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ABSTRACT

Atherosclerosis is one of the most prevalent diseases over the world and it
becoming one of leading cause of death across nationals. Even though many studies on
the immunological aspects of atherosclerosis have been focused on foam cells, which
are derived from lipid containing macrophages, relatively fewer studies have
investigated the role of dendritic cells in atherosclerosis. Plasmacytoid dendritic cells
(pDCs) are one of the dendritic cells subsets. PDCs develop from the bone marrow and
are found in lymphoid and non-lymphoid tissues through blood circulation. A unique
function of pDCs is the secretion of large amounts of type | interferons during viral
infection for inducing immune responses. On the other hand, pDCs are also known to
induce tolerance in sterile-inflammation conditions. However, the immunomodulatory
role of aortic pDCs in atherosclerosis remains poorly understood. In this study, we
identified functional mouse and human pDCs in the aortic intima in steady state and in
atherosclerosis. Also, using transgenic mouse models, we showed that selective and
inducible pDCs depletion in mice exacerbates atherosclerosis. Also we showed that
aortic pDCs expressed CCR9 and indoleamine 2,3-dioxygenase 1 (IDO-1), an enzyme
involved in driving the generation of regulatory T cells (Tregs), which indicate that aortic
pDCs in atherosclerosis are not matured or tolerogenic. In line with this, deletion of IDO-
1 resulted in aggravated atherosclerosis and reduced number of regulatory T cells in
aorta. Moreover, antibody-mediated antigen delivery to pDCs expanded antigen-specific
Tregs in the atherosclerotic aorta. Notably, Tregs ablation affected pDCs homeostasis in

diseased aorta. Accordingly, pDCs in human atherosclerotic aortas colocalized with



Tregs. Taken together, we describe a local mechanism of atheroprotection mediated by

tolerogenic aortic pDCs through the induction of Tregs in aorta.



RESUME

L'athérosclérose est I'une des maladies les plus répandues dans le monde et
elle devient I'une des principales causes de décés chez les canadiens. Méme si de
nombreuses études sur les aspects immunologiques de I'athérosclérose ont été axées
sur les foam cells, qui sont des dérivées de macrophages contenant des lipides, il y a
relativement peu de recherches sur le rble des cellules dendritiques dans
I'athérosclérose. Cellules dendritiques plasmacytoides (pDC) sont une des sous-
populations de cellules dendritiques. Les pDC se développent a partir de la moelle
osseuse et se retrouvent dans les tissus lymphoides et non-lymphoides via la
circulation sanguine. Une fonction unique des pDC est la sécrétion de grandes
quantités d'interférons de type | pendant une infection virale pour induire des réponses
immunitaires. D'autre part, les pDC sont également connues pour induire une tolérance
dans des conditions d'inflammation stérile. Cependant, le réle immunomodulateur des
pDC aortiques dans l'athérosclérose est mal compris. Dans cette étude, nous avons
identifi¢ des pDC humaines et murines dans l'intima aortique a I'état normal et en
athérosclérose. De plus, en utilisant des modéles de souris transgéniques, nous avons
démontré que la déplétion sélective et inductible des pDC chez la souris aggravait
I'athérosclérose. Nous avons également démontré que les pDC aortiques exprimaient le
CCR9 et l'indolamine 2,3-dioxygenase 1 (IDO-1) une enzyme impliquée dans la
production de cellules régulatrices T (Tregs) qui indiquent que les pDC aortiques dans
I'athérosclérose ne sont pas matures ou tolérogéniques. Conformément a cette

observation, la délétion d’ IDO-1 aggrave athérosclérose et réduit le nombre de Tregs



dans l'aorte. De plus, la libération d'antigéne médiée par des anticorps aux pDC induit
une expansion des Tregs spécifiques de l'antigene dans l'aorte athérosclérotique. De
plus, l'ablation de Tregs affecte I'noméostasie des pDC dans l'aorte malade.
Finalement, les pDC dans les aortes athéroscléreuses humaines co-localisent avec les
Tregs. Ces observations prises ensembles, nous décrivons un mécanisme local
d'athéroprotection médiée par les pDC aortiques tolerogénes qui régulent I'expansion

des Tregs dans l'aorte.
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1. INTRODUCTION

1.1. Role of dendritic cells

Dendritic cells (DCs) are a small subset of hematopoietic cells and reside in
lymphoid and nonlymphoid tissues. DCs have a superior ability, compared to other
immunes cells, to patrol tissue damages and infections, recognize and uptake several
types of environmental or cell related antigens, and process and present the antigens to
induce immune response or enforce tolerance. For instance, once DCs encounter
pathogens, they undergo a complex development program known as maturation that
changes their function profoundly. Maturation induces DCs to uptake antigens efficiently
but transiently, for about 20 hours 3. Also the expression of major histocompatibility
complex (MHC) molecules and co-stimulatory molecules, CD40, CD80, and CD86, on
DCs increases compared to steady state®. Furthermore, DCs start to produce cytokines
and chemokines and migrate to nearby draining lymph nods (LNs) to present antigens®

®. The key functions defining DCs from other hematopoietic cells are described below.

1.1.1. Antigen processing and presentation

DCs present peptide antigens produced by intracellular proteolysis to T cells to

induce T cell response. Peptide antigens are produced and presented by two different
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antigen presentation pathways; the endogenous pathway via major histocompatibility
complex (MHC) class | and the exogenous pathway via MHC class Il. Antigens
presented in the context of MHC class | molecules are recognized by CD8" T cells,
whereas antigens presented by MHC class |l molecules are recognized by CD4™ T cells.

Antigen-derived peptides are processed by two major proteolytic pathways,
depending on the source of the antigens. Most proteolysis for endogenous proteins in
the cytosolis are mediated by proteasomes. The short peptides generated are then
translocated to the endoplasmic reticulum (ER). This translocation is mediated by
transporter associated with antigen processing (TAP) proteins which allows the
transport of peptides across the ER membranes. In the ER, MHC class | molecules
lacking antigen-derived peptides bind to tapasins, which allow recruitment of TAP
proteins, and TAP-tapasin-MHC class | complexes facilitate small antigen-derived
peptides binding’. In contrast, exogenous proteins that are captured through
endocytosis and phagocytosis are degraded in lysosomes and phagolysosomes,
respectively. Antigens acquired by endocytosis enter a vesicular network through early
endosomes, late endosomes and lysosomes, but antigens from phagocytosis are in
phagosomes and fused with lysosomes to become phagolysosomes. Endogenous
nuclear antigens in autophagosomes from autophagy are also fused with lysosomes.
Lysosomes are acidic, with pH ranging between 4.5 and 5, and contain the proteases
cathepsins to degrade the antigens. In the late endosomes, which is also known as

MHC class Il compartment (MIIC), peptides from lysosomes and phagosomes are
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loaded onto MHC class Il molecules that transited from trans-Golgi network or recycled
from the cell surface.

Although MHC class | and Il molecules generally bind to peptides derived from
proteasomal proteolysis and lysosomal proteolysis, respectively, both MHC molecules
can bind antigens from both of pathways. For example, MHC class [l molecules can
bind to antigens originated from endogenous source and degraded by lysosomal
proteolysis. Also MHC class | molecules have access to antigens from exogenous
origins and internalized by endocytosis and phagocytosis, that can be presented to
CD8" T cells. This specific mechanism of MHC class | presentation of exogenous
antigens is known as cross-presentation. Cross-presentation is mediated by specific
subset of DCs; CD8a* DCs and more recently CD103* DCs in peripheral tissues®  °.
CD8a" DCs express higher levels of the GTPase RAC2, which represses protease
activity by inducing phagosomal alkalinization to favor cross-presentation'’. Also CD8a*
DCs tend to destabilize phagosomes membrane for cross-presentation by GTPase
IGTP'2. Also a recent study reported that DC-specific ICAM3-grabbing non-integrin (DC-
SIGN) expressing monocyte-derived DCs (moDCs) are potent cross-presenting cells'®,

in addition to CD8a* DCs and CD103* DCs.

1.1.2. Migration to lymph nodes

DCs act as sentinels in various body barriers, such as the skin and mucosal

19



surface, where they encounter numerous antigens. To initiate the stimulation of T cells
upon DCs maturation, DCs acquire mobility to migrate to tissue-draining LNs through
lymphatic vessels or to the T cell zones within their respective lymphoid organ of
residence.

Peripheral tissue-resident DCs migration to LNs is dependent on CCR7 in both
the steady state and during inflammation'® . Inhibition of DCs migration toward LNs
and decreased T cell responses were observed in a CCR7-deficient mouse model®.
Also, it was shown that DCs require CCR7 ligands, CCL19 and CCL21, for their
migration'” '8 although CCL19 seems to be redundant’®. CCL19 is soluble and lacks
anchoring residues®® and CCL21 is also soluble but contains anchoring residues.
However, CCL21 is also found immobilized on cells or extracellular matrix*' but upon
contact with DCs, CCL21 is truncated by proteolysis of its anchoring residues and
released to act similarly to CCL19%.

Integrins were reported to be necessary for DCs migration to LNs upon contact
sensitization® 2%, It was reported that lymphatic endothelial cells express high level of
leukocyte adhesion receptors intercellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1) during inflammation®. However, in steady states, it
was shown that lymphatic endothelial cells express littte ICAM-1 and VCAM-1?® and
pan-integrin-deficient DCs are able to migrate to LNs, so integrins seem dispensable for
migration of DCs in steady state?®>. CCR7 and integrins are required for DCs migration to
draining LNs but further studies are necessary to delineate why the requirement for

integrins is different in steady state and inflammatory conditions.
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The mechanisms of migration of intra-tissue resident DCs in lymphoid organs
remain less well characterized. It was reported that the chemotactic receptor EBI2 on
DCs regulates localization of CD4" DCs in bridging channels of the marginal zone in the
spleen and absence of EBI2 results in defects in T cell activation®®. CD11b* DCs and
CD8a" DCs in intestinal Peyer’s patches depend on CCR6 and CCR7 for their
localization, respectively. CD11b* DCs require the expression of CCR6 for their
recruitment into the subepithelial dome (SED) region and CD8a* DCs require CCR7 to
migrate toward the T cell-rich interfollicular region (IFR), even though the expression of
CCR7 was also observed on CD11b* DCs?’. Also, migration of splenic DCs toward T
cell zone upon inflammation depends on increased expression of CCR7 on mature DCs
and gradients of CCR?7 ligands, CCL19 and CCL21%. Furthermore, DCs in the thymus
require the X-C Motif Chemokine Receptor 1 (XCR1) to allow their medullary
accumulation. Deletion of XCL1, the XCR1 ligand expressed by medullary thymic
epithelial cells, resulted in inhibition of DCs migration to the thymus medulla showing

that DCs migration in the thymus depends on XCR1-XCL1 axis®.

1.1.3. Subset of dendritic cells

DCs can be divided into at least four different subsets, according to their
expression of surface markers, CD8a" DCs and CD103" DCs, CD11b" DCs, and
CD317* pDCs. These different subsets of DCs are found in both lymphoid tissues, such

as spleens and LNs, and nonlymphoid tissues, such as aortas and intestines.
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1.1.3.1. CD8a* DCs and CD103* DCs

Phenotype and function of CD8a" and CD103" DCs have been better described
in comparison to other DCs subsets in murine models®. CD8a* DCs were reported to
be one of the DCs populations in lymphoid organs®', and are referred to as resident
DCs that spend their entire lifespan in lymphoid tissues. The CD103* DCs, one of the
migratory DCs subsets, are found in LNs and non-lymphoid organs®* **. CD103* DCs
and CD8a* DCs share their origin and function so non-lymphoid CD103" DCs are
considered as equivalents of lymphoid CD8a* DCs** *. CD8a* DCs represent about
40% and 15% of DCs in spleen and LNs, respectively, and express CD8a, but not the
CD8ap found in CD8* T cells®®. CD103* DCs account for nearly 25% of DCs in LNs and
express no or low levels of CD11b, except the intestinal CD103"CD11b" DCs. Both
CD8a* DCs and CD103" DCs express CD135 (FIt3), which is the receptor that binds to
FIt3 ligand (FtI3L), necessary for DCs development*’. CD135" mouse showed
significant reduction of both DCs subsets®. Both subsets lack of CD11b and
macrophage markers CD115, F4/80, CD64, and CX3CR1. Also both subsets express
their own specific markers, such as CD370 (CLAC9A), which is important for efficient
cross-presentation of antigen®, and CD205, which recognizes dying cells®®. These
markers are not expressed by CD11b* DCs and allow the delivery of antigens to CD8a”*

and CD103" DCs by antibody-mediated antigens delivery.
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1.1.3.2. CD11b* DCs

CD11b* DCs are the most abundant DCs in lymphoid tissues and non-lymphoid
tissues, and lack expression of CD8a. However, the characterization of CD11b™ DCs is
less well defined because of the heterogeneity of CD11b* DCs population. For example
CD11b* DCs can be divided into at least two subsets according to the expression of
CD4 and Endothelial cell-specific adhesion molecule (ESAM); CD4*ESAM" DCs and
CD4ESAM® DCs. CD4*ESAM" DCs express higher level of FIt3 and lower level of
Csf1R, Csf3R and CCR2 compare to CD4'ESAM" DCs*'.However, this CD11b* DCs
subset segregation based on the surface markers still does not seem to provide
homogenous population because of their heterogeneity of transcriptome profiles*.
Nevertheless, CD11b™ DCs have common characteristics compared to CD8a* DCs,
such as more efficient in induction of CD4" T cell immune response. Also CD11b* DCs
are ineffective in cross-presentation’® *°.

Lymphoid and nonlymphoid tissues contain another subset of CD11b* DCs which
is called moDCs*. These cells originate from monocytes, and it was reported that
Ly6Chi monocytes contribute to moDCs*°. moDCs express CD11c, MHCII and CD11b

and also present antigen to activate naive T cells'™ *°.

However, similar to
macrophages, moDCs also express CD64, F4/80 and tyrosine protein kinase MER

(MERTK)* %748 Also moDCs express DCs specific transcription factor zbtb46*, which
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is not expressed by ‘TNF-a and iNOS-producing DCs’ (TIP DCs) that is now considered

to be activated monocytes** *°.

