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Blood dendritic cell antigen

Bone marrow

Caspase activation and recruitment domain
CARD adaptor-inducing interferon-3
Common dendritic cell progenitors
Common lymphoid progenitors

Common myeloid progenitors

Dendritic cell

Fluorescence-activated cell sorting
Fms-like tyrosine kinase-3

Granulocyte colony-stimulating factor
Granulocyte-macrophage colony-stimulating factor
Indoleamine (2,3)-dioxygenase

Interferon

Interferon-o/f receptor

IxB kinase

Interleukin

Interferon-producing cells

IFNB-promoter stimulator-1

Interleukin-1 receptor-associated kinase
Interferon regulatory factor
Immunoreceptor tyrosine-based inhibition motif
Laboratory of Genetics and Physiology 2
Lymph node

Mitochondrial antiviral signaling protein
Melanoma differentiation-associated gene 5
Major histocompatibility complex
Pathogen-associated molecular patterns
Plasmacytoid dendritic cells

Plasmacytoid dendritic cell leukemia/lymphoma
Pattern recognition receptor



RAG-1
RIG
RLH
SLE
TANK
TBK-1
TRAF
TRAIL
VISA

Recombination activating gene 1

Retinoic acid induced gene

RIG-like helicases

Systemic lupus erythematosus

TRAF family member-associated NF-kappa-B activator
TANK-binding kinase 1

TNF receptor-associated factor

Tumor necrosis factor-related apoptosis-inducing ligand

Virus-induced signaling adaptor
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1 Introduction

Dendritic cells (DCs) are professional antigen presenting cells effectively
linking the innate and the adaptive arms of the immune system. Since their discovery
by the late Ralph Steinman and his co-workers, multiple subsets of DCs have been
identified, including the identification of the previously described type | interferon
producing cells (IPC) as plasmacytoid dendritic cells (pDCs). The rarity of this cell
type in human peripheral blood necessitated the use of various model systems in DC
research. In this work, first we aimed to optimize the flow cytometric identification of
pDCs in peripheral blood of healthy donors using exclusively Blood Dendritic Cell
Antigen (BDCA) 4 positivity.

Similarly to conventional DCs, pDCs effectively connect the innate and
adaptive immune responses by secreting cytokines and triggering T-cell responses by
antigen presentation upon detection of pathogens. DCs express various innate immune
receptors, the so-called pattern recognition receptors (PRRs), on their cell surface and
within intracellular compartments to detect pathogens. These ancient receptors are
able to recognize evolutionally conserved motifs associated to microbes, and
subsequently trigger cellular immune responses leading to inflammation and the
production of antimicrobial molecules.

Plasmacytoid DCs express a unique set of intracellular receptors geared
towards the detection of viral nucleic acids. Membrane-bound Toll-like receptors
(TLRs) and the cytoplasmic RIG-I-like helicases (RLHSs) are two important families
of such innate sensors. Previous evidence supported the notion that pDCs exclusively
use TLRs and do not depend on the cytoplasmic recognition of viral replication
intermediates by RLHs. To investigate the role of RLHSs in viral recognition by pDCs,
we assessed the in vitro function of leukemic pDCs and used these cells as models for
further studies. The second aim of this work was to elucidate the potential impact of
TLR-activation on the expression and function of RLHs and to identify potential co-

operation between the TLR and RLH mediated virus recognition pathways in pDCs.



2 Background

2.1 Dendritic cells: linking innate and adaptive immunity

Dendritic cells, identified by Steinman and Cohn in 1973 [1], are a
heterogeneous population of hematopoietic cells that serve as an important bridge
between innate and adaptive immune responses as professional antigen presenting
cells (APCs). Their functional characterization, including the discovery of their role in
antigen presentation, was a key milestone in immunology [2,3]. Based on their origin,
tissue localization and functional properties, human DCs can be classified into two
major types: conventional DCs (cDCs) and the later identified pDCs. As part of the
innate immune network, cDCs are present in all peripheral tissues, and detect
environmental changes, including the presence of pathogens (reviewed in [4]).
Resting DCs are activated by pathogenic invasion or inflammation, which results in
their maturation and rapid migration through the lymphatics to draining lymph nodes.
During this course, DCs internalize and process proteins and other antigens, and after
arrival to the lymph nodes, they present peptide fragments of the antigens through
major histocompatibility complex (MHC) molecules, together with co-stimulatory
molecules to T-cells. The coordinated activity of DCs has been shown to be critical
for keeping the balance between maintenance of self-tolerance and induction of
effective immune responses. Most of our knowledge about the role of DCs is
stemming from experimental evidence based on the extensively studied conventional
DCs; however, pDCs significantly differ from c¢DCs both in terms of tissue
localization and in their functional role. The following sections summarize the key

properties of pDCs that are different from cDCs.
2.2 The discovery and origin of plasmacytoid dendritic cells

Plasmacytoid pre-dendritic cells represent a rare but multipotent cell
population of innate immunity. Human pDCs represent only 0.2%—0.8% of peripheral
blood mononuclear cells (PBMC). They are smaller (8-10 um in diameter) than
CD14" monocytes or cDCs, but bigger than resting lymphocytes and display plasma
cell morphology with eccentric kidney-shaped nucleus. In particular, whereas the
CD11c* blood immature myeloid dendritic cells display dendrites, immature pDCs

have no long outgrowths, but they acquire dendritic morphology upon in vitro
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culturing in presence of IL-3 (Figure 1). The phenotype of human immature pDCs is
CD4*CD45RA*HLADR*CD123""|LT3*ILT1 CD11c lineage. They do not express
the lineage-specific markers for all the known cell types within the immune system,
including surface and cytoplasmic immunoglobulin and CD19 (B cells), TCR and
CD3 complexes (T-cells), CD14 (monocytes), CD16 and CD56 (NK cells), and
CD11c (myeloid DCs). Although pDCs express MHC class Il molecule and myeloid
antigen such as CD68, they do not express most of the antigens expressed on myeloid
cells, such as CD11b, CD13, CD14, or CD33. More recently, Matsui et al. identified
CD2, a cell adhesion molecule, as a surface antigen that distinguishes two human
pDC subsets [5]. The CD2"9" subset of pDCs expresses lysozyme and displays
cytolytic capacity, which is lacking in the CD2'°" subset.

Murine pDCs, identified soon after the discovery of their human counterparts,
are characterized by their B220*Ly49Q*CCR9" phenotype [6-9].
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Figure 1. Freshly isolated (A) and in vitro matured (B) pDCs. The presence of interleukin 3 for 6
days in the in vitro culture of pDCs results in morphological changes resembling monocyte-derived
DCs. From Grouard et al., The Journal of experimental medicine 1997;185:1101-1111.

Plasmacytoid dendritic cells were initially named as T-associated plasma cells,
reflecting their plasma cell morphology and their localization to the T-cell area of
reactive lymph node [10] and the ‘plasmacytoid T-cells’ designation was proposed in
1983 based on their CD4-expression [11]; however, this was soon questioned based
on the lack of CD3, a key lineage marker of T-cells [12], and the name ‘plasmacytoid
monocytes’ was proposed. The identity and the proper name of this special cell type
has remained controversial for one more decade due to their unclear link to the later
identified professional IPCs [13]. The characterisation of IPC was hindered by their
rarity, rapid apoptosis after isolation, and lack of lineage markers. This enigmatic cell

type was once more discovered as CD4*CD11" immature DCs [14]. The same authors



also reported the in vitro differentiation of pDC into a morphological state resembling
myeloid DC; however, the lack of key myeloid lineage markers (CD11b, CD13 and
CD33) clearly distinguished them from classical DC, and they assumed that these
cells are Langerhans cell (LC) precursors migrating to the skin.

In the late 1990ies, a new unifying concept emerged: the plasmacytoid T-cells
(also called plasmacytoid monocytes by this time), the more recently identified IPC
and the CD11°CD4" pre-DCs described by O’Doherty et al. are likely to represent the
same cell type, and these cells are able to develop into DCs upon IL-3 and CD40-
ligand treatment in vitro [15]. This concept was proposed by Yong-Jun Liu,
summarizing the key facts: 1) CD4*CD3'CD11c lineage™ plasmacytoid cells do not
express B- or T-cell receptors; 2) they represent DC precursors, but likely originate
from lymphoid rather than myeloid lineage; 3) the key survival and differentiation
factor of this cell type is IL-3 [16]. As a supportive observation, IPC purified from
human peripheral blood express CD4 but no CD11c on their surface, they resemble
pDC by morphology, and are able to secrete substantial amount of type | IFNs upon
stimulation with ultraviolet (UV)-irradiated herpes simplex virus [17]. Besides the
consensus on the identity of human pDCs, another key finding at that time was the
identification = of the  murine  analogue  of  human pDCs  as
Ly6C*/B220*/CD11c"*"/CD4* cell type [6,18-20]. This discovery opened up a new
area of research: the quest for the origin of pDCs.

Initial reports suggested a lymphoid origin of pDCs, mainly based on the lack
of certain myeloid markers (e.g. CD11lc and CD13) and the expression of key
lymphoid surface antigens (e.g. CD45RA), as well as the presence of rearranged
immunoglobulin heavy chain (IgH) D-J genes [21], but their relationship to either of
these lineages remained unclear. The cytokine fms-like tyrosine kinase-3 (FIt3) ligand
(FIt3-L) was identified as a key soluble factor for development of DCs, both
conventional and plasmacytoid ones. Bjorck et al. showed that murine pDCs could be
mobilized from bone marrow by treating the animals with FIt3-L and GM-CSF [22].

In vitro cultures of murine bone marrow cells and transfer of bone marrow
precursors into irradiated host shed more light on the development of pDCs. Using
passive transfer of precursors, it was demonstrated that pDCs might originate both
from common myeloid precursors (CMPs) or common lymphoid precursors (CLPS)
[23,24], given that the progenitor cells express Flt3 receptor [25,26]. Further mouse
studies showed that a special lymphoid-like transcription program, including the
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expression of Recombination activating gene 1 (RAG-1) and pre-T-alpha receptor, is
activated during development pDCs regardless of their CLP or CMP origin [27].
Experiments using human progenitors confirmed the potential of both CMPs and
CLPs to give rise to pDCs in vitro [28]. Comeau et al. identified pDCs of myeloid-
like intermediate phenotype in FIt3-L treated individuals, further supporting the
concept of dual lymphoid-myeloid origin [29]. However, it remained unclear whether
pDCs and cDCs share a common progenitor cell beyond the CMP/CLP stage. In
2007, two independent groups identified common DC progenitors (CDP) in murine
bone marrow as lineage-negative cells expressing FIt3, moderate amounts of c-Kit
and M-CSF receptor [30,31] and according to most recent results, mouse pDCs
differentiate from either common DC progenitors or lymphoid-primed multipotent
progenitors [32].

A common element of the CLP and CMP pathways is the expression of the
helix-loop-helix transcription factor E2-2 during pDC development, both in mice and
humans [33,34]. Furthermore, mice lacking type I IFN receptor show impaired pDC-
development, and this has been attributed to the reduced expression of FIt3 on CLPs,
suggesting that pDC production is dependent on a type | IFN/FIt3 signaling
interaction [35].

Collectively, observations suggest a flexible development pathway for DCs,
where pDCs might originate from a variety of precursors (Figure 2); Shortman and
co-workers summarized this model in two recent publications [36,37]. Early-stage
data obtained by ‘molecular barcoding’ of murine lymphocyte-primed multipotent
precursor (LMPP) cells showed a great extent of early commitment of these cells to
DC-lineage, and this technique might answers the still open questions of pDC-
development. It is important to note that most of the data about origin of pDCs are
derived from studies involving murine progenitors and transfer of early progenitor
cell into irradiated host; therefore, these might have limited relevance to the
development of pDCs under steady state conditions in vivo.
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2.3 Innate immune receptors of plasmacytoid dendritic cells

A prominent role of the innate immune system is the recognition of microbial
components that are essential for the given microorganism, but serve as a ‘danger
signal’ for the host promoting an efficient adaptive immune response against the
recognized organism or structure. The pathogen-associated molecular patterns
(PAMPs) are recognized by germ line-encoded PRRs that are usually expressed
constitutively in the host [38]. Importantly, similar microbial structures might be
expressed on non-pathogenic microbes; this underlines the importance of
differentiation between harmful microbial patterns and those that should be tolerated
by the immune system. This process is controlled by ‘danger signals’, e.g. tissue
damage induced by invasive bacteria or viruses. An important aspect of this process is
that certain PRRs also sense host-derived structures that become available during
tissue damage or non-controlled cell death as opposed to apoptosis. Unlike other body
cells expressing a limited number of PRRs, professional APCs, such as DCs, B-cells
and macrophages, display a broad repertoire of PRRs to detect pathogen-derived
molecules in their environment. Thus, DCs are at the crossroads of immune responses

and need to tightly control and coordinate innate and adaptive immune responses.
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2.3.1 Toll-like receptors of plasmacytoid dendritic cells

An important group of PRRs is the family of Toll-like receptors (TLRS),
expressed on the cell surface or on the membrane of intracellular compartments.
Thirteen members of the TLR family have been identified so far, and ten of them are
found in humans [39]. TLRs are type | trans-membrane glycoproteins consisting of a
cytoplasmic signaling domain called the Toll/IL-1 receptor (TIR) domain and
different extracellular domains. These extracellular “leucine-rich repeats” (LRRs)
consist of 19-25 tandem LRR motifs (24-29 amino acid-long each), containing the
motif XLXXLXLXX (reviewed by Akira [40]). The activation of TLRs results in the
expression of cytokines, chemokines and co-stimulatory molecules essential for the
coordination of innate immune responses and shape the adaptive responses as well
(reviewed by Kawai and Akira [39]).

The two major DC lineages, cDCs and pDCs, express a characteristic
combination of TLRs ensuring the recognition of a dedicated array of pathogenic or
damaged host structures (summarized on Figure 3). Plasmacytoid DCs are tailored to
recognize RNA and DNA viruses as they express a special combination of TLRs,
namely TLR7 and TLR9 [41,42]. TLR7 recognizes viral single stranded RNA
(ssSRNA), but several synthetic compounds such as loxoribine, resiquimod (R848) and
imiquimod (R837) also bind to this receptor [43]. TLR9 recognizes viral double-
stranded (ds) DNA genomes rich in unmethylated CpG sequences; these hypo- or un-
methylated DNA-sequences are normally absent from eukaryotic genomic DNA.
Synthetic CpG oligodeoxyribonucleotides (CpG ODN) are also recognized by this
receptor [44]. Both receptors are synthesized in the endoplasmic reticulum and
transported into endosomes; once in the endosomal membrane, TLR9 is converted
into an active form by proteolytic cleavage [45,46]. Certain viruses enter pDCs by
fusion, when a fraction of the cytosol is encircled by a membrane to generate a
vacuole that can fuse to TLR7/9 endosomes [47]. Examples include Vesicular
stomatitis virus and Sendai virus, and these viruses generate replicative intermediates
that are redirected from the cytosol into TLR7/9 endosomes by autophagy. Other
viruses, like Herpes simplex virus and Coxsackievirus B, are internalized through
receptor-mediated endocytosis and delivered to the endosomes [48-50].

Although pDCs are rare, they produce over 1000-fold more of type I
interferon (IFN) (most prominently, IFN-a and IFN-B) upon TLR-stimulation than
any other cell types including cDCs. The resulting type | IFN response of pDC is
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dependent on MyD88, IRAK, TNF receptor-associated factor 6 (TRAF6) and the IKK
complex, and the signaling events initiated by TLR7 and TLR9 engagement are
similar [51]; the common endpoint is induction of interferon regulatory factor (IRF) 7
activation. The functional consequences of TLR-activation and the resulting cytokine

release are described in section 2.4.

Conventional DC Plasmacytoid DC

TLR1 - bacterial lipoprotein (heterodimer with TLR2) l
TLR2 — bacterial lipoprotein, peptidoglycane, lipoteicholic acid .
(heterodimer with TLR1 or TLR6)

IL-12 TLR3 - viral dsRNA IFN-a/B
IL-10 TLR4 — bacterial lipopolysaccharide (LPS)

TLR5 - bacterial flagellin

TLR6 — bacterial lipoprotein (heterodimer with TLR2)

TLR7 — viral ssRNA, imidazoquinoline compounds

TLR8 —  GU-rich viral ssRNA

TLRY — unmethylated/hypomethylated CpG DNA

NLRs — NOD-like receptor

RLHs — RIG-like helicases

Figure 3. Expression of Toll-like receptors by conventional (myeloid) and plasmacytoid dendritic
cells. Although plasmacytoid DCs express fewer TLR-types, they express a unique combination of
nucleic acid sensing TLRs, TLR7 and -9 in their endosomal compartment. From Benko et al.,
Biological chemistry 2008;389:469-485.

2.3.2 RLHs in plasmacytoid dendritic cells

In addition to TLRs that are expressed in cellular or vesicular membranes,
PRRs also involve conserved intracellular sensors, such as NACHT-LRRs [52], Nod-
like receptors (NLRs) [53], retinoic acid induced gene (RIG)-like helicases (RLH),
and intracellular DNA-binding sensors [54,55] that also recognize PAMPs. RIG-like
helicases belong to the family of DExD/H-box helicases and comprise RIG-I,
melanoma differentiation-associated gene 5 (MDAD) and Laboratory of Genetics and
Physiology 2 (LGP2). Unlike TLRs, these receptors are located in the cytoplasm and
are therefore able to detect replication intermediates of RNA viruses. They contain

CARD signaling domains that allow interaction with the mitochondrial adaptor
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molecule CARD adaptor inducing interferon-§ (CARDIF), alternatively referred to as
IFNB-promoter stimulator-1 (IPS-1), mitochondrial antiviral signaling protein
(MAVS), or virus-induced signaling adaptor (VISA) [56,57]. Conformational changes
induced by specific helicase ligands expose the CARD domain of RIG-1 or MDAS5,
and this is followed by the interaction of the CARDs of RIG-I/MDA-5 and IPS-1.
IPS-1 activates the IkB kinase (IKK)-related kinases, IKKi and TANK-binding kinase
1 (TBK-1) via TRAF3 [58,59]. The activation of these kinases results in subsequent
phosphorylation of transcription factors IRF3 and IRF7, leading to the production of
type | IFNs. IPS-1 also induces the expression of pro-inflammatory cytokine and
chemokine genes by activating the nuclear factor-«B (NF-«xB) transcription factor
through the FADD and caspase-8/10 pathway [60-62].

The specific recognition of viral RNAs by RLH is mediated by their C-
terminal regulatory domain (CTD) [63,64]. Extensive research identified blunt-ended
RNAs containing a free 5° triphosphate end (5° ppp), followed by a short double
stranded region of at least 19 base pairs as the ligand of RIG-1 [65]. Later studies
described that the helicase core region binds to the double-stranded part of the RNA
ligand, while specificity of 5’ triphosphorylated RNA binding is determined by the
CTD [66]; the binding does not have sequence specificity as contacts are made
exclusively with the phosphoribose backbone of the RNA and determined primarily
by the conformation of RNA [67]. In the absence of RNA ligand, RIG-1 exists in an
‘auto-inhibited’ conformation, where the CARD domains are sequestered by a helical
domain inserted between the two helicase moieties [68,69]. Others described the
activation of RIG-1 by longer dsRNA ligands (~100 - 400 bp) lacking a 5'
triphosphorylated end; in this case, RIG-1 molecules cooperatively assemble side by
side on the dsRNA strand [70].

Similarly to RIG-I, the primary ligand of MDADS is also dsRNA; however, the
fine specificity of the two structurally similar helicases are different. Unlike RIG-I,
MDADS preferentially binds to long dsRNA [71], and the virus recognition pattern of
the two receptors is also slightly different. RIG-I is highly specific for RNA viruses
including Human influenza A, Newcastle disease virus and Sendai virus belonging to
Paramyxoviridae, Vesicular stomatitis virus and Japanese encephalitis virus
(Flaviviridae) [71,72]. In contrast, MDAS seems to be important in the recognition of

picornaviruses (including Encephalomyocarditis virus, Mengo virus and Theiler’s
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virus), caliciviruses and coronaviruses, e.g. Murine norovirus-1 and Murine hepatitis
virus [73-75]. Certain viruses are recognized both by RIG-I and MDADb; examples
include Hepatitis C (HCV), Dengue and West Nile viruses [76,77].

Besides natural viral ligands, several synthetic molecules are able to induce
RIG-I and MDAD5 activation. Poly-riboinosinic:poly-ribocytidylic acid (poly I:C or
pl:C) is a synthetic dsSRNA that activates TLR3 and RLHs and induces type | IFN
responses [78,79]. Commercially available ‘long’ pl:C is recognized by MDADS; on
the contrary, partially digested (by the specific endonuclease RNaselll) pl:C of about
300 base pairs in length is able to activate RIG-I but not MDAS. Besides pl:C,
another RNA species, 5’-triphosphate containing RNA (5’pppRNA) is also a highly
selective ligand for RIG-I [80,81]. This RNA species is either a genome constituent or
the product of in vitro transcripts of most RNA viruses.

The third member of the RLH family, LGP2, has no CARD-domain and
therefore incapable of activating cytokine responses upon viral stimulus. Based on
this inability, it was initially considered to be a negative regulator of RIG-I/MDA5
pathway [57,82]. A more recent study using LGP-deficient mice demonstrated
decreased IFN-production after infection with Vesicular stomatitis virus or
Encephalomyocarditis virus, suggesting that the ATPase of LGP2 facilitates viral
recognition by RIG-1 and MDADS [83].

The signaling events leading to type | IFN production as a result of activation

of RLHs and TLRs in pDCs are summarized on Figure 4.
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| IKKe TBK1

IFNB promoter IFNa. promoter

Figure 4. Signaling of DExD/H-box helicases leading to expression of type | interferons. While
activation of endosomal TLR9 leads to phosphorylation of IRF-7 transcriptions through MyD88-
dependent signaling pathway, cytoplasmic nucleic acid sensors signal through IKK/TBK-1 dependent
pathway, leading to the phosphorylation of IRF-3. These two distinct pathways lead to differential
activation of IFN-o/B promoters. From Fullam and Schroder, Biochimica et biophysica acta
2013;1829:854-865.

The expression and functional role of RLHs in pDCs remained poorly
understood. The first key observation emerged from a mouse study by Kato et al.
demonstrating that pDCs primarly employ the TLR-system to recognize viruses [72].
In this study, conventional and plasmacytoid DCs isolated from RIG-17- mice were
stimulated with Newcastle disease virus; while c¢DC lacking RIG-1 produced
significantly reduced amount of type | IFNs, the IFN-response of pDCs was not
impaired. The second key notion against the role of RLHs in pDCs during the normal
course of viral infection and recognition also came from a mouse study. Kumagai et
al. showed that recognition of non-replicating, heat-inactivated NDV is dependent on
TLR-7 and MyD88, but independent of IPS-1, the key adaptor molecule for RIG-like
helicases [84]. This supported the concept of TLR-dominant viral recognition of
pDCs under normal conditions over RLH-mediated recognition of cytoplasmic
replication intermediates. Importantly, none of the studies verified this hypothesis in
human pDCs. Ablasser et al. examined the expression and function of RIG-I in

human pDCs. In this study, marginal levels of RIG-I and very low amount of MDA5
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were detected in primary human pDCs compared to monocytes, under steady state
conditions. Further supporting the marginal role of RLHs in viral recognition of
pDCs, no type | IFN response could be detected from pDCs after treatment with RIG-
| ligand 5’ triphosphate RNA; the same result was obtained when pDCs were pre-
stimulated with IFN-B [85]. More recently, Goutagny et al. studied the role of RIG-I
and TLR7 in the recognition of Human metapneumoviruses in murine and human
pDCs [86]. In this study, pDCs isolated from MAVS-deficient mice responded
normally to both viruses and experiments with isolated primary human pDCs
confirmed the TLR7-dependent, but RIG-I independent recognition of HMPVs upon
infection. TLR-mediated signaling pathways are relatively well characterized in
human pDCs [87], but none of the previously published studies investigated the
potential interaction between TLR- and RLH-mediated signaling. Therefore, we
aimed to study the effects of stimulation by endosomal TLRs on RIG-I expression in

human pDCs.

