whereas Kruskal-Walllis test with Benjamini, Krieger, and Yekutieli correction was applied when non-normal distribution was shown
(Supplemental Material I11). Exact Pvalues are indicated in Supplemental Material Il. Gating strategy for flow cytometry analysis is shown in
Supplemental Material IV. ns indicates nonsignificant. *A<0.05; *A<0.01; **A<0.001 ***A<0.0001.
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with statins. In conclusion, we urgently need alternative
approaches to tackle atherosclerosis in a more compre-
hensive and accessible way, possibly synergizing with
current lipid-lowering approaches. Thus, new strategies
targeting the immune component of atherosclerosis can
be a useful addition to the therapeutic options for this dis-
ease and could probably be combined with lipid-lowering
therapies. Given the proatherogenic role of cDCls
observed in this study, targeting these cells to reduce their
immunogenicity and enhance their tolerogenic properties
presents a promising immunotherapy for atherosclero-
sis. Here, we have shown that nanoparticles containing
an immunosuppressive drug like dexamethasone and
specifically directed to ¢cDC1s reduced atherosclerotic
lesions by decreasing CD4* Th1 and cytotoxic CD8*
T-cell responses without inducing systemic toxicity. Our
study supports the concept that reprogramming cDC1s
by reducing its immunogenic phenotype can attenuate
the inflammatory environment of atherosclerotic lesions
and that this could be used as a novel immunotherapy for
atherosclerosis. As a limitation, this immunotherapy not
only targets proatherogenic cDC1s, but all cDC1s, which
could result in systemic immunosuppression, although we
have not found a relevant effect in resistance to influenza
infection. For that reason, further studies are needed to
direct locally these nanoparticles to the atheroma plaque
to avoid side effects. In addition, because this therapy tar-
gets the immune component of atherosclerosis, it-could
be potentially combined with existing lipid-lowering thera-
pies for an additive or synergic effect.

In conclusion, our data demonstrate a proatherogenic
role of cDC1s by controlling IFN=y production in CD4+*
Th1 and cytotoxic CD8* T cells, dependent on the activa-
tion of the STING pathway in cDC1s. Our data suggest
an important role of cDC1s in promoting the pathogen-
esis of atherosclerosis and offer a new target for immu-
notherapy for atherosclerosis.
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