1.1.3.3. Plasmacytoid DCs

pDCs are small subset of DC population, which account for less than 0.3% of
total splenocytes in steady state®®. pDCs are found in blood, lymphoid and non-lymphoid

°1. %2 pDCs share

organs, and were reported first in humans and later in mice
characteristics with DCs, such as development from the same common DCs progenitors
(CDPs)®, FMS-like tyrosine kinase 3 ligand (FIt3L) dependence for its development in
the BM**, and overlapping but distinct transcriptional profile®®. However, pDCs also have
several distinct features from other DCs subsets, such as low expression of CD11¢ and
MHCII in steady state®®, limited potential to prime T cells®®, unique expression of Toll-
like receptor (TLR) 7 and 9, and production of large amounts of type | interferon®" °’.
Also, development of pDCs depends on the helix-loop-helix transcription factor E2-2°°

and deletion of E2-2 leads to conversion into CD8a* DC-like cells® that sustain D-J

rearrangement and express CXzXR1%.
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Lymphoid tissue Non-lymphoid tissue
Tissue resident DCs Migratory DCs
CD8* | CD11b*EsamM | CD11b*Esam® CD103* CD11b*
pDCs DCs DCs DCs DCs DCs
CD11c - ++ ++ ++ + +
MHCII - + + + ++ ++
CD11b | - - + + ; +
CD4 | +/- - + - - -
CD8a | +/- + - - - -
CD103 | - - - - + -
CD205 - + - - + -
B220 + - - - - -
CD209a | + - + + - +/-
CD207 - +/- - - + -
XCR1 - + - - + -

Table 1. Phenotypic markers of DC subsets in lymphoid and non-lymphoid tissues

pDCs and different DCs subsets in lymphoid and non-lymphoid tissues are divided according to the
indicated markers. DCs, dendritic cell; pDCs, plasmacytoid dendritic cells. (Source: adapted from
(87))

25



1.1.4. Priming naive T cell responses

The development of DCs-specific deletion mouse models, such as CD11¢c-DTA
and CD11c¢c-DTR, allowed to show that DCs are the central key to initiate T cell
response®” %, These studies demonstrated that, upon infection, DCs interact with T
cells and induce T cell differentiation and clonal expansion. Different subsets of DCs,
CD8a" DCs, CD103* DCs, and CD11b* DCs, are found in lymphoid tissues and non-
lymphoid tissues and utilize pattern-recognition receptors (PRRs) to recognize

63, 8 It was

pathogen-associated molecular patterns (PAMPs) on microorganisms
reported that CD11b* DCs express higher levels of genes involved in MHC class |l
antigen presentation pathway compared to CD8a* DCs* and these cells present
antigens to CD4* T cells more efficiently than CD8a* DCs** ®. On the other hand,
CD8a* DCs and CD103" DCs can also cross-present antigens to CD8" T cells. By using
Langerin-DTR mouse model, which can deplete both CD8a" DCs and CD103* DCs, but
not CD11b* DCs, it was shown that induction of pathogen specific CD8" T cells relies on
CD8a* DCs® %", Also DCs instruct T cells by secretion of cytokines; IL-12 and IL-15 by
CD8a* DCs and CD103* DCs®® ® 7* 7! and IL-6 and IL-23 by CD11b* DC’* 7,
However, it seems that priming T cells requires original DCs that are directly exposed to
pathogens, not the cytokine-stimulated DCs that are not exposed to pathogens™. In line
with this, T cell stimulation without costimulatory molecules results in tolerance. It was
reported that antigens presented by immature DCs do not contribute to T cell

75,76

polarization and the T cells become antigen-specific tolerogenic , which suggest that
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T cell response requires three distinct stimuli from DCs: antigens on MHC molecules,
costimuliatory signals by B7 family molecules, and cytokines. The relationship is
bidirectional, not only DCs instruct T cells but also T cells crosstalk to DCs. It was
shown that antigen-presenting DCs in thymus require CD40L expressing T cells for the
maturation and prolonged survival of DCs and deletion of autoreactive thymocytes’” ’®.
Also, stimulated T cells by anti-CD3 and anti-CD28 antibodies secrete FMS-like tyrosine
kinase 3 ligand (FIt3L) molecule that regulate development of DCs, and can shape DCs

compartment”®.

1.2. DCs development

DCs develop from bone marrow progenitors and disseminate to lymphoid and
non-lymphoid organs. In the bone marrow, DCs develop from monocytes and DCs
committed precursors (MDPs) that also give rise to monocytes®. The DC-oriented cell
population derived from MDPs is defined as common DCs progenitors (CDPs)" 82,
which give rise to pre-DCs and pre-pDCs, that then differentiate into DCs and pDCs in

lymphoid tissues®" &

as well as non-lymphoid tissues where they arrive by the blood®*
8.8 Also, moDCs, another population of CD11b* DCs, can develop from circulating
monocytes'®. However, further studies are required on DCs development in non-

lymphoid tissues since sophisticated studies of pre-DCs differentiation into different DCs

subsets are lacking®’.
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pDCs have been reported to develop from CDPs originating from common
myeloid precursors (CMPs)®" #. Even though pDCs share the developmental origin with
DCs, other studies also have shown another origin of pDCs, from common lymphoid
progenitors (CLPs). Several studies reported the development of pDCs from CLPs®: %,
as also suggests a genetic tracing approach following RAG-1 expression by using RAG-
1-GFP knock-in mice®. However, the pDCs from CLPs showed a lower ability in terms
of secretion of type | interferons and T cell activation compared to the ones that
originate from CMPs®'. Further studies about the pDCs specific progenitors in the BM
are necessary, but the data suggest that pDCs may differentiate in a less linear fashion

382 92 gnd

than other subsets of DCs. pDCs precursor, CDPs, express CD135/Flt
depend on cytokine FIt3L for pDCs development in BMs®. When FtI3 is deleted or
inactivated by mutation, the number of pDCs is decreased in lymphoid organs®” . Fit3-

FIt3L signaling seems to require activation of mammalian target of rapamycin (mTOR)

through phosphoinositide 3-kinase (PI3K)%.

1.3. Aspects of pDCs function

Early studies reported a minor population of human peripheral blood leukocytes
as a source of type | IFNs* %’ Because of the expression of CD4 and morphological
similarity to plasma cells, the population was introduced as plasmacytoid T cells®.

Furthermore, the cells, in early studies, were also described as plasmacytoid monocytes
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because of marker expression profile similar to monocytes’ % '®. However, it was
shown that plasmacytoid cells could differentiate into antigen-presenting cells'®', and
later referred to as pDCs®" %2, Most pDCs differentiate from CDPs that also bifurcate
into CD8a* DCs, CD103* DCs, and CD11b* DCs. Despite similarities between pDCs
and other subsets of DCs, pDCs have their own key properties that distinguished them

from DCs and other immune cells, which are discussed below.

1.3.1. IFN secretion upon pathogen-mediated infection

The most striking function of pDCs is the secretion of Type | IFNs, especially IFN-
a®" %2 In respond to stimuli, for example viral infection, pDCs secrete IFN-a up to

1,000-fold more than other immune cells'®

through a signaling pathway involving Toll-
like receptors (TLR) TLR7 and TLR9, which sense RNA and DNA viruses'®. For
example, isolated mouse pDCs from the spleen secrete IFN-a when co-cultured with
murine cytomegalovirus (MCMV)'®. Other in vivo studies showed that pDCs are
responsible for the secretion of IFN-a upon MCMYV infection and secretion of IFN-a is
mediated through TLR9/MyD88 (primary-response protein 88) signaling’®® '%”. These
studies showed that type | IFN response occurs at early time points during viral
infection. However, the secretion of type | IFNs from pDCs decreases at later time

points and other immune cell types become the source of type | IFNs as well'®.

Furthermore, the role of pDCs in terms of type | IFNs production seems dispensable to
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restrain viral infection of vesicular stomatitis virus (VSV) and influenza viruses'®® %°.

Also other studies using lymphocytic choriomeningitis virus (LCMV) and MCMV showed
that pDCs are not the optimal host defense in terms of viral clearance and overall
survival ratio'® '%’_ In line with these evidences, secretion of type | IFN by pDCs during
local systemic viral infections may be only apparent when other tissue-resident cells are
eliminated. Previous studies reported that lung-specific macrophages, alveolar
macrophages, are the main source of type | IFNs against pulmonary infection by
newcastle disease virus (NDV), and only if alveolar macrophages are depleted then
pDCs became the source of type | IFNs'"°.

Even though several studies didn’t show the critical aspect of type | IFNs from
pDCs in terms of clearing viruses and overall host survival, other studies reported a
critical role of pDC-derived type | IFNs in viral control. For example, isolated pDCs
exponentially secreted IFN-a in 24 hours after being exposed to mouse hepatitis virus
(MHV) in vitro and mice infected with MHV had severe mortality by day 2 upon infection
in the IFN a/B receptor (IFNAR) KO mouse model'"'. Another study using LCMV
infection model showed E2-2 KO mice, which lack pDC because E2-2 is a transcription
factor specific for pDCs development, could not control LCMV infection. This study
found that pDCs and IFN-a were necessary for the maintenance of CD4" T cells against
LCMV'2, In a human study, patients with null mutations in interferon regulatory factor
(IRF) 7, the transcription factor responsible for secretion of type | IFNs in pDCs, fail to
produce IFN-a and suffer from severe influenza infection''®. Although these studies

indicated an important role of pDCs and type | IFNs, type | IFNs also can be detrimental
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to the hosts. One group reported that high levels of IFN-a in mice upon influenza virus
resulted in severe lung damages, morbidity and mortality. They found that excessive
IFN-a signaling mediated by pDCs induced lung epithelial cell death in a TNF-related
apoptosis-inducing ligand (TRAIL) dependent manner, and depletion of pDCs reduced
the lung damage''*. Thus, the role of pDCs and its type | IFNs seems to vary based on
the type of viral infection.

The type | IFNs produced in response to acute viral infection mediate
mechanisms of repression of viral replication. In several studies of infection with MCMV,
VSV and LCMV in mouse models, production of type | IFNs by pDCs is most apparent
at early stages of viral infection. However, the secretion of type | IFNs by pDCs is limited
in time and becomes less important at later time-points, because other cells start to
produce type | IFNs (21884168). Ablation of TLRs signaling in pDCs during LCMV
infection does not significantly impair early virus control. In contrast, Mavs™ mice with
the same infection severely have compromised type | IFNs production and repression of
early virus replication (22447976).

The role of type | IFNs in chronic viral infection is more complex than in acute
infection. Chronic HIV infection, for example, contributes to increased type | IFNs
production throughout the course of the disease (22975872). pDCs infected by HIV
produce type | IFNs persistently, due to early endosomal trafficking of HIV and TLR7
signaling (21339641). Also type | IFNs secretion in HIV-infected pDCs results in
expression of IDO-1 in an autocrine fashion through non-canonical NF-kB pathway, and

promotes Tregs commitment (22879398) (17910035). Depletion of pDCs in humanized
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mice infected with HIV decreases secretion of type | IFNs and allows increased HIV
replication (25077616), suggesting that type | IFNs from pDCs suppresses HIV
replication. Although type | IFNs induce antiviral response by TRAIL-mediated CD4" T
cells apoptosis and reduction of viral replication (11772539), type | IFNs also drive
memory T cell exhaustion in HIV infection by stimulating hyperproliferation (18077723)
and telomere shortening by inhibiting telomerase expression (15148341). In line with
this, sustained injection of type | IFNs enhances proliferation of simian
immunodeficiency virus (SIV) and decreases CD4* T cells. However, early
administration of type | IFNs prevents systemic infection and increases antiviral genes
expression (25043006). Thus there is a narrow window of opportunity at early time-
points of infection when type | IFNs can inhibit chronic viral infection.

In case of non-infectious diseases, the role of type | IFNs and pDCs has been
associated with pathogenesis. In systemic lupus erythematosus (SLE), pDCs produce
TLR9-dependent type | IFNs in response to self-DNA-peptide complexes (21389263)
(21389264). Also, blockade of type | IFN signaling in BXSB and NZBxNZW lupus-prone
mice allows prolonged survival with decreased pathogenesis (23175700) and reduced
skin inflammation (21115693), respectively. Activated TLR7 and TLR9 signaling in
pDCs induced by self-DNA-peptide complex in psoriasis (17873860) (25332209) and
type 1 diabetes (23242473) has also been reported. On the other hand, tolerogenic
pDCs were observed in other non-infectious diseases. For example, in the 2,4,6-
trinitrobenzenesulfonic acid (TNBS)-induced colitis model, pDCs are responsible for

promoting IL-10 producing Tregs commitment (24721570). In line with this, aortic pDCs
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in atherosclerosis are responsible for promoting Tregs commitment and inhibit the
disease according to the study presented in this thesis. On the other hand, self-DNA-
peptide complex stimulates pDCs and promotes atherosclerosis (22388324), and
administration of type | IFNs aggravates lesion formation in aorta (14962699). However,

it is not known whether aortic pDCs express type | IFNs in atherosclerosis.

1.3.2. TLR signaling

While CD8a* DCs and CD11b* DCs express TLR3 or TLR4, respectively, pDCs
express TLR7 and TLR9 to recognize viruses and nucleic acids. Specifically, RNA
viruses and endogenous RNA are recognized by TLR7, while DNA viruses, or
endogenous and bacterial DNA and synthetic cytosine-guanosine-dinucleotide-
containing oligonucleotides (CpG ODN) are detected by TLR9'. Although the
mechanism by which pDCs recognize viruses is not fully understood, some studies have
suggested that pDCs require virus-infected cells to recognize the viral infections''® '
"7 One study found that BM-derived pDCs which were exposed to VSV-infected cells
recognized VSV in a TLR dependent manner and expressed higher amount of IFN-a

115

and IFN-B compared to free VSV alone’ . Other studies also showed that human pDCs

require hepatitis A virus (HAV)-infected cells to recognize HAV and produce type | IFNs,
116

and it’s facilitated by T cell immunoglobulin mucin family member 1 (TIM1) on pDCs" ™.

In line with this, pDCs sense viral RNA-containing exosomes that are released from the
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hepatitis C virus (HCV)-infected cells''”. Recently, another interesting study reported a
non-cell mediated mechanism where viral-DNA and RNA bound to antinuclear
autoantibodies, in the form of DNA-containing immune complexes, are uptaken by Fc
receptor FcyRIl, which are expressed on pDCs, and induces TLR-dependent type |
IFNs expression''®,

Recognition of viruses through TLR7 and TLR9 results in production of type |
IFNs and pro-inflammatory cytokines. Regulation of type | IFNs depends on the
MYD88—-IRF7 signaling pathway; in contrast, secretion of pro-inflammatory cytokines
requires MYD88-NF-kB signaling pathway®®. These two different pathways depend on
whether the TLR9 recognize its ligands in early endosomes. Previous studies have
reported that type A CpG ODN is retained in the early endosomes spatiotemporally with
MYD88—-IRF7, which does not occur in other subsets of DCs''®. Notably, type A CpG
ODN complexed with the cationic lipid 1,2-dioleoyloxy-3-trimethylammonium-propane
(DOTAP) can be retained in other subsets of DCs and those DCs express type | IFNs.
On the other hand, type B CpG ODN is not retained in early endosomes but rather it is
transferred to  lysosome-associated membrane  protein  (LAMP)-1-positive
endosomes'?®. However, if type B CpG ODN is complexed with DOTAP, type B CpG
ODN is also retained in early endosomes and induced type | IFNs by pDCs''® 20,

The TLR9 signaling pathway requires other molecules to induce the production of
type | IFNs. Adapter protein-3 (AP3) is critical for the trafficking of TLR9 to the
lysosome-related organelle for IFNs secretion, and the absence of AP3 results in

121, 122

decrease of type | IFNs by pDCs . In addition Slc15a4, which encodes the
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peptide/histidine transporter 1 (PHT1), was shown to be required for the production of
type | IFNs and cytokines'®. In terms of recognition of viral nucleic acids, Sic15a4 is
upstream of AP3. However, another study indicated that AP3 was not required for the
recognition of DNA-containing immune complexes for the secretion of type | IFNs by

d'®. In line with these data,

pDCs; instead, autophagy-related proteins were involve
TLR7 recognize viral replication intermediates by autophagy process to produce type |
IFNs'*. Furthermore, PI3K and mTOR were reported to be important for IRF7 nuclear
translocation, but not for NF-kB signaling'®* 2°.

In addition to the TLR pathway in pDCs, the mitochondrial antiviral signaling
protein (MAVS) pathway is another mechanism leading to the production of type | IFNs
upon viral infection (23706667). MAVS is an adaptor protein that localizes to
mitochondria where it interacts with the retinoic acid-inducible gene | (RIG-I)-like
receptors (RLRs) signaling that initiate expression of antiviral genes (21844353).
Stimulation of TLR7 and TLR9 in pDCs requires detection of viral nucleic acids within
endosomes, but the MAVS pathway requires activation of cytosolic RNA sensors, RIG-I
and MDAS5, and results in elicit IRF3 dependent type | IFNs production and other
inflammatory cytokines (23706667.) (23706668.). In the case of virus infection, TLR7
and MyD88 are necessary for type | IFNs production in pDCs, whereas MAVS is
required for type | IFNs production in most immune cells but not in pDCs (16713980.).
Ablation of RIG-1 in pDCs had no effect on secretion of type | IFNs upon viral infection

either (14976261.) (16039576.), which indicates that production of type | IFNs in pDCs

is independent of the MAVS pathway. However, a recent study using a malaria
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plasmodium yoelii YM infection model suggests that MAVS in pDCs acts as a negative
regulator of TLR7-dependent type | IFN signaling (27793594.). It seems that pDCs in
malaria infection utilize the cytosolic RNA sensor MDA5 to recognize long dsRNA
(23706667) instead of RIG-I, which is frequently used by other immune cells to
recognize viral infections. This new role of MAVS in pDCs may indicate an inhibitory

property of type | IFNs signaling.