2.4 Tissue distribution and functions of human plasmacytoid

dendritic cells

The pattern of pDC trafficking is substantially different from that of cDCs.
The precursors of cDCs leave the bone marrow and migrate to lymphoid organs and
peripheral tissues, where they differentiate into resident or migratory DCs. In contrast
to the cDCs, pDCs leave the bone marrow as fully developed effector cells and
migrate to the peripheral tissues and, under steady-state condition, further to the
lymph nodes via the afferent lymphatics. FIt3-L was identified as a key factor for
pDC-development, but more recent evidence from murine studies shows that a further
soluble mediator, CXCL-12 (also known as stromal cell-derived factor-1 [SDF-1]),
recognized by CXCR-4, also contributes to pDC-differentiation in the bone marrow
[88]; the role of the CXCL-12/CXCR-4 axis in humans is unknown.

The differentiated pDCs are mobilized from the bone marrow by FIt3-L and
G-CSF [89,90]. Once leaving the bone marrow, pDCs appear to migrate into the T
cell-rich areas of the secondary lymphoid tissues through high endothelial venule
(HEV) in lymph nodes and mucosa-associated lymphoid tissues in a CXCL9 and E-

selectin dependent manner [91]. The constant migration of pDCs to the splenic white
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pulp is dependent on CCR7 and CXCR4 chemokine receptors expressed on pDCs,
and their ligands, CCL21 and CXCL12, respectively [92]. Under inflammatory
conditions, pDCs leave the bloodstream and accumulate at the site of infection and
the draining lymph nodes; the underlying pathways are discussed in section 2.4.1. In
addition to chemokines guiding migration to the site of infection/inflammation, pDCs
can respond to two agonists released by damaged tissues; one of them is adenosine,
which can engage the Adenosine Receptor Al [93] and the other is F2L, which can
trigger the formyl peptide receptor FPR3 [94]. Early studies indicated that murine
pDCs have an average life span of about 2 weeks [19], while life span of pDCs in

humans is not known.

2.4.1 The virus experts of the immune system

The key function of pDCs is the recognition of viral infections and subsequent
type | IFN production as well as the initiation of adaptive immune responses. Their
sentinel role is supported by their special set of pathogen recognition receptors
targeted for efficient recognition of viral nucleic acid products, as summarized in
section 2.3. Upon encountering specific stimuli, TLR9 and TLR7 deliver intracellular
signals through the cytosolic adapter MyD88, which acts as a docking site for
IRAK1/4, TRAF3, IKKa, and IRF7 [95,96]. IRF7 is then phosphorylated and
translocated into the nucleus where it induces the transcriptional activation of the type
I IFN genes [96].

Although most of the human blood cell types were reported to secrete type |
IFNs upon viral infection, pDCs are responsible for the majority of type | IFN
production in viral infections [17], secreting up to 1000-fold more IFN than other
cells. During this process, pDCs dedicate approximately 60% of their new
transcriptional activity to make type I IFNs [97]. Initially, the underlying difference in
pDCs was suspected to be continuous expression of IRF-7 [98-100], but this could not
explain the robust IFN-production in contrast to cDCs. Later, Honda et al. revealed
that a special spatiotemporal regulation of MyD88-IRF-7 signaling is critical for the
potent type | IFN responses in pDCs [101]. In this model, the TLR9-MyD88 complex
is retained for approximately 30 minutes in transferrin receptor (TfR)-positive early
endosomes after recognition of the TLR-ligand type A CpG, which maintains a

prolonged induction of IRF-7 and in turn induces massive amount of type I IFN.
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Although the special endosomal trafficking of TLR9 agonists causes strong activation
of the IFN-a pathway, the activation of NF-xB pathway and therefore, maturation of
pDCs is less efficient [102]. Later studies using murine cells further supported this
concept, also demonstrating the critical role of the inhibitory receptor Ly49Q [103].
Type A CpG, preferentially forming multimeric complexes, primarily induce type |
IFN responses, while activation with monomeric type B CpG leads to maturation of
pDCs. However, Guiducci et al. demonstrated that the endosomal localization, rather
than oligomer formation, is the key factor determining the fate of pDC-responses;
oligomerized CpB could induce sustained type | IFN production, while monomeric
type A CpG induced pDC-maturation similarly to monomeric CpG. As an
intermediate phenotype, type C CpG localizing both to TfR-positive early, and
lysosome-associated membrane protein (LAMP)-1—positive late endosomes induces
type | IFN release and maturation as well [104].

Initial studies suggested that the production of type I IFNs by pDCs is largely
independent of IFN-o/p receptor (IFNAR) feedback signaling [105]. However, recent
evidence suggests that an autocrine signaling circuit amplifies type | IFN secretion
through IFNAR [84,106].

The type | IFNs produced by pDCs are central mediators of antiviral immunity
[107], and they act on the cells of both innate and adaptive immunity. IFN-o has a
strong adjuvant effect on antibody production [108], activates yd T-lymphocytes, and
increases the cytotoxic activity of natural killer (NK) cells [109]. An important feature
of the viral recognition by pDCs is that type | IFN responses can be initiated even by
inactivated or non-replicating viruses [110].

Plasmacytoid DCs produce further cytokines; besides IRF-7, MyD88 also
recruits IRF5, which in turn activates NF-xB and induces the transcription of genes
encoding a multitude of pro-inflammatory cytokines and chemokines [111]. This
process also initiates the maturation of pDCs into antigen presenting cells, as

discussed in the next chapter.

2.4.2 Plasmacytoid dendritic cells as antigen-presenting cells linking
innate and adaptive immunity
After completing their important mission as the primary type | IFN secreting

cell type of the immune system, pDCs differentiate into APCs and participate in the
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initiation of secondary immune responses. This process is governed by the IRF-5
dependent induction of NF-xB transcription factor. During maturation of pDCs, the
expression of MHC class Il and co-stimulatory molecules (CD80, CD86 and CD40) is
increasing, resulting in the capacity to present antigens and provide co-stimulation to
CD4+ T-cells. During differentiation, they acquire a ,,dendritic” morphology, slightly
similar to cDC. In addition to TLR7 and TLR9, this process can be activated via
CD40, a member of the TNF receptor superfamily [15,112]. By preferentially
stimulating the NF-xB pathway, CDA40 is a weaker inducer of type | IFN as compared
to TLR7 and TLR9, but it can effectively promote the maturation of pDCs and their
antigen presenting capacity.

The induction of the NF-xB pathway also results in secretion of IL-6, TNF-a,
and pro-inflammatory chemokines by pDCs, which influences both innate and
adaptive immune responses. Upon treatment with Sendai virus, the type | IFN
producing pDCs can drive the development of IFN-y producing helper T-cells [113].
Type | IFNs also increase NK cell-mediated cytotoxicity [114] and promote the
differentiation and maturation of cDCs [115-117]. Plasmacytoid DCs secrete multiple
chemokines, including CXCL9 (MIG), CXCL10 (IP-10), CCL3 (MIP-1a), CCL4
(MIP-1B), and CCL5 (RANTES), and these are important signals for the migration of
activated CD4+ and CD8+ T cells to the sites of infection [118-120].

The production of A IFNs (IL-28A, IL-28B and IL-29, also called type Il
IFNs) was initially demonstrated in mice [121,122]; more recently, in vitro cultured
human pDCs were also reported to secrete type Il IFNs in response to TLRO9-
stimulation [123].

The extent to which pDCs are able to present antigens and induce secondary
immune responses has been a topic of debate. Freshly isolated pDC do not express
high levels of MHC class 1l and CD80/CD86 co-stimulatory molecules and they are
inefficient inducers of antigen-specific T-cell activation and proliferation, but still
able to drive naive CD4+ T-lymphocytes into IL-10 producing regulatory T-cells
(Trl) [124] suggesting a role in maintaining peripheral tolerance. More recently, the
importance of pDCs in central tolerance was also demonstrated [125,126]. Lung
pDCs are important in preventing asthmatic reaction to inhaled antigens, independent
on their activation state [127]. They maintain their tolerogenic potential even after

activation by IL-3 and CD40-ligand and polarize naive CD8+ T-cells into an 1L-10
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producing phenotype with poor secondary proliferative and cytolytic responses [128].
However, they also contribute to the sustainment of CD8" T-cell responses against
influenza virus [129] and multiple studies demonstrated their efficient presentation of
endogenous antigens via MHC | and Il molecules (reviewed in [130]). In terms of
external antigens, pDCs can uptake soluble proteins by pinocytosis or receptor-
mediated endocytosis [127,131] and they effectively present such exogenous peptides
through MHC class molecules [132]. On the other hand, the antigen presentation by
pDCs might result in down-regulation anti-tumor immune responses [133].
Cross-presentation is also a key element of antiviral immune responses since it
allows presentation of antigens acquired from autologous cells, making DCs capable
to stimulate naive CD8+ T-cells [134]. Early studies suggested that pDCs do not
cross-present exogenous antigens [135] although murine studies raised the possibility
of cross-priming by pDCs in vivo [136]. More recently, cross-presentation of vaccine
formulates consisting of lipopeptides and HIV-1 antigens by human pDCs was
reported [137,138]. However, these in vitro observations have not been confirmed yet

in vivo.

2.5 Plasmacytoid dendritic cells in human diseases

2.5.1 Plasmacytoid dendritic cells in HIV and other viral infections

As the virus experts of the immune system, the potential response of pDCs
against human immunodeficiency virus (HIV) soon became a major area of research.
Plasmacytoid DCs express CD4, CXCR4 and CCR5 [139], potential surface targets
for entry of HIV, and multiple studies concluded that the loss of pDCs in HIV-
patients correlates with viral load and the onset of opportunistic infections [140-143].
Interestingly, highly active retroviral therapy seems to be unable to prevent the loss of
pDCs [144-146]. HIV activates pDCs to produce high levels of IFN-o and lower
levels of TNF-a, but minimally up-regulates co-stimulatory molecules, regardless of
the HIV strain used; Beignon et al. showed HIV RNA is the most potent activator of
pDCs [147]. Depletion of pDCs from PBMC reduced the type | IFN response induced
by HIV-infected cells 10-fold, clearly demonstrating the importance of pDCs in anti-
HIV responses [148].

22



In contrast to the initial encounter of HIV, the impact of pDC activation
during chronic HIV infection seems to be detrimental rather than beneficial. A murine
in vivo study demonstrated that chronic TLR9-activation leads to destruction of lymph
node organization and subsequent immunosuppression [149]. Furthermore, expression
of indoleamine (2,3)-dioxygenase (IDO) by pDCs favours regulatory (Treg) T-cell
development and has a negative impact on effector T-cells responses [150]. Activated
pDCs also express TRAIL, and can induce the apoptosis of CD4" T-cell during
chronic HIV-1 infection; notably, the level of TRAIL-expression on pDCs seems to
correlate with the viral load [151,152]. HIV-activated pDCs seem to maintain a type |
IFN producing profile and do not effectively mature into antigen-presenting DCs
[153]. Studies involving patients efficiently controlling HIV-1 support the hypothesis
that the potent initial type I IFN responses are important, but in the chronic phase, the
limited viral load results in moderate type | IFN levels and TRAIL expression is
critical for HIV-control [154]. More recent evidence from studies of pDC-depleted
humanized mice indicates that the decrease in IFN-a production leads to reduced cell
death and higher number of CD4" T-cells [155]; these results show the dual role of
pDCs during HIV-infection.

The potential role of pDCs in other viral infections is somewhat less
characterized as their contribution in HIV infection; among the more studied viruses
are the members of the alpha herpes virus family. Plasmacytoid DCs infiltrate lesions
of Herpes simplex virus and Varicella zoster virus in humans [156-159] and several
cell surface molecules on pDCs are able to mediate the uptake of herpes viruses
including CD111/HVE-C, CD112/HVE-B, and CD270/HVE-A [156]. The current
model for pDC function in alpha herpes virus infections suggests a dual role of pDCs
— first as professional IPCs mediating local antiviral effect, then as professional APCs
that re-enter the blood from the site of infection, and home to lymph nodes by HEV-
CD62L interaction for efficient antigen presentation [160].

The contribution of pDCs to immune responses against respiratory viruses
remains a matter of debate. Initial in vivo studies suggested a direct antiviral and T-
cell modulatory role for the type I IFN production secreted by pDCs [161-163].
However, the in vitro observation that pDCs can induce influenza-specific CD8" T-
cell responses [112,164,165] could not be verified by in vivo studies using pDC-
deficient or pDC-depleted mice [166,167] and contradiciting data were published
regarding the ability of pDCs to induce virus-specific NK-cell and CD8+ T-cell
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responses [168,169]. The interpretation of mouse studies and their relevance to human
disease conditions is further complicated by the existence of different pDC-
subpopulations in mice. Among the three subpopulations, CD8u'f~ and CD8 o'f*
pDCs can induce tolerance, likely through induction of Tregs, while CD8a ~ pDCs

have pro-inflammatory potential.

2.5.2 The role of plasmacytoid dendritic cells in autoimmune diseases

Besides their protective role in viral infections and the tolerogenic capacity in
the immune system of the gastrointestinal tract, the involvement of pDCs in
autoimmune diseases also became a well-studied aspect of the biology of pDCs.
Multiple studies indicate that chronic activation of pDCs and the maintained secretion
of type I IFNs in the absence of infection could lead to autoimmunity. Systemic lupus
erythematosus (SLE) is a chronic autoimmune disease characterized by antibody
response against self-antigens, prominently DNA and ribonucleoproteins. Well before
the identification of pDCs, many publications reported the increased type | IFN levels
in the peripheral blood of SLE patients [170-172] and the prominent IFN-a/3
signature in the transcriptome of peripheral blood mononuclear cells of SLE patients
[173-176]. Furthermore, a clinical study seeking potential genetic factors associated
with an increased risk of SLE-development identified higher IFN levels as an
inherited risk factor [177]. Together with the emerging picture of pDCs as
professional APCs specialized in the recognition of nucleic acids, these data soon
turned the interest of researchers towards the newly identified cell type and identified
pDCs to be of significant importance for the development of SLE (reviewed by Gilliet
etal. [178]).

Initial in vitro evidence showed that DNA from apoptotic cells and 1gG from
SLE patients, assumed to contain anti-DNA antibodies, are able to induce type | IFN
production from PBMC and pDCs are responsible for this IFN-response [179,180]. In
the skin lesions of patients with SLE, DNA or RNA containing immune complexes
are internalized by pDCs and stimulate TLR7 and TLR9 [181], while sera of SLE
patients contain immunogenic complexes composed of neutrophil-derived
antimicrobial peptides and self-DNA, also able to trigger TLR-9 responses from
pDCs [182]. Activation of the IFN-a/ system in SLE correlates with disease activity
and severity [183] and IFN-a ultimately contributes to SLE disease progression by
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many ways [184]; it promotes the differentiation of activated B-cells into
plasmablasts, triggers B-cell expansion upon co-stimulation by TLR-ligands and
lowers the activation threshold for auto-reactive B cells [185-187]. Recent studies
showed that hydroxychloroquine and C-reactive protein exert their observed positive
effect on SLE patients by inhibiting type I IFN secretion by pDCs [188,189].

An important aspect of the contribution of pDCs to the progression of SLE is
their potential involvement in tissue lesions. Similarly to the skin lesions mentioned
above, pDCs also migrate to other organs involved in SLE, e.g. to the kidneys. At the
same time, their number in the peripheral blood is decreased [190,191]. As a next
step, two studies addressed the important aspect of potential accumulation of DCs in
the kidney of SLE patients, simultaneously describing the accumulation of myeloid
DC and pDCs in kidneys of SLE patients during lupus nephritis [192,193]. One of
these studies also demonstrated a correlation between the amount of BDCA1* mDCs
and BDCA2* pDCs in the peripheral blood and the activity of the disease; in patients
with active SLE, the number of both cell types was reduced [192].

Besides SLE, the role of pDCs in the development of psoriasis vulgaris was
also demonstrated. After initial studies indicating the potential role of pDCs in
psoriasis development [194], the root cause initiating this chronic autoimmune skin
disease was identified to be the antimicrobial peptide LL-37 which is able to convert
self-DNA into structures that are sequestered in endosomal compartments of pDCs,
triggerring type | IFN production through TLR9 [195]. Vitamin D analogs are used in
the treatment of psoriatic skin lesions; these compounds might exert their effect
through inhibition of pDC function resulting in decreased T cell proliferation and
secretion of the Th1 cytokine IFN-y [196]

Multiple sclerosis (MS) is considered to be an immune-mediated disorder of
the central nervous system and viral pathogens have been implicated in the etiology
and pathogenesis of the disease (reviewed by Haahr and Hollsberg [197]). Patients
with MS have an increased risk of disease exacerbation at the time or shortly after
clinical viral infections [198]. This potential link between viral infections and MS
turned the interest of researchers towards pDCs as professional antiviral antigen
presenting cells. A clinical study showed decreased cell surface expression of CD86
and 4-1BBL co-stimulatory molecules on pDCs from MS patients ex vivo, compared
to pDCs from healthy individuals and pDCs from MS patients were also impaired in
terms of type | IFN production [199]. Animal studies of experimental autoimmune
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encephalomyelitis, the most widely used animal model of MS, support the notion of
pDC involvement in MS [200-202]. The most recent in vitro studies using human
pDCs found a link between pDC activation leading to MS exacerbation and the
beneficial effect of IFN-B treatment of MS patients; IFN-B in MS patients is able to
inhibit the secretion of chemokines (CCL3, CCL4, CCL5) and IFN-a. [203].

2.6 Plasmacytoid dendritic cell leukemia/lymphoma and pDC-

derived cell lines

Similarly to the discovery of pDC, described in section 2.2, the identification
and naming of their malignant counterparts also followed a tortuous path.
Plasmacytoid dendritic cell leukemia/lymphoma (pDC-L) is an extremely rare
hematopoietic malignancy characterized by a rapid and aggressive clinical course and
poor prognosis. The clinical symptoms typically begin with isolated cutaneous lesions
followed by systemic dissemination, including involvement of bone marrow,
peripheral blood, lymph nodes and other tissues [204]. This entity was initially
described as histiocytic lymphoma / histiocytic associated hematologic malignancy
[205] or as agranular CD4*CD56" cutaneous lymphoma/hematodermia [206]. Based
on their expression of CD56, they were also related to NK-cells and referred to as
blastic/blastoid NK-cell leukemia [207] or NK-lymphoma/leukemia [208,209] and
this classification was accepted by the WHO committee in 2000, although a
CD4*CD56", ‘monocytic plasmacytoid’ phenotype was also listed in this document
[210]. When Lucio et al. reported a case of a CD123-expressing lymphoma for the
first time, CD56-expression was not investigated, thus a link to the CD4/CD56
positive ‘NK-lymphoma’ was not established [211]. In 2001, Rakozy et al. suggested
for the first time that CD4/CD56 positive malignancies might represent a diverse
group of diseases [212] and others also supported this conclusion [207]. Finally,
Chaperot et al. reporting on CD4/CD56 positive leukemia cells from 7 patients could
verify the pDC-like phenotype of this entity by functional characterization [213]; this
hypothesis was confirmed by others [214,215]. Based on an extensive review of case
studies and of the data collected by the French leukemia workgroup called ‘Groupe
d’Etude Immunologique des Leucémies’ (GEIL), Jacob et al. proposed the new name

‘early pDC leukemia/lymphoma’ for the pDC-derived lymphoma/leukemia cases
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[216]. Other authors also supported this conclusion suggesting a re-classification of
NK-cell related lymphomas [217,218]. The WHO/European Organisation for
Research and Treatment of Cancer (EORTC) classification for cutaneous lymphomas
designated this entity as CD4/CD56" hematodermic neoplasm or ‘early’ plasmacytoid
dendritic cell leukemia/lymphoma (pDC-L) [219,220]. The incidence and reported
characteristics of pDC-derived malignancies was estimated to be <1% of acute
lymphoma cases as reviewed by Bueno et al. [221].

In the clinical practice, the diagnosis of pDC-L is often delayed due to the
rarity and atypical presentation of the disease. In principle, the diagnosis of pDC-L is
based 1) clinical symptoms; 2) morphologic findings; 3) immunophenotypic profile
determined by flow cytometry; and 4) cytogenetic and molecular data. Due to the
significant overlap of the immunophenotypic profile with other hematopoietic
neoplasms (e.g. T-cell lymphoma or acute T-cell leukemia), extensive
immunophenotypic analysis is needed for a definitive diagnosis (reviewed in detail by
Shi and Wang [222]). A ‘typical’ pDC-L profile has previously been reported as
follows: CD4'CD56" lineage- CD45RA*/RO- CD11¢™ CD1167"°™" CD123* CD34
CD36" HLA-DR* [215]. A novel scoring system for the diagnosis of pDC-L and
atypical pDC-L has recently been developed that includes a limited number of lineage
markers (CD4*, CD56*", CD1lc, MPO, cCD79 and cCD3") and requires
investigation of CD123, BDCA-2 and BDCA-4 expression; as CD56 was reported to
be absent in multiple pDC-L cases, this should not be considered as a mandatory
marker for the diagnosis of pDC-L [223]. Cytogenetic and FISH analysis revealed
that two-thirds of pDC-L cells showed cytogenetic anomalies at the time of diagnosis,
but no single anomaly could be considered as specific for this disease as gross
genomic imbalances predominate over gene-specific alterations. Cytogenetic
aberrations were concentrated only on 6 major chromosomal targets: anomalies of 5q
(particularly 5921 or 5934 regions), 12p13, and 13q; loss of 6q or deletion of 6923-
gter; monosomy 15p and chromosome 9 [224]. Other authors reported recurrent
deletions of chromosomes 4 (4q34), 9 (9p13-p11 and 9912-g34) and 13 (13q12-931)
[225].

As recently suggested, the ultimate way to diagnose pDC-L is to perform
functional characterization of the malignant cells [226]. However, this process is
time-consuming and requires special methods that are often unavailable in diagnostic

laboratories; thus the differential diagnosis tends to be phenotype-based. Functional
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studies on pDC-L are few, but earlier experiments showed that pDC-L cells are able
to produce IFN-o and subsequently differentiate into mature antigen presenting cells
to present viral antigens to allogeneic naive T-cells [213,227]. However, a study
showed that certain pDC-L samples are unable to secrete IFN-a, while the producers
tend to secrete lower amounts than normal pDC [214]. It is therefore important to
conduct further studies to allow reliable diagnosis of pDC-L supported by functional
properties.

The mean age of pDC-L patients is between 60 to 70 years, but it might occur
at any age — pediatric cases have also been reported. The male to female ratio is 3:1,
and the underlying factors of this difference are currently unknown. The clinical
manifestation of pDC-L typically involves cutaneous lesions — in most cases, these
are asymptomatic, solitary or multiple nodules, plaques, or bruise-like lesions ranging
from a few millimeters to up to 10 centimeters in diameter (Figure 5). Although a
minority of pDC-L patients lacks cutaneous lesions at diagnosis, skin lesions develop
quickly during the course of disease. The presence of extra-cutaneous symptoms upon
diagnosis is frequent, and these symptoms involve the bone marrow, peripheral blood
and the regional lymph nodes. During the progression of pDC-L, patients typically
develop fulminant leukemia, particularly in the terminal stage of the disease. The
clinical course of pDC-L is aggressive, with a median survival of 12 to 14 months,
practically independent of the initial presentation of the disease. A likely reason
behind the poor prognosis is the lack of consensus treatment due to the rarity of the
disease. Most patients receive CHOP (cyclophosphamide, doxorubicin, vincristine,
and prednisone) or hyper-CVAD (alternating combination of course A:
cyclophosphamide, vincristine, doxorubicin; and course B: methotrexate and
cytarabine) chemotherapy. Despite the typically good response to initial
chemotherapy, the disease often relapses and usually resistant to previous used
chemotherapeutic agents. The only treatment shown to result in durable remission is
high-dose chemotherapy followed by allogeneic stem cell transplant from matched

related or unrelated donors.
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A X . B ; 5 ks ~ Figure 5. Clinical appearance of
i o 4 ' pDC-L skin lesions in patients

Skin lesion are present in 80% of
patients at diagnosis, most commonly
as purple plaques infiltrating the
. dermis. From Feuillard et al., Blood
2002;99:1556-1563.

Cells isolated from bone marrow or peripheral blood of pDC-L patients might
serve as research tools to understand pDC biology. In a previous study, our research
group performed an extensive flow cytometric characterization of pDC-L cells from a
71-year-old male patient. In this case the CD4*CD56lineage” pDC-L cells were
characteristically positive for CD36, CD38, CD40, CD45, CD45RA, CD68, CD123,
CD184, HLA-DR, BDCA2 and granzyme-B [228]. The basic immunophenotype of
malignant cells from skin lesions and lymph nodes together with the clinical feature
of the disease allowed us the diagnosis of pDC-L. Genotyping by FISH detected del
13g and monosomy 9. The cryopreserved bone marrow samples of this patient served
as source of malignant pDCs used in functional studies.

Besides studies involving pDC-L cells obtained from patient’ samples,
multiple research groups attempted to generate cell lines from malignant pDCs.
Currently, two cell lines and their derivates are available: CAL-1 [229] and GEN2.2
[230,231]. After short term in vitro culturing in presence of GM-CSF and IL-3, CAL-
1 cells change morphologically into the mature DC appearance with many long
dendrites and able to secrete TNF-a; however, they are unable to secrete IFN-a,
which makes this cell type less appealing as a model system replacing normal pDCs.
GENZ2.2 cells are considered to represent a model system superior compared to CAL-
1, as these cells are able to produce type | IFNs upon encountering viral stimulus. The
long-term culture and maintenance of this cell line requires the presence of MS-5
feeder cells. However, the impact of the pro-inflammatory cytokines secreted by MS5
cells on GEN2.2 cells is unknown; furthermore, GENZ2.2 are considered to have weak
antigen presentation capabilities (Kitti Pazmandi, unpublished data). To address this

weak antigen presentation by GEN2.2 cells, a new derivative, GEN3 was established
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and shown to effectively cross-present viral antigens from influenza-virus expressed
cells [232].

2.7 Methods to study plasmacytoid dendritic cells in mixed cell

populations

The scarcity of pDCs has traditionally been a barrier for researchers, further
complicated by the lack of pDC-specific cell surface markers. These two factors
forced combined isolation approaches, like the depletion of lineage-positive cell types
by magnetic bead separation and subsequent cell sorting by FACS, described in the
earliest studies [15]. Although the IL-3 receptor o chain (CD123) was suggested as a
potential marker of pDC [233], this antigen does not have the specificity needed to
isolate pDCs from certain mixed lymphocyte populations, especially not from lymph
nodes or tonsils. The need for two-step isolation and the lack of specific markers led
to unreliable confirmation of cell purity, and this was proposed to be one of the
reasons behind the long-lasting debate about the IL-12 production of human pDC
[234]. In 2000, two potentially DC-specific cell surface antigens were described and
named as BDCA-2 and -4, later classified as CD303 and CD304 (also known as
neuropilin-1), and monoclonal antibodies as well as cell separation kits soon became
available [235]. However, the rarity of this cell type still remains a significant
limitation, as one blood bag (400 mL peripherial blood) or the derived buffy coat
contains approx. 1x10° pDCs. Furthermore, pDCs rapidly die upon in vitro culturing,
and the IL-3 used in the medium to promote survival also induces limited phenotypic
maturation of the cells.

To overcome the limited availability and poor ex vivo survival of pDCs,
multiple authors suggested studies involving pDCs maintained in mixed populations.
Olshalsky et al. proposed for the first time the characterization of pDCs with flow
cytometry in PBMC [236] and Ida et al. extended this approach for evaluating
functional properties of pDCs in peripheral blood leukocytes [237]. More recently,
Della Bella et al. described a 6-color panel for analysis of ex vivo activated dendritic
cell subsets in whole blood [238]. In these studies, three fluorescence channels were
used for pDCs identification using lineage-cocktail, anti-HLA-DR, and anti-CD123

antibodies. This method was optimized for the most reliable identification of pDCs,

30



but offers only one or no open channel for further phenotypic analysis of these cells
on a typical instrument used in the clinical diagnostic environment. Despite the
availability of BDCA-2 and BDCA-4 antibodies, the lineage/HLA-DR/CD123 marker
combination was used in more recent studies [239,240]. Implementation of BDCA
antibodies for DC identification potentially allows capturing DCs by two channels
and the screening of large number of samples with a simpler staining and analyzing
method [241,242].
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Aims of the study

To optimize the flow cytometric identification of pDCs in peripheral blood of

healthy donors using exclusively Blood Dendritic Cell Antigen 4 positivity.

To assess whether leukemic pDCs resemble the functional activity of their normal

counterparts.

To investigate whether leukemic pDCs are suitable as model system to study the

role of RLHs in viral recognition by pDCs.

To elucidate the potential impact of TLR-activation on the expression and function
of RLHs and to identify potential co-operation between the TLR- and RLH-

mediated virus recognition pathways in pDCs.



4 Materials and methods

4.1 Flow cytometric identification of pDC

To evaluate the single-marker identification of pDCs in peripheral blood and
to assess their phenotype, we used fresh peripheral blood samples of healthy adult
donors. After obtaining informed consent from each donor, blood samples (~10 mL)
were collected to BD Vacutainer™ tubes containing K-EDTA as anticoagulant, by
trained personnel at the Department of Internal Medicine. The protocol was approved
by the Institutional Review Board of the University of Debrecen under permit No.
RKEB/IKEB 2741-2008. All samples were processed within 60 minutes after
collection. Briefly, 250 uL of blood sample was dispensed to each of the 5 mL plastic
tubes (BD Biosciences, San Jose, CA, USA) and the antibodies were added to the
tubes at pre-optimized concentration as described below. Following 30 minutes of
incubation on ice, the lysis of red blood cells (RBC) was performed using 4 mL of 1X
FACS Lysing Solution (BD Biosciences) containing paraformaldehyde as fixative.
Following lysis of RBCs, the samples were centrifuged at 300 g, washed with 4 mL of
PBS containing 0.5% bovine serum albumin and 0.05% sodium azide, and re-
suspended in 300 pL of the same buffer. Samples were analysed on a FACSCalibur
flow cytometer equipped with FL4 option (BD Biosciences). The following
antibodies were used in these studies:

e 5 uL anti-HLA-DR (MHC Class Il antigen presenting molecule)-FITC (clone
G46-6) and 3 pL anti-CD123 (IL3-receptor)-PECy5 (clone 9F5) mAbs (both
from BD Biosciences) for two-color identification of pDCs.

e 3 uL (1 pg/mL) of anti-BDCA-4 (neuropilin-1)-APC (clone AD5-17F6,
Miltenyi Biotec, Bergisch Gladbach, Germany) monoclonal antibody for
single color identification of pDCs.

e 3 uL CDA4-FITC (clone RPA-T4) and 3 uL. CD123-PE (Clone 9F5) mAbs
(both from BD Biosciences) for further confirmation of single-color
identification of pDCs.

e Single-color labelled cells for compensation setup were stained with 5 pL anti-
CD3-FITC (clone UCHT1, BD Biosciences), 5 uL anti-CD3-PE (clone
UCHT1, BeckmanCoulter, Hialeah, FL) or 3 uL anti-CD123-PECy5 (BD

Biosciences) antibodies, respectively.

33



Hardware compensation was performed by single-color labelled cells from the
same sample, while software compensation for FL1, FL2, and FL3 fluorescent
channels was calculated and applied using FlowJo software (TreeStar, Ashland, OR,
USA). For FL1 and FL2 channels the compensation was also evaluated with
fluorescently labelled CaliBrite beads (BD Biosciences). Throughout data acquisition,
5-8 x 10° total events were collected from every sample corresponding to 0.5-1.3 x
10* pDCs per sample; data acquisition was terminated on time, t=300 seconds. List
mode data files were analysed using FlowJo software (TreeStar).

4.2 Analysis of phenotypic changes of pDCs in whole blood
following TLR-ligand treatment

To activate pDCs, the fresh blood samples were treated with TLR-7 ligand
imiquimod (R837; Invivogen, San Diego, CA) at a final concentration of 9.06 uM
(2.5 pg/mL). Stock solution of the TLR7 ligand was prepared at a 10-fold higher
concentration than the final concentration and stored at -20°C. For pDC activation, 25
uL of imiquimod stock solution was added to 225 uL blood and samples were
incubated at 37°C in 5% CO> humidified atmosphere for 24 hours. Surface staining
was performed as described above for non-stimulated samples. The following
antibodies were used in these studies:

e Phenotyping of pDCs after activation with imiquimod was performed using 5
uL of anti-HLA-DQ (MHC Class Il antigen presenting molecule)-PE (clone
HLADQL) and 5 uL of anti-CD62L (L-selectin adhesion molecule)-PE (clone
Dreg56) mAbs (both from BD Biosciences) in two-color identification
method.

e For phenotyping together with one-color identification, we used 5 uL of anti-
HLA-DQ-FITC (clone Tu169) together with 5 pL of anti-CD62L-PE mAbs
(both from BD Biosciences).

Data collection, compensation setup and analysis of list mode files were performed as
described in section 4.1. For phenotyping, pDC gate was set to achieve >93% pure
pDC-population. To assess average fluorescent intensities for pDC population,

median values were calculated and used.
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4.3 Isolation and culture of primary and leukemic pDC

Leukocyte-enriched buffy coats were obtained from healthy blood donors
drawn at the Regional Blood Center of the Hungarian National Blood Transfusion
Service (Debrecen, Hungary) with the written approval of the Director of the National
Blood Transfusion Service and the Regional and Institutional Ethics Committee of the
University of Debrecen, Medical and Health Science Center, Debrecen, Hungary.
Written, informed consent was obtained from the donors prior to blood donation, and
their data were processed and stored according to the directives of the European
Union. Peripheral blood mononuclear cells were isolated by Ficoll-Paque density
gradient centrifugation (GE Healthcare, Little Chalfont, UK). Primary pDCs were
separated from peripheral blood mononuclear cells by negative selection using
magnetic cell enrichment kit on a QuadroMACS magnet (both from Miltenyi Biotec).
This process is based on the retention of non-pDC cell types labeled with a cocktail of
magnetic bead conjugated specific antibodies (containing mAbs against CD3, CD14,
CD16, CD19, CD20, CD56 antigens) during elution through a cell separation magnet.
The homogeneity of the pDC fraction was 91 — 96%, as confirmed by flow cytometry.
The purified cells were cultured in RPMI-1640 medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 2 mM L-glutamine, 110 mg/L Na-pyruvate (both from
Sigma-Aldrich, St. Louis, MO, USA), penicillin (100 U/mL), streptomycin (100
pg/mL), 10% fetal calf serum (all from Invitrogen) and 10 ng/mL recombinant IL-3
cytokine (PeproTech, Rocky Hill, NJ, USA), which are essential for in vitro survival
of primary pDCs.

Leukemic pDCs were isolated from the bone marrow samples of a 71-year-old
patient diagnosed with pDC leukemia [228]. The Ethical Committee of the National
Medical Center, Institute of Hematology and Immunology, Budapest, Hungary
approved the study. For cell separation, 2.5 - 5 x 10’ bone marrow cells were
incubated with 10 pL anti-CD123-PECy5 antibody (clone 9F5, BD Biosciences) for
30 minutes at room temperature and subsequently washed two times in PBS (PAA
Laboratories, Pasching, Austria). Cell sorting of pDC-L cells was performed on a
FACSDiVa cell sorter (BD Biosciences), based on their CD123 positivity and light
scatter properties. The purity and viability of the sorted cells was evaluated on a
FACSCalibur cytometer using 7-amino-actinomycin D (Sigma-Aldrich) staining (5
pg/mL) for viability assessment. Before cell sorting, the frequency of pDC-L cells
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was on average 61.5£3% (n=3) in the bone marrow samples. After cell sorting, more
than 95% of the cells displayed the pDC phenotype and the viability ranged from 87%
to 93%. The separated cells were cultured at a final density of 10° cells/mL in flat-
bottom Nunclon 48-well cell culture plates (Thermo Fisher Scientific, Rochester, NY,
USA) in RPMI-1640 medium (Invitrogen) supplemented with 2 mM L-glutamine,
110 mg/L Na-pyruvate (both from Sigma-Aldrich), penicillin (100 U/mL),
streptomycin (100 pg/mL) and 10% fetal calf serum (all from Invitrogen).

4.4 Functional characterization of leukemic pDCs

To analyze phenotypic changes induced by TLR-activation, leukemic
plasmacytoid dendritic cells cultured in RPMI-1640 medium were treated with 9.06
uM (2.5 pg/mL) imiquimod (InvivoGen), 5 uM type A (CpG 2216), type B (CpG
2006) CpG (both from Hycult Biotechnology, Uden, The Netherlands), or a
combination of imiquimod and type B CpG. Phenotyping of TLR-activated pDC-L
cells was performed by staining the cells with 5 uL of anti-HLA-DQ-PE (Clone No.
HLADQL) or 5 uL of anti-CD86/B7-2-PE (Clone No. 1T2.2) mAbs (both from BD
Biosciences) in a final volume of 100 uL. (Antibody concentration was not specified
by the manufacturer, the amount used was pre-determined in setup experiments.)
Following 30 minutes incubation on ice, the samples were washed with 1 mL PBS
containing 0.5% bovine serum albumin and 0.05% Na-azide (both from Sigma),
resuspended in 300 puL of the same buffer, and analyzed on a FACSCalibur flow
cytometer. Compensation setup and offline data analysis was performed as described
in section 4.1.

Following 24 or 48 hours of activation, cell culture supernatants were
harvested and stored at -80°C until further analysis. Concentrations of secreted
cytokines in the supernatants were measured by ELISA or cytometric bead array. The
amount of IFN-a was measured using the ELISA kit of PBL Biomedical (Piscataway,
NJ, USA). To measure the concentration of IL-6 and TNF-o, the FlowCytomix Flex
Set (Bender MedSystems / eBioscience, Vienna, Austria) was used and samples were
analyzed on a FACSArray bioanalyser (BD Biosciences). The detection limit of the
Flow Cytomix assay was 27.44 pg/ml for both IL-6 and TNF-a, and the maximum
bias of the calculated standard values was 12% for all the cytokines measured.
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To assess the T-cell stimulatory capacity of leukemic pDCs, we performed co-
culture experiments with heterologous CD3" T-cells and TLR-activated pDC-L cells.
T-cell activation was monitored by means of ELISPOT using 96-well polyvinylidene
difluoride (PVDF)-backed plates (Millipore, Billerica, MA, USA), pre-coated
overnight at 4°C with 100 pL/well of anti-IFN-y capture antibody (NatuTec,
Frankfurt, Germany). Plates were washed 5 times after coating with sterile ELISPOT
coating buffer (NatuTec), and blocked at room temperature for 1 hour with complete
RPMI-1640 medium. T-cells used in this assay were selected from PBMC of healthy
donors by using the magnetic anti-CD3 selection kit (Miltenyi Biotec). Activated
pDC-L cells (10*-10° cells/well) were incubated with T-cells (108 cells/well) in
RPMI-1640 for 4 days at 37°C in a humidified atmosphere containing 5% CO.. T-
cells activated by phytohemagglutinin (10 ug/ml) and concanavalin A (10 pg/ml, both
from Sigma-Aldrich) were used as positive controls, whereas untreated T-cells and T-
cells co-cultured with IL-3-treated pDC-L cells served as negative controls. The
transferred co-cultures (2 x 10° cells/well) were incubated in complete medium in a
final volume of 200 uL/well in ELISPOT plates under the same conditions for 24
hours. Plates were washed three times using coating buffer and 100 pL/well of
biotinylated anti-IFN-y detection antibody (BioLegend) was added and incubated for
2 hours at room temperature. For signal detection, we used avidin-conjugated
horseradish peroxidase (NatuTec; 100 pL/well, incubation for 45 minutes at room
temperature) and freshly prepared AEC Substrate Solution (NatuTec; 100 pL/well,
incubation for 30 to 60 minutes at room temperature). The substrate reaction was
stopped by three washing steps with 200 uL / well distilled water. Plates were dried
and analyzed by an ImmunoScan plate reader (CTL Ltd., Shaker Heights, OH, USA).

4.5 Analysis of cytoplasmic nucleic acid sensor RIG-I

To analyze the expression of RIG-I, freshly isolated primary pDCs and pDC-L
cells were treated with imiquimod (InvivoGen) at a final concentration of 9.06 uM
(2.5 pg/mL) and type A (CpG 2216) or type B (CpG 2006) CpG (both from Hycult
Biotechnology) at a final concentration of 5 uM for 8 hours in Q-PCR or for 24 hours
in Western blot and ELISA experiments. In separate experiments, cells were

incubated with imiquimod or type CpG A for 24 hours at concentrations indicated in
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Figure 15, and then washed two times with fresh medium. Thereafter, 5’ppp-dsRNA
treatment of the cells was performed in freshly added medium. The introduction of
5’ppp-dsRNA was performed with the LyoVec transfection system (InvivoGen)
according to the manufacturer’s recommendations. The LyoVec+5’ppp-dsRNA
complex containing 1 pg/mL working concentration of the RIG-I ligand was added to
the cells, and the supernatants of the cultures were collected for ELISA after 16 h (IL-
6) or 24 h (IFN-a) of incubation. Control experiments were performed with “LyoVec-
only” and LyoVec+control-oligo complexes (provided by InvivoGen).

To analyze the relative changes in gene expression, Q-PCR was performed as
described previously [243]. Total RNA was isolated by TRIzol reagent (Invitrogen)
and 1.5-2 pg of the total RNA were reverse transcribed using SuperScript II RNase H
reverse transcriptase (Invitrogen) and Oligo(dT)15 primers (Promega, Madison, WI,
USA). Gene-specific TagMan assays (Applied Biosystems, Foster City, CA, USA)
were used to perform Q-PCR. Reactions were carried out in triplicates in a final
volume of 25 pL using AmpliTag DNA polymerase and ABI Prism 7900HT real-time
PCR instrument (Applied Biosystems). Amplification of 36B4 was used as
normalizing control. Cycle threshold values were determined using the SDS 2.1
software (Applied Biosystems). Constant threshold values were set for each gene
throughout the study. The sequence of the primers and probes are available upon
request.

Concentration of secreted cytokines in the cell culture supernatants were
measured by ELISA. The amount of IFN-a was measured using an ELISA kit from
PBL InterferonSource. Level of IL-6 secreted by primary pDCs was measured using
OptEIA™ ELISA kit (BD Biosciences) after 24 hours of stimulation.

To measure the expression of RIG-I on protein level, protein extraction was
performed by lysing the cells in lysis/loading buffer (0.1% SDS, 100 mM Tris pH 6.8,
bromophenol blue, 10% glycerol, 5 v/v% PB-mercaptoethanol). Proteins were
denatured by boiling for 5 minutes. Samples were separated by SDS-PAGE (10%
gels), and transferred to nitrocellulose membranes. Nonspecific binding was blocked
by TBS-Tween-5% non-fat dry milk for 1 hour at room temperature. Anti-RIG-1, anti-
STAT1, anti-phospho-STAT1 (Ser727), anti-phospho-STAT1(Tyr701) (Cell
Signaling, Danvers, MA, USA) and anti-p-actin antibodies (Sigma-Aldrich) were
used at a dilution of 1:1000. Membranes were washed three times in TBS-Tween, and

then incubated with anti-rabbit secondary antibody conjugated to horseradish
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peroxidase (GE Healthcare) at a 1:5000 dilution at room temperature for 30 minutes.
After three washes with TBS-Tween, protein samples were visualized by enhanced
chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate, Thermo
Fisher Scientific). After the membranes had been probed for RIG-1 or phospho-
STAT1, they were stripped and re-probed for B-actin or native STAT1. For
densitometry analysis, we calibrated the imaging system using a gray optical wedge
(Kodak, Rochester, NY, USA). Consistent optical and light conditions were
maintained during the whole CCD camera capturing session, performed with a Kodak
Image Station 2000mm device (Kodak).

To block IFNARL receptors, cells were treated with 50 pg/mL anti-IFNAR1
monoclonal antibody (Abcam, Cambridge, UK) for 1 hour prior to activation with 10
ng/mL recombinant human IFN-a (R&D Systems, Minneapolis, MN, USA) or TLR-
7/9 ligands. To analyze RIG-I expression by Q-PCR, the total RNA from activated

cells was extracted at 3 hours after IFN-a or TLR-7/9-specific stimulation.

4.6 Statistics

One-way ANOVA followed by Bonferroni post hoc test was used for multiple
comparisons. All analyses were performed by using GraphPad PRISM software,
version 5.04. Differences were considered to be statistically significant at p < 0.05.
Significance is indicated by * p < 0.05; ** p < 0.01; *** p < 0.001 when compared to
control sample and by * p < 0.05; # p < 0.01; ** p < 0.001 for comparison among

treatment groups.
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5 Results

5.1 Identification of pDCs in whole blood by one-color flow

cytometry

To set up our standard methods to identify pDCs, we stained peripheral blood
samples with anti-HLA-DR-FITC and anti-CD123-PECy5 antibodies and analyzed
them by two-color flow cytometry. The first analysis gate was set up to exclude
remaining erythrocytes and cell debris and to define the population of mononuclear
cells. Within this gate, pDCs were first identified as being HLA-DR-FITC and
CD123-PECyS5 positive ones. The distribution of the cells within the “pDC gate” was
analyzed by back gating on the light scatter parameters and confirmed a homogenous

cell population (Figure 6).
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Figure 6. Two-marker identification of pDCs in peripheral blood samples.

pDCs are identified by their double positive staining with anti-HLA-DR-FITC and anti-CD123-
PECy5 mAbs as the first step (a). The homogeneity of the cell population is then confirmed using
the light scatter parameters (b). Gating on CD123"9"/HLA-DR* cells results in a >80% pure pDC
population as assessed by forward and side scatter properties. Shown values are percentages of gated
cells within all events shown on the cytogram.