1.3.3. Antigen-presentation

pDCs have been reported to present antigens to T cells once they are activated,
although they are not as efficient as other subsets of DCs'?’. The expression of MHCII
on pDCs is normally low, but upon activation, the levels of MHCII as well as the
expression of co-stimulatory molecules such as CD80 and CD86 increase'?’. Some
studies indicated that pDCs need to be activated through TLR7 and TLR9 to present
endogenous or exogenous antigens and activate T cells'®® '2°, Others studies proposed
that pDCs could induce immune tolerance in various mouse models. Recently, it was
shown that pDCs can capture subcutaneously injected antigens and migrate to the
thymus in a CCR9-dependent manner to induce the deletion of antigen-specific
thymocytes'®. Consistent with these observations, Tregs depend on CCR9* pDCs to
inhibit antigen-specific immune responses during acute graft-versus-host disease

mouse model'®'. The CCR9 expression in pDCs is only found in steady state and once
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pDCs are activated in a TLR-dependent fashion, the expression of CCR9 decreases'.
These studies indicate that antigen presentation by pDCs may result in T cell activation
or tolerance based on TLR signaling and further researches are needed to precise the

pathways.

1.3.4. pDC-specific receptors

Mouse pDCs express a cell surface markers pattern that differentiates them from
other immune cells. Mouse pDCs are positive for B220, LY6C, plasmacytoid dendritic
cell antigen 1 (PDCA1) (also known as BST2), and sialic acid-binding immunoglobulin-
like lectin H (Siglec-H). in contrast with human pDCs, mouse pDCs express intermediate
level of CD11¢'®. Even though PDCA1 and Siglec-H are specific markers for pDCs in
steady state, PDCA1 is expressed on other cells once they are exposed to type |
IFNs'? and Siglec-H also found to be expressed in marginal zone macrophages in the
spleen and in medullary macrophages in lymph nodes'®®. Other unique markers of
pDCs are PDC-TREM and LY49Q. PDC-TREM is expressed by TLR-stimulated pDCs
and associate with Plexin-A1. Once the PDC-TREM-binding with Plexin-A1 is blocked
by antibody or expression of PDC-TREM is inhibited by shRNA, secretion of IFN-a is
diminished. These data support a model wherein PDC-TREM is required for the

134

production of type | IFNs™". Another marker, LY49Q, was also reported to be

responsible for the production of type | IFNs in pDCs as depletion of LY49Q resulted in
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reduction of IFN-a secretion in vitro and in vivo'°.

Other receptors on pDCs were shown to have Inhibitory activity to restrain the
accidental secretion of IFNs. One study reported that paired immunoglobulin-like
receptor B (PIR-B) reduce TLR9-mediated type | IFN secretion in pDCs through
dephosphorylation of STAT1/STAT2'*®. Epstein-Barr virus induced receptor 2 (EBI2)
was also studied by another group and it was found that depletion of EBI2 results in

elevated type | IFNs and cytokines from pDCs'®

. Siglec-H was reported to be
associated with DNAX-activation protein 12 (DAP12) to regulate type | IFNs response to
TLR9 agonist138. Recently, receptor protein tyrosine phosphatase sigma (PTPRS) in
human and murine pDCs were shown to be downregulated upon pDCs activation and
contribute to inhibit spontaneous secretion of type | IFNs'®. In case of human pDCs,
receptor immunoglobulin-like transcript 7 (ILT7) was shown to bind to CD317/BST2,
which is expressed by many cell types including pDCs upon type | IFNs stimulation, and
repress secretion of type | IFNs and pro-inflammatory cytokines'*. Interestingly many of
these inhibitory receptors on pDCs in mouse and human are less conserved in evolution
compare to other type of receptors, so further characterization of other inhibitory

receptors and their ligands would yield important understanding about pDCs in various

disease models.
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Figure 1.1. pDCs specific Receptors regulating production of IFN-a.

pDCs are positive for B220 and Ly6C, and also express pDCs specific receptors such as PDCA1,
Ly49Q, Siglec-H and PTPRS. Ly49Q and PDC-TREM on pDCs are responsible for production of IFN-
a. In contrast, PIR-B, EBI1, Siglec-H, PTPRS and ILT7 inhibit secretion of IFN-a and deletion of these
markers in pDCs are associated with increased IFN-a production.
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1.4. DCs in Atherosclerosis

Atherosclerosis is an inflammatory disease in which apolipoprotein B-containing
lipoproteins accumulate in the sub-endothelial layer of the intima of the aorta and
promote chronic inflammation facilitated by the innate and adaptive immune
response'*'. The lipoproteins promote endothelial cell activation and accumulation of
myeloid cells, such as monocytes and DCs, in the arterial intima. These recruited
myeloid cells uptake lipoproteins and develop into foam cells. Progression of
atherosclerosis is influenced by the innate and adaptive immunity, including DCs that

are the critical player of immunity.

1.4.1 Atherosclerosis

Atherosclerosis is one of the main causes of mortality in industrialized countries,
estimated at around 15 milion deaths per year (20102968) (20404268).
Cerebrovascular disease and coronary artery disease are consequences of
atherosclerosis, a process that narrows the lumen of arteries by accumulation of
atherosclerotic lesions. The atherosclerosis lesions are characterized by lipid deposits
in the artery wall, developing preferably at sites where turbulent blood flow occurs
(21529710.). The disturbed flow gives rise to endothelial structural deformations by

reducing the elastin layer and uncovering negatively charged proteoglycans that can
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bind to apolipoprotein B100 (ApoB100) (18506002). Such structural alterations result in
accumulation and retention of low-density lipoprotein (LDL) in the sub-endothelial layer
when levels of circulating ApoB100-LDL are increased. The trapped LDL particles
become susceptible to enzymatic oxidative modifications by myeloperoxidase or
lipoxygenases or direct oxidation by reactive oxygen species generated during
inflammation (21321594). Oxidized LDL (oxLDL) leads to activation of endothelial cells
which produce adhesion molecules, such as E-selectin and VCAM-1, and chemokines
to drive intimal infiltration of various immune cells such as monocytes, T cells and DCs.

The accumulation of cells and lipids causes obstruction of the lumen of the artery.

1.4.2 Treatment of atherosclerosis

Healthcare systems in many developed countries have been facing a huge
burden imposed by the elevated occurrence of atherosclerosis-related disease. Many of
the available therapies against atherosclerosis, such as nicotinic acid (21317532),
aspirin (19717846) and B-blockers (17606956), are based on mechanisms reducing
hypertension and hyperlipidemia or inhibiting platelet aggregation to avoid thrombotic
complications. However, these approaches are secondary prevention rather than
primary prevention that directly work on inflammatory mechanisms of atherosclerosis

development.
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Similar to the other therapies for secondary prevention, treatment with statins reduces
cholesterol synthesis to lower the levels of circulating LDL. Statins are inhibitors of the
enzyme HMG-coA reductase that is also involved in the synthesis of inflammatory
mediators, so statins also inhibit inflammation. It has been reported that atorvastatin and
rosuvastatin lower levels of high-sensitivity C-reactive protein (hs-CRP) and result in
regression of atherosclerosis (16126025) (19329177). The anti-inflammatory actions of
statin also reduce and stabilize atherosclerotic plaques because of the beneficial effects
on endothelial function and reduction of atherosclerotic lipid lesions (16226165). Statin
therapy also decreases the incidence of myocardial infarction, which is one

consequence of atherosclerosis disease (16226165).

1.4.3 Atherosclerosis and immune system

Atherosclerotic lesions are characterized by lipids accumulation, infiltration of immune
cells, such as T cells, macrophages and neutrophils, and development of fibrous caps.
In the early stage of atherosclerosis, lesions consist of lipids deposition in sub-
endothelial layer and infiltrated T cells, monocytes and monocyte-derived macrophages
(21321594). The monocyte-derived macrophages turn into macrophage-like foam cells
as they become loaded with lipids (21529710). Over time, atherosclerotic lesions
become a mixture of apoptotic and necrotic cells including foam cells, and cell debris as

well as lipids, forming necrotic cores in the plaques. The necrotic cores of the lesions
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are covered by fibrous caps composed of collagen and vascular smooth muscle cells
(SMCs). The shoulder regions of fibrous caps become heavily infiltrated by neutrophils,
T cells and macrophages, which produce pro-inflammatory mediators (18039117). Also
infiltrated macrophages replace SMCs and thin fibrous caps that are susceptible to

rupture and the formation of a thrombus.

1.4.4. Role of DCs in atherosclerosis

In the steady state, DCs exist in immature state with distinguishable features,
such as lower expression of costimulatory molecules CD40, CD80 and CD86, and MHC
class 1l compare to mature DCs, but higher capacity of endocytosis and
phagocytosis'*?. These characteristics, in contrast, become largely reversed upon DCs
maturation, when DCs migrate to draining LNs to present antigens to T cells. Also TLR-
mediated DCs maturation requires TLR signaling adaptor myeloid differentiation MYD88
activation'*® *. Interestingly, several studies have demonstrated that DCs accumulate
in the lesion of atherosclerosis in mouse and human, and the number of aortic DCs
increases as atherosclerosis progress'*® 6147148 Tg jnvestigate the role of DCs in
atherosclerosis, one study used mice lacking costimulatory molecule CD80 and CD86
and observed reduced atherosclerosis'*. In line with this, once DCs are depleted using
CD11¢c-DTR mouse model, atherosclerosis was diminished'*®. These studies indicate

that DCs may be pro-atherosclerosis. Other studies, furthermore, suggested that DCs in
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atherosclerosis lesions may be compromised for migrating to draining LNs™°, even

151

though DCs are functional in terms of T cell stimulatory capacity . It was suggested

that CCR7 might be responsible for impairing migration ability of DCs'*’

since blockage
of CCR7 signaling by injection of antibodies against the CCR7 ligands, CCL19 and
CCL21, prevents migration of aortic DCs to draining LNs and development of
atherosclerosis'®?. These data suggested a potential role of defective DCs migration in
hypercholesterolemic conditions, such as increasing the secretion of inflammatory
cytokines and local activation of T cells.

Even though DCs can induced T cell immunity, DCs also control another aspect
of immunity; the induction of Tregs, a small population of CD4" T cells that repress

inflammation'®® 14,

Tregs were reported to repress atherosclerosis-induced
inflammation in aorta of a mouse model, and antibody-mediated depletion of Tregs by
anti-CD25 antibody resulted in increased atherosclerotic lesions'®®. DCs express
costimulatory molecules CD80 and CD86 and deletion of these molecules inhibits Tregs
development'®. In line with this, specific deletion of Myd88 in DCs resulted in
decreased number of Tregs, as well as effector T cells, but increased atherosclerotic
lesions which indicate role for Tregs to suppress atherosclerosis'’.

Aortic DCs consist of two subsets, CD103" DCs and CD11b* DCs, which could
have different effects on atherosclerosis. CD103" DCs were reported to be tolerogenic
and inhibit atherosclerosis through the induction of Tregs. CD103" DCs depend on FIt3

signals and depletion of FIt3 decreased the number of Tregs and increased

atherosclerotic lesions in the aorta'*®. The tolerogenic character of CD103* DCs in gut
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and lung was also reported in other studies’®® '°. On the other hand, the exact role of
aortic CD11b* DCs in atherosclerosis is not known yet because there are no precise
genetic tools to deplete CD11b" DCs with no effects to monocytes and macrophages.
However, a previous study, which transiently depleted both CD103" DCs and CD11b*
DCs with CD11¢-DTR mouse model, showed reduced atherosclerosis'*®. Furthermore,
CD11b* DCs constitute most of aortic DCs, suggesting that CD11b* DCs may promote
the development of atherosclerosis. On the other hand, aortic CCL17" DCs seems to
exacerbate atherosclerosis by inhibit Treg development. CCL17" DCs prevent the
differentiation of T cells into Tregs and deletion of CCL17 resulted in increased numbers
of Tregs, which led to decrease of atherosclerotic lesions in Apoe”™ mouse model'®.

However, whether CCL17* DCs and CD11b* DCs are the same population remains

unknown.

1.4.5. Role of pDCs in atherosclerosis

pDCs constitute a very small percentage of the total DCs in spleen®® and only
few studies have addressed the function of pDCs in atherosclerosis, with conflicting
results. The main feature of pDCs is the secretion of the type | IFNs, which are known to
be pro-atherogenic'®’. It was also reported that the levels of type | IFNs transcript in
human patient samples correlate positively with plaque severity score'®®. Once pDCs

were depleted with anti-PDCA-1 antibody, atherosclerosis lesions are reduced'® '*.
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Also another study showed that depletion of pDCs by deletion of pDCs specific
transcription factor, E2-2, reduced atherosclerosis lesions'®®. On the other hand,
another study showed a tolerogenic effect for pDCs in atherosclerosis, since depletion
of pDCs exacerbated atherosclerotic lesions in LdlF” mouse model'®®. However,
because PDCA-1 is expressed not only by pDCs but also on other cell types, including
macrophages, during inflammation'®’, anti-PDCA-1-mediated depletion of pDCs could
also have depleted macrophages in the lesions. The E2-2 KO mouse model was
reported to have a larger CD8a* DCs-like cell population®® which is atheroprotective, so

further investigations are necessary to elucidate the function of pDCs in atherosclerosis.

1.5. Rationale and objectives of this thesis

Throughout the introduction of this thesis | have discussed about the general
function of DCs, their development and their role in atherosclerosis. Even though
extensive research has focused on the function of myeloid cells in atherosclerosis in
human patients and mouse models, our current knowledge of the fundamental
mechanisms of the impact and function of DCs in atherosclerosis still remains limited.

Our laboratory and others have reported the existence of functional aortic DCs
and their functions in atherosclerosis'® % 19 On the other hand, only few studies
have focused on the role of pDCs in atherosclerosis; with some reporting that pDCs

163, 164, 165

worsened atherosclerosis and another one reporting that pDCs were protective
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against atherosclerosis'®. Even though pDCs are well known to induce immune
response against viral infection by secretion of type | IFNs, pDCs were also reported to
induce immune tolerance by inducing Tregs in several studies that showed that
depleting pDCs in various disease models resulted in severe pathogenesis'® ¥ 170 |n
addition, previous studies showed gaps in their data, such as demonstrating the actual
presence of pDCs and their spatial-temporal information in the aorta. As a result, the
precise role of pDCs in atherosclerosis has not been comprehensively shown and

remains elusive. Therefore, the fundamental premise of this study was to elucidate the

functions of pDCs in aorta during atherosclerosis.

1.5.1. Main hypothesis

1) Aortic pDCs may regulate development of atherosclerosis in association with
Tregs.
2) Human aortic pDCs in hu-NSG mice and patients may be associated with

Tregs in the same manner as mouse aortic pDCs.

1.5.2. Objectives

1) To determine the presence of authentic aortic pDCs in mouse or human, and
provide spatial-temporal information about pDCs in aortas from healthy

versus diseased individuals, which is critical to understand the role of pDCs
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during atherosclerosis progression.

2) To determine the role of authentic aortic pDCs in atherosclerosis because
previous studies analyzed the pDCs not from the aortas but from spleens,
lymph nodes, and bone marrow in general.

3) To determine the critical molecules in pDCs that are responsible for the

regulation of atherosclerosis and maintenance of Tregs.