In the exploratory single-channel identification method, blood samples were
stained with BDCA-4-APC, CD4-FITC, and CD123-PE antibodies. In this sample,
pDCs were first gated on BDCA-4-APC positivity and side scatter properties. The
homogeneity of the resulting cell population was confirmed by back gating on
forward and side scatter parameters (Figure 7). In a separate analysis, the identity of
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the resulting cell population was confirmed by its positivity for both CD4-FITC and
CD123-PE (Figure 8). This phenotype is consistent with the phenotype reported for
pDCs as the simultaneous expression of CD4 and CD123 is unique among cells of the
peripheral blood of healthy adults [244]. These results suggest that BDCA-4 antigen
might be suitable as a standalone surface marker for the identification pDCs in

peripheral blood, if used in combination with light scatter parameters.
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Figure 7. Single-marker identification of pDCs in peripheral blood samples.

One-color identification of pDCs was done based on BDCA-4-positivity as the only surface marker (a).
The homogeneity of the resulting cell population was confirmed by light scatter properties (b). Shown
values are percentages of gated cells within all events shown on the cytogram.
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Figure 8. Confirmation of the one-color identification of pDCs in peripheral blood samples.

Cells gated on BDCA-4-APC positivity and side scatter properties (a) and back-gated on forward and
side scatter parameters (b). Confirming the identity of this cell population, the gated cells are positive
for both CD4-FITC and CD123-PE (c). Shown values are percentages of gated cells within all events
shown on the cytogram.

Our results indicated that in freshly analyzed peripheral blood, BDCA-4

identifies the pDC-population and provides a useful tool in a diagnostic setting, where
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the complexity of surface staining antibody panels should be kept as low as possible.
However, the expression of cell surface antigens might be altered during isolation of
the cells, or more importantly, even during short-term in vitro culturing necessary to
study rare cell types in mixed population. As methods employing mixed cultures
(mainly PBMC) are widely used to study pDCs (reviewed in section 2.7), we aimed to
assess the suitability of the single-color, BDCA-4 based identification method for
such studies. To this end, we analyzed the phenotypic changes of pDCs in blood
samples from five healthy young adults after treatment with 9.06 uM (2.5 pg/mL)
TLR7 ligand (imiquimod). The number of pDCs and the changes in the expression
levels of CD62L and HLA-DQ on pDCs were assessed 24 hours post stimulation by
using both the one- and two-color identification methods; these results are
summarized in Table 1. The difference between the numbers of pDCs determined by
one- or two-color detection was the highest in the sample from Donor 4 (10.1%, 966
vs. 877 events in pDC-gate) and the lowest in the sample from Donor 3 (1.9%, 794
vs. 779). Upon treatment with TLR7 ligands, the expression of MHC class Il
molecules (HLA-DR and DQ) is increasing, while the expression of the cell surface
adhesion CD62L is decreasing. In whole blood samples treated with imiquimod, both
one- and two-color methods were able to measure the changes in the expression of
HLA-DQ and CD62L on pDCs. By using the two-color identification method, we
measured lower ratios of median fluorescent intensities (untreated versus treated
cells) related to CD62L expression, and higher ratios of median fluorescent intensities
related to HLA-DQ levels. The one-color identification method detected lower bio-
variability in both CD62L and HLA-DQ expression (coefficient of variation, 14 and
7% versus 36 and 14%). Importantly, the expression of BDCA-4 remained constant
following TLR7-ligand treatment and the in vitro culturing for 24 hours does not

compromise the reliability of the single-color identification method.

42



2-color identification

pDC count* CD62L HLA-DQ
Control Imiquimod  Ratio** Control Imiquimod  Ratio**
Donor #1 1061 869 636 0.73 10 20 2.00
Donor #2 722 593 327 0.55 332 623 1.88
Donor #3 794 397 113 0.28 461 1102 2.39
Donor #4 966 2054 718 0.35 18 49 2.72
Donor #5 842 832 487 0.59 6 16 2.67
Mean/S.D . *** 0.50/0.18 2.33/0.38
1-color identification
pDC count* CD62L HLA-DQ
Control Imiquimod  Ratio** Control Imiquimod  Ratio**
Donor #1 1097 729 564 0.77 13 19 1.46
Donor #2 775 585 358 0.61 77 94 1.22
Donor #3 779 419 250 0.60 77 104 1.35
Donor #4 877 1561 894 0.57 20 28 1.40
Donor #5 806 862 641 0.74 19 28 1.47
Mean/S.D.*** 0.66/0.09 1.38/0.10

*pDC count determined in 250 pl peripheral blood sample, **Ratio of median fluorescent intensities of imiquimod-treated
vs. control cells, ***§.D., standard deviation.

Table 1. Cell surface expression of CD62L and HLA-DQ on pDCs of fresh blood samples after 24
hours of imiquimod (2,5 pg/mL) treatment.

To test the reproducibility of the one-color identification method, we obtained
fresh blood samples from the same individual on days 0, 4, and 8, respectively. Cells
were treated with imiquimod at a final concentration of 9.06 uM (2.5 pg/mL) within
60 minutes after venipuncture. After 24 hours of incubation, the changes in the
expression levels of HLA-DQ and CDG62L activation markers on pDCs were
investigated by using both identification methods. Our data indicate that the
measurements performed by either one-color or two-color identification methods are
highly reproducible. The mean of ratios of median fluorescent intensities (untreated
vs. treated cells) corresponding to CD62L expression was 0.79 (range, 0.74-0.84;
standard deviation/S.D./, 0.05) when analyzed by the two-color method, and 0.77
(range, 0.67-0.83; S.D., 0.09) when detected by the one-color assay. The two-color
method measured higher increase in HLA-DQ expression; the mean of ratios of
median fluorescent intensities was 2.21 (range, 2.16-2.26; S.D., 0.05), while this
parameter was 1.56 (range, 1.52-1.59; S.D., 0.04) measured by the one-color assay.
The coefficient of variation was 11 and 2% for CD62L and HLA-DQ expression
measured by the one-color identification method, whereas 6 and 2% derived from the

two-color assay.
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5.2 Phenotypic and functional characterization of pDC-L cells
activated by TLR ligands

Phenotypic characterization of pDC-L cells activated by TLR ligands

To investigate the responsiveness of pDC-L cells to TLR ligands, we sorted
the CD123 positive cells from cryopreserved bone marrow samples of a patient
diagnosed with pDC-L. The percentage of pDC-L cells defined by CD123 positivity
and scatter parameters was 61.5+3%, as determined in three independent experiments.
After sorting, more than 95% of the cells displayed the pDC phenotype (Figure 9) and
the viability measured by 7-amino-actinomycin D staining ranged from 87% to 93%.
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Figure 9. Isolation of resting pDC-L cells.

pDC-L cells stained with PE-Cy5 conjugated anti-CD123 mAbs were sorted by gating on CD123
positivity and side scatter profile (a). The purity of the resulting cells population was analyzed by back-

gating (b).

To assess pDC-L cell activation, we measured the surface expression of
CD86, and HLA-DQ molecules 24 hours and 48 hours after treatment with the TLR7
ligand imiquimod and the TLR9 ligand type A or type B CpG. Imiquimod was the
most potent enhancer of CD86 expression and type B CpG had lower but still
pronounced effect, whereas the treatment with type A CpG resulted only in slight
increase in CD86 expression (Figure 10, upper panel). Combined treatment with
imiquimod and type B CpG resulted in CD86 expression comparable to that induced
by imiquimod alone. The phenotypic changes were more obvious at 48 hours than at

24 hours (Figure 10, upper panel). In contrast to the co-stimulatory molecule CD86,
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the expression of HLA-DQ was most efficiently induced by the combined treatment
with imiquimod and type B CpG (Figure 10, lower panel), suggesting that
concomitant stimulation of pDC-L cells through TLR7 and TLR9 has a synergistic
effect on the membrane expression of HLA-DQ. This observation indicates an
independent regulation of the expression of these functionally important cell surface
molecules. These results also revealed that pDC-L cells exhibit similar phenotypic

changes after activation by TLR ligands to their normal counterparts [100,124].

Figure 10. Phenotypic characterization of
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Cytokine production of pDC-L cells treated with TLR ligands

To assess the cytokine secretion of pDC-L cells exposed to TLR ligands, we
measured the concentrations of pro-inflammatory cytokines TNF-a, IL-6 and IFN-a
in the culture supernatants of pDC-L cells 24 and 48 hours after activation by TLR7
and 9 ligands using a bead-based flow cytometric assay or ELISA. Increased levels of
TNF-a were detected in the supernatants of pDC-L cells treated with TLR7 ligand
imigquimod or TLR9 ligand type B CpG, but not with type A CpG (Figure 11, left
panel). Co-stimulation with imiquimod and type B CpG resulted in lower levels of
secreted TNF-o as compared to exposure to either TLR ligand individually (Figure

11, left panel). A similar pattern of cytokine secretion was observed for IL-6;
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however, IL-6 concentrations were similar or higher at 48 hours than at 24 hours after
treatment, reflecting the different kinetics of TNF-a and IL-6 cytokine responses
(Figure 11, right panel). Although IFN-a secretion is a hallmark of pDC activation,
we were unable to detect substantial amounts of this cytokine in the culture
supernatants of leukemic cells. In control experiments, normal pDCs secreted high
levels of IFN-o after imiquimod or type A CpG stimulation, indicating that the
applied TLR ligands are able to induce IFN-a cytokine secretion (Figure 17, a).
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Figure 11. Cytokine production of activated pDC-L cells.

Secreted TNF-a (2) and IL-6 (b) in culture supernatants of pDC-L cells were measured 24 hours (black
bars) and 48 hours (white bars) after activation by ELISA. Data are presented as means + SD of
triplicate measurement within one of two individual experiments. ***p < 0.001 versus non-treated
control; ##p < 0.001 for imiquimod (IMQ) plus CpG B treatment vs. CpG B treatment alone.

T-cell stimulatory potential of activated pDC-L cells

As leukemic pDCs exhibited phenotypic changes resembling those of their
normal counterparts, we aimed to examine the T-cell priming capacity of pDC-L
cells. To this end, TLR-activated pDC-L cells were co-cultured with naive allogeneic
T-lymphocytes. The number of IFN-y-producing T-cells was detected by the
ELISPOT assay. High allostimulatory capacity of pDC-L cells activated by both type
A and type B CpG was observed, whereas exposure to imiquimod had a lower but
still significant effect on the T-cell activating potential of pDC-L cells. Interestingly,
but in line with our previous findings, the concurrent stimulation of pDC-L cells with
the TLR7 ligand imiquimod and TLR9 ligands (both type A and B CpG) abrogated

their allostimulatory activity, resulting in significantly lower number of IFN-y-
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producing T-cells (Figure 12). These results demonstrate that the allostimulatory
potential of pDC-L cells can be dramatically enhanced by TLR9- and to a lesser
extent by TLR7-mediated signals that are translated to potent Thl type T cell
responses. Based on our results this is promoted by increased pro-inflammatory
cytokine secretion (Figure 11) and expression of co-stimulatory and antigen
presenting MHC class Il molecules (Figure 10) induced by TLR stimulation.
However, these results also indicate that TLR7- and TLR9-mediated activation of

pDCs is not collaborative but rather interfere with each other.

s Figure 12. T-cell activating potential of pDC-L cells
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5.3 TLR ligands up-regulate the expression of RIG-I in pDCs in a

type | interferon independent manner

Previous studies showed very low expression levels of RIG-1 in murine and
human pDCs under steady state conditions and could not demonstrate the activation
of RIG-I in response to viral stimulation [72,85]. However, none of them investigated
the expression and function of RIG-I following TLR-stimulation of the cells. In order
to investigate the effects of exposure to TLR ligands on the expression of RIG-I in
pDCs, we isolated primary human pDCs from peripheral blood and treated them with
increasing concentrations of the TLR7 ligand imiquimod (from 0.25 to 2.5 pg/mL)
and the TLR9 ligands type A or type B CpG (from 0. 5 to 5 pg/mL). In accordance
with previous reports, the expression of RIG-1 was undetectable in untreated primary
pDCs at both mRNA and protein levels (Figure 13, a-d). However, both type A CpG

47



(Figure 13, a and c) and imiquimod (Figure 13, b and d) treatments increased the
expression of RIG-1 in a dose-dependent manner, while stimulation of the cells with
type B CpG did not induce the expression of RIG-I (data not shown). Kinetic
measurements performed using 2.5 pg/mL imiquimod or 5 ug/mL type A CpG
revealed that the expression of RIG-1 mRNA could be detected as early as 2 hours
after activation by either ligands and peak expression is measured at 6 hours after

TLR-stimulation (Figure 13, e and f).
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Figure 13. Expression of RIG-I in
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As our previous results and literature data [245,246] indicated that TLR7
ligands are able to interfere with concurrent TLR9-stimulation, we aimed to analyze
the effect of TLR7 and TLR9 co-stimulation on the expression of RIG-1. As observed
for the induction of cytokine expression, co-stimulation of primary pDCs with type A
CpG and imiquimod resulted in a lower level of RIG-I expression than the activation
of cells with either one of the TLR ligands applied individually (Figure 14, a and b).
Similarly to primary pDCs, cultured pDC-L cells also showed reduced RIG-I

48



induction upon co-stimulation with imiquimod and type A CpG as compared to either
one of the ligands alone (Figure 14, c).

a Figure 14. Expression of RIG-1 in
012 N primary pDCs and in malignant
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Based on these results, we aimed to verify the potential functional
consequence of up-regulation of RIG-I following endosomal TLR-stimulation. To test
this hypothesis, blood-derived primary pDCs were treated with 5 pg/mL type A CpG
or 2.5 pg/mL imiquimod for 24 hours. After removal of the culture supernatants the
cells were re-stimulated in fresh medium containing 1 pg/mL 5’ppp-dsRNA, a highly
specific synthetic ligand of RIG-1 [80]. As expected due to the low steady-state
expression of RIG-1 in freshly isolated primary pDCs and in un-stimulated cultured
cells (Figure 14, a and b), exposure to 5’ppp-dsSRNA without previous TLR-mediated
activation did not result in IFN-o or IL-6 secretion (Figure 15, a-d). However, if
primary resting pDCs were pre-treated with type A CpG (Figure 15, a and ¢) or
imiquimod (Figure 15, b and d), treatment with 5’ppp-dsRNA was able to induce the
production of IFN-a (Figure 15, a and b) and IL-6 (Figure 15, ¢ and d) in a dose-
dependent manner. Importantly, only pDCs that had previously been activated with
either TLR7 or TLRY ligands were able to respond to 5’ppp-dsRNA. These results
suggest that ligation of endosomal TLRs brings about the ability of pDCs to sense of
and respond to cytosolic viral RNA through the RIG-I receptor.
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Figure 15. Cytokine secretion of
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Previous studies reported that TLR7 stimulation results in the expression of
early IFN-inducible genes even in the absence of type | IFNs [247]. Based on this
observation we next investigated whether the up-regulation of RIG-1 in primary pDCs
following activation of TLR7 or TLR9 receptors is independent on type | IFN-
mediated signals. In this set of experiments, primary pDCs were treated with an
antibody recognizing and functionally blocking the IFN-alpha/beta receptor 1
(IFNAR1), shared by IFN-a, - and -®, prior to stimulation by type A CpG or
imiquimod (in 2.5 pg/mL and 5 pg/mL concentration, respectively). The efficacy of
receptor blockage was controlled by measuring the expression of Mx1 and OAS1
genes recognized as early, type | IFN-induced factors [248]. Blocking of IFNAR1
receptors by the addition of 50 pg/mL antibody almost completely prevented Mx1
and OAS1 up-regulation in type I IFN-stimulated primary pDCs (Figure 16, a and b).
Importantly, the same treatment did not modify the ability of type A CpG or
imigquimod to elevate RIG-I expression levels significantly (Figure 16, ¢ and d).
Furthermore, treatment of primary pDCs for 6 hours with various doses (ranging from
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10 to 100 ng/mL) of recombinant human IFN-a in control experiments did not lead to
RIG-I up-regulation tested at both mRNA and protein levels (data not shown). These
data collectively suggest that the up-regulation of RIG-1 expression following TLR-

ligand treatment is independent of autocrine type | IFN signaling.

Figure 16. Induction of RIG-I
expression in the primary pDCs after
type A CpG and imiquimod (IMQ)
treatment in the presence or absence of
anti-IFNARL1 blocking antibodies.
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To further confirm the involvement of a type | IFN-independent mechanism of
TLR ligand-induced up-regulation of RIG-1 expression in pDCs, we harnessed the
defective type | IFN secreting capacity of previously characterized malignant pDC
cells isolated from cryopreserved bone marrow samples of a patient diagnosed with
pDC leukemia [228]. Our previous control experiments revealed that non-malignant
primary pDCs secrete high levels of IFN-a as a result of imiquimod or type A CpG
stimulation, but pDC-L cells failed to do so (Figure 17, c). However, these cells
displayed similar phenotypic and functional characteristics following TLR-
stimulation (Figure 10) as described for non-malignant pDCs indicating that pDC-L
cells might have a functional signaling pathway leading to these changes. To confirm
that TLR-mediated signaling is unimpaired in pDC-L cells on a molecular level as
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well, we measured the expression of IFNA genes after TLR stimulation at the mMRNA
level. Data from these experiments showed that the expression of IFNA gene
transcripts was significantly increased as a result of imiquimod or type A CpG
treatment for 6 hours; of note, treatment with type B CpG did not induce remarkable
changes in either IFNA-1 or IFNA-2 expression levels (Figure 17, b and c).
Furthermore, co-stimulation with imiquimod and type A CpG induced lower
expression of IFNA genes than either of these TLR ligands individually.

To further verify the functionality of the IFN-a signaling pathway, we also
assessed the expression of the IFN regulatory factor 7 (IRF-7), a master regulator of
type | IFN production upon TLR-ligand stimulation at the mRNA level. Our results
showed that the expression pattern of IRF-7 was similar to that of IFNA-1 and IFNA-
2 genes (Figure 17, d). While administration of imiquimod or type A CpG triggered a
remarkable increase in IRF-7 levels, treatment with type B CpG rather had an
inhibitory effect on IRF-7 expression. Combined treatment with imiquimod and type
A CpG induced lower expression of IRF-7 than either of the ligands individually
(Figure 17, d). These results are in line with previous observations on IFN-a
production by non-malignant primary pDCs tested after exposure to different TLR
ligands [42] and suggest that the TLR induced signaling pathway is functional in

pDC-L cells even though the secretion of type | IFN proteins is impaired.
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Figure 17. Type | interferon
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It has been previously demonstrated that in TLR7-activated GEN2.2 cells (a
human pDC-derived cell line; see section 2.6) the expression of several “IFN-
inducible” genes is independent on the presence of type I IFN, but they remained
dependent on p38 mitogen-activated protein kinase (MAPK)-mediated STAT1
phosphorylation on Tyr701 [247]. Beside this phosphorylation site STAT1 can also
be phosphorylated at Ser727, and type | IFNs are known to be able to induce STAT1
phosphorylation both on serine and tyrosine residues [249]. To define the possible
role of STATL in early signaling events leading to RIG-I expression in primary pDCs
upon stimulation with endosomal TLR ligands, we examined the phosphorylation of
STATL at both residues within a 90-minutes time period. Stimulation of primary
pDCs for 90 minutes by TLR7 or TLR9 ligands induced STAT1 phosphorylation on
Tyr701 but not on Ser727 (Figure 18). This finding raised the possibility that a
MAPK-dependent, but IFNAR1-independent STAT1 activation is involved in

endosomal TLR-induced up-regulation of RIG-I in human pDCs.
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Figure 18. Induction of STAT1 phosphorylation in primary pDCs by CpG A or imiquimod
(IMQ) treatment. Time course of STAT1 phosphorylation was detected in primary pDCs after
treatment with type A CpG (5 pg/mL), IMQ (2.5 pg/mL) or recombinant human IFN-o (10 ng/mL).
Whole-cell lysates were prepared and 20 mg of the cell extract per assay was used to determine
STAT1 phosphorylation at the Tyr701 and Ser727 residues and the total STAT1 levels by western
blotting. Results from a representative experiment out of the three independent ones are shown.
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6 Discussion

Plasmacytoid DCs represent key players of the innate immune system and
provide a functional link between adaptive and innate immunity. Because of their
special and versatile properties pDCs become a major focus of interest in DC biology.
Alterations in pDC counts in peripheral blood, in their migration and function were
described in various diseases [42,250,251]. Among them, SLE represents a severe
autoimmune disease with relapses associated with the infiltration of pDCs in the
kidney lesions [192,193]. Importantly, Fiore and her co-workers demonstrated the
correlation between migration of pDCs into kidney, decreased pDC counts in the
peripheral blood and activity of the disease [192]. Monitoring of pDC counts in
peripheral blood of SLE patients might provide a minimally invasive assessment of
tissue involvement during various stages of the disease. However, single-marker
identification strategies for such analysis were missing so far; previous studies
employed complex, multi-marker strategies to identify pDCs in peripheral blood,
mostly depending on their positivity for HLA-DR, CD123 and CD4 surface
molecules [238,252-256]. Other studies demonstrated that BDCA-2 and BDCA-4
antigens are expressed only by pDCs among peripheral blood cell types [235], raising
the possibility of using these antigens as unique markers of pDCs. Robak and her co-
workers reported a flow cytometric evaluation of dendritic cell subtypes in SLE
patients, using BDCA-2 to identify pDCs [241,257]. Although BDCA-2 is the most
specific marker of pDCs, it was shown that its expression depends on the activation
state of the cells [246]. In SLE, where continuous activation of pDCs occurs, BDCA-
2 might not be a reliable independent marker for pDCs in whole blood or PBMC
[258].

Based on these considerations, we assessed the potential use of BDCA-4 as
sole surface marker to identify pDCs in peripheral blood of human donors. Our results
indicate that BDCA-4-positivity confirmed by light scatter properties is suitable for
the identification of pDCs in peripheral blood. To confirm the applicability of the
one-color method for functional analyses, we treated the blood samples with TLR7
ligand (imiquimod), identified the pDCs with the help of anti-BDCA-4 mAbs and
used two other channels to detect the activation state of these cells. Expression levels
of HLA-DQ and CD62L molecules on pDCs were investigated in response to

stimulation with imiquimod. HLA-DQ membrane proteins are expressed primarily on
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professional antigen-presenting cells and their expression is up-regulated after
activation of pDCs [259]. CD62L (also referred to as L-selectin) allows pDCs to
migrate from the blood to lymph nodes through high endothelial venules. CD62L has
been shown to be down-regulated on pDCs as they are activated [112]. To compare
the feasibility of the one- and two-color measurements, we also investigated the
effects of imiquimod treatment with the two-color method. The two different methods
detected higher differences in the expression levels of HLA-DQ than in those of
CD62L. This result may be explained by the utilization of the same CD62L-PE
antibody in both the one- and two-color identification methods and by usage of
different, FITC- and PE-conjugated, HLA-DQ-specific antibodies in the two assays.
Results of repeated analysis of blood samples from the same individual indicated that
the one-color identification method is highly reproducible and its sensitivity is equal
to the two-color method when using the same conjugated antibodies. Conclusively,
our data show that BDCA-4-positivity remains a valuable marker for pDCs even after
TLR-activation of these cells, suggesting that BDCA-4 is a suitable independent
marker of pDCs for screening large numbers of blood samples. Multicolor flow
cytometric methods are valuable tools for monitoring disease states where specific
changes involve alterations in the number of pDCs or in their phenotype and/or
function. These studies need reliable identification of pDCs using the minimal
possible number of fluorescent channels. Although flow cytometers used in research
laboratories often have more than 4 fluorescent channels, the instruments validated
for in vitro diagnostic use typically have not more than 3-5 channels. In this respect it
is useful that pDCs can be identified in whole blood using only one fluorescent
channel while leaving the other channels open for identification of other cell types,
phenotyping of pDCs or functional studies. The use of one-color identification of
pDCs by anti-BDCA-4 mAbs and light scatter parameters offers a simple method for
further phenotyping and functional analyses that are of great importance, because
further studies are needed to identify the specific patterns of pDCs in different disease
states.