2. RESULTS

2.1. Identification of pDCs and DCs in normal mouse aorta

Despite constituting a very low proportion of splenocytes (<0.4%; Figure 2.1.A),
pDCs are central to mounting innate immune responses against most viruses through
their production of type | IFNs. We had previously sought to identify pDCs as
CD11c'B220*CD19 cells in the normal aorta but found that these cells were very
scarce 8 To overcome this and better identify pDCs, we further optimized our
multicolor flow cytometry procedure and applied it to cell suspensions obtained from at
least 10—15 pooled healthy mouse aortas, including the aortic root (with valves),
ascending aorta, aortic arch, and descending aorta (Figure 2.1.B). CD45" leukocytes
were first separated from macrophages (M®s, CD11b*CD64%), which are a major

source of autofluorescence among aortic CD45" cells (Figure 2.1.C), and these cells
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were further separated from DCs (CD11c*MHCII*), monocytes (CD11b"Ly6C"),
granulocytes (CD11b*Ly6C™Ly6G"), T cells (CD3*), B cells (CD19*), and natural killer
(NK) cells (CD49b*)'"" 72 After all of these non-pDCs populations had been removed,
the remaining cells (~0.05% of total CD45" cells) were found to represent a distinct
population of cells bearing a pDCs phenotype (Figure 2.1.B). Similar to splenic pDCs,
these aortic pDCs expressed high levels of PDCA-1/BST2/CD317, lymphocyte antigen 6
complex (Ly6C), FMS-related tyrosine kinase 3 (FIt3)/CD135, B220/CD45R, Siglec-H
(Figure 2.1.D), and Clec9A compared with aortic B cells (Figure 2.1.E), but lesser
amounts of other leukocyte markers specific for granulocytes, B cells, T cells, and NK
cells (Figure 2.1.F). In addition, pDCs did not express monocyte or M®-specific
markers, such as CD11b, CX3CR1, F4/80, CD115/MCSF-R, CD14, CD64, CD206 and
MerTK (Figures 2.1.G and 2.1.H). Notably, these pDCs also lacked expression of the
DC-specific markers Zbtb46, XCR1 and CD103, and expressed low levels of CD11c and
MHCII compared with DCs (Figure 2.1.1) * 8173 We also observed, after separation
of M®ds (CD11b*CD64"), two subsets of aortic DCs; CD103" DCs and CD11b* DCs
(Figure 2.1.J). The two DCs subsets were negative for the expression of other
leukocyte markers specific for T cells, B cells, granulocytes, and pDCs (Figure 2.1.K).
Interestingly two subsets of DCs showed different marker expressions. CD103" DCs in
aorta expressed higher amount of Zbtb46, Clec9A, and XCR1 compare to CD11b* DCs,
but CD14, CX3CR1, and CD172a were only expressed in CD11b* DCs (Figure 2.1.L).
To further distinguish pDCs from other immune cells by functional criteria, we bathed

aortic cell suspensions in serum-containing RPMI medium with 1 um fluorescent YG
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microspheres for 1hour to test whether pDCs had the phagocytic activity of M®s. pDCs,
DCs, and B cells were poorly phagocytic (took up 0-1 bead), whereas M®s were highly
phagocytic (> 3-5 beads) (Figure 2.1.M). When sorted out, pDCs were round or

spherical shapes separable from M®s and the dendritic morphology of DCs.
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Figure 2.1. Identification of pDCs and DCs under steady state in mouse aortas.

(A) Left: frequency of pDCs in the steady-state spleen and atherosclerotic spleen (bar = mean, n 2
9); Right: gating strategy for pDCs in spleen.

(B) Gating strategy for aortic macrophages (M®s), dendritic cells (DCs), B cells, T cells, NK cells,
granulocytes, Ly6Chis" monocytes, and pDCs from collagenase-digested aortic cells from 10-15
pooled C57BL/6 mouse (WT) aortas. The liberated cells were surface stained for the indicated
markers and analyzed by FACS. The subpopulation of aortic leukocytes are visualized on the
dot blot (right) according to the expression of CD11c and MHCII. SSC'** and FSC'** dead cells
and doublet cells were gated out and analyzed with FlowJo (TriStar).

(C) Gating strategy for pDCs in spleens and aortas, compared with previously published strategy.
Note that macrophages (M®s) removal is critical for enumeration of pDCs.

(D) Detection of Siglec-H expression by injection of anti-Siglec-H-Alexa647 antibody. WT mice were
injected i.v. with 15 g of Siglec-H-Alexa647 (clone: 551) and sacrificed 14-18 hours post
injection. Aortic pDCs were gated from CD45*CD11b-CD64-B220*Ly6C* cells. Surface staining of
Siglec-H did not reveal a clear population (left), but injection of anti-Siglec-H prior to
collagenase treatment yielded a specific population of Siglec-H* cells (right). Note that Siglec-H
surface expression is higher in the spleen and is still detectable after collagenase treatment.

(E-) Aortic pDCs (red lines) were analyzed for surface markers and compared with other aortic cell
populations (blue lines) and isotypes (grey filled lines). All markers were surface stained except
CD206 and Clec9a, which were stained intracellularly; Zbtb46 (Zbtb46** [WT] and Zbtb469P*)
and Cx,cr1 (Cx,er1*™* [WT] and Cx,cr19f®*) reporter mice were used for evaluating the
expression of these molecules in aortic pDCs. Representative marker histograms from at least
three experiments are shown, and each histogram is from 6-10 pooled WT aortas.

(E) pDC-specific markers compared to B cells.

(F) Expression of specific markers for B, T, and NK cells and granulocytes in pDCs.

(G) Expression of specific markers for Ly6Chish monocytes in pDCs.

(H) Expression of macrophages (M®s)-specific markers in pDCs.

() Expression of DC-specific markers in pDCs.

(J) Gating strategy for aortic macrophages (M®s), dendritic cells (DCs), and two subsets of DCs
from collagenase-digested aortic cells from 2 pooled C57BL/6 mouse (WT) aortas. The liberated
cells were surface stained for the indicated markers and analyzed by FACS. SSC'°* and FSC'ow
dead cells and doublet cells were gated out and analyzed with FlowJo (TriStar).

(K and L) Aortic CD103* DCs (blue lines) and CD11b* DCs (red lines) were analyzed for surface
markers and compared with other aortic cell populations (green lines) and isotypes (grey filled
lines). All markers were surface stained except Clec9a, which were stained intracellularly;
Zbth46 (Zbtb46** [WT] and Zbtb469%"*) and Cx,cr1 (Cx;cr1** [WT] and Cx,cr19%*) reporter mice
were used for evaluating the expression of these molecules in aortic DCs subsets.

(K) Expression of specific markers for T cells, B cells, granulocytes, and pDCs (green
lines) in CD103* DCs (blue lines) and CD11b* DCs (red lines).

(L) Left: Expression of CD103* DCs specific markers; Right: Expression of CD11b* DCs specific
markers.

(M) Morphology and phagocytic activity of aortic pDCs. Aortic cells from 40 pooled WT aortas were
incubated with 1 pm Fluoresbrite YG microspheres (green) for 1 hour and stained with markers
as in (B). Cells were sorted out, cytospined to assess morphology (left) and counterstained for
DAPI (blue) and phagocytic activity was assessed by FACS (right).
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2.2. FIt3L treatment increases pDCs numbers in the aorta

Given the higher expression of FIt3/CD135 in aortic pDCs (Figure 2.1.B), we next
asked whether FIt3L, a cytokine crucial for DCs development, could expand this
population. We previously reported that FIBL treatment selectively increased
CD11c*MHCII* DCs'*®. Similarly, FIt3L treatment increased DCs and pDCs in the
spleen (Figures 2.2.A and 2.2.B). In these mice, the absolute number and percentage
of aortic pDCs were increased (Figure 2.2.C). However, M®s, which are dependent on
CD115, did not show any significant expansion (Figure 2.2.C, bottom). To rule out
nonspecific effects, we next tested FIt3L on Flt3-deficient (FIt3") mice. Whereas FIt3L
treatment increased the number of aortic pDCs in wild-type (WT) mice, this effect was
completely absent in FIt3” mice (Figures 2.2.D and 2.2.E). To further identify the
anatomical location of pDCs in the aortic wall, we surgically separated adventitia from
aorta. In the normal aorta, pDCs were not detected in the adventitia, but were present in
the intima (Figure 2.2.F). Treatment with FIt3L slightly increased the number of pDCs in
the adventitia but most increases were restricted to the intima. To further confirm the
anatomical location of pDCs, an en face preparation of the aorta was stained for
immunofluorescence (IF) with the pDCs marker Siglec-H and co-stained for CD11c. We
had previously reported that DCs are enriched in the intimal space, based on staining
with CD11c only (Figure 2.2.H)'*® '®® Notably, Siglec-H* cells were only detected in the
intima and their morphology was spherical—clearly distinguishable from the dendritic

morphology of DCs (Figure 2.2.G). To further define the exact location of these cells,
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we separated aortas into aortic root, aortic arch including the ascending aorta, and
descending aorta. This analysis revealed that most pDCs were localized in the sinus
area of the normal aorta (Figures 2.2.1 and 2.2.H), an area known to be atherosclerosis

prone where most of both DCs subsets are located (Figure 2.2.J).

56



A FIit3L B
8
- 20000 4000
£ 2 e 2
2 o = o O o
2 £ -] o o
o % ) S 15000 %o S 2000 1 2
w E_ og? % DOo
2 10000 g 2000 3 b
= o = °
& 3 3 =
o 5000 a 1000
= a 8] o i
% = o ] e
€ 3 **
= 43 " pas FIGL " pes FH3L
ts
p<0.0001
250 B
i
c -] 02
8 200 5 8 H
2 g 2
o ¥ 8 ‘e T
2 % T °
o - 9
@ 100 - ‘.IE ) . )
o
E 50 g ; o -
oo < H
o lestogetes 0
PBS FIt3L PBS FIt3L
100 20 =
g 80 8 5 o
= o o
L " . %
= 2e = 10 28
o L ° o o
T o, o 8 -
5 ‘et @ B 3
= t 8, 32 51 goe °
b2} o °
. = ?:-r °
0 . L]
PBS Fit3L PBS FIt3L
D WT WT Fit3 KO
FIt3L . + &
13 0.313

PDCA-1
lenic pDCs

pe

1.92

o
Q.
= 0
— Q o
g SN
CD11c
Intima Adventitia PBS = FIt3L P=0.0022
IFU3L 605 FHL a4 g W il B
=4 80 B0
g 60 60 53 .
y f B g 40 40 02
i =5 B« ° 20
Q' = 0 =23 0 °

57

= S086—
Intima  Adventitia

Intima Adventitia



|

Isotype | Siglec-H

Siglec-H

&
)
{
I
|
1
1
|
|
1
1
\
\
]

Descending
Aorta

. Aortic Root Aortic Arch
Descending J v
Aortic Root Aortic Arch Aorta ; D
0.715 (14) 0(0) 0.427(3)

<
LS
(=]
a J

N N o
[

206

LyeC

67.6

Aortic Arch (Ascending aorta
included)

100 ] F<0.005
100

8

80

60

Root | | | Descending

| | | Aorta 2

3 Y

) &

o ¥
¥ of W o

% of aortic pDCs normalized

by the weight of each segment
% of aortic total DCs
% of aortic CD103* DCs
7, %
%, _E%
% of aortic CD11b* DCs

58



Figure 2.2. FIt3/FIt3L-dependent aortic pDCs and DCs localize to atherosclerosis-prone areas.

(A-C) WT mice were injected intraperitoneally (i.p.) with PBS alone or with 2 pg of Flt3L/day for 9
consecutive days.

(A) Representative FACS plots of pDCs and DCs from spleens of mice injected with PBS or FIt3L.

(B) Quantification of DCs and pDCs from spleens (bar = mean).

(C) Absolute numbers and percentages (%) of aortic pDCs, DCs, and macrophages (M®s) were
quantified by FACS. Left: representative FACS plot of aortic pDCs (top), DCs (middle) and
macrophages (M®s) (bottom); Right: quantification of absolute numbers of aortic pDCs per
aorta and % of aortic pDCs, DCs, and macrophages (M®s) among aortic CD45* cells (bar =
mean; n = 14).

(D-E) WT mice and FIt3/FIk2/CD135-deficient mice were injected intraperitoneally (i.p.) with PBS
alone or with 2 pg of Fit3L/day for 9 consecutive days.

(D) Aortic pDCs and DCs were quantified from WT mice and FIt3”- mice. Representative FACS plots
from at least three experiments.

(E) pDCs and DCs from spleens, analyzed from mice in (D).

(F-H) Localization and distribution of aortic pDCs.

(F) Aortas from WT mice injected with PBS (n = 7) or FIt3L (n = 6) were surgically separated into
intima and adventitia. Representative FACS plots (middle) and quantitation (right, bar = mean).
Each value (dot) is from 5-7 pooled aortas (PBS-injected) or 2-3 pooled aortas (FIt3L-injected).

(G) Z-stacked confocal microscopy images of an en face IF with Siglec-H (pDC, green), CD11¢ (DC,
red) and counterstained with DAPI (nuclei, blue) in the aortic intima. Aortas from WT mice,
without (left) or with (right) Siglec-H-Alexa-488 Ab injection, were stained with an anti-Alexa-488
antibody to visualize Siglec-H* cells (yellow dashed lines: borders of aortic valves).

(H) Left: distribution of aortic CD11c* cells (red). Inset shows the Siglec-H* cell area in (G). Right: Z-
stacked confocal microscopy image of the inset from the left panel. Siglec-H* cells (pDCs,
green) and CD11c+ cells (DCs, red) are visualized from aortic intima (auto-fluorescent internal
elastic lamina, grey).

() Distribution of aortic pDCs in each aortic segment (aortic root, aortic arch, and descending
aorta) from WT mice were analyzed. Top: representative FACS plot of pDCs in each segment of
the aorta (%, black; cell numbers, red); Bottom: % of aortic pDCs normalized by the weight of
each aorta segment (graph = mean £ SD; n = 10 mice/experiment; 4 experiments).

(J) Distribution of aortic total DCs and their two subsets in each aortic segment (aortic root, aortic
arch, and descending aorta) from WT mice were analyzed. Top: representative FACS plot of DCs
in each segment of the aorta; Middle: representative FACS plot of CD103* DCs and CD11b* DCs
in each segment of the aorta; Bottom: % of aortic total DCs, CD103* DCs, and CD11b* DCs in
each segment, normalized by total numbers of DCs, CD103* DCs, and CD11b* DCs, respectively
(graph = mean £ SD; 4 experiments).
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2.3. Aortic pDCs are bona fide pDCs that secrete IFN-a

It is well established that pDCs secrete type | IFN upon TLR7 or -9 ligation'’*.
Previous studies had failed to measure IFN-a in the mouse aorta'® %% %% 1% _Given the
scarcity of pDCs, we reasoned that a method for obtaining more aortic pDCs was
needed to successfully assay for secreted IFN-a. First, we expanded pDCs by treating
them with FIt3L. Then, we compared the capacity of splenocytes, which typically contain
~0.4% pDCs in WT mice (Figure 2.1.A), with single-cell suspensions prepared from
hearts and aortas of 10 WT mice, treated with FIt3L. Notably, cells obtained from hearts
and aortas secreted detectable IFN-a when challenged with TLR9 agonist, synthetic
oligodinucleotides containing CpG motifs (CpG ODNSs, now after CpG) (Figures 2.3.A
and 2.3.B). To further identify the types of aortic cells that secreted IFN-a, we performed
intracellular staining (ICS) for IFN-a and analyzed cells by fluorescence-activated cell
sorting (FACS). Of the total aortic IFN-a™ cell population, more than 80% were pDCs,
similar to LNs pDCs (Figure 2.3.C). Within each cell type (aortic pDCs and LNs pDCs),
5-7% of cells produced IFN-a* (Figure 2.3.D). To further confirm these in vitro results,
we next questioned if aortic pDCs upregulate the expression of PDC-TREM, a pDC-
specific receptor responsible for increased production of type | IFNs'**. When CpG was
injected intravenously (i.v.) for 9-12 hours, LNs pDCs did preferentially upregulate PDC-
TREM (Figure 2.3.E). Of note, we observed inducible expression of PDC-TREM in
native aortic pDCs (Figure 2.3.E). Therefore, pDCs identified in the normal mouse aorta

are functional pDCs with a morphology clearly distinguishable from that of other DCs

60



and possess the unique capacity to produce IFN-a in vivo.
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Figure 2.3. Aortic pDCs secrete type | IFN upon TLR9 ligation.

(A) Single cells from spleens and pooled hearts and aortas from Fit3L-treated WT mice were
incubated in vitro with 10 ug/mL of CpG for 48 hours. IFN-a in the supernatant was measured by
ELISA.

(B) ELISA plate image, related to (A).

(C) IFN-a* cells were measured at the single-cell level by incubating all cells from each organ with
media alone or 10 pg/mL of the CpG for 3 hours followed by an additional 6 hours incubation
with 10 ug/mL of brefeldin A (BFA). After cell surface staining and ICS for IFN-a, total IFN-a*
cells, defined as CD45*CD64IFN-a* cells, were enumerated. Aortic pDCs, CD45*CD64-CD11b-
B220*PDCA-1*Ly6C*IFN-a*; skin-draining LNs pDCs, B220*PDCA-1*Ly6C*IFN-a*. Graph is
representative of two independent experiments.

(D) Percentage of IFN-a* skin-draining LN cells and aortic cells from WT mice (n = 30)
were analyzed after in vitro stimulation with CpG. WT mice were injected i.p. with 2 pg of FIt3L
per day for nine consecutive days. Total cells from each organ were incubated with media alone
or with 10 pg/mL of CpG for 3 hours followed by an additional 6 hours incubation with 10 pg/mL
of Brefeldin A (BFA). Aortic pDCs, CD45*CD64-CD11b-B220*PDCA-1*Ly6C*IFN-a*; skin- draining
LN pDCs, B220*PDCA-1*Ly6C*IFN-a*, related to (C).

(E) PDC-TREM expression in skin-draining LNs pDCs and native aortic pDCs. 6-7 mice
were injected i.v. with CpG (10 pg/mouse) complexed to DOTAP (30 pl/mouse) or DOTAP alone.
9-12 hours later, LNs and aortas were harvested and pooled to stain pDCs with anti-PDC-TREM
antibody (See gating strategy in Figure 2.1.B). Histogram is representative of two independent
experiments.
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2.4. pDCs are present in humanized mice aortas

Our ability to analyze human aortas was constrained by the paucity of pDCs as
well as limited availability of human tissues. Therefore, we next assessed whether
human pDCs could be identified in the steady-state mouse aorta reconstituted with
human stem cells (HSCs). To this end, we used NOD/SCID/yc-null (NSG) mice whose
BM is reconstituted from purified human cord blood HSCs (hu-mice hereafter). pDCs in
these mice can be easily detected in peripheral blood as cells that are negative for
monocyte/M® markers (CD14, CD64, CD16) and the B cell marker CD19, but positive
for HLA-DR, CD123 and BDCA2 (Figure 2.4.A)'"°. pDCs were detectable in aortas
isolated from these mice and were further increased in number by FIt3L treatment
(Figures 2.4.B and 2.4.C). To test systemic IFN-a secretion in hu-mice, we injected
CpG i.v. and measured serum IFN-a levels over a 12 hours period. Functional human
IFN-a was detected in the blood of hu-mice as early as 4 hours after CpG ligation
(Figure 2.4.D). We next asked whether pDCs in the hu-mice aorta could produce
functional IFN-a. To this end, we incubated aortic cell suspensions from hu-mice with
CpG (10 ug/ml) for 9 hours. For the last 6 hours, Brefeldin A (BFA) was added to block
secretion of IFN-a. Notably, pDCs produced IFN-a and also showed upregulated
surface expression of CCR7 and CD83 upon TLR9 ligation, whereas other BDCA3" DCs
in the same culture well did not (Figure 2.4.E). These results suggest that pDCs in the
hu-mice aorta are authentic pDCs with the capacity to produce copious amounts of IFN-

a (Figure 2.4.E). pDCs were also detected in the aortas of hu-BLT mice, another hu-
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mice model transplanted with HSCs isolated from fetal liver, and donor-matched thymus
(Figure 2.4.F). To localize these pDCs in the hu-mice aorta, we needed an additional
reliable, single marker to stain tissue samples. To this end, we chose lysosome-
associated membrane protein 5 (LAMP5), a newly discovered marker for pDCs'’®. We
found that LAMP5 expression was restricted to human pDCs (Figure 2.4.G)'”.
Moreover, LAMP5 staining was sufficient to mark CD123"BDCA2'BDCA4* pDCs in
human peripheral blood (Figure 2.4.H); this was further confirmed using pDCs from hu-
mice BM (Figures 2.4.1 and 2.4.J). Using an anti-LAMP5 antibody, we found that pDCs
were localized in the aortic root (sinus) of hu-mice (Figure 2.4.K, left), where numerous
HLA-DR™ cells were also found (Figure 2.4.K, right). Notably, pDCs were only detected

in the intimal space of the normal hu-mice aorta (Figure 2.4.L). These pDCs were also

easily detected in non-atherosclerotic human aortas (Figures 2.4.M and 2.4.N).
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Figure 2.4. Identification and localization of aortic pDCs in the humanized mouse and human

patient.

(A-L) Hu-mice were injected i.p. with 2 pg of Fit3L/day for 9 consecutive days.

(A) Gating strategy for human pDCs from hu-mice blood.

(B) Representative FACS plots of aortic pDCs of hu-mice with or without FIt3L treatment (%, black;
cell numbers, red).

(C) Left: representative FACS plots, showing increased numbers of pDCs in the spleens and bone
marrow (BM) from hu-mice, analyzed in (B). Right: percentage of pDCs in spleens and BM after
PBS or FIt3L treatment (bar = mean).

(D) Secretion of functional IFN-a in serum of hu-mice. Hu-mice were injected i.v. with 10 ug of CpG
encapsulated with DOTAP or DOTAP alone. Serum was collected at 0, 4, 8 and 12 hours after
injection.

(E) CpG-stimulated IFN-a* and expression of CCR7 and CD83 in human pDCs in BM and aortas (6
pooled) from hu-mice. Cells from BM and aortas were incubated with media alone or with 10 pg/
mL of CpG for 3 hours followed by additional 6 hours incubation with 10 pg/mL of BFA. BDCA2*
aortic pDCs and BDCA3* aortic DCs were from the same sample.

(F) Increase in human pDCs in aortas from hu-BLT mice upon FIt3L treatment. FIt3L treatment also
increased aortic pDCs in other hu-mice strains in addition to hu-NSG mice.

(G) Expression of the LAMPS gene in human immune cells compared to the other
indicated cell types. The data were acquired and modified from the Inmgen database (http:/
www.immgen.org).

(H) Gating strategy for pDCs in human peripheral blood.

() Hu-mice BM cells were immunostained with the indicated antibodies.

(J) Gating strategy for pDCs in hu-mice BM.

(K) Paraffin-embedded sections of aorta from Flt3L-injected hu-mice, IHC for LAMPS and HLA-DR
(brown) and counterstained with hematoxylin. Arrowheads indicate LAMP5* (left) and HLA-DR*
(right) cells.

(L) Z-stacked confocal microscopy images of Flt3L-injected hu-mice aortas, stained for LAMP5
(red), HLA-DR (green), and DAPI (blue).

(M) Single cells from collagenase-digested aorta from a human patient were stained for the human
pDC-specific markers, CD123 and BDCAZ2. Aortic cells were gated from a CD45* lineage (CD14,
CD19, CD56) HLA-DR* cell population.

(N) Gating strategy for pDCs in human non-atherosclerotic patient aorta.
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2.5. pDCs specifically expand in the intimal layer of atherosclerotic aortas in mice

It was previously reported that aging increases the accumulation of intimal DCs
(Figure 2.5.A)'"®. However, we found no correlation between pDCs number and mouse
age (Figure 2.5.B). We and others have observed that western-type diet (WD)-induced
atherosclerosis increases the number of DCs in the aorta'® '8, Indeed, the total
number of DCs increased in WD-fed LdlF" mice (Figure 2.5.C, bottom), and about 70%
of DCs were CD11b* DCs in atherosclerosis and CD103" DCs were only about 15%
(Figure 2.5.D). Interestingly, CD103'CD11b" DCs also increased upon WD and
consisted about 15% out of total DCs. Notably, we observed an increase in pDCs in the
aortas of these mice, but not in other organs such as the spleens, para-aortic LNs, and
mediastinal LNs (Figures 2.5.C and 2.5.E and 2.5.F). Importantly, similar to the
distribution of DCs, pDCs were mostly enriched in the intimal layer where
atherosclerosis develops (Figures 2.5.G - 2.5.J), and their distribution was further
expanded into the descending aorta region where lesions develop in the later stage of
atherosclerosis (Figure 2.5.K). When tested for type | IFNs response by TLR9 ligation,
these aortic pDCs in atherosclerotic lesions were functional in terms of PDC-TREM
upregulation (Figure 2.5.L). To further confirm type | IFN production, we sorted cells
from atherosclerotic aorta for gq°PCR and only aortic pDCs expressed IFN-B1 at single

cell level (Figure 2.5.M).
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Figure 2.5. pDCs expand exclusively in the atherosclerotic aorta.

(A) Absolute numbers of aortic DCs from WT mice at different ages was measured (bar = mean; n 2
TIgroup).

(B) Absolute numbers of aortic pDCs in WT mice at different ages were quantified by FACS (n = 27).

(C) Absolute numbers of aortic pDCs and DCs from WT mice fed a normal diet (CHOW) and LdIr*-
mice fed WD for 10 wk, quantified by FACS. Left: representative FACS plots of aortic pDCs and
DCs, where numbers in the plot denote the % of cells; Right: absolute numbers of aortic pDCs
and DCs per aorta (bar = mean; n 2 11).

(D) Absolute numbers of aortic DCs and their two subsets of DCs from WT mice fed a normal diet
(CHOW) and LdIr- mice fed WD for 10 wk, quantified by FACS. Left: representative FACS plots
of aortic CD103* DCs, and CD11b* DCs where numbers in the plot denote the % of cells; Right:
absolute numbers of aortic total DCs, CD103* DCs, and CD11b* DCs per aorta (bar = mean * SD;
n=4).

(E) Absolute numbers of pDCs per 1 x 10* CD45* cells from spleen, para-aortic LN, and
mediastinal LN from the mice in (C) (bar = mean; n 2 6).

(F) Weights of aortic segments, and absolute numbers of aortic pDCs normalized by the weights of
aortas aortic segments from WT mice fed normal diet (CHOW) and Ldlr- mice fed WD for 12 wk.
(bar = mean; n = 7/group).

(G) Aortic pDCs in intima and adventitia were measured from Ldlr"- mice fed WD for 12 wk. Left:
representative plots of aortic pDCs; Right: % of aortic pDCs in each layer of the aorta (bar =
mean £ SD; n =4).

(H) Aortic DCs in intima and adventitia were measured from LdIr mice fed WD for 12 wk. Left:
representative FACS plot of aortic DCs; Right: percentage of aortic DCs among total aortic DCs
(bar = mean; n = 4). Note the specific increase in DCs in the intima.

(I and J) Cross-sections from atherosclerotic aorta were immunostained for PDCA-1 (green), B220
(red) and counterstained with DAPI (blue). PDCA-1*B220* aortic cells (pDCs) are indicated by
arrows. Atherosclerotic aortas were from Ldlr- mice fed WD for 7 wk.

(K) Distribution of aortic pDCs in the aortic root, aortic arch, and descending aorta. Aortic pDCs
were measured from Ldlr" mice fed WD for 12 wk. % of aortic pDCs normalized by the weight of
each aorta segment (bar = mean * SD; 4 experiments).

(L) PDC-TREM expression in aortic pDCs. Ldlr"- mice fed WD for 6 months were injected i.v. with
CpG (10 pg/mouse) complexed to DOTAP (30 pl/mouse) or DOTAP alone.

(M) Relative mRNA expression of IFN-B1 from sorted out aortic immune cells. Aortic cells were
isolated from WD-fed Ldir"- mice (9 wk). Data were normalized to TBP (bar = mean * SD).
Representative of two independent experiments.

71



2.6. pDCs depletion in LdIr” mice reconstituted with BDCA2-DTR BM

aggravates atherosclerosis

To explore the role of pDCs in disease, we generated atherosclerotic mice
lacking pDCs by reconstituting LdlF" mice with BM from BDCA2-DTR mice. It was
previously reported that pDCs can be inducibly and selectively depleted by injecting
BDCA2-DTR mice with DT'"®. These mice were fed WD for 12 weeks, with or without
DT treatment, to deplete pDCs (Figure 2.6.A). To understand the role of pDCs in the
development of atherosclerosis, we measured lesion size in the aortic sinuses of these
mice. The average lesion size in pDC-depleted mice was significantly increased by 47%
(Figure 2.6.B). In line with this, levels of the inflammatory cytokine TNF-a were
increased in pDC-depleted mice aorta (Figure 2.6.C), whereas there was no significant
change in IFN-a levels (Figure 2.6.D). We also found that lipid profiles were not
significantly changed in these mice (Figure 2.6.E). These results suggest that pDCs
function to reduce inflammation and immunity but do not play a role in systemic lipid

metabolism.
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Figure 2.6. Aortic pDCs protect aortas from atherosclerosis.

(A-E) Lethally irradiated LdlIr- mice were reconstituted with BM from BDCA2-DTR mice.

(A) After 8 wk, reconstituted Ldlr’- mice were fed WD and injected with PBS alone (n = 8) or with DT/
week (n =15) for 12 wk.

(B) Left: representative images of Oil Red O staining of atherosclerotic lesions in en face aorta
preparation (top), with atherosclerotic lesions in the sinus indicated by blue arrowheads
(bottom); Right: quantification of atherosclerotic lesion size (bar = mean).

(C) TNF-a mRNA expression levels in the aorta, measured by qPCR. Data were normalized to 8-
actin (bar = mean £ SD; n = 6).

(D) Relative IFN-a mRNA expression levels in the aorta samples from (C), measured by qPCR. Data
were normalized to B-actin and bars represent mean £ SD (n = 6).

(E) Lipid profile in serum was measured from the samples in (B) (bar = mean  SD).
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2.7. Treatment with a pDC-targeting antibody depletes M®s

An antibody-mediated cell-ablation approach employing pDC-depleting

167

antibodies was widely used to study in vivo function of pDCs™”’. In this regard, a

monoclonal antibody against BST-2 (bone marrow stromal cell antigen 2), had
previously been used to investigate the role of pDCs in atherosclerosis'®® 0% 16¢,
However, none of these previous reports clearly demonstrated specific ablation of pDCs
in the mouse aorta. Thus, given our demonstration of a specific increase in pDCs
numbers in atherosclerosis-prone areas of the mouse aorta and the atheroprotective
role of pDCs, we were interested in revisiting this previously applied approach. As
expected, based on previous studies, treatment with anti-PDCA1 resulted in specific
depletion of pDCs in spleen and LNs, assessed by monitoring the pDCs markers Siglec-
H and Ly6C (Figure 2.7.A and 2.7.B). Surprisingly, validation of this depletion strategy,
in conjunction with a FACS analysis, to cells prepared from atherosclerotic aortas
revealed that more than 50% of cells in the atherosclerotic aorta were positive for
PDCA-1 (Figure 2.1.C). Most of these cells were found to be CD11b"CD64" Mds
(Figure 2.7.C). This finding is consistent with the fact that, although PDCA-1 is known
to be restricted to pDCs under steady-state conditions, it is expressed promiscuously
upon stimulation with type | IFN or IFN-y'®2. Because the concentration of inflammatory

cytokines is elevated in the atherosclerotic lesion, it is likely that PDCA-1 is expressed

on multiple cell types. Therefore, we next questioned whether treatment with an anti-
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PDCA-1 antibody also affects the M®s population. We found that PDCA-1 mAb

treatment depleted more than 50% of M®s (Figure 2.7.D).
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Figure 2.7. Antibody medicated depletion of aortic pDCs also reduce aortic macrophages.

(A-C) Antibody-mediated depletion of pDCs. LdIr- mice fed WD for 12-14 wk were injected i.v. with
PBS alone or 250 pg of PDCA-1 antibody or isotype control twice at 36 hours intervals.

(A) Selective depletion of pDCs of spleen and skin-draining LNs.

(B) pDCs in para-aortic LNs were depleted as pDCs-specific antibody, PDCA-1 (Clone: 927), was
injected in mice in (A).

(C) CD45* cells were analyzed for PDCA-1, Ly6C, CD11b, and CD64. A majority of PDCA-1* aortic
cells were macrophages (M®s).