The main difficulty of the pDC research is the rarity of these cells, as they
represent a minor population of 0.1-0.6% in peripheral blood mononuclear cells.
Another technical limitation of pDC studies is their short-term (24-96 hours) viability
in vitro. The novel one-color flow cytometric method described here might facilitate
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the phenotyping and functional analysis of these cells in fresh blood samples, as the
investigators can use all but one fluorescent channels for phenotyping.

Besides ex vivo activation of pDCs in mixed cell populations like PBMC or
peripheral blood, malignant pDCs might be useful models to study certain aspects of
dendritic cell biology. We have isolated leukemic pDCs from bone marrow samples
of a patient whose pDC leukemia was previously characterized by Gopcsa and his co-
workers [228] and performed functional characterization of these cells. Signaling
through TLR7 or TLR9 activates pDCs, induces the secretion of pro-inflammatory
cytokines such as IL-6 and TNF-a [260] and triggers the production of type | IFNs
through a MyD88-dependent pathway that involves the phosphorylation of IRF7 by
IRAK-1 and IKKa [261]. To investigate whether pDC-L cells share functional
properties with normal pDCs, we analyzed their response to treatment with type A or
B CpG, which acts through TLR9, and imiquimod, which targets TLR7. It has been
shown that type A CpG induces type | IFN responses, whereas type B CpG
predominantly activates pDCs in a manner that results in phenotypic changes and pro-
inflammatory cytokine production [262]. The functional activity of type B CpG is
attributed to its single stranded monomeric form present in lysosome-associated
membrane protein 1-positive endosomes, while type A CpG forms aggregates with
longer retention time in early transferrin receptor-positive endosomes [104] thus
favoring the prolonged activation of the MyD88-TRAF6-IRAK1-IRF7 complex and
the robust production of IFN-a [95]. The TLR7 ligand imigiumod is able to trigger
both the production of type | IFN and the activation/maturation program of pDCs
[263]. We observed that similarly to circulating normal pDCs, TLR7- and TLR9-
mediated stimulations by imiquimod and type B CpG, respectively, but not by type A
CpG were able to induce the activation of pDC-L cells as demonstrated by the
increased expression of T-cell co-stimulatory CD86 and antigen-presenting HLA-DQ
molecules on the cell surface and by the secretion of pro-inflammatory cytokines
TNF-a and IL-6. Retention of the TLR signaling complex within early endosomes of
pDCs has been shown to correlate with IRF-7 recruitment and the induction of type |
IFN production [101]. In line with these results, we demonstrated these events in
pDC-L cells, as treatment with imiquimod and type A CpG induced significant
increases in the expression of IRF-7, IFNA-1 and IFNA-2 mRNA indicating the
functionality of the coupled signaling pathways (Figure 17). However, we failed to
detect the secretion of IFN-a in the culture supernatants of TLR-ligand activated
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pDC-L cells. Our observation is in agreement with previous data showing the lack of
IFN-a secretion by malignant cells isolated from the bone marrow [213]. The finding
that bone marrow-derived leukemic pDCs are not competent for type | interferon
production even though their signaling machinery is intact suggests that pDC-L cells
may acquire this potential in the periphery through additional signals that may
contribute to the symptoms of leukemia patients.

We also aimed to assess the impact of dual TLR7 and TLR9 stimulation on
pDC-L cells. Concurrent treatment with imiquimod and type B CpG had a moderate
effect on CD86 expression and IL-6 production, but remarkably increased the cell
surface expression of HLA-DQ as compared to imiquimod treatment alone (Figure
10). Interestingly, in all other experiments where combined treatments were used,
TLR7-mediated signals inhibited the TLR9-mediated ones. Recently, similar
inhibitory effects of simultaneous TLR7- and TLR9-mediated activation have been
observed. Marshall and his co-workers found that the capacity of TLR9 ligands to
induce potent IFN-a. responses is markedly reduced by concurrent TLR7 stimulation;
however, the expression of CD80/CD86 and the secretion of IL-6 are not altered by
the presence of TLR7 ligands [246]. Berghofer and her co-workers demonstrated that
while TLR7 signaling dominates the outcome of TLR7/TLR9 co-stimulation and can
strongly suppress IFN-a production, it can also promote activation of pDCs via
enhanced IL-8 and CD40 expression [245]. The mechanism by which TLR7 ligands
achieve their inhibitory effect is still unclear. It seems that they neither mediate their
effect through blocking CpG from binding to TLR9, since pre-treated cells retain their
responsiveness to CpG even 4 hours after exposure to TLR7 ligands, nor do TLR7
ligands alter the endosomal localization of CpG within the pDC [246]. One possible
explanation for the molecular background of the observed inhibitory effect could be
the competition of TLR7 and TLR9 receptors for the N-terminal domain of the
membrane spanning protein  Unc93B1 [264,265] that interacts with the
transmembrane domain of these structurally related TLR receptors in the acidified
endo-lysosomal compartments [266]. It also cannot be excluded that imigiumod
suppresses TLR9-mediated responses in a TLR7-independent molecular mechanism
[267,268]. Upon encounter with TLR ligands or viruses, pDCs participate in adaptive
immune responses by directing activation of naive T-cells [113]. We found that

similar to normal pDCs, pDC-L cells stimulated with TLR ligands individually
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possess potent T-cell priming ability (Figure 12). However, co-stimulation of pDC-L
cells with TLR7 and TLR9 ligands significantly reduced their T-cell stimulatory
potential. This observation is in line with previous findings showing that simultaneous
stimulation with TLR7/8 and TLR9 agonists results in a suppression of B-cell
proliferation and IgM responses [269]. Bagchi and co-workers found that
simultaneous and sequential activation of both the MyD88-dependent and MyD88-
independent pathways leads to synergy and priming, respectively, while TLR agonists
that act through the same pathway induce tolerance [270]. Based on these data we
propose that the co-stimulation of professional antigen presenting cells by closely
related TLRs down-regulates responses to prevent overstimulation of the adaptive
immune system as demonstrated by the almost complete abrogation of the T cell
response.

In conclusion, we demonstrate that despite chromosomal aberrations (del 13q
and monosomy 9), the phenotypic and functional characteristics of pDC-L cells
activated by TLR7 and TLR9 ligands are identical to those of normal pDC. We also
show that despite the lack of their ability to release type I IFNs into the culture
medium, pDC-L cells offer a useful tool for analyzing the activity and the inhibitory
rather than synergistic collaboration of the vesicular TLR7 and TLR9 receptors,
which are both capable of inducing type | interferon responses and activating
allogeneic T-cell responses.

Previous studies have shown that primary pDCs, conventional DCs and
alveolar macrophages secrete large amounts of type | IFNs and thus are considered as
the primary source of type | IFNs during viral infections. Plasmacytoid DCs detect
RNA and DNA viruses by two endosomal receptors, TLR7 and TLR9 [41]. Due to
the vesicular localization of these TLRs, the recognition of viral nucleic acids occurs
when viruses and/or their components are ingested by pDCs and transported into the
lysosomes in a TLR transmembrane domain dependent manner or via the process of
autophagy [47,271]. In contrast, conventional DCs and alveolar macrophages were
shown to detect replicating viral RNA intermediates by cytosolic RLRs [272].
However, the potential involvement of RLRs in viral recognition by pDCs remained
poorly understood. Previous studies supported the notion that pDCs primarly employ
the TLR-system to recognize viruses; this was supported by the observation that
RLRs are expressed to a very low extent in both murine and human pDCs under
steady-state conditions [72,84-86]. As the potential interaction between TLR- and
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RLR-mediated viral recognition was not evaluated, we aimed to assess the impact of
TLR-activation on the expression of RLRs. We demonstrated for the first time that
the expression of the RIG-I receptor is dramatically up-regulated in a type I IFN-
independent manner in pDCs upon stimulation via TLR7 or TLR9, challenging the
current paradigm that RIG-I has no significant function in these cells. We also
demonstrate an inhibitory rather than synergistic collaboration of the vesicular TLR7
and TLR9 receptors in the induction of this phenomenon suggesting that co-activation
of TLR7 and TLR9 in pDCs does not support uncontrolled RIG-1 expression but
rather keeps the response under the control of TLR specificity.

Vesicular TLRs sense viruses in a replication-independent manner; by this
pathway, pDCs can recognize viruses for which they are not serving as host cells.
Furthermore, as material delivery from the endosomal compartment to the cytosol
occurs in pDCs to facilitate cross-presentation [273], it could be presumed that viral
replication intermediates can come into contact with cytosolic RLRs upon
phagocytosis of the debris of infected cells. Our data support the existence of such
mechanisms but also delineate a novel mechanism for TLR-RLR collaboration in
pDCs. We have found that following activation by TLR7/9 ligands, pDCs are able to
sense 5’ppp-dSRNA. These results suggested that TLR7/9-mediated signals are able
to prepare pDCs for sensing cytosolic viral nucleic acids by up-regulating RIG-I
expression and consequently for boosting antiviral responses. A previous study using
respiratory syncytial virus demonstrated that pDCs are in fact capable of detecting
sSRNA viruses that enter the cytosol directly and the recognition of replicating viruses
leads to IFN-o production independently on endosomal TLRs [274]. In these
experiments pDCs responded to cytosolic viral replication without previous TLR-
mediated activation, which could be explained by the fact that pDCs produce only
marginal level of RIG-I under steady-state conditions, but they are able to express
considerable amount of MDAS5 at the mRNA level [275]. Another study has
demonstrated that MDAS is indispensable for sustained expression of type | IFN in
response to paramyxovirus infection in mice [276]; however, the involvement of
MDAS in sensing respiratory syncytial virus infection by human pDCs remains to be
determined.

As type | interferons secreted by pDCs act through autocrine feedback loop,
we aimed to test whether TLR7/9-triggered up-regulation of RIG-1 expression in
pDCs depends on type | IFN-mediated signals. To this end, we blocked IFNAR1 by
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specific antibody and, in separate experiments, we used pDC-L cells isolated from
bone marrow samples of a former patient with pDC leukemia defective in type | IFN
secretion [228]. We have shown for the first time that TLR7- and TLR9-mediated
signals are able to up-regulate RIG-1 expression in both primary pDCs and pDC-L
cells via a type | IFN-independent mechanism. This finding was unexpected, because
RIG-I was considered as one of the IFN-inducible genes in several human cell types
[277]. Interestingly, MxA, CXCL10 and TRAIL, all involved in the inhibition of
virus replication and described to be tightly regulated by IFNs, were shown to be
rapidly expressed in TLR7-stimulated pDCs in the absence of type I IFNs. The
existence of a novel pathway downstream of TLR7 ligation and involving MAPK-
mediated early STATL1 phosphorylation on Tyr701 has been identified behind this
phenomenon [247]. In an earlier study, 2-hour treatment of human pDCs with CpG
DNA induced MAPK-dependent phosphorylation of STAT1 on both Tyr701 and
Ser727 in a type | IFN independent manner. In control experiments, stimulation of
cells with type I IFN also led to STAT1 phosphorylation on both residues; however, it
was not influenced by the MAPK pathway [249]. In our experiments STAT1
phosphorylation could be detected exclusively on the tyrosine residue when tested 90
minutes after TLR7/9 ligation. This observation is in good agreement with a recent
report suggesting that the phosphorylation of this tyrosin by an intermediate MAPK-
dependent tyrosine kinase precedes the direct serine phosphorylation in STAT1 by
MAPK [247]. However, the tyrosine kinase responsible for partial phosphorylation of
STAT1 remains to be identified.

In all experiments where combined treatments were used, we observed
antagonistic effects of TLR7- and TLR9-mediated signals. Similar inhibitory effects
of simultaneous TLR7- and TLR9-mediated activation have been observed by
Marshall and co-workers, who have found that the capacity of TLR9 ligands to
induce potent IFN-o responses is markedly reduced by concurrent TLR7 stimulation
[246]. Berghofer and her co-workers also demonstrated a strong inhibitory effect of
TLR7 stimulation on IFN-o production following CpG-A- and CpG-C-
oligodeoxynucleotide treatment of pDCs [245]. The molecular background of these
antagonistic effects might be explained by the competition of TLR7 and TLR9
receptors for the N-terminal domain of the membrane spanning protein Unc93B1
[264,265] that is known to interact with the transmembrane domain of these
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structurally related TLR receptors in the acidified endo-lysosomal compartments
[266]. It is also possible that imigiumod antagonizes TLR9-mediated responses in a
TLR7-independent molecular mechanism [267]. Our results show that upon
recognition of viral replication intermediates, early type | IFN production depends on
TLR-mediated signals, whereas the second wave of type | IFN responses is guided by
RLR signaling. These results however, raise the question of which biological
situations would need pre-stimulation by strong type | IFN inducers (endosomal TLR
ligand) to establish subsequent responsiveness to a late and weak IFN inducer
(cytosolic dsRNA). In this context, the TLR-driven acute but transient activation of
pDCs resulting in direct release of huge amount of IFNs into the lymph and to blood
circulation [278] should be considered in contrast to pathological conditions,
including viral infections going on in non-lymphoid tissues [279]. We suggest that at
the site of infection moderate RIG-I-mediated production of IFNs by recruited pDCs
may be sufficient for supporting potent antiviral responses, while unraveling the

significance of this spatiotemporal regulation requires further studies.
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7 Summary

Innate immunity is a conserved host defense mechanism and its key functions
of are 1) to differentiate between harmful and non-harmful materials; 2) to initiate the
first line of immune response; and 3) to recruit and prime the effector cells of the
adaptive immune system. Dendritic cells (DCs) are key participants of these processes
as part of the network of professional antigen presenting cells. More than a decade
after the discovery of myeloid DCs, researchers identified the plasmacytoid DCs
(pDCs), a small subset of DCs. Due to the rarity and poor ex vivo culturability of
pDCs, various model systems had been considered, including study of pDCs in mixed
populations (e.g. PBMC or whole blood) and the use of malignant pDCs or pDC-
derived cell lines. Similarly, the lack of specific and suitable cell surface antigens
complicated the identification of pDCs in whole blood.

In our work, we tested single-color flow cytometric identification of pDCs in
whole peripheral blood based on positivity with Blood Dendritic Cell Antigen-4
(BDCA-4) as compared to two-color identification methods. We found that BDCA-4
is a suitable and specific antigen for single-color identification of pDCs in freshly
drawn peripheral blood and its expression is not affected by treatment of pDCs with
TLR7 agonist imiquimod, suggesting that BDCA4 alone is suitable to monitor
changes in pDC counts in patients. It was described that organ involvement,
specifically, the inflammatory infiltration of the kidneys correlate well with the
decreased pDC counts in human systemic lupus erythematosus (SLE) as these cell
migrate to lupus lesions and disappear from the circulation. Therefore, the analysis of
pDC counts in peripheral blood offers a minimally invasive yet pathogenically
relevant marker of kidney involvement and disease status is SLE.

Plasmacytoid DCs have a prominent role in antiviral immunity as professional
type I interferon-producing cells, recognizing viruses in their endosomal compartment
by Toll-like receptors. In contrast to recognition of viral replication intermediates in
the cytoplasm of other cells by RIG-I-like helicase molecules (RLHSs), this
mechanism does not depend on viral replication and effectively detects non-
replicating viruses. Multiple studies suggest that pDCs exclusively employ TLR-
mediated viral recognition under steady-state conditions; however, the potential

collaboration of TLRs and RLHs was not investigated. Therefore, we aimed to assess
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the potential expression and function of RIG-I in pDCs following TLR-activation. We
could demonstrate that:

1) PDCs up-regulate RIG-1 upon treatment with TLR7 and 9 ligands;

2) The up-regulation of RIG-I is independent of type | IFN autocrine
feedback regulation;

3) Co-stimulation with a TLR7 and TLR9 ligand showed inhibitory rather
than synergistic effect on the up-regulation of RIG-1 in primary pDCs.

Our results suggest that Toll-like receptors and cytoplasmic nucleic acid
sensors might act in co-operation during viral infection. The detection of non-
replicating viral particles by endosomal TLRs might sensitize and prepare pDCs for
the appearance of viral replication intermediates in the cytoplasm. This concept

represents a novel synergy between various innate immune recognition pathways.
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Osszefoglalas

A velesziiletett immunitds egy 0Osi és konzervalt védelmi mechanizmus,
melynek f6 funkcioi 1) a veszélyes és veszélytelen anyagok megkuldnboztetése; 2) az
immunvédekezés elsé vonaldnak elinditdsa; és 3) az adaptiv immunrendszer
aktivalasa. Ezen folyamatok kulcsfontossdgu résztvevoi a hivatdsos antigén-
prezentald sejtek kozé tartozé dendritikus sejtek (DS-ek). Tébb mint egy évtizeddel a
myeloid eredetli DS-ek felfedezését kovetden azonositottdk a kutatok a DS-ek
korlatozott ex vivo életképessége miatt kilonféle modellrendszereket alkalmaztak
tanulmanyozasukra; mint példaul vegyes sejtpopulaciokon (példaul PBMC vagy teljes
veér) vagy pDS eredetii tumorokon és sejtvonalakon torténé vizsgalatok. A megfeleld
pDS-specifikus sejtfelszini antigének hianya megnehezitette a pDS-ek azonositasat a
periférias vérben.

Munkéank sorén a pDS-ek egyszinii, Blood Dendritic Cell Antigen-4 (BDCA-
4) pozitivitdson alapuld azonositasat hasonlitottuk 6ssze a korabban hasznélt, két
antigén jel6lésen alapuld aramlasi citometrias modszerekkel. Eredményeink szerint a
BDCA-4 megfeleléen specifikus antigén a pDS-ek periférias vérben torténd
azonositasahoz, és kifejezodése Toll-szerli receptor (TLR) 7 agonista (imiquimod)
kezelést kovetden sem valtozik, igy Onmagaban is alkalmas a keringé pDS-ek
szdmanak meghatdrozasara betegektdl szarmazo vérmintakban. Irodalmi eredmények
szerint a szisztémas lupus erythematosus-ban (SLE) szenveddé betegekben a vesék
gyulladasos sejtes besziirddésével szorosan egyiitt jar a pDS-ek szaménak csokkenése
a periférids vérben. A pDS-ek szamanak kovetése egyszeri aramlasi citometrias
modszerekkel igy minimalisan invaziv modszert jelenthet a veseérintettség és a
betegség statuszanak megitéléséhez SLE-ben.

A plazmacitoid DS-ek hivatasos I-es tipusu interferont termel6 sejtekkeént
Kitlntetett szereppel birnak az virusellenes immunitasban. Mas sejttipusokkal
szemben a pDS-ek a virusokat az endoplazmas retikulumban, TLR-ek segitsegével
ismerik fel. A virusreplikécio kozti termékeinek a citoplazmaban térténé RIG-I-szerii
helikazok altali felismeréssel szemben, ez a mechanizmus nem replikal6dé virusok
azonositasara is képes. Kordbbi tanulményok szerint a pDS-ek csak a TLR-eket
fejezik ki nyugalmi allapotban, és ezen munkak egyike sem vizsgélta a RIG-I-szerii

helikazok és a TLR-ek potencialis egytittmiikodését. Vizsgalataink méasodik részében
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ezert arra kerestilk a valaszt, hogy a TLR-ek aktivacidja milyen hatassal bir a RIG-I
kifejezodésére és funkciojara. Vizsgalataink soran igazoltuk, hogy:

1) A pDS-ek RIG-I receptort fejeznek ki TLR 7 és 9 specifikus
ligandumaival torténd aktivalast kovetden;

2) A RIG-I kifejez6dése nem fiigg az I-es tipusu interferonok autokrin
visszacsatolasatol,

3) A TLR 7 ¢és 9 ligandumainak egyidejii alkamazasa nem
szinergisztikus, hanem gatl6 hatasu a RIG-I kifejez6désére a pDS-ekben.

Eredményeink alapjan valoszintsithetd, hogy a TLR-ek és a citoplazmatikus
nukleinsav receptorok Osszehangoltan miikodnek a virusfertézések sordn. A nem
replikdlédod virusok TLR-eken keresztiil torténé felismerése a citoplazmatikus
nukleinsav receptorok kifejez6dését indukalva érzékenyitheti a pDS-eket virusok
replikacids termékeinek varhaté megjelenésére. Ez a mechanizmus eddig ismeretlen
egylttmiikodést tar fel a velesziiletett immunitas kiilonb6zé mintazatfelismerd

rendszerei kozott.

66



8

References

8.1 References related to the dissertation

[1]

[2]

[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral
lymphoid organs of mice. I. Morphology, quantitation, tissue distribution. The
Journal of experimental medicine 1973;137:1142-1162.

Inaba K, Steinman RM, Van Voorhis WC, Muramatsu S. Dendritic cells are
critical accessory cells for thymus-dependent antibody responses in mouse and
in man. Proceedings of the National Academy of Sciences of the United States
of America 1983;80:6041-6045.

Steinman RM, Gutchinov B, Witmer MD, Nussenzweig MC. Dendritic cells
are the principal stimulators of the primary mixed leukocyte reaction in mice.
The Journal of experimental medicine 1983;157:613-627.

Durand M, Segura E. The known unknowns of the human dendritic cell
network. Frontiers in immunology 2015;6:129.

Matsui T, Connolly JE, Michnevitz M, Chaussabel D, Yu CI, Glaser C, et al.
CD2 distinguishes two subsets of human plasmacytoid dendritic cells with
distinct phenotype and functions. Journal of immunology 2009;182:6815-
6823.

Asselin-Paturel C, Boonstra A, Dalod M, Durand I, Yessaad N, Dezutter-
Dambuyant C, et al. Mouse type I IFN-producing cells are immature APCs
with plasmacytoid morphology. Nature immunology 2001;2:1144-1150.
Omatsu Y, lyoda T, Kimura Y, Maki A, Ishimori M, Toyama-Sorimachi N, et
al. Development of murine plasmacytoid dendritic cells defined by increased
expression of an inhibitory NK receptor, Ly49Q. Journal of immunology
2005;174:6657-6662.

Toyama-Sorimachi N, Omatsu Y, Onoda A, Tsujimura Y, lyoda T, Kikuchi-
Maki A, et al. Inhibitory NK receptor Ly49Q is expressed on subsets of
dendritic cells in a cellular maturation- and cytokine stimulation-dependent
manner. Journal of immunology 2005;174:4621-4629.

Wendland M, Czeloth N, Mach N, Malissen B, Kremmer E, Pabst O, et al.
CCR9 is a homing receptor for plasmacytoid dendritic cells to the small
intestine. Proceedings of the National Academy of Sciences of the United
States of America 2007;104:6347-6352.

Lennert K, Remmele W. [Karyometric research on lymph node cells in man. |I.
Germinoblasts, lymphoblasts & lymphocytes]. Acta haematologica
1958;19:99-113.

Feller AC, Lennert K, Stein H, Bruhn HD, Wuthe HH. Immunohistology and
aetiology of histiocytic necrotizing lymphadenitis. Report of three instructive
cases. Histopathology 1983;7:825-839.