(D) Aortic macrophages (M®s) in the aortic cell population from the mice in (A) were determined by
immunostaining for CD45, CD11b, and CD64. Left: representative FACS plot of aortic cells (%,
black; cell numbers, red); Right: relative number of aortic macrophages (M®s) (normalized to
the PBS group) from PBS alone, isotype, and PDCA-1 antibody groups (graph = mean * SD; n 2
3; P-values determined by one-way ANOVA).
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2.8. Selective depletion of aortic pDCs in steady state and atherosclerotic

LdIr” mice reconstituted with BDCA2-DTR BM

The off-target effects of the antibody-based depletion strategies, noted above,
highlight the need for a more selective and inducible pDC-depletion model to precisely
address the impact of pDCs in atherogenesis. Accordingly, we next sought to determine
whether BDCA2-DTR mice could be used to ablate aortic pDCs. Treatment of these
mice with DT specifically eliminated splenic and LNs pDCs (Figure 2.8.A), as reported.
Importantly, this treatment also selectively eliminated aortic pDCs in steady state
(Figure 2.8.B), without significantly affecting M®s or DCs (Figure 2.8.C). To explore the
specificity of the BDCA2-DTR strain in atherosclerosis, we generated atherosclerotic
mice lacking pDCs by reconstituting Ldlr" mice with BM from BDCA2-DTR mice and fed
WD as described in Figure 2.6.A. DT treatment successfully depleted splenic and LNs
pDCs in these mice (Figure 2.8.D). Of note, aortic pDCs were selectively depleted

(Figures 2.8.E and 2.8.F), not affecting M®s and DCs (Figure 2.8.G).
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Figure 2.8. Selective and inducible pDC-ablation in BDCA2-DTR transgenic mice strain.

(A) Selective depletion of pDCs from the spleens and lymph nodes of C57BL/6 and BDCA2-DTR
mice. Mice were injected i.p. with 0.5 pug of DT twice at 24 hours intervals (n = 4).

(B) Selective and inducible depletion of aortic pDCs in BDCA2-DTR mice. Aortic cells were
previously gated from the CD45*CD64-CD11b-CD11c'*¥ population. Mice were from (A).

(C) Relative number of aortic macrophages (M®s) (left) and DCs (right) from (B) (graph = mean %
SD; n =4).

(D-G) Selective depletion of pDCs from LdIr’- mice reconstituted with BM cells of BDCA2-DTR mice.
Reconstituted Ldlr’” mice were fed WD for 12 wk and injected i.p. with PBS or DT as described
in Figure 2.6.A (graph = mean * SD; n 2 5). Selective depletion pDCs from the spleens and
lymph nodes (D). Selective depletion of aortic pDCs upon DT (E and F). No influence of DT on
aortic DCs and macrophages (M®s) (G).
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2.9. Spatio-temporal correlation of Tregs and pDCs expansion during

atherosclerosis

It has previously been shown that atherosclerosis is exacerbated in FIt3” mice,
presumably because of a reduction in Tregs frequency in these mice '*®. However,
measuring Treg frequency in the mouse aorta is very demanding, and only a few papers

have tried to demonstrate the presence of Tregs in this tissue '8 '8

. By further
optimizing our method, which importantly includes the essential step of M® elimination
(Figures 2.9.A - 2.9.C), we were able to reliably and precisely quantify Tregs in the
aorta. We found that Treg numbers were increased in the atherosclerotic mouse aorta
(Figure 2.9.D), but not in other tissues such as spleen and LNs (data not shown).
These Tregs were mainly localized in the intimal area of the atherosclerotic aorta
(Figure 2.9.E). To further dissect the kinetics of Treg and pDCs expansion, we
measured the number of pDCs and Tregs during WD intake in LdlF" mice (0, 4, 8 and
12 weeks). As we previously reported, DCs numbers rose according to disease
development (data not shown). Notably, both pDCs and Tregs numbers showed similar
pattern of increase (Figure 2.9.F). In steady state, Tregs were largely restricted to the
sinus area of the aorta, a distribution similar to that of pDCs (Figure 2.9.G, left).
However, following WD, Tregs had expanded and were distributed throughout

atherosclerotic aorta with similar distribution to that of pDCs (Figure 2.9.G, Right). This

spatio-temporal correlation suggests a possible link between pDCs and Tregs in
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atherosclerosis. In line with this, pDCs were essential to mediate tolerance to

vascularized allograft and acute graft-versus-host disease'" 17,
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Figure 2.9. Aortic Tregs and pDCs accumulate concomitantly in the atherosclerotic aorta.

(A) Gating strategy for Tregs from collagenase-digested mouse aortas. Liberated cells were stained
intracellularly for CD4 and Foxp3 and analyzed by FACS. Numbers in FACS plots represent the
% of cells in the indicated gate.

(B-C) Comparison of aortic Treg gating strategies. Top: without macrophages (M®s) removal;
Bottom: with macrophages (M®s) removal. Same cells are shown in pseudo-color plots (B) and
in contour plots (C). See contamination of macrophages (M®s) (top, arrows), which results in
incorrect enumeration of Tregs. Percentages (black) and absolute cell numbers (red
parentheses) are shown in FACS plots.

(D) Aortic CD4*Foxp3* T cells were analyzed from WT mice fed CHOW and Ldlr"- mice fed WD for 14
wk (%, black; cell numbers, red).

(E) Distribution of Tregs in intima and adventitia of aortas of Ldlr"- mice fed WD for 12 wk. Left:
representative FACS plots of aortic CD4*Foxp3* T cells (%, black; cell numbers, red).; Right:
quantitation of the % of aortic CD4*Foxp3* T cells (graph = mean * SD; n = 4).

(F) Absolute numbers of aortic pDC and CD4*Foxp3* T cells were analyzed from Ldlr’- mice fed WD
for 0, 4, 8 and 12 wk (bar = mean; n = 7/group).

(G) Distribution of aortic pDCs and CD4*Foxp3* T cells in the aortic root, aortic arch, and
descending aorta of CHOW-fed WT and WD-fed LdIr mice after 12 wk. Left: distribution of the
% of each aortic population in WT mice; Right: fold increase in each population in WD-fed Ldlr"
mice normalized by WT value (graph = mean £ SD; n 2 3).
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2.10. Aortic pDCs express IDO-1 and induce antigen-specific Tregs

Given the close relationship between Treg and pDCs numbers during
atherogenesis, we next investigated the tolerogenic capacity of aortic pDCs'®. Of note,
local expression of IDO-1, an enzyme critical for the induction of Tregs, was elevated in
atherosclerotic aorta (Figure 2.10.A). To identify IDO-1*cells, we sorted out cells from
atherosclerotic aorta for single-cell gene expression analysis. Importantly, we found a
higher expression of IDO-1 in pDCs (Figure 2.10.B). In line with this, aortic pDCs
expressed CCR9 and IDO-1 (Figure 2.10.C). To further test that IDO-1 expression by
pDCs causes local Treg generation in atherosclerotic aorta, we reconstituted Ldlr”” mice
with BMs from WT and Ido7” mice. We did not detect a statistically significant difference
of Treg number in the spleen of either WT or Ido1” mice. However, atherosclerotic aorta
from Ido1” mice possessed reduced Treg numbers compared with WT (40% reduction)
(Figure 2.10.D). In keeping with this, depletion of pDCs in atherosclerotic mice resulted
in a reduction in Treg numbers only in affected aortas, not in lymphoid organs such as
spleen and LNs (Figure 2.10.E). In addition, the level of IL-10, a cytokine that is a
hallmark of Tregs, was decreased in pDC-depleted aortas (Figure 2.10.F). Previously,
antigen-presentation by pDCs was reported to promote proatherogenic T cell immunity
163,185 However, these conclusions were largely based on in vitro experimentations with
splenic or BM derived pDCs. To assess the antigen-specific T cell response in
atherosclerotic aorta, we established Ldlr” mice reconstituted with OT-Il transgenic

mice BM. To selectively deliver an antigen to pDCs, we genetically cloned and
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engineered anti-SiglecH antibody fused with ovalbumin (OVA) (Figure 2.10.G). In these
mice, we injected anti-SiglecH-OVA i.v. to target aortic pDCs. Of note, antigen
presentation by aortic pDCs in atherosclerotic environment induced OVA-specific Tregs
(Figure 2.10.H). Together, these results demonstrate a direct functional link between
the presence of IDO-1* pDCs and the regulation of Treg generation in atherosclerotic

aorta.
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Figure 2.10. Interaction of aortic Tregs and CCR9*IDO-1* pDCs is essential for Tregs homeostatic

maintenance.

(A) IDO-1 mRNA expression levels in the aorta from WD-fed Ldir"- mice for 7 wk, measured by
qPCR. Data were normalized to B-actin (bar = mean £ SD; n =9).

(B) Relative IDO-1 mRNA expression from FACS-sorted aortic immune cells from WD-fed LdlIr"- mice
for 9 wk. Data were normalized to TBP (bar = mean * SD).

(C) Comparison of CCR9 and IDO-1 expression in pDCs and B cells in aortas from WD-fed Ldlr"
mice for 12 wk.

(D-H) Lethally irradiated Ldir" mice were reconstituted with BM from WT mice or Ido7” mice (D),
BDCA2-DTR mice (E and F), OT-lIl mice (H).

(D) Absolute numbers of CD4*Foxp3* T cells in aortas and splenic CD4*Foxp3* T cells per 1 x 108
CD45* splenocytes from indicated mice (bar = mean; n 2 6). Reconstituted LdIr mice were fed
WD for 3 wk.

(E and F) Reconstituted Ldlr"- mice were fed WD and injected i.p. with PBS or DT/week for 12 wk.

(E) Absolute numbers of CD4*Foxp3* T cells per 1 x 10% CD45* cells in aortas, spleens and
mediastinal LNs (bar = mean; n 2 5).

(F) Relative IL-10 mRNA expression levels in the aorta, measured by qPCR. Data were normalized
to B-actin (bar = mean * SD; n = 6).

(G) Schematic presentation of genetically cloned anti-SiglecH-OVA antibody is presented (left) and
the integrity of purified anti-SiglecH-OVA and anti-SiglecH antibodies are confirmed by staining
with Coomassie blue (right). VH for heavy chain variable region; Vk for light chain variable
region; mCk for light chain constant region; mlgG1 for mouse IgG1 isotype region; Linker for 17
amino acids for fusion flexibility.

(H) % of Foxp3* cells in aortic OT-Il CD3*CD4* T cells were measured from reconstituted Ldlr"- mice
fed WD for 4 wk. Mice were injected with 10 pug of Isotype-OVA (n = 4) or SiglecH-OVA (n = 5) i.v.
and sacrificed 3 days post injection (bar = mean).
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2.11. Tregs regulate the homeostasis of pDCs in atherosclerotic aortas

While Tregs are important for atheroprotection'*® 1> %7 there is no report on the
impact of Treg-depletion in regulating the homeostasis of pDCs in diseased aorta. To
this end, we established selective Treg depletion model with Ldlr” mice reconstituted
with Foxp3-DTR mice BMs'®3. As expected, WD expanded pDCs and Tregs in the aorta
(Figure 2.11.A). Of note, constitutive in vivo ablation of Treg during the course of WD
decreased aortic pDCs (Figure 2.11.A), demonstrating an important role of Tregs to

maintain the homeostasis of pDCs in diseased aorta.
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Figure 2.11. Homeostasis of aortic pDCs depend on Tregs in atherosclerosis.

(A) Lethally irradiated Ldlr"- mice were reconstituted with BM from Foxp3-DTR mice. Aortic pDCs
and CD3*CD4*Foxp3* T cells were from reconstituted Ldlr mice fed WD and injected i.v. with
PBS or DT/week for 4 wk. Left: representative FACS plots of aortic pDCs and CD3*CD4*Foxp3* T
cells; Right. quantification of absolute numbers of aortic pDCs and CD3*CD4*Foxp3* T cells per
aorta (bar = mean; n 2 6).
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2.12. Aortas from human atherosclerotic patients contain authentic pDCs

that colocalize with Tregs

We next sought to extend these findings to humans, investigating whether aortas
from human atherosclerotic patients also contain pDCs. Indeed, human atherosclerotic
aortas contained pDCs (CD123'BDCA2'BDCA4*) (Figure 2.12.A). Upon CpG
challenge, these human pDCs secreted IFN-a (Figure 2.12.B) and exhibited CCR7 and
CD86 upregulation (Figure 2.12.C), further suggesting that these cells are authentic
pDCs. In the diseased aorta, we could easily detect these pDCs by virtue of their
positive staining for both BDCA2 and LAMP5 (Figures 2.12.D and 2.12.E). Interestingly,
there was a positive correlation between pDCs numbers and the severity of
atherosclerosis (Figure 2.12.F) comparable to that observed in the mouse model
(Figure 2.9.F). Given the close relationship between Tregs and pDCs observed in the
diseased mouse aorta, we further investigated patient aortas for the presence of Tregs.
As was the case in the mouse model, Tregs were detected in the aortas of
atherosclerosis patients, labeled by Foxp3 and Helios (Figures 2.12.G and 2.12.H)'®,
where they were colocalized with pDCs in plaques (Figures 2.12.1 and 2.12.J). In
addition, pDCs in plaque areas also expressed the Treg-inducing enzyme, IDO-1, as
determined by FACS (Figures 2.12.K - 2.12.M) and immunohistochemistry (IHC) of

sections (Figure 2.12.N). Furthermore, these pDCs were colocalized with Foxp3* Tregs

in the diseased aortas, as determined by monitoring for LAMP5 (Figures 2.12.0 and
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2.12.P) and BDCA2 (Figure 2.12.Q) expression. Notably, ~48% of pDCs were observed

together with Tregs, reinforcing their direct functional link (Figure 2.12.R).
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Figure 2.12. Functional pDCs and Tregs in human atherosclerotic aorta.

(A) Gating strategy for human pDCs from human patients aorta. Abs for CD3, CD14, CD16 and CD19
were used for lineage-removal.

(B) IFN-a production by aortic pDCs from human atherosclerotic patients. Aortic cells were
incubated with media alone or with 10 pug/mL of CpG for 3 hours followed by additional 6 hours
incubation with 10 pg/mL of BFA (%, black; cell numbers, red).

(C) Expression of CCR7 and CD86 in cells from the human sample in (B) gated from media-alone-
treated pDCs and CpG-treated IFN-a* pDCs.

(D) Paraffin-embedded sections from human atherosclerotic aorta were stained for IHC with LAMPS
(brown) and BDCA2 (blue), and counterstained with hematoxylin. LAMP5* cells (pDCs) are
indicated by arrowheads.

(E) Paraffin-embedded sections of human atherosclerotic aorta were stained for pDCs (LAMP5+,
brown, arrowhead) and counterstained with Hematoxylin.

(F) Correlation between numbers of human aortic pDCs and histological classification of
atherosclerotic lesions from patients.

(G) Tregs from a human patient with atherosclerosis.

(H) Gating strategy for Tregs (from G) from human patients with atherosclerosis (Lineage: CD14,
CD16, CD19 and CD56).

() Fatty plaques from atherosclerotic human aortic tissue were isolated and subjected for analysis
of pDC and Treg cells (%, black; cell numbers, red).

(J) Gating strategy for the detection of Tregs (from I) in fatty plaques from atherosclerotic human
aortic tissue. Dissociated aortic cells were gated based on ICS for CD45, CD19, CD56, CD14,
CD64, CD4, Helios, Foxp3, CD123 and BDCA2.

(K) Analysis of IDO-1 expression in pDCs, B cells, and Treg cells from human patients with
atherosclerosis.

(L) Gating strategy and distribution of pDCs, B cells and Tregs (from K) from human patients with
atherosclerosis (Lineage: CD14, CD16, CD56 and CD64).

(M) Specificity of IDO-1 antibody used. Related to (K). Human IDO-1 cDNA was transfected into
HEK-293 cell line. Non-transfectant and IDO-1 transfectant were fixed and stained for hIDO-1.

(N) Localization of LAMP5*IDO-1* pDCs in human atherosclerotic aorta.

(0-Q) Colocalization of LAMP5* pDCs (O and P, arrows) or BDCA2* pDCs (Q, arrows) with Foxp3*
Treg cells (arrowheads).