Facchetti F, de Wolf-Peeters C, Mason DY, Pulford K, van den Oord JJ,
Desmet VJ. Plasmacytoid T cells. Immunohistochemical evidence for their
monocyte/macrophage origin. The American journal of pathology
1988;133:15-21.

Perussia B, Fanning V, Trinchieri G. A leukocyte subset bearing HLA-DR
antigens is responsible for in vitro alpha interferon production in response to
viruses. Natural immunity and cell growth regulation 1985;4:120-137.

67



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

68

O'Doherty U, Peng M, Gezelter S, Swiggard WJ, Betjes M, Bhardwaj N, et al.
Human blood contains two subsets of dendritic cells, one immunologically
mature and the other immature. Immunology 1994;82:487-493.

Grouard G, Rissoan MC, Filgueira L, Durand I, Banchereau J, Liu YJ. The
enigmatic plasmacytoid T cells develop into dendritic cells with interleukin
(IL)-3 and CD40-ligand. The Journal of experimental medicine
1997;185:1101-1111.

Liu YJ. Uncover the mystery of plasmacytoid dendritic cell precursors or type
1 interferon producing cells by serendipity. Human immunology
2002;63:1067-1071.

Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S, et
al. The nature of the principal type 1 interferon-producing cells in human
blood. Science 1999;284:1835-1837.

Nakano H, Yanagita M, Gunn MD. CD11c(+)B220(+)Gr-1(+) cells in mouse
lymph nodes and spleen display characteristics of plasmacytoid dendritic cells.
The Journal of experimental medicine 2001;194:1171-1178.

O'Keeffe M, Hochrein H, Vremec D, Caminschi I, Miller JL, Anders EM, et
al. Mouse plasmacytoid cells: long-lived cells, heterogeneous in surface
phenotype and function, that differentiate into CD8(+) dendritic cells only
after microbial stimulus. The Journal of experimental medicine
2002;196:1307-1319.

O'Keeffe M, Hochrein H, Vremec D, Scott B, Hertzog P, Tatarczuch L, et al.
Dendritic cell precursor populations of mouse blood: identification of the
murine homologues of human blood plasmacytoid pre-DC2 and CD11c+ DC1
precursors. Blood 2003;101:1453-14509.

Corcoran L, Ferrero I, Vremec D, Lucas K, Waithman J, O'Keeffe M, et al.
The lymphoid past of mouse plasmacytoid cells and thymic dendritic cells.
Journal of immunology 2003;170:4926-4932.

Bjorck P. Isolation and characterization of plasmacytoid dendritic cells from
FIt3 ligand and granulocyte-macrophage colony-stimulating factor-treated
mice. Blood 2001;98:3520-3526.

Manz MG, Traver D, Miyamoto T, Weissman IL, Akashi K. Dendritic cell
potentials of early lymphoid and myeloid progenitors. Blood 2001;97:3333-
3341.

Traver D, Akashi K, Manz M, Merad M, Miyamoto T, Engleman EG, et al.
Development of CD8alpha-positive dendritic cells from a common myeloid
progenitor. Science 2000;290:2152-2154.

D'Amico A, Wu L. The early progenitors of mouse dendritic cells and
plasmacytoid predendritic cells are within the bone marrow hemopoietic
precursors expressing FIt3. The Journal of experimental medicine
2003;198:293-303.

Karsunky H, Merad M, Cozzio A, Weissman IL, Manz MG. FIt3 ligand
regulates dendritic cell development from FIt3+ lymphoid and myeloid-
committed progenitors to FIt3+ dendritic cells in vivo. The Journal of
experimental medicine 2003;198:305-313.

Shigematsu H, Reizis B, Iwasaki H, Mizuno S, Hu D, Traver D, et al.
Plasmacytoid dendritic cells activate lymphoid-specific genetic programs
irrespective of their cellular origin. Immunity 2004;21:43-53.

Chicha L, Jarrossay D, Manz MG. Clonal type | interferon-producing and
dendritic cell precursors are contained in both human lymphoid and myeloid



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]

progenitor populations. The Journal of experimental medicine 2004;200:1519-
1524,

Comeau MR, Van der Vuurst de Vries AR, Maliszewski CR, Galibert L.
CD123bright plasmacytoid predendritic cells: progenitors undergoing cell fate
conversion? Journal of immunology 2002;169:75-83.

Naik SH, Sathe P, Park HY, Metcalf D, Proietto Al, Dakic A, et al.
Development of plasmacytoid and conventional dendritic cell subtypes from
single precursor cells derived in vitro and in vivo. Nature immunology
2007;8:1217-1226.

Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, Manz MG.
Identification of clonogenic common FIt3+M-CSFR+ plasmacytoid and
conventional dendritic cell progenitors in mouse bone marrow. Nature
immunology 2007;8:1207-1216.

Onai N, Kurabayashi K, Hosoi-Amaike M, Toyama-Sorimachi N, Matsushima
K, Inaba K, et al. A clonogenic progenitor with prominent plasmacytoid
dendritic cell developmental potential. Immunity 2013;38:943-957.

Cisse B, Caton ML, Lehner M, Maeda T, Scheu S, Locksley R, et al.
Transcription factor E2-2 is an essential and specific regulator of plasmacytoid
dendritic cell development. Cell 2008;135:37-48.

Reizis B. Regulation of plasmacytoid dendritic cell development. Current
opinion in immunology 2010;22:206-211.

Chen YL, Chen TT, Pai LM, Wesoly J, Bluyssen HA, Lee CK. A type | IFN-
FIt3 ligand axis augments plasmacytoid dendritic cell development from
common lymphoid progenitors. The Journal of experimental medicine
2013;210:2515-2522.

Shortman K, Sathe P. Another heritage for plasmacytoid dendritic cells.
Immunity 2013;38:845-846.

Shortman K, Sathe P, Vremec D, Naik S, O'Keeffe M. Plasmacytoid dendritic
cell development. Advances in immunology 2013;120:105-126.

Nunez G. Intracellular sensors of microbes and danger. Immunological
reviews 2011;243:5-8.

Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate
receptors in infection and immunity. Immunity 2011;34:637-650.

Akira S. Toll receptor families: structure and function. Seminars in
immunology 2004;16:1-2.

Kadowaki N, Ho S, Antonenko S, Malefyt RW, Kastelein RA, Bazan F, et al.
Subsets of human dendritic cell precursors express different toll-like receptors
and respond to different microbial antigens. The Journal of experimental
medicine 2001;194:863-869.

Krug A, Towarowski A, Britsch S, Rothenfusser S, Hornung V, Bals R, et al.
Toll-like receptor expression reveals CpG DNA as a unique microbial
stimulus for plasmacytoid dendritic cells which synergizes with CD40 ligand
to induce high amounts of IL-12. European journal of immunology
2001;31:3026-3037.

Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, et al. Small
anti-viral compounds activate immune cells via the TLR7 MyD88-dependent
signaling pathway. Nature immunology 2002;3:196-200.

Rothenfusser S, Tuma E, Endres S, Hartmann G. Plasmacytoid dendritic cells:
the key to CpG. Human immunology 2002;63:1111-11109.

69



[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

70

Ewald SE, Lee BL, Lau L, Wickliffe KE, Shi GP, Chapman HA, et al. The
ectodomain of Toll-like receptor 9 is cleaved to generate a functional receptor.
Nature 2008;456:658-662.

Park B, Brinkmann MM, Spooner E, Lee CC, Kim YM, Ploegh HL.
Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9. Nature immunology 2008;9:1407-1414.

Lee HK, Lund JM, Ramanathan B, Mizushima N, Iwasaki A. Autophagy-
dependent viral recognition by plasmacytoid dendritic cells. Science
2007;315:1398-1401.

Hochrein H, Schlatter B, O'Keeffe M, Wagner C, Schmitz F, Schiemann M, et
al. Herpes simplex virus type-1 induces IFN-alpha production via Toll-like
receptor 9-dependent and -independent pathways. Proceedings of the National
Academy of Sciences of the United States of America 2004;101:11416-11421.
Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A. Toll-like receptor 9-
mediated recognition of Herpes simplex virus-2 by plasmacytoid dendritic
cells. The Journal of experimental medicine 2003;198:513-520.

Wang JP, Asher DR, Chan M, Kurt-Jones EA, Finberg RW. Cutting Edge:
Antibody-mediated TLR7-dependent recognition of viral RNA. Journal of
immunology 2007;178:3363-3367.

Akira S, Takeda K. Toll-like receptor signalling. Nature reviews Immunology
2004;4:499-511.

Martinon F, Tschopp J. NLRs join TLRs as innate sensors of pathogens.
Trends in immunology 2005;26:447-454.

Petrilli V, Dostert C, Muruve DA, Tschopp J. The inflammasome: a danger
sensing complex triggering innate immunity. Current opinion in immunology
2007;19:615-622.

Creagh EM, O'Neill LA. TLRs, NLRs and RLRs: a trinity of pathogen sensors
that co-operate in innate immunity. Trends in immunology 2006;27:352-357.
Ishii KJ, Akira S. Innate immune recognition of, and regulation by, DNA.
Trends in immunology 2006;27:525-532.

Seth RB, Sun L, Ea CK, Chen ZJ. Identification and characterization of
MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB
and IRF 3. Cell 2005;122:669-682.

Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K,
et al. Shared and unique functions of the DExD/H-box helicases RIG-I,
MDAS5, and LGP2 in antiviral innate immunity. Journal of immunology
2005;175:2851-2858.

Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT, et
al. IKKepsilon and TBK1 are essential components of the IRF3 signaling
pathway. Nature immunology 2003;4:491-496.

Hacker H, Tseng PH, Karin M. Expanding TRAF function: TRAF3 as a tri-
faced immune regulator. Nature reviews Immunology 2011;11:457-468.

Kato H, Takahasi K, Fujita T. RIG-I-like receptors: cytoplasmic sensors for
non-self RNA. Immunological reviews 2011;243:91-98.

Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an
adaptor triggering RIG-1- and Mda5-mediated type | interferon induction.
Nature immunology 2005;6:981-988.

Takahasi K, Yoneyama M, Nishihori T, Hirai R, Kumeta H, Narita R, et al.
Nonself RNA-sensing mechanism of RIG-1 helicase and activation of antiviral
immune responses. Molecular cell 2008;29:428-440.



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Cui S, Eisenacher K, Kirchhofer A, Brzozka K, Lammens A, Lammens K, et
al. The C-terminal regulatory domain is the RNA 5'-triphosphate sensor of
RIG-I. Molecular cell 2008;29:169-179.

Takahasi K, Kumeta H, Tsuduki N, Narita R, Shigemoto T, Hirai R, et al.
Solution structures of cytosolic RNA sensor MDAS and LGP2 C-terminal
domains: identification of the RNA recognition loop in RIG-I-like receptors.
The Journal of biological chemistry 2009;284:17465-17474.

Schlee M, Roth A, Hornung V, Hagmann CA, Wimmenauer V, Barchet W, et
al. Recognition of 5' triphosphate by RIG-I helicase requires short blunt
double-stranded RNA as contained in panhandle of negative-strand virus.
Immunity 2009;31:25-34.

Vela A, Fedorova O, Ding SC, Pyle AM. The thermodynamic basis for viral
RNA detection by the RIG-I innate immune sensor. The Journal of biological
chemistry 2012;287:42564-42573.

Luo D, Kohlway A, Vela A, Pyle AM. Visualizing the determinants of viral
RNA recognition by innate immune sensor RIG-I. Structure 2012;20:1983-
1988.

Gee P, Chua PK, Gevorkyan J, Klumpp K, Najera I, Swinney DC, et al.
Essential role of the N-terminal domain in the regulation of RIG-1 ATPase
activity. The Journal of biological chemistry 2008;283:9488-9496.

Kowalinski E, Lunardi T, McCarthy AA, Louber J, Brunel J, Grigorov B, et
al. Structural basis for the activation of innate immune pattern-recognition
receptor RIG-1 by viral RNA. Cell 2011;147:423-435.

Binder M, Eberle F, Seitz S, Mucke N, Huber CM, Kiani N, et al. Molecular
mechanism of signal perception and integration by the innate immune sensor
retinoic acid-inducible gene-1 (RIG-1). The Journal of biological chemistry
2011;286:27278-27287.

Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al.
Differential roles of MDAS and RIG-I helicases in the recognition of RNA
viruses. Nature 2006;441:101-105.

Kato H, Sato S, Yoneyama M, Yamamoto M, Uematsu S, Matsui K, et al. Cell
type-specific involvement of RIG-1 in antiviral response. Immunity
2005;23:19-28.

Gitlin L, Barchet W, Gilfillan S, Cella M, Beutler B, Flavell RA, et al.
Essential role of mda-5 in type I IFN  responses to
polyriboinosinic:polyribocytidylic acid and encephalomyocarditis
picornavirus. Proceedings of the National Academy of Sciences of the United
States of America 2006;103:8459-8464.

McCartney SA, Thackray LB, Gitlin L, Gilfillan S, Virgin HW, Colonna M.
MDA-5 recognition of a murine norovirus. PLoS pathogens 2008;4:€1000108.
Roth-Cross JK, Bender SJ, Weiss SR. Murine coronavirus mouse hepatitis
virus is recognized by MDAS5 and induces type | interferon in brain
macrophages/microglia. Journal of virology 2008;82:9829-9838.

Fredericksen BL, Gale M, Jr. West Nile virus evades activation of interferon
regulatory factor 3 through RIG-I-dependent and -independent pathways
without antagonizing host defense signaling. Journal of virology
2006;80:2913-2923.

Loo YM, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinez-Sobrido L,
et al. Distinct RIG-1 and MDAS signaling by RNA viruses in innate immunity.
Journal of virology 2008;82:335-345.

71



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

72

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-
stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature
2001;413:732-738.

Kato H, Takeuchi O, Mikamo-Satoh E, Hirai R, Kawai T, Matsushita K, et al.
Length-dependent recognition of double-stranded ribonucleic acids by retinoic
acid-inducible gene-l1 and melanoma differentiation-associated gene 5. The
Journal of experimental medicine 2008;205:1601-1610.

Hornung V, Ellegast J, Kim S, Brzozka K, Jung A, Kato H, et al. 5'-
Triphosphate RNA is the ligand for RIG-I. Science 2006;314:994-997.
Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber F, et al.
RIG-I-mediated antiviral responses to single-stranded RNA bearing 5'-
phosphates. Science 2006;314:997-1001.

Komuro A, Bamming D, Horvath CM. Negative regulation of cytoplasmic
RNA-mediated antiviral signaling. Cytokine 2008;43:350-358.

Satoh T, Kato H, Kumagai Y, Yoneyama M, Sato S, Matsushita K, et al.
LGP2 is a positive regulator of RIG-I- and MDA5-mediated antiviral
responses. Proceedings of the National Academy of Sciences of the United
States of America 2010;107:1512-1517.

Kumagai Y, Kumar H, Koyama S, Kawai T, Takeuchi O, Akira S. Cutting
Edge: TLR-Dependent viral recognition along with type | IFN positive
feedback signaling masks the requirement of viral replication for IFN-{alpha}
production in plasmacytoid dendritic cells. Journal of immunology
2009;182:3960-3964.

Ablasser A, Poeck H, Anz D, Berger M, Schlee M, Kim S, et al. Selection of
molecular structure and delivery of RNA oligonucleotides to activate TLR7
versus TLR8 and to induce high amounts of IL-12p70 in primary human
monocytes. Journal of immunology 2009;182:6824-6833.

Goutagny N, Jiang Z, Tian J, Parroche P, Schickli J, Monks BG, et al. Cell
type-specific recognition of human metapneumoviruses (HMPVSs) by retinoic
acid-inducible gene I (RIG-1) and TLR7 and viral interference of RIG-I ligand
recognition by HMPV-B1 phosphoprotein. Journal of immunology
2010;184:1168-1179.

Bao M, Liu YJ. Regulation of TLR7/9 signaling in plasmacytoid dendritic
cells. Protein & cell 2013;4:40-52.

Kohara H, Omatsu Y, Sugiyama T, Noda M, Fujii N, Nagasawa T.
Development of plasmacytoid dendritic cells in bone marrow stromal cell
niches  requires CXCL12-CXCR4 chemokine signaling.  Blood
2007;110:4153-4160.

Arpinati M, Green CL, Heimfeld S, Heuser JE, Anasetti C. Granulocyte-
colony stimulating factor mobilizes T helper 2-inducing dendritic cells. Blood
2000;95:2484-2490.

Pulendran B, Banchereau J, Burkeholder S, Kraus E, Guinet E, Chalouni C, et
al. Flt3-ligand and granulocyte colony-stimulating factor mobilize distinct
human dendritic cell subsets in vivo. Journal of immunology 2000;165:566-
572.

Yoneyama H, Matsuno K, Zhang Y, Nishiwaki T, Kitabatake M, Ueha S, et
al. Evidence for recruitment of plasmacytoid dendritic cell precursors to
inflamed lymph nodes through high endothelial venules. International
immunology 2004;16:915-928.



[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Umemoto E, Otani K, Ikeno T, Verjan Garcia N, Hayasaka H, Bai Z, et al.
Constitutive plasmacytoid dendritic cell migration to the splenic white pulp is
cooperatively regulated by CCR7- and CXCR4-mediated signaling. Journal of
immunology 2012;189:191-199.

Devosse T, Guillabert A, D'Haene N, Berton A, De Nadai P, Noel S, et al.
Formyl peptide receptor-like 2 is expressed and functional in plasmacytoid
dendritic cells, tissue-specific macrophage subpopulations, and eosinophils.
Journal of immunology 2009;182:4974-4984.

Schnurr M, Toy T, Shin A, Hartmann G, Rothenfusser S, Soellner J, et al.
Role of adenosine receptors in regulating chemotaxis and cytokine production
of plasmacytoid dendritic cells. Blood 2004;103:1391-1397.

Kawai T, Akira S. Toll-like receptor and RIG-I-like receptor signaling. Annals
of the New York Academy of Sciences 2008;1143:1-20.

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T, et al. IRF-7 is
the master regulator of type-I interferon-dependent immune responses. Nature
2005;434:772-777.

Ito T, Kanzler H, Duramad O, Cao W, Liu YJ. Specialization, kinetics, and
repertoire of type 1 interferon responses by human plasmacytoid predendritic
cells. Blood 2006;107:2423-2431.

Coccia EM, Severa M, Giacomini E, Monneron D, Remoli ME, Julkunen I, et
al. Viral infection and Toll-like receptor agonists induce a differential
expression of type | and lambda interferons in human plasmacytoid and
monocyte-derived dendritic cells. European journal of immunology
2004;34:796-805.

Izaguirre A, Barnes BJ, Amrute S, Yeow WS, Megjugorac N, Dai J, et al.
Comparative analysis of IRF and IFN-alpha expression in human
plasmacytoid and monocyte-derived dendritic cells. Journal of leukocyte
biology 2003;74:1125-1138.

Kerkmann M, Rothenfusser S, Hornung V, Towarowski A, Wagner M, Sarris
A, et al. Activation with CpG-A and CpG-B oligonucleotides reveals two
distinct regulatory pathways of type | IFN synthesis in human plasmacytoid
dendritic cells. Journal of immunology 2003;170:4465-4474.

Honda K, Ohba Y, Yanai H, Negishi H, Mizutani T, Takaoka A, et al.
Spatiotemporal regulation of MyD88-IRF-7 signalling for robust type-I
interferon induction. Nature 2005;434:1035-1040.

Honda K, Yanai H, Mizutani T, Negishi H, Shimada N, Suzuki N, et al. Role
of a transductional-transcriptional processor complex involving MyD88 and
IRF-7 in Toll-like receptor signaling. Proceedings of the National Academy of
Sciences of the United States of America 2004;101:15416-15421.

Yoshizaki M, Tazawa A, Kasumi E, Sasawatari S, Itoh K, Dohi T, et al.
Spatiotemporal regulation of intracellular trafficking of Toll-like receptor 9 by
an inhibitory receptor, Ly49Q. Blood 2009;114:1518-1527.

Guiducci C, Ott G, Chan JH, Damon E, Calacsan C, Matray T, et al.
Properties regulating the nature of the plasmacytoid dendritic cell response to
Toll-like receptor 9 activation. The Journal of experimental medicine
2006;203:1999-2008.

Barchet W, Cella M, Odermatt B, Asselin-Paturel C, Colonna M, Kalinke U.
Virus-induced interferon alpha production by a dendritic cell subset in the
absence of feedback signaling in vivo. The Journal of experimental medicine
2002;195:507-516.

73



[106]

[107]

[108]

[109]
[110]
[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

74

Asselin-Paturel C, Brizard G, Chemin K, Boonstra A, O'Garra A, Vicari A, et
al. Type I interferon dependence of plasmacytoid dendritic cell activation and
migration. The Journal of experimental medicine 2005;201:1157-1167.
Swiecki M, Colonna M. Unraveling the functions of plasmacytoid dendritic
cells during viral infections, autoimmunity, and tolerance. Immunological
reviews 2010;234:142-162.

Ito T, Amakawa R, Inaba M, lIkehara S, Inaba K, Fukuhara S. Differential
regulation of human blood dendritic cell subsets by IFNs. Journal of
immunology 2001;166:2961-2969.

Liang S, Wei H, Sun R, Tian Z. IFNalpha regulates NK cell cytotoxicity
through STAT1 pathway. Cytokine 2003;23:190-199.

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune
responses. Nature immunology 2004;5:987-995.

Honda K, Yanai H, Takaoka A, Taniguchi T. Regulation of the type | IFN
induction: a current view. International immunology 2005;17:1367-1378.
Cella M, Facchetti F, Lanzavecchia A, Colonna M. Plasmacytoid dendritic
cells activated by influenza virus and CD40L drive a potent TH1 polarization.
Nature immunology 2000;1:305-310.

Ito T, Amakawa R, Inaba M, Hori T, Ota M, Nakamura K, et al. Plasmacytoid
dendritic cells regulate Th cell responses through OX40 ligand and type |
IFNs. Journal of immunology 2004;172:4253-4259.

Biron CA. Interferons alpha and beta as immune regulators--a new look.
Immunity 2001;14:661-664.

Blanco P, Palucka AK, Gill M, Pascual V, Banchereau J. Induction of
dendritic cell differentiation by IFN-alpha in systemic lupus erythematosus.
Science 2001;294:1540-1543.

Le Bon A, Etchart N, Rossmann C, Ashton M, Hou S, Gewert D, et al. Cross-
priming of CD8+ T cells stimulated by virus-induced type | interferon. Nature
immunology 2003;4:1009-1015.

Santini SM, Di Pucchio T, Lapenta C, Parlato S, Logozzi M, Belardelli F. The
natural alliance between type | interferon and dendritic cells and its role in
linking innate and adaptive immunity. Journal of interferon & cytokine
research : the official journal of the International Society for Interferon and
Cytokine Research 2002;22:1071-1080.

Krug A, Uppaluri R, Facchetti F, Dorner BG, Sheehan KC, Schreiber RD, et
al. IFN-producing cells respond to CXCR3 ligands in the presence of
CXCL12 and secrete inflammatory chemokines upon activation. Journal of
immunology 2002;169:6079-6083.

Penna G, Vulcano M, Roncari A, Facchetti F, Sozzani S, Adorini L. Cutting
edge: differential chemokine production by myeloid and plasmacytoid
dendritic cells. Journal of immunology 2002;169:6673-6676.

Vanbervliet B, Bendriss-Vermare N, Massacrier C, Homey B, de Bouteiller O,
Briere F, et al. The inducible CXCR3 ligands control plasmacytoid dendritic
cell responsiveness to the constitutive chemokine stromal cell-derived factor 1
(SDF-1)/CXCL12. The Journal of experimental medicine 2003;198:823-830.
Ank N, Iversen MB, Bartholdy C, Staeheli P, Hartmann R, Jensen UB, et al.
An important role for type Il interferon (IFN-lambda/IL-28) in TLR-induced
antiviral activity. Journal of immunology 2008;180:2474-2485.

Lauterbach H, Bathke B, Gilles S, Traidl-Hoffmann C, Luber CA, Fejer G, et
al. Mouse CD8alpha+ DCs and human BDCA3+ DCs are major producers of



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

IFN-lambda in response to poly IC. The Journal of experimental medicine
2010;207:2703-2717.

Yin Z, Dai J, Deng J, Sheikh F, Natalia M, Shih T, et al. Type Il IFNs are
produced by and stimulate human plasmacytoid dendritic cells. Journal of
immunology 2012;189:2735-2745.

Moseman EA, Liang X, Dawson AJ, Panoskaltsis-Mortari A, Krieg AM, Liu
YJ, et al. Human plasmacytoid dendritic cells activated by CpG
oligodeoxynucleotides induce the generation of CD4+CD25+ regulatory T
cells. Journal of immunology 2004;173:4433-4442.

Hanabuchi S, Ito T, Park WR, Watanabe N, Shaw JL, Roman E, et al. Thymic
stromal lymphopoietin-activated plasmacytoid dendritic cells induce the
generation of FOXP3+ regulatory T cells in human thymus. Journal of
immunology 2010;184:2999-3007.

Martin-Gayo E, Sierra-Filardi E, Corbi AL, Toribio ML. Plasmacytoid
dendritic cells resident in human thymus drive natural Treg cell development.
Blood 2010;115:5366-5375.

de Heer HJ, Hammad H, Soullie T, Hijdra D, Vos N, Willart MA, et al.
Essential role of lung plasmacytoid dendritic cells in preventing asthmatic
reactions to harmless inhaled antigen. The Journal of experimental medicine
2004;200:89-98.

Gilliet M, Liu YJ. Generation of human CD8 T regulatory cells by CD40
ligand-activated plasmacytoid dendritic cells. The Journal of experimental
medicine 2002;195:695-704.

McGill J, Van Rooijen N, Legge KL. Protective influenza-specific CD8 T cell
responses require interactions with dendritic cells in the lungs. The Journal of
experimental medicine 2008;205:1635-1646.

Villadangos JA, Young L. Antigen-presentation properties of plasmacytoid
dendritic cells. Immunity 2008;29:352-361.

Sapoznikov A, Fischer JA, Zaft T, Krauthgamer R, Dzionek A, Jung S.
Organ-dependent in vivo priming of naive CD4+, but not CD8+, T cells by
plasmacytoid dendritic cells. The Journal of experimental medicine
2007;204:1923-1933.

Fonteneau JF, Larsson M, Beignon AS, McKenna K, Dasilva I, Amara A, et
al. Human immunodeficiency virus type 1 activates plasmacytoid dendritic
cells and concomitantly induces the bystander maturation of myeloid dendritic
cells. Journal of virology 2004,78:5223-5232.

Aspord C, Leccia MT, Charles J, Plumas J. Plasmacytoid dendritic cells
support melanoma progression by promoting Th2 and regulatory immunity
through OX40L and ICOSL. Cancer immunology research 2013;1:402-415.
Rock KL, Shen L. Cross-presentation: underlying mechanisms and role in
immune surveillance. Immunological reviews 2005;207:166-183.

Schnurr M, Chen Q, Shin A, Chen W, Toy T, Jenderek C, et al. Tumor antigen
processing and presentation depend critically on dendritic cell type and the
mode of antigen delivery. Blood 2005;105:2465-2472.

Salio M, Cella M, Vermi W, Facchetti F, Palmowski MJ, Smith CL, et al.
Plasmacytoid dendritic cells prime IFN-gamma-secreting melanoma-specific
CD8 lymphocytes and are found in primary melanoma lesions. European
journal of immunology 2003;33:1052-1062.

Di Pucchio T, Chatterjee B, Smed-Sorensen A, Clayton S, Palazzo A, Montes
M, et al. Direct proteasome-independent cross-presentation of viral antigen by

75



[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

76

plasmacytoid dendritic cells on major histocompatibility complex class I.
Nature immunology 2008;9:551-557.

Hoeffel G, Ripoche AC, Matheoud D, Nascimbeni M, Escriou N, Lebon P, et
al. Antigen crosspresentation by human plasmacytoid dendritic cells.
Immunity 2007;27:481-492.

Penna G, Sozzani S, Adorini L. Cutting edge: selective usage of chemokine
receptors by plasmacytoid dendritic cells. Journal of immunology
2001;167:1862-1866.

Donaghy H, Pozniak A, Gazzard B, Qazi N, Gilmour J, Gotch F, et al. Loss of
blood CD11c(+) myeloid and CD11c(-) plasmacytoid dendritic cells in
patients with HIV-1 infection correlates with HIV-1 RNA virus load. Blood
2001;98:2574-2576.

Feldman S, Stein D, Amrute S, Denny T, Garcia Z, Kloser P, et al. Decreased
interferon-alpha production in HIV-infected patients correlates with numerical
and functional deficiencies in circulating type 2 dendritic cell precursors.
Clinical immunology 2001;101:201-210.

Kamga I, Kahi S, Develioglu L, Lichtner M, Maranon C, Deveau C, et al.
Type | interferon production is profoundly and transiently impaired in primary
HIV-1 infection. The Journal of infectious diseases 2005;192:303-310.
Soumelis V, Scott I, Gheyas F, Bouhour D, Cozon G, Cotte L, et al. Depletion
of circulating natural type 1 interferon-producing cells in HIV-infected AIDS
patients. Blood 2001;98:906-912.

Finke JS, Shodell M, Shah K, Siegal FP, Steinman RM. Dendritic cell
numbers in the blood of HIV-1 infected patients before and after changes in
antiretroviral therapy. Journal of clinical immunology 2004;24:647-652.
Pacanowski J, Kahi S, Baillet M, Lebon P, Deveau C, Goujard C, et al.
Reduced blood CD123+ (lymphoid) and CD11c+ (myeloid) dendritic cell
numbers in primary HIV-1 infection. Blood 2001;98:3016-3021.

Zhang Z, Fu J, Zhao Q, He Y, Jin L, Zhang H, et al. Differential restoration of
myeloid and plasmacytoid dendritic cells in HIV-1-infected children after
treatment with highly active antiretroviral therapy. Journal of immunology
2006;176:5644-5651.

Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh
DG, et al. Endocytosis of HIV-1 activates plasmacytoid dendritic cells via
Toll-like receptor-viral RNA interactions. The Journal of clinical investigation
2005;115:3265-3275.

Lepelley A, Louis S, Sourisseau M, Law HK, Pothlichet J, Schilte C, et al.
Innate sensing of HIV-infected cells. PLoS pathogens 2011;7:e1001284.
Heikenwalder M, Polymenidou M, Junt T, Sigurdson C, Wagner H, Akira S,
et al. Lymphoid follicle destruction and immunosuppression after repeated
CpG oligodeoxynucleotide administration. Nature medicine 2004;10:187-192.
Manches O, Munn D, Fallahi A, Lifson J, Chaperot L, Plumas J, et al. HIV-
activated human plasmacytoid DCs induce Tregs through an indoleamine 2,3-
dioxygenase-dependent mechanism. The Journal of clinical investigation
2008;118:3431-3439.

Herbeuval JP, Hardy AW, Boasso A, Anderson SA, Dolan MJ, Dy M, et al.
Regulation of TNF-related apoptosis-inducing ligand on primary CD4+ T
cells by HIV-1: role of type | IFN-producing plasmacytoid dendritic cells.
Proceedings of the National Academy of Sciences of the United States of
America 2005;102:13974-13979.



[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

Stary G, Klein I, Kohlhofer S, Koszik F, Scherzer T, Mullauer L, et al.
Plasmacytoid dendritic cells express TRAIL and induce CD4+ T-cell
apoptosis in HIV-1 viremic patients. Blood 2009;114:3854-3863.

O'Brien M, Manches O, Sabado RL, Baranda SJ, Wang Y, Marie I, et al.
Spatiotemporal trafficking of HIV in human plasmacytoid dendritic cells
defines a persistently IFN-alpha-producing and partially matured phenotype.
The Journal of clinical investigation 2011;121:1088-1101.

Herbeuval JP, Smith N, Theze J. Characteristics of plasmacytoid dendritic cell
and CD4+ T cell in HIV elite controllers. Clinical & developmental
immunology 2012;2012:869505.

Li G, Cheng M, Nunoya J, Cheng L, Guo H, Yu H, et al. Plasmacytoid
dendritic cells suppress HIV-1 replication but contribute to HIV-1 induced
immunopathogenesis in humanized mice. PLoS pathogens 2014;10:e1004291.
Donaghy H, Bosnjak L, Harman AN, Marsden V, Tyring SK, Meng TC, et al.
Role for plasmacytoid dendritic cells in the immune control of recurrent
human herpes simplex virus infection. Journal of virology 2009;83:1952-
1961.

Gerlini G, Mariotti G, Bianchi B, Pimpinelli N. Massive recruitment of type I
interferon producing plasmacytoid dendritic cells in varicella skin lesions. The
Journal of investigative dermatology 2006;126:507-509.

Huch JH, Cunningham AL, Arvin AM, Nasr N, Santegoets SJ, Slobedman E,
et al. Impact of varicella-zoster virus on dendritic cell subsets in human skin
during natural infection. Journal of virology 2010;84:4060-4072.

Lund JM, Linehan MM, lijima N, Iwasaki A. Cutting Edge: Plasmacytoid
dendritic cells provide innate immune protection against mucosal viral
infection in situ. Journal of immunology 2006;177:7510-7514.

Schuster P, Boscheinen JB, Tennert K, Schmidt B. The Role of Plasmacytoid
Dendritic Cells in Innate and Adaptive Immune Responses against Alpha
Herpes Virus Infections. Advances in virology 2011;2011:679271.

Davidson S, Kaiko G, Loh Z, Lalwani A, Zhang V, Spann K, et al.
Plasmacytoid dendritic cells promote host defense against acute pneumovirus
infection via the TLR7-MyD88-dependent signaling pathway. Journal of
immunology 2011;186:5938-5948.

Smit JJ, Rudd BD, Lukacs NW. Plasmacytoid dendritic cells inhibit
pulmonary immunopathology and promote clearance of respiratory syncytial
virus. The Journal of experimental medicine 2006;203:1153-1159.

Wang H, Peters N, Schwarze J. Plasmacytoid dendritic cells limit viral
replication, pulmonary inflammation, and airway hyperresponsiveness in
respiratory syncytial virus infection. Journal of immunology 2006;177:6263-
6270.

Fonteneau JF, Gilliet M, Larsson M, Dasilva I, Munz C, Liu YJ, et al.
Activation of influenza virus-specific CD4+ and CD8+ T cells: a new role for
plasmacytoid dendritic cells in adaptive immunity. Blood 2003;101:3520-
3526.

Kool M, Geurtsvankessel C, Muskens F, Madeira FB, van Nimwegen M,
Kuipers H, et al. Facilitated antigen uptake and timed exposure to TLR ligands
dictate the antigen-presenting potential of plasmacytoid DCs. Journal of
leukocyte biology 2011;90:1177-1190.

GeurtsvanKessel CH, Willart MA, van Rijt LS, Muskens F, Kool M, Baas C,
et al. Clearance of influenza virus from the lung depends on migratory

77



[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

78

langerin+CD11b- but not plasmacytoid dendritic cells. The Journal of
experimental medicine 2008;205:1621-1634.

Wolf Al, Buehler D, Hensley SE, Cavanagh LL, Wherry EJ, Kastner P, et al.
Plasmacytoid dendritic cells are dispensable during primary influenza virus
infection. Journal of immunology 2009;182:871-879.

Boogaard I, van Oosten M, van Rijt LS, Muskens F, Kimman TG, Lambrecht
BN, et al. Respiratory syncytial virus differentially activates murine myeloid
and plasmacytoid dendritic cells. Immunology 2007;122:65-72.

Swiecki M, Gilfillan S, Vermi W, Wang Y, Colonna M. Plasmacytoid
dendritic cell ablation impacts early interferon responses and antiviral NK and
CD8(+) T cell accrual. Immunity 2010;33:955-966.

Matei |, Ghyka G, Savi I, Tudor A. Correlation of serum interferon with some
clinical and humoral signs of systemic lupus erythematosus. Medecine interne
1990;28:289-294.

Shi SN, Feng SF, Wen YM, He LF, Huang Y X. Serum interferon in systemic
lupus erythematosus. The British journal of dermatology 1987;117:155-159.
Ytterberg SR, Schnitzer TJ. Serum interferon levels in patients with systemic
lupus erythematosus. Arthritis and rheumatism 1982;25:401-406.

Baechler EC, Batliwalla FM, Karypis G, Gaffney PM, Ortmann WA, Espe KJ,
et al. Interferon-inducible gene expression signature in peripheral blood cells
of patients with severe lupus. Proceedings of the National Academy of
Sciences of the United States of America 2003;100:2610-2615.

Bennett L, Palucka AK, Arce E, Cantrell V, Borvak J, Banchereau J, et al.
Interferon and granulopoiesis signatures in systemic lupus erythematosus
blood. The Journal of experimental medicine 2003;197:711-723.

Crow MK, Kirou KA, Wohlgemuth J. Microarray analysis of interferon-
regulated genes in SLE. Autoimmunity 2003;36:481-490.

Han GM, Chen SL, Shen N, Ye S, Bao CD, Gu YY. Analysis of gene
expression profiles in human systemic lupus erythematosus using
oligonucleotide microarray. Genes and immunity 2003;4:177-186.

Kariuki SN, Franek BS, Kumar AA, Arrington J, Mikolaitis RA, Utset TO, et
al. Trait-stratified genome-wide association study identifies novel and diverse
genetic associations with serologic and cytokine phenotypes in systemic lupus
erythematosus. Arthritis research & therapy 2010;12:R151.

Gilliet M, Cao W, Liu YJ. Plasmacytoid dendritic cells: sensing nucleic acids
in viral infection and autoimmune diseases. Nature reviews Immunology
2008;8:594-606.

Bave U, Alm GV, Ronnblom L. The combination of apoptotic U937 cells and
lupus I1gG is a potent IFN-alpha inducer. Journal of immunology
2000;165:3519-3526.

Lovgren T, Eloranta ML, Bave U, Alm GV, Ronnblom L. Induction of
interferon-alpha production in plasmacytoid dendritic cells by immune
complexes containing nucleic acid released by necrotic or late apoptotic cells
and lupus IgG. Arthritis and rheumatism 2004;50:1861-1872.

Farkas L, Beiske K, Lund-Johansen F, Brandtzaeg P, Jahnsen FL.
Plasmacytoid dendritic cells (natural interferon- alpha/beta-producing cells)
accumulate in cutaneous lupus erythematosus lesions. The American journal
of pathology 2001;159:237-243.

Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gregorio J, et al.
Neutrophils activate plasmacytoid dendritic cells by releasing self-DNA-



[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

peptide complexes in systemic lupus erythematosus. Science translational
medicine 2011;3:73ral9.

Bengtsson AA, Sturfelt G, Truedsson L, Blomberg J, Alm G, Vallin H, et al.
Activation of type | interferon system in systemic lupus erythematosus
correlates with disease activity but not with antiretroviral antibodies. Lupus
2000;9:664-671.

Crow MK. Type | interferon in the pathogenesis of lupus. Journal of
immunology 2014;192:5459-5468.

Bekeredjian-Ding 1B, Wagner M, Hornung V, Giese T, Schnurr M, Endres S,
et al. Plasmacytoid dendritic cells control TLR7 sensitivity of naive B cells via
type | IFN. Journal of immunology 2005;174:4043-4050.

Jego G, Palucka AK, Blanck JP, Chalouni C, Pascual V, Banchereau J.
Plasmacytoid dendritic cells induce plasma cell differentiation through type |
interferon and interleukin 6. Immunity 2003;19:225-234.

Uccellini MB, Busconi L, Green NM, Busto P, Christensen SR, Shlomchik
MJ, et al. Autoreactive B cells discriminate CpG-rich and CpG-poor DNA and
this response is modulated by IFN-alpha. Journal of immunology
2008;181:5875-5884.

Mold C, Clos TW. C-reactive protein inhibits plasmacytoid dendritic cell
interferon responses to autoantibody immune complexes. Arthritis and
rheumatism 2013;65:1891-1901.

Wiedeman AE, Santer DM, Yan W, Miescher S, Kasermann F, Elkon KB.
Contrasting mechanisms of interferon-alpha inhibition by intravenous
immunoglobulin after induction by immune complexes versus Toll-like
receptor agonists. Arthritis and rheumatism 2013;65:2713-2723.

Gill MA, Blanco P, Arce E, Pascual V, Banchereau J, Palucka AK. Blood
dendritic cells and DC-poietins in systemic lupus erythematosus. Human
immunology 2002;63:1172-1180.

Migita K, Miyashita T, Maeda Y, Kimura H, Nakamura M, Yatsuhashi H, et
al. Reduced blood BDCA-2+ (lymphoid) and CD11c+ (myeloid) dendritic
cells in systemic lupus erythematosus. Clinical and experimental immunology
2005;142:84-91.

Fiore N, Castellano G, Blasi A, Capobianco C, Loverre A, Montinaro V, et al.
Immature myeloid and plasmacytoid dendritic cells infiltrate renal
tubulointerstitium in patients with lupus nephritis. Molecular immunology
2008;45:259-265.

Tucci M, Quatraro C, Lombardi L, Pellegrino C, Dammacco F, Silvestris F.
Glomerular accumulation of plasmacytoid dendritic cells in active lupus
nephritis: role of interleukin-18. Arthritis and rheumatism 2008;58:251-262.
Nestle FO, Conrad C, Tun-Kyi A, Homey B, Gombert M, Boyman O, et al.
Plasmacytoid predendritic cells initiate psoriasis through interferon-alpha
production. The Journal of experimental medicine 2005;202:135-143.

Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang YH, Homey B, et al.
Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial
peptide. Nature 2007;449:564-5609.

Karthaus N, van Spriel AB, Looman MW, Chen S, Spilgies LM, Lieben L, et
al. Vitamin D controls murine and human plasmacytoid dendritic cell
function. The Journal of investigative dermatology 2014;134:1255-1264.
Haahr S, Hollsberg P. Multiple sclerosis is linked to Epstein-Barr virus
infection. Reviews in medical virology 2006;16:297-310.

79



[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

80

Edwards S, Zvartau M, Clarke H, Irving W, Blumhardt LD. Clinical relapses
and disease activity on magnetic resonance imaging associated with viral
upper respiratory tract infections in multiple sclerosis. Journal of neurology,
neurosurgery, and psychiatry 1998;64:736-741.

Stasiolek M, Bayas A, Kruse N, Wieczarkowiecz A, Toyka KV, Gold R, et al.
Impaired maturation and altered regulatory function of plasmacytoid dendritic
cells in multiple sclerosis. Brain : a journal of neurology 2006;129:1293-1305.
Ichikawa HT, Williams LP, Segal BM. Activation of APCs through CD40 or
Toll-like receptor 9 overcomes tolerance and precipitates autoimmune disease.
Journal of immunology 2002;169:2781-2787.

Segal BM, Chang JT, Shevach EM. CpG oligonucleotides are potent adjuvants
for the activation of autoreactive encephalitogenic T cells in vivo. Journal of
immunology 2000;164:5683-5688.

Waldner H, Collins M, Kuchroo VK. Activation of antigen-presenting cells by
microbial products breaks self tolerance and induces autoimmune disease. The
Journal of clinical investigation 2004;113:990-997.

Aung LL, Fitzgerald-Bocarsly P, Dhib-Jalbut S, Balashov K. Plasmacytoid
dendritic cells in multiple sclerosis: chemokine and chemokine receptor
modulation by interferon-beta. Journal of neuroimmunology 2010;226:158-
164.

Hashikawa K, Niino D, Yasumoto S, Nakama T, Kiyasu J, Sato K, et al.
Clinicopathological features and prognostic significance of CXCL12 in blastic
plasmacytoid dendritic cell neoplasm. Journal of the American Academy of
Dermatology 2012;66:278-291.

Gattei V, Carbone A, Zagonel V, Pinto A. Expression of natural killer
antigens in a subset of 'non-T, non-B lymphoma/leukaemia with histiocytic
features'. British journal of haematology 1990;76:444-448.

Petrella T, Comeau MR, Maynadie M, Couillault G, De Muret A, Maliszewski
CR, et al. 'Agranular CD4+ CD56+ hematodermic neoplasm' (blastic NK-cell
lymphoma) originates from a population of CD56+ precursor cells related to
plasmacytoid monocytes. The American journal of surgical pathology
2002;26:852-862.

Falcao RP, Garcia AB, Marques MG, Simoes BP, Fonseca BA, Rodrigues
ML, et al. Blastic CD4 NK cell leukemia/lymphoma: a distinct clinical entity.
Leukemia research 2002;26:803-807.

Drenou B, Lamy T, Amiot L, Fardel O, Caulet-Maugendre S, Sasportes M, et
al. CD3- CD56+ non-Hodgkin's lymphomas with an aggressive behavior
related to multidrug resistance. Blood 1997;89:2966-2974.

Nakamura S, Suchi T, Koshikawa T, Kitoh K, Koike K, Komatsu H, et al.
Clinicopathologic study of CD56 (NCAM)-positive angiocentric lymphoma
occurring in sites other than the upper and lower respiratory tract. The
American journal of surgical pathology 1995;19:284-296.

Harris NL, Jaffe ES, Diebold J, Flandrin G, Muller-Hermelink HK, Vardiman
J, et al. The World Health Organization classification of neoplasms of the
hematopoietic and lymphoid tissues: report of the Clinical Advisory
Committee meeting--Airlie House, Virginia, November, 1997. The
hematology journal : the official journal of the European Haematology
Association / EHA 2000;1:53-66.



[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

Lucio P, Parreira A, Orfao A. CD123hi dendritic cell lymphoma: an unusual
case of non-Hodgkin lymphoma. Annals of internal medicine 1999;131:549-
550.

Rakozy CK, Mohamed AN, Vo TD, Khatib G, Long PM, Eilender D, et al.
CD56+/CD4+  lymphomas and leukemias are  morphologically,
immunophenotypically, cytogenetically, and clinically diverse. American
journal of clinical pathology 2001;116:168-176.

Chaperot L, Bendriss N, Manches O, Gressin R, Maynadie M, Trimoreau F, et
al. Identification of a leukemic counterpart of the plasmacytoid dendritic cells.
Blood 2001;97:3210-3217.

Chaperot L, Perrot I, Jacob MC, Blanchard D, Salaun V, Deneys V, et al.
Leukemic plasmacytoid dendritic cells share phenotypic and functional
features with their normal counterparts. European journal of immunology
2004;34:418-426.

Feuillard J, Jacob MC, Valensi F, Maynadie M, Gressin R, Chaperot L, et al.
Clinical and biologic features of CD4(+)CD56(+) malignancies. Blood
2002;99:1556-1563.