(R) IHC analysis of cell-to-cell contact between pDCs and Tregs in human atherosclerotic aortas (n
= 7). Double IHC for BDCA2 and FoxP3 were performed to visualize pDCs and Tregs in human
atherosclerosis. The BDCA2* pDCs contacting Foxp3* Tregs have been counted under light
microscopy and shown as the % of pDCs with or without contacting Tregs.
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3. Discussion

3.1. Aortic pDCs in steady and atherosclerosis

In this study, we provide the first comprehensive IHC, flow cytometry and
functional analyses of both human and mice pDCs in the aorta at both steady state and
at the inflammatory stage during atherosclerosis. pDCs in the aorta have plasma cell
morphology and are distinguishable from typical conventional dendritic cells (cDCs),
which contain numerous dendrites. As previously described, pDCs, alongside with most
DCs and T cells, are mainly located in the intimal areas of the aortic roots, a location
that is prone to atherosclerosis development. The phenotype of aortic pDCs is very
similar to that of pDCs in spleen, including the expression of PDCA-1/Bst-2/CD317,
Siglec-H, Ly6C, B220 and Clec9a, as well as the FIt3/CD135-dependence of their
generation. In contrast, aortic pDCs lack or express lower levels of classical DCs and
monocyte/M® markers and markers of other lymphocyte lineages, such as B cells, T
cells, NK cells, and granulocytes. Importantly, pDCs isolated from aorta have the
capacity to produce large quantities of type | IFN upon stimulation through TLR9. As a
result, IFN-a secreting native aortic pDCs upregulate surface expression of PDC-TREM
in vivo. Thus, aortic pDCs are equivalent in many functional respects to pDCs identified
in other tissues. Notably, none of these functional features of aortic pDCs has been
previously described under steady state conditions. To further identify mouse

equivalents of human aortic pDCs under normal conditions, we harnessed hu-mice
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reconstituted with human hematopoietic stem cells, thereby possessing human immune
cells in their aortas. With two widely used hu-mice models (hu-NSG and BLT), we were
able to identify CD123"BDCA2'BDCA4* authentic human pDCs in the mouse aorta.
Similar to mouse aortic pDCs, human aortic pDCs produced IFN-a upon TLR9 ligation
and were mainly found in the intima, where HLA-DR* DCs also reside. Our observation
in humanized mice further indicates the usefulness of these models to recapitulate
normal human aorta. In addition, pDCs were also found in samples of healthy human
aorta.

These steady-state findings allowed us to explore mouse aortic pDCs under
inflammatory conditions. One mildly inflammatory condition is aging, and it has
previously been reported that the number of aortic DCs increases with increasing age
178 We did not detect any significant change in the number of pDCs with age (up to 400
days). We did, however, find a remarkable increase in aortic pDCs numbers upon
feeding WD to atherosclerosis-prone Ldlr” mice. Notably, this increase was only
observed in the aorta, and not in other lymphoid organs, such as the spleen and even
aorta-draining LNs (para-aortic and mediastinal). Anatomically, the increase in pDCs
number was mainly restricted to the intimal space, further corroborating the possible
role of pDCs in atherosclerosis.

The number of pDCs in aorta is low in steady state but, according to our study,
increase in aorta of mice with induced atherosclerosis. The increased number of aortic
pDCs is spatio-temporally correlated with increased atherosclerotic lesions. The

accumulation of pDCs at the lesions and around the necrotic core has been observed
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by other studies (22388324) (22936340). Combined, these evidences indicate trafficking
of pDCs into the lesions. SMCs in aorta express CXC ligand (CXCL) 12 after arterial
injury and expression of CXCL12 can be detected in atherosclerosis lesions
(10666407). We did not test the expression of the CXCL12 receptor CXCR4 on aortic
pDCs in the plaques, but it is known that CXCR4 promotes migration of pDCs to
CXCL12-expressing tumors, where the recruited pDCs are associated with
compromised T cell responses (11726975.) pDCs depend on CCR5 and CXCRS3 for the
migration into inflamed tissues ( 12444109) (16147979), but further experiments are
needed to determine the expression of CCR5 and CXCRS in aortic pDCs. On the other
hand, our study found that aortic pDCs express CCR9, which is necessary for the
recruitment of pDCs to the thymus (22444632) and small intestine (17404233.). CCR9
in pDCs permits pDCs’ chemotaxis to its ligand CCL25 in the thymus and defines
tolerogenic pDCs (22444632. ). Our study shows that increased number of aortic Tregs
depends on CCR9" aortic pDCs, but the expression of CCL25 in plaques was not
tested. Thus, it is reasonable to postulate that accumulated aortic pDCs are tolerogenic
and is in line with our study.

Although mechanistic studies in the mouse are informative, the identification of
aortic pDCs in humans equivalent to those in mice would facilitate translational
applications. To this end, we examined the aortas of human patients. Remarkably,
human patient aortas contained functional pDCs similar to their mouse counterparts.
First, these pDCs underwent maturation and produced IFN-a following stimulation with

TLR9 agonist. Second, there was a positive correlation between pDCs number and the
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severity of atherosclerosis closely recapitulating our mouse studies. Finally, these
human aortic pDCs also expressed IDO-1 and colocalized with Tregs in plaque tissues.
These preliminary evidences suggest that our results in the mice are probably

equivalent or representative of what happens in humans.

3.2. Role of pDCs in innate vs adaptive immunity

In addition to the secretion of type | IFNs, pDCs also express IL-12 and other
inflammatory chemokines, which regulate both innate and adaptive immune responses.
pDCs quickly express type | IFNs during viral infections to allow other cells to express
IFN-stimulated genes against viral infection, and maturate DCs for efficient antigen
presentation and cross-presentation to naive T cells (19227367.) (14502286). Also type
| IFNs, IL-12 and IL-18 from pDCs enhance NK cell-mediated cytotoxicity and secretion
of IFN-y (11420036.).

On the other hand, pDCs also influence adaptive immunity by supporting CD8* T
cell cytolytic activity (16824119.) and T-helper 1 (Th1) polarization of CD4* T cells
(12563297.). Furthermore, expression of IDO-1 (21804557) (15356121) and inducible T
cell co-stimulator ligand (ICOSL) (17200410) in pDCs promote Tregs commitment, and
production of type | IFNs, IL-6, B cell-activating factor (BAFF) and A proliferation-
inducing ligand (APRIL) (21333555) in pDCs drive the generation of plasma cells and

antibody secretion (23635775).
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Even though the role of DCs (19893012.) (22078798.) (15096453) (21633167)
and NK cells (24469537) in atherosclerosis was thoroughly investigated, the impact of
pDCs onto the function of DCs and NK cells in aorta is largely unknown. On one side,
production of anti-double-stranded DNA antibody (22388324) and splenic T-cell
activation (22936340) in atherosclerosis seems dependent on aortic pDCs. On the other
hand, our study and another study by the Biessen group (22021930) found a tolerogenic
role for pDCs. Interestingly, both groups also observed the expression of IDO-1 in aortic
pDCs and their tolerogenic role, but with different effects of IDO-1. Our group observed
IDO-1* pDCs increase number of aortic Tregs but Biessen group reported IDO-1" pDCs
decrease CD4" T cell proliferation. A different microenvironment in the plagues of each
study may explain the difference. pDCs exposed to IFN-y inhibit T cell proliferation and
induce T cell apoptosis, but pDCs exposed to TGF-3 generate more Tregs (21804557).
Interestingly, both of these T cell responses require IDO-1 induction, but the pDCs
exposed to TGF-B doesn’t require IDO-1 enzymatic activity to generat Tregs. We also
used 1-methyltryptophan (1-MT), an inhibitor of IDO-1 enzymatic activity, but we did not
observe any effect of 1-MT and failed to affect the generation of Tregs. The two different
pathways of tolerogenic pDCs may exist in atherosclerosis and their relative contribution
may depend on the experimental model used. It would be worthwhile to assess if aortic

pDCs in atherosclerosis act differently in response to IFN-y and TGF-f3.

3.3. Tolerogenic property of pDCs and Tregs
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pDCs are known to induce peripheral and central tolerance in various studies,
such as studies using vascularized cardiac allografts model'”® and graft-versus-host
disease model™'. Also another study reported pDCs mediate oral tolerance'®® and
tolerogenic property of pDCs seems depend on CCR9'®. Also our study found that
aortic pDCs prevent atherosclerosis. Then we questioned how aortic pDCs could reduce
atherosclerosis and one possible explanation was by induction of Tregs. For example, it
was known that depletion of Tregs has been shown to aggravate atherosclerosis'>® '8,
It was also reported that Treg numbers reach a peak at 4 weeks after WD-induced
atherogenesis, although remain decreased at later stages of atherosclerosis'®.
However, none of these previous studies have reported the enumeration of Tregs in the
aorta using an unbiased approach, such as FACS. In addition, most studies in the field
have relied on measuring Tregs in spleen and LNs of atherosclerotic mice or mRNA

expression and IHC for Foxp3 in the aorta'®

. To fill this gap, we devised a new
approach for precisely enumerating aortic Tregs, both in steady state and during
atherosclerosis development, without using Foxp3-reporter strain'®. Of importance,
removal of autofluorescent M®s was an essential step. Using this approach, we found a
positive correlation between pDCs and Treg numbers during atherosclerosis
development. Anatomically, both pDCs and Tregs were found in the intima of aortic
roots under normal conditions but were distributed throughout lesions that developed in

atherosclerosis. Again, this phenomenon was restricted only to the atherosclerotic aorta

and did not manifest in the other lymphoid tissues tested such as spleen and draining
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LNs. Notably, aortic pDCs expressed two markers of tolerogenic pDCs: CCR9 and IDO-
1. In line with this, depletion of pDCs during atherosclerosis resulted in decreased Treg
numbers only in the aorta, with a concomitant reduction in IL-10 levels. To further
investigate the local role of aortic pDCs in Treg generation, we made Ido1”
atherosclerosis-prone mice. Indeed, Ido1” deficient atherosclerotic aorta possessed
40% lesser Treg number, compared with WT. However, there was no statistically
significant difference of Treg number in the spleen of WT and Ido7” mice. To further
pursue the outcome of pDCs-targeted antigen delivery, we used pDC-targeting antibody
fused with OVA. Importantly, antigen presentation by pDCs resulted in the induction of
OT-Il Tregs in atherosclerotic aorta. In addition, selective ablation of Tregs by Foxp3-
DTR mice decreased pDCs numbers in atherosclerotic aorta, suggesting essential
interaction of IDO-1* pDCs and Tregs for the homeostasis of these cell-populations in

diseased aorta.

3.4. pDCs: a potential target to cure atherosclerosis

Atherosclerosis-related disease impose a large burden onto the healthcare
system of various countries. Besides the currently available drugs for atherosclerosis-
related disease, new emerging concepts for the treatment can be suggested by recent
studies, including ours. One main source of infiltrating immune cells are the circulating

monocytes that employ the chemokine receptors CCR2 and CCR5 to invade
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atherosclerotic plaques and differentiate into macrophages in the lesions (17200719)
(17200718). Ablation of CCR2 or CCR5 decreases atherosclerosis by reduced blood
monocytosis and macrophage accumulation (18347211) (16763157) (18165355), and
blockade of CCR2 or CCR5 can be a plausible therapy. Recently the anti-CCR2
antibody MLN1202 was shown to be a promising solution for patients with
cardiovascular disease (21247529). Maraviroc, an antagonist of CCR5, can be another
suitable candidate for atherosclerosis treatment. The safety of maraviroc has been well
established by several studies because it is used as against HIV, that uses CCR5 as a
receptor (20118962). Thus, it may be a possible addition to the currently available
therapies.

Another experimental strategy is the DC vaccination approach using
atherosclerotic antigen-pulsed DCs that can induce adaptive immunity against
atherogenic inflammation. Although the optimal atherosclerotic antigen for DC
vaccination remains unclear, injecting tolerogenic IL-10—exposed DCs pulsed with
ApoB100 before WD reduces atherosclerosis development (21357823). The ApoB100-
loaded tolerogenic DCs inhibit proliferation of effector T cells and increase the
generation of Tregs, and other studies also confirmed the same result using IL-10—
exposed tolerogenic DCs in different system (17627284) (11895781). This is in line with
our study showing tolerogenic effects of pDCs by increased number of Tregs in
atherosclerosis, and points to pDCs as potential targets to slow down or cure
atherosclerosis. Although our study didn’t test the effects of pDCs on the proliferation of

effector T cells, us and another group (22021930) found the expression of IDO-1 in
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pDCs from atherosclerosis-induced mice. The mechanism that controls the expression
of IDO-1 in pDCs is not clear yet. However, pDCs stimulation with the inhibitory ligands
CTLA4-1g (12902462) or CD200-Ig (15356121.), induces the expression of IDO-1, and
administration of ligand-dependent tolerogenic pDCs seems worthwhile to assess its
effects on plaque progression. On the other hand, administration of lipopolysaccharide-
exposed, aldehyde-modified LDL-pulsed DCs aggravates atherosclerosis (19897195),
but lipopolysaccharide-exposed, oxLDL-pulsed DCs reduce atherosclerosis (19819882).
These contradictory results indicate that several factors including the degree of
atherosclerosis and hyperlipidemia, atherosclerotic antigens and timing of DC
administration may shape atherosclerosis progression, and further experiments are

needed to test tolerogenic pDCs as therapeutics.

3.5. pDCs depletion methods in mice

Based on the results obtained using pDC-depleting antibodies or constitutive
depletion of pDCs, previous studies had suggested a contradictory role for pDCs in

atherosclerosis'®® 164 165,

However, there are potential issues that cloud the
interpretation of these studies. First, it is reported that anti-PDCA-1 antibodies, clone
927 and clone 120G8, that are pDC-specific in steady state might cross-react with other

cell types under inflammatory conditions because other cell types also express PDCA-1

under stimulation with type | IFNs'®2. This promiscuous binding of anti-pDCs antibodies
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could conceivably cause these antibodies to affect additional cell types critical for
atherogenesis, yielding ambiguous phenotypes in atherosclerosis. Indeed, we found
that these antibodies target not only aortic pDCs but also aortic M®s in atherosclerosis
induced mice, resulting in more than 50% depletion of M®s, even when administered
i.v. twice. Aortic macrophages are known to be pro-atherogenic because foam cells are
derived from macrophages. Second, it was reported that the constitutive removal of E2-
2 transcription factors in a DC-restricted fashion depletes pDCs. However, in this mutant
mouse, there is a compensatory increase in DC-like cells®® which could also reflect a
conversion of E2-2—deficient pDCs into DCs. CD8a" DCs are equivalents of CD103*
DCs in non-lymphoid organs, and CD103* DCs are known to inhibit atherosclerosis’*®.
Given this, further analysis of the atherosclerosis phenotype in a DC-specific E2-2—
deficient mice background will be required to allow any solid conclusions to be drawn.
Given these caveats, it is reasonable to conclude that the specific contribution of pDCs
to atherosclerosis in vivo has not yet been investigated in detail. To address these
unfulfilled gaps, we used BDCA2-DTR mice, in which the DT receptor is only expressed
in mouse pDCs, enabling us to achieve selective and inducible pDC-depletion upon DT
administration. Using this strain, we confirmed that DT administration depletes only
pDCs in the aorta, sparing aortic M®s and DCs. This model afforded us with an
unequivocal opportunity to answer questions regarding the potential role of pDCs in
atherosclerosis. Notably, mice without pDCs developed severe atherosclerosis (47%
more than non-DT treated group). However, there was no change in serum lipid profile.

Furthermore, there was no significant change in IFN-a mRNA levels in pDC-depleted
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aortas compared with non-depleted aortas. This led us to seek an immune-modulatory

function of aortic pDCs.

3.6. The hurdle to overcome in aorta study: Macrophages

Although previous studies focused on aortic pDCs and DCs provide informative
data about their role in atherosclerosis, contribution of a certain cell type in their FACS
analysis was largely neglected; Aortic macrophages'®®. Macrophages are different from
other immune cells because they show high phagocytic activity and are largely
autofluorescent owing to foamy cytoplasm'®'- 18 18 |f macrophages are not separated
in FACS analysis as shown in their previous studies, interpretation and identification of
pDCs and DCs may be hampered partially because of macrophages’ autofluorescence
and expression of DCs and pDCs markers on macropahges. It was reported that some
macrophages express CD11¢'®. Furthermore, pDCs markers, PDCA1 and Siglec-H are
found to be expressed on macrophages exposed to type | IFNs and marginal zone
macrophages in the spleen, respectively'®* ', Especially CD11b* DCs are known to be
heterogeneous and CD11b* DCs population may also contain macrophages if
macrophages are not separated in FACS analysis. Macrophages express high levels of
CD64 and MerTK, so it is necessary to use those two markers in combination with
CD11b or F4/80 in order to separate macrophages from the analysis of DCs and pDCs

in aortas.
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3.7. Future prospects and experiments

Throughout this dissertation | have reviewed the previous studies on pDCs and
DCs and their implications on atherosclerosis, and described our study about the role of
aortic pDCs in atherosclerosis. Our study showed that aortic pDCs in steady state and
in atherosclerosis are functional pDCs, secrete type | IFNs, and inhibit atherosclerosis
by inducing Tregs. A previous study reported that IFN-a levels in serum did not change
in atherosclerosis-induced mice or in human patients compared to the steady state'®. In
contrast, another group showed that IFN-a levels in serum and mRNA levels in aortas
increased in atherosclerosis induced mice'®. In our report, we found that isolated aortic
pDCs, were able to secrete IFN-a upon CpG, TLR9 agonist, stimulation ex vivo, so are
functional. However, we do not know if aortic pDCs secret type | IFNs upon
atherosclerosis, although we observed aortic pDCs in atherosclerosis induced mice
expressing higher level of PDC-TREM upon type A CpG ODN injection in vivo
compared to controls, which suggest that aortic pDCs in atherosclerosis may not be
activated. Also, we observed that aortic pDCs in atherosclerosis are CCR9", which is
known to be downregulated upon TLR9 stimulation'°, therefore we presume that aortic
pDCs in atherosclerosis are in an immature state. We obtained only indirect evidence

indicating aortic pDCs may not secrete type | IFNs in atherosclerosis, thus further

studies will be required to confirm if aortic pDCs express type | IFNs in atherosclerosis.

107



Our study and previous studies focused on the function of pDCs at the early
stage of atherosclerosis by inducing both pDCs depletion and atherosclerosis on the
same time point, but further study is needed to analyze the role of aortic pDCs at the
late stage of atherosclerosis, when it becomes a chronic state. For example, recent
studies showed pDCs maturation in chronic diseases such as systemic lupus
erythematosus and psoriasis'®" %% % However, we observed that aortic pDCs in mice
fed WD for 12 weeks were CCR9" and IDO-1%, indicating that aortic pDCs even in
chronic atherosclerosis are not mature. Since we did not directly test whether depletion
of pDCs in already established atherosclerosis, for example by depleting pDCs after 12
weeks of WD feeding, would reduce aortic Tregs and aggravate atherosclerosis, it
would be interesting to address the direct association between aortic pDCs and Tregs at

the late stage of atherosclerosis.

We observed that aortic pDCs inhibit atherosclerosis by regulating aortic Tregs in
aorta. Also other studies reported tolerogenic properties for pDCs in various mouse
models and showed that the induction of Tregs depends on pDCs. It is interesting to
note that CCR9* pDCs can migrate to the thymus with antigens uptaken from peripheral
tissues'®. Those CCR9* pDCs in thymus participate in the deletion of antigen-specific
thymocytes and contribute to immune tolerance. The same study showed that pDCs
depend on CCR9 for their migration into thymus. We did not examine whether aortic
pDCs may regulate the deletion of thymus T cells specific for atherosclerosis-related
antigens. We did not test either the migration of aortic pDCs in atherosclerosis from

aorta to the thymus, even though another study showed that the migration of DCs in
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mice with atherosclerosis is compromised'. Additional studies will be required to
examine the possible role of pDCs in clonal deletion in the thymus and, also, the
importance of aortic pDCs versus aortic DCs in terms of atherosclerosis regulation. In
addition to pDCs in atherosclerosis, we also observed increase of CD103'CD11b” DCs
and it would be interesting to test whether these population would turn into CD11b*
DCs, which is the major aortic DCs population in atherosclerosis, and CCL17" DCs,

which exacerbate atherosclerosis.

3.8. Conclusion

On the basis of our findings, we propose that the aortic pDCs described herein
have two roles. First, they are part of the innate response initiated upon microbial
stimulation (e.g., TLR7 and TLR9 ligation), a response consistent with their rapid
production of type | IFN. Confirming this role will require additional studies in vivo in the
future. The second is that of an immune modulator. Accordingly, during atherogenesis,
aortic pDCs increase in number and become one of the dominant cell types, thereby
inducing Tregs and balancing the adverse effects of cytopathic T cells. Therefore, future
therapeutic strategies harnessing tolerogenic pDC-based atheroprotective vaccines will

be promising and beneficial for atherosclerosis in humans.
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4. Materials and methods

Mice

C57BL/6, Ldlr” '°*, CX3CR1-GFP, Zbtb46-GFP, OT-Il, Foxp3- DTR/GFP, Ido1”, NSG
(NOD/SCID/yc-null) mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). FIt3” mice'®® (I. Lemischka, Mount Sinai School of Medicine) were a generous gift
of M. Nussenzweig. BDCA2-DTR mice'”® were from M. Colonna (Washington
University, St. Louis, MO). For humanized mice, NSG mice reconstituted with human
CD34" cells (hu-mice) or NSG mice reconstituted with human CD34" cells and surgically
implanted with human thymus (Hu-BLT mice) were used. All mice were fed ad libitum a
normal diet (CHOW) or western-type diet (WD) (AIN-76A; Carbohydrates 49.9%,
Protein 17.4%, Fat 20%, Cholesterol 0.15%) (TestDiet, St. Louis, MO) under specific
pathogen-free conditions. To expand the number of pDCs, mice were injected i.p. with 2
pg of human FLT3 ligand (hFIt3L; Celldex Therapeutics) per day for 9 consecutive days.
All mice were bred under specific pathogen-free conditions at the Institut de Recherches
Cliniques de Montre'al (IRCM). All mouse experiments were performed according to

guidelines of the Canadian Council on Animal Care.

Human Samples
Peripheral blood samples and aortic tissues were obtained from healthy adult donors or
patients after receipt of written informed consent in accordance with the Declaration of

Helsinki and research protocols approved by the research ethics review board of the
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IRCM and Montréal Heart Institute. Peripheral blood mononuclear cells were isolated by
Ficoll-Paque centrifugation (GE Healthcare). Collagenased aortic cells were isolated by
Percoll gradient (GE Healthcare), and cultured in RPMI-1640 media supplemented with
10% FBS. To obtain human tissues to make hu-mice and for atherosclerotic tissues,
written informed consent was obtained from donors. This study was approved by the
ethical committee of CHU (Centre Hospitalier Universitaire) Sainte-Justine (CER#2126

and #1995) and the Montreal Heart Institute.

Single-Cell Isolation and Flow-Cytometric Analysis
Aortic single cells were isolated according to a previously described method'*®, with
minor modifications. Mouse aortas were incubated with the enzyme mixture containing

675 U/mL collagenase |, 18.75 U/mL collagenase Xl, and 9 U/mL hyaluronidase

(Sigma) in Ca+/Mg+ containing Hank’s balanced salt solution for 40 min at 37°C with
gentle shaking. The adventitia was carefully separated from the mouse aorta with
microforceps after incubation of the whole aorta in the enzyme mixture for 15 min at
37°C. The isolated adventitia and intima/medial tissues were then incubated separately
in the new enzyme mixture for 25 min at 37°C. Human aortic samples were incubated in
the same enzyme mixture, additionally containing 54 U/mL DNase (Sigma) for 40 min at

37°C with gentle shaking. Mouse spleen and LNs were digested in 400 U/mL of

collagenase D (Roche) in RPMI-1640 for 30 min at 37°C. Foxp3+ T cells were stained
using a Foxp3 staining buffer set (eBioscience), according to a previously described

method'®®; all other intracellular staining was performed using a
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fixation/permeabilization solution kit (BD Biosciences). Stained cells were acquired or
sorted using a LSRFortessa flow cytometer or FACSAria Il (BD Biosciences),
respectively, and analyzed with FlowJo (Tree Star). Sorted cells were cytospined at 500

rpm for 5 min using Cytospin4 (Thermo Scientific) for phagocytosis analysis.

En Face IF and Confocal Microscopic Analysis

C57BL/6 and hu-mice aortas were perfused with cold PBS and fixed in 4%
formaldehyde for 40 min. After careful removal of the perivascular fat and cardiac
muscle tissues, the aortas were dissected longitudinally and permeabilized with 0.2%
Triton X-100 for 20 min. Siglec-H-Alexa 488 (secondary Ab: anti-Alexa 488), CD11c,
HLA-DR, and LAMP5 were immunostained using an Alexa 488 and an Alexa 555 TSA
kit (Invitrogen) according to the manufacturer’s protocol. Detection of Siglec-H was done
by injection of 15 mg of anti-Siglec-H-Alexa 488 Ab i.v., and the mice were sacrificed
14-18 hr post-injection. Confocal images were acquired along the z axis using an LSM
710 laser-scanning confocal microscope (Carl Zeiss), and Z-stacked images were

analyzed with Imaris software (Bitplane).

BM Chimeras

Marrow from BDCA2-DTR mice, Ido1” mice, OT-ll mice, or Foxp3-DTR mice were
injected i.v. into lethally irradiated (2 3 5 Gy, 3 hours apart) Ldlr” mice. After 8 weeks,
mice were fed either chow or WD and injected with PBS or DT (Sigma; 0.5 mg per

mouse per week intraperitoneally [i.p.] for BDCA2-DTR; and 1 mg per mouse per week
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i.v. for Foxp3-DTR) for the indicated period.

Statistics

All statistical significance between two groups was tested using a Mann-Whitney test
with two-tailed p values. One-way ANOVA was used for comparisons of three groups in
Figures 4A, 5C, and S7B. R-squared value was obtained from linear regression

analysis. Data are presented as mean + SD.

Antibodies and Reagents.

Antibodies to mouse Foxp3 and IDO-1 and human Foxp3 and IDO-1 for FACS analysis
were from eBioscience, and the antibody to human LAMP5 was a generous gift from YJ.
Liu (Medimmune, MD). The antibody to human IFN-a for FACS analysis was from
Miltenyi Biotec. The antibody for mouse IFN-a (for intracellular staining and ELISA) was
from PBL Assay Science. Single or double immunostaining was performed using
antibodies to human LAMP5 from BioLegend, human HLA-DR from Dako, human
BDCA2 from Genetex, human IDO-1 from Novus Biologicals and/or human Foxp3 from
eBioscience. Anti-Siglec-H (clone: 551) and anti-PDCA-1 (clone: 927) antibodies were
from M. Colonna and were purified in house and labeled using an Alexa Fluor antibody
labeling kit (Invitrogen) according to the manufacturer’s protocol. All other antibodies
were from BioLegend. All single cells were incubated in culture supernatant from the
2.4G2 hybridoma (Fc Receptor Block, ATCC: HB-197) prior to staining with the

indicated antibodies. 10 ug of Type A TLR9 agonist CpG ODN 2216 (InvivoGen) were
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mixed with 30 ul of DOTAP (Roche) according to the manufacturer’s instructions, and
injected i.v.. Injected mice were sacrificed 9-12 hours post injection and expression level

of PDC-TREM was compared.

Assessment of Atherosclerosis in Mouse and Human.

For mouse, the heart and aorta were perfused via each ventricle with cold phosphate-
buffered saline (PBS) and fixed in cold 4% paraformaldehyde. After fixation, hearts were
embedded in OCT and frozen. For analysis of aortic sinus plaque, cryosections were
stained overnight with Oil Red O (Sigma) and digitized (TSView). For en face analysis,
an aortic segment from the ascending aorta to the descending aorta was used. After
removal of the perivascular tissues, the aortas were split longitudinally, pinned onto flat
black silicone plates, and stained with 0.5% Oil Red O in propylene glycol for 7 hours.
After staining, aortas were destained with 85% propylene glycol in distilled water. The
atherosclerotic lesion area was digitized and calculated using the TSView program
(ver.7.1.1.5). Plasma lipids, including total cholesterol, triglyceride, low-density
lipoprotein and high-density lipoprotein, were determined using an automated blood
chemical analyzer (Hitachi). For human aortic atherosclerosis grading, histopathological

classification was analyzed according to foam cells and tissue disruption'”.

Immunohistochemistry.
After fixation with 4% paraformaldehyde overnight, aortas from humanized mice and

human atherosclerotic patients were processed using standard procedures, embedded
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in paraffin, and sectioned (5-um thick). After performing antigen retrieval by autoclaving
in a citric acid solution, sections were singly or doubly immunostained with the indicated
antibodies. Immunoreactive proteins were visualized using an ImmPRESS-AP anti-
rabbit Ig polymer detection kit, a VECTOR blue alkaline phosphatase substrate kit, an
ImmPRESS HRP anti-mouse Ig polymer detection kit, a VECTOR NovaRED peroxidase
substrate kit (Vector Labs) and a Polink-1 HRP Broad for DAB Kit (GBI Labs), as
appropriate. In addition, M.O.M Elite Peroxidase kits (Vector Labs) were used for double
immunostaining involving two mouse primary antibodies. All experiments were
performed according to the manufacturer’s instructions. Nuclei were counterstained with

hematoxylin solutions.

Cell Culture.

For analysis of IFN-a secretion into culture media, cells from pooled aortas and hearts
and spleens from C57BL/6 mice were incubated with media alone or with 10 pg/mL of
Type A TLR9 agonist CpG ODN 2216 (InvivoGen) for 48 hours. For flow cytometric
analysis of IFN-a, cells from aortas and skin-draining LNs from C57BL/6 mice were
incubated with media alone or with 10 pg/mL of Type A TLR9 agonist CpG ODN 2216
for 3 hours, followed by an additional 6 hours incubation with addition of 10 pg/mL of
Brefeldin A (Sigma). For phagocytosis assay, aortic cells from FIt3L injected C57BL/6
mice were incubated with Fluoresbrite YG Carboxylate Microspheres 1.0 um
(Polysciences) at 37°C for 1 hour. Then, cells were incubated in Fc Receptor Block and

stained with antibodies at 4°C for cell sorting. All mouse cells were incubated in RPMI
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1640 containing 5% FBS, 1x antibiotic-antimycotic, GlutaMAX and MEM nonessential
amino acids, and 2-mercaptoethanol (Gibco). HEK-293 cell line was cultured in DMEM
containing 10% FBS, 1x antibiotic-antimycotic, GlutaMAX and MEM nonessential amino
acids. HEK-293 cell line was transfected with human IDO-1 expression vector (BPS

Bioscience) using Lipofectamine 2000 (Invitrogen).

ELISA and QUANTI-Blue Reporter Assays.

Mouse IFN-a levels in cell supernatants were measured by sandwich enzyme-linked
immunosorbent assay (ELISA). Culture supernatants were incubated with a rat
monoclonal anti-IFN-a (RMMA-1 clone) and rabbit polyclonal anti-IFN-a (PBL Assay
Science) antibody on Maxisorp plates (Nunc) and developed with tetramethylbenzidine
substrate (Thermo Scientific). Mouse IFN-a (PBL Assay Science) was used as a
positive control. Levels of human IFN-a in serum were measured using HEK-Blue IFN-
a/B cells with QUANTI-Blue (InvivoGen) according to the manufacturer’s protocol, with

purified human IFN-a (Biolegend) as a positive control.

Quantitative RT-PCR.

Total aortic RNA was extracted from aortas using QIAzol Lysis Reagent (Qiagen), and
cDNA was prepared from RNA using ReverTra Ace qPCR-RT Master Mix (TOYOBO).
Quantitative real-time RT-PCR was performed in duplicate using Sensi FAST SYBR No-
Rox Mix (Bioline) and quantified on the Roter-Gene Q 2plex system (Qiagen) using the

AACt method with B-actin as a reference gene. Single cell RNA was extracted from
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sorted aortic cells and reverse transcriptased using Single Cell-to-CT gRT-PCR kit
(Ambion). Quantitative real-time RT-PCR was performed using indicated Tagman
primers (Applied Biosystems; Tbp, Mm00446971_m1; B-actin, Mm02619580_g1; Ido-1,
MmO00492590_m1; Iin-B1, MmO00439546_s1) and quantified on ViiA7 (Applied

Biosystems) using the AACt method with Tbp as a reference gene.

Antibody-Mediated In Vivo Blockade.
For depletion of PDCA-1-expressing cells, mice were injected i.v. with 250 ug of isotype
antibody (Rat IgG2b, BioXcell), in-house-purified BST2 antibody (clone: 927) in PBS

twice at 36 hours intervals.
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