Jacob MC, Chaperot L, Mossuz P, Feuillard J, Valensi F, Leroux D, et al.
CD4+ CD56+ lineage negative malignancies: a new entity developed from
malignant early plasmacytoid dendritic cells. Haematologica 2003;88:941-
955.

Nava VE, Jaffe ES. The pathology of NK-cell lymphomas and leukemias.
Advances in anatomic pathology 2005;12:27-34.

Petrella T, Bagot M, Willemze R, Beylot-Barry M, Vergier B, Delaunay M, et
al. Blastic NK-cell lymphomas (agranular CD4+CD56+ hematodermic
neoplasms): a review. American journal of clinical pathology 2005;123:662-
675.

Slater DN. The new World Health Organization-European Organization for
Research and Treatment of Cancer classification for cutaneous lymphomas: a
practical marriage of two giants. The British journal of dermatology
2005;153:874-880.

Willemze R, Jaffe ES, Burg G, Cerroni L, Berti E, Swerdlow SH, et al. WHO-
EORTC classification for cutaneous lymphomas. Blood 2005;105:3768-3785.
Bueno C, Almeida J, Lucio P, Marco J, Garcia R, de Pablos JM, et al.
Incidence and characteristics of CD4(+)/HLA DRhi dendritic cell
malignancies. Haematologica 2004;89:58-69.

Shi Y, Wang E. Blastic plasmacytoid dendritic cell neoplasm: a
clinicopathologic review. Archives of pathology & laboratory medicine
2014;138:564-569.

Garnache-Ottou F, Feuillard J, Ferrand C, Biichle S, Trimoreau F, Seilles E, et
al. Extended diagnostic criteria for plasmacytoid dendritic cell leukaemia.
British journal of haematology 2009;145:624-636.

Leroux D, Mugneret F, Callanan M, Radford-Weiss I, Dastugue N, Feuillard
J, et al. CD4(+), CD56(+) DC2 acute leukemia is characterized by recurrent
clonal chromosomal changes affecting 6 major targets: a study of 21 cases by
the Groupe Francais de Cytogenetique Hematologique. Blood 2002;99:4154-
4159.

Dijkman R, van Doorn R, Szuhai K, Willemze R, Vermeer MH, Tensen CP.
Gene-expression profiling and array-based CGH classify CD4+CD56+

81



[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

82

hematodermic neoplasm and cutaneous myelomonocytic leukemia as distinct
disease entities. Blood 2007;109:1720-1727.

Garnache-Ottou F, Feuillard J, Saas P. Plasmacytoid dendritic cell
leukaemia/lymphoma: towards a well defined entity? British journal of
haematology 2007;136:539-548.

Garnache-Ottou F, Chaperot L, Biichle S, Ferrand C, Remy-Martin JP,
Deconinck E, et al. Expression of the myeloid-associated marker CD33 is not
an exclusive factor for leukemic plasmacytoid dendritic cells. Blood
2005;105:1256-1264.

Gopcsa L, Banyai A, Jakab K, Kormos L, Tamaska J, Matolcsy A, et al.
Extensive flow cytometric characterization of plasmacytoid dendritic cell
leukemia cells. European journal of haematology 2005;75:346-351.

Maeda T, Murata K, Fukushima T, Sugahara K, Tsuruda K, Anami M, et al. A
novel plasmacytoid dendritic cell line, CAL-1, established from a patient with
blastic natural killer cell lymphoma. International journal of hematology
2005;81:148-154.

Blum A, Chaperot L, Molens JP, Foissaud V, Plantaz D, Plumas J.
Mechanisms of TRAIL-induced apoptosis in leukemic plasmacytoid dendritic
cells. Experimental hematology 2006;34:1655-1662.

Chaperot L, Blum A, Manches O, Lui G, Angel J, Molens JP, et al. Virus or
TLR agonists induce TRAIL-mediated cytotoxic activity of plasmacytoid
dendritic cells. Journal of immunology 2006;176:248-255.

Lui G, Manches O, Angel J, Molens JP, Chaperot L, Plumas J. Plasmacytoid
dendritic cells capture and cross-present viral antigens from influenza-virus
exposed cells. PloS one 2009;4:e7111.

Olweus J, BitMansour A, Warnke R, Thompson PA, Carballido J, Picker LJ,
et al. Dendritic cell ontogeny: a human dendritic cell lineage of myeloid
origin. Proceedings of the National Academy of Sciences of the United States
of America 1997;94:12551-12556.

Liu YJ, Kanzler H, Soumelis V, Gilliet M. Dendritic cell lineage, plasticity
and cross-regulation. Nature immunology 2001;2:585-589.

Dzionek A, Fuchs A, Schmidt P, Cremer S, Zysk M, Miltenyi S, et al. BDCA-
2, BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic cells
in human peripheral blood. Journal of immunology 2000;165:6037-6046.
Olshalsky SL, Fitzgerald-Bocarsly P. Flow cytometric techniques for studying
plasmacytoid dendritic cells in mixed populations. Methods in molecular
medicine 2005;116:183-194.

Ida JA, Shrestha N, Desai S, Pahwa S, Hanekom WA, Haslett PA. A whole
blood assay to assess peripheral blood dendritic cell function in response to
Toll-like receptor stimulation. Journal of immunological methods
2006;310:86-99.

Della Bella S, Giannelli S, Taddeo A, Presicce P, Villa ML. Application of
six-color flow cytometry for the assessment of dendritic cell responses in
whole blood assays. Journal of immunological methods 2008;339:153-164.
Barten MJ, Garbade J, Bittner HB, Fiedler M, Dhein S, Thiery J, et al. Affects
of immunosuppression on circulating dendritic cells: an adjunct to therapeutic
drug monitoring after heart transplantation. International
immunopharmacology 2006;6:2011-2017.

Hernandez-Campo PM, Almeida J, Matarraz S, de Santiago M, Sanchez ML,
Orfao A Quantitative analysis of  the expression of



[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

glycosylphosphatidylinositol-anchored proteins during the maturation of
different hematopoietic cell compartments of normal bone marrow. Cytometry
Part B, Clinical cytometry 2007;72:34-42.

Narbutt J, Lesiak A, Zak-Prelich M, Wozniacka A, Sysa-Jedrzejowska A,
Tybura M, et al. The distribution of peripheral blood dendritic cells assayed by
a new panel of anti-BDCA monoclonal antibodies in healthy representatives
of the polish population. Cellular & molecular biology letters 2004;9:497-509.
Perez-Cabezas B, Naranjo-Gomez M, Fernandez MA, Grifols JR, Pujol-
Borrell R, Borras FE. Reduced numbers of plasmacytoid dendritic cells in
aged blood donors. Experimental gerontology 2007;42:1033-1038.

Szabo A, Bene K, Gogolak P, Rethi B, Lanyi A, Jankovich I, et al. RLR-
mediated production of interferon-beta by a human dendritic cell subset and its
role in virus-specific immunity. Journal of leukocyte biology 2012;92:159-
169.

McKenna K, Beignon AS, Bhardwaj N. Plasmacytoid dendritic cells: linking
innate and adaptive immunity. Journal of virology 2005;79:17-27.

Berghofer B, Haley G, Frommer T, Bein G, Hackstein H. Natural and
synthetic TLR7 ligands inhibit CpG-A- and CpG-C-oligodeoxynucleotide-
induced IFN-alpha production. Journal of immunology 2007;178:4072-4079.
Marshall JD, Heeke DS, Gesner ML, Livingston B, Van Nest G. Negative
regulation of TLR9-mediated IFN-alpha induction by a small-molecule,
synthetic TLR7 ligand. Journal of leukocyte biology 2007;82:497-508.

Di Domizio J, Blum A, Gallagher-Gambarelli M, Molens JP, Chaperot L,
Plumas J. TLR7 stimulation in human plasmacytoid dendritic cells leads to the
induction of early IFN-inducible genes in the absence of type | IFN. Blood
2009;114:1794-1802.

Randall RE, Goodbourn S. Interferons and viruses: an interplay between
induction, signalling, antiviral responses and virus countermeasures. The
Journal of general virology 2008;89:1-47.

Takauji R, 1ho S, Takatsuka H, Yamamoto S, Takahashi T, Kitagawa H, et al.
CpG-DNA-induced IFN-alpha production involves p38 MAPK-dependent
STAT1 phosphorylation in human plasmacytoid dendritic cell precursors.
Journal of leukocyte biology 2002;72:1011-1019.

Hammad H, Lambrecht BN. Recent progress in the biology of airway
dendritic cells and implications for understanding the regulation of asthmatic
inflammation. The Journal of allergy and clinical immunology 2006;118:331-
336.

Novak N, Bieber T. The role of dendritic cell subtypes in the pathophysiology
of atopic dermatitis. Journal of the American Academy of Dermatology
2005;53:5171-176.

Fangmann J, Wegmann C, Hoppe A, Martin P, Sack U, Harms J, et al.
Characterization of dendritic cell subsets in patients undergoing renal
transplantation. Transplantation proceedings 2007;39:3101-3104.

Giannelli S, Taddeo A, Presicce P, Villa ML, Della Bella S. A six-color flow
cytometric assay for the analysis of peripheral blood dendritic cells.
Cytometry Part B, Clinical cytometry 2008;74:349-355.

Shi H, Ge J, Fang W, Yao K, Sun A, Huang R, et al. Peripheral-blood
dendritic cells in men with coronary heart disease. The American journal of
cardiology 2007;100:593-597.

83



[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

84

Teig N, Moses D, Gieseler S, Schauer U. Age-related changes in human blood
dendritic cell subpopulations. Scandinavian journal of immunology
2002;55:453-457.

Ueda Y, Hagihara M, Okamoto A, Higuchi A, Tanabe A, Hirabayashi K, et al.
Frequencies of dendritic cells (myeloid DC and plasmacytoid DC) and their
ratio reduced in pregnant women: comparison with umbilical cord blood and
normal healthy adults. Human immunology 2003;64:1144-1151.

Robak E, Smolewski P, Wozniacka A, Sysa-Jedrzejowska A, Stepien H,
Robak T. Relationship between peripheral blood dendritic cells and cytokines
involved in the pathogenesis of systemic lupus erythematosus. European
cytokine network 2004;15:222-230.

Blomberg S, Eloranta ML, Magnusson M, Alm GV, Ronnblom L. Expression
of the markers BDCA-2 and BDCA-4 and production of interferon-alpha by
plasmacytoid dendritic cells in systemic lupus erythematosus. Arthritis and
rheumatism 2003;48:2524-2532.

Tajima K, Amakawa R, Ito T, Miyaji M, Takebayashi M, Fukuhara S.
Immunomodulatory effects of cyclosporin A on human peripheral blood
dendritic cell subsets. Immunology 2003;108:321-328.

Bauer M, Redecke V, Ellwart JW, Scherer B, Kremer JP, Wagner H, et al.
Bacterial CpG-DNA triggers activation and maturation of human CD11c-,
CD123+ dendritic cells. J Immunol 2001;166:5000-5007.

Kawai T, Sato S, Ishii KJ, Coban C, Hemmi H, Yamamoto M, et al.
Interferon-alpha induction through Toll-like receptors involves a direct
interaction of IRF7 with MyD88 and TRAF6. Nat Immunol 2004;5:1061-
1068.

Krug A, Rothenfusser S, Hornung V, Jahrsdorfer B, Blackwell S, Ballas ZK,
et al. Identification of CpG oligonucleotide sequences with high induction of
IFN-alpha/beta in plasmacytoid dendritic cells. Eur J Immunol 2001;31:2154-
2163.

Gibson SJ, Lindh JM, Riter TR, Gleason RM, Rogers LM, Fuller AE, et al.
Plasmacytoid dendritic cells produce cytokines and mature in response to the
TLR7 agonists, imiquimod and resiquimod. Cell Immunol 2002;218:74-86.
Wang J, Shao Y, Bennett TA, Shankar RA, Wightman PD, Reddy LG. The
functional effects of physical interactions among Toll-like receptors 7, 8, and
9. The Journal of biological chemistry 2006;281:37427-37434.

Fukui R, Saitoh S, Matsumoto F, Kozuka-Hata H, Oyama M, Tabeta K, et al.
Unc93B1 biases Toll-like receptor responses to nucleic acid in dendritic cells
toward DNA- but against RNA-sensing. The Journal of experimental medicine
2009;206:1339-1350.

Chockalingam A, Brooks JC, Cameron JL, Blum LK, Leifer CA. TLR9
traffics through the Golgi complex to localize to endolysosomes and respond
to CpG DNA. Immunology and cell biology 2009;87:209-217.

Schon MP, Schon M, Klotz KN. The small antitumoral immune response
modifier imiquimod interacts with adenosine receptor signaling in a TLR7-
and TLR8-independent fashion. The Journal of investigative dermatology
2006;126:1338-1347.

Butchi NB, Du M, Peterson KE. Interactions between TLR7 and TLR9
agonists and receptors regulate innate immune responses by astrocytes and
microglia. Glia 2010;58:650-664.



[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

Booth JS, Buza JJ, Potter A, Babiuk LA, Mutwiri GK. Co-stimulation with
TLR7/8 and TLR9 agonists induce down-regulation of innate immune
responses in sheep blood mononuclear and B cells. Dev Comp Immunol
2010;34:572-578.

Bagchi A, Herrup EA, Warren HS, Trigilio J, Shin HS, Valentine C, et al.
MyD88-dependent and MyD88-independent pathways in synergy, priming,
and tolerance between TLR agonists. J Immunol 2007;178:1164-1171.

Blasius AL, Beutler B. Intracellular toll-like receptors. Immunity
2010;32:305-315.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity.
Cell 2006;124:783-801.

Tel J, Schreibelt G, Sittig SP, Mathan TS, Buschow SI, Cruz LJ, et al. Human
plasmacytoid dendritic cells efficiently cross-present exogenous Ags to CD8+
T cells despite lower Ag uptake than myeloid dendritic cell subsets. Blood
2013;121:459-467.

Hornung V, Schlender J, Guenthner-Biller M, Rothenfusser S, Endres S,
Conzelmann KK, et al. Replication-dependent potent IFN-alpha induction in
human plasmacytoid dendritic cells by a single-stranded RNA virus. Journal
of immunology 2004;173:5935-5943.

Kramer M, Schulte BM, Eleveld-Trancikova D, van Hout-Kuijer M, Toonen
LW, Tel J, et al. Cross-talk between human dendritic cell subsets influences
expression of RNA sensors and inhibits picornavirus infection. Journal of
innate immunity 2010;2:360-370.

Gitlin L, Benoit L, Song C, Cella M, Gilfillan S, Holtzman MJ, et al.
Melanoma differentiation-associated gene 5 (MDADJ) is involved in the innate
immune response to Paramyxoviridae infection in vivo. PLoS pathogens
2010;6:1000734.

Masumi A, Ito M, Mochida K, Hamaguchi I, Mizukami T, Momose H, et al.
Enhanced RIG-1 expression is mediated by interferon regulatory factor-2 in
peripheral blood B cells from hepatitis C virus-infected patients. Biochemical
and biophysical research communications 2010;391:1623-1628.

Del Prete A, Locati M, Otero K, Riboldi E, Mantovani A, Vecchi A, et al.
Migration of dendritic cells across blood and lymphatic endothelial barriers.
Thrombosis and haemostasis 2006;95:22-28.

Sozzani S, Vermi W, Del Prete A, Facchetti F. Trafficking properties of
plasmacytoid dendritic cells in health and disease. Trends in immunology
2010;31:270-277.

85



8.2 Publication list prepared by the Kenézy Life Sciences Library

UNIVERSITY OF DEBRECEN
( ;A‘
7 UNIVERSITY AND NATIONAL LIBRARY "I

Wi lio.unideb hu

PUBLICATIONS

Register number:  DEENK/15/2015. PL
Item number:
Subject: Ph.D. List of Publications

Candidate: Zoltan Magyarics
Neptun ID: D742NU
Doctoral School: Doctoral School of Molecular Cell and Immune Biology

List of publications related to the dissertation

*1. Szabo, A., Magyarics, Z., Pazmandi, K., Gopcsa, L., Rajnavélgyi, E., Bacsi, A.: TLR ligands
upregulate RIG-I expression in human plasmacytoid dendritic cells in a type | IFN-
independent manner.

Immunol. Cell Biol. 92 (8), 671-678, 2014.
DOI: http://dx.doi.org/10.1038/icb.2014.38
IF:4.205 (2013)

2. Magyarics, Z., Csillag, A., Pazméandi, K., Rajnaveélgyi, E., Bacsi, A.: Identification of plasmacytoid
pre-dendritic cells by one-color flow cytometry for phenotype screening.
Cytometry A. 73 (3), 254-258, 2008.
DOI: http://dx.doi.org/10.1002/cyto.a.20529
IF:3.259

* Szabd, A. and Magyarics, Z. contributed equally to this work.

H- 4032 Debrecen, Egyetem tér 1. o E-mail publikaciok(@lib.unideb.hu

86



UNIVERSITY OF DEBRECEN
;A‘
UNIVERSITY AND NATIONAL LIBRARY "I

v lib unided hu

PUBLICATIONS

List of other publications

3. Rouha, H., Badarau, A., Visram, Z.C., Battles, M.B., Prinz, B., Magyarics, Z., Nagy, G., Mirkina, |.,
Stulik, L., Zerbs, M., Jagerhofer, M., Maierhofer, B., Teubenbacher, A., Dolezilkova, |., Gross,
K., Banerjee, S., Zauner, G., Malafa, S., Zmajkovic, J., Maier, S., Mabry, R., Krauland, E.,
Wittrup, K.D., Gerngross, T.U., Nagy, E.: Five birds, one stone: Neutralization of a-hemolysin
and 4 bi-component leukocidins of Staphylococcus aureus with a single human monoclonal
antibody.
mAbs. 7 (1), 243-254, 2014.
DOI: http://dx.doi.org/10.4161/19420862.2014.985132
IF:4.726 (2013)

4. Szijarto, V., Lukasiewicz, J., Gozdziewicz, T.K., Magyarics, Z., Nagy, E., Nagy, G.: Diagnostic
potential of monoclonal antibodies specific to the unique O-antigen of multidrug-resistant
epidemic Escherichia coli clone ST131-025b:H4.

Clin. Vaccine Immunol. 21 (7), 930-939, 2014.
DOI: http://dx.doi.org/10.1128/CVI.00685-13
IF:2.37 (2013)

5. Pazmandi, K., Magyarics, Z., Boldogh, |., Csillag, A., Rajnavélgyi, E., Bacsi, A.: Modulatory effects
of low-dose hydrogen peroxide on the function of human plasmacytoid dendritic cells.
Free Radic. Biol. Med. 52 (3), 635-645, 2012.
DOI: http://dx.doi.org/10.1016/j.freeradbiomed.2011.11.022
IF:5.271

6. Schmid, P., Selak, S., Keller, M., Luhan, B., Magyarics, Z., Seidel, S., Schlick, P., Reinisch, C.,
Lingnau, K., Nagy, E., Grubeck-Loebenstein, B.: Th17/Th1 biased immunity to the
pneumococcal proteins PcsB, StkP and PsaA in adults of different age.

Vaccine. 29 (23), 3982-3989, 2011.
DOI: http://dx.doi.org/10.1016/j.vaccine.2011.03.081 ,;f"
IF:3.766

H- 4032 Debrecen, Egyetem tér 1. & E-mail publikaciok@lib.unideb.hu



88

UNIVERSITY OF DEBRECEN
;A‘
UNIVERSITY AND NATIONAL LIBRARY "I

v lib unided hu

PUBLICATIONS

7. Csillag, A., Boldogh, ., Pazmandi, K., Magyarics, Z., Gogolak, P., Sur, S., Rajnavélgyi, E., Bacsi,
A.: Pollen-Induced Oxidative Stress Influences Both Innate and Adaptive Immune Responses
via Altering Dendritic Cell Functions.

J. Immunol. 184 (5), 2377-2385, 2010.
DOI: http://dx.doi.org/10.4049/jimmunol.0803938
IF:5.745

8. Benkd, S., Magyarics, Z., Szabd, A., Rajnavolgyi, E.: Dendritic cell subtypes as primary targets of
vaccines: The emerging role and cross-talk of pattern recognition receptors.
Biol. Chem. 389 (5), 469-485, 2008.
DOI: http://dx.doi.org/10.1515/BC.2008.054
IF:3.035

9. Jiao, H., Téth, B., Erdés, M., Fransson, |., Rakéczi, E., Balogh, |, Magyarics, Z., Dérfalvy, B.,
Csorba, G., Szaflarska, A., Megarbane, A., Akatcherian, C., Dbaibo, G., Rajnavolgyi, E.
Hammarstrém, L., Kere, J., Lefranc, G., Marddi, L.: Novel and recurrent STAT3 mutations in
hyper-IgE syndrome patients from different ethnic groups.

Mol. Immunol. 46 (1), 202-206, 2008.
DOI: http://dx.doi.org/10.1016/j.molimm.2008.07.001
IF:3.555

10. Magyarics Z., Rajnavélgyi E.: Plazmacitoid dendritikus sejtek - az |. tipusu interferont termelé
sejtek.
Magyar Immunol. 4 (3-4), 6-16, 2005.

11. Magyarics, Z., Rajnavélgyi, E.: Professional type | interferon-producing cells: A unique
subpopulation of dendritic cells.
Acta Microbiol. Inmunol. Hung. 52 (3-4), 443-462, 2005.
DOI: http://dx.doi.org/10.1556/AMicr.52.2005.3-4.14

Total IF of journals (all publications): 35,932
Total IF of journals (publications related to the dissertation): 7,464
F
The Candidate's publication data submitted to the iDEa Tudéstér éave been validated by DEENK on
the basis of Web of Science, Scopus and Journal Citation Repotﬁlmefql‘l:agtor) databases. \
\ & - d

22 January, 2015 2 A

H- 4032 Debrecen, Egyetem tér 1. & E-mail publikaciok@lib.unideb.hu



9 Keywords

Plasmacytoid dendritic cell, plasmacytoid dendritic cell leukemia, Toll-like

receptor, RIG-I-like receptor, signaling, innate immunity, flow cytometry

Targyszavak

Plazmacitoid dendritikus sejt, plazmacitoid dendritikus sejt leukémia, Toll-
szerli receptor, RIG-I-szerli receptor, jelatvitel, veleszlletett immunités, aramlési

citometria

89



10 Acknowledgments

I would like to thank my supervisor Dr. Attila Bacsi for his continuous
support, excellent mentorship. 1 am thankful for Attila for teaching me the scientific
way on thinking and asking the right questions as well as planning the right

experiment to answer those.

| am thankful for Prof. Eva Rajnavélgyi for her continuous support and
inspiration during my entire Ph.D. period.

| am indebted to Dr. Arpad Lanyi, Dr. Kata Kis-T6th and Dr. Szilvia Benkd,
for the scientific discussions and their valuable suggestions as well as for the technical
help during my years at the Department of Immunology. Special thanks for Anikd
Csillag, Attila Szabd and for my student, Kitti Pazmandi for the technical discussions
and nice moments within the lab. Importantly, 1 am thankful for Dr. Péter “Gogy”
Gogolak for being an excellent teacher in flow cytometry and guiding me through my

learning curves with cell sorting.

| would like to thank the whole staff of the Department of Immunology

(University of Debrecen, MHSC) for the supporting and friendly environment.
And last, but not least | am sincerely grateful to my family, especially my wife

Kata and to my kids helping me get through the difficult times, and for their

emotional support and encouragement.

90



