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1. Introduction

1.1. Main properties of plasmacytoid dendritic cells

Dendritic cells are a heterogeneous populationemhdtopoietic cells that serve as an
important bridge between innate and adaptive immresponses as professional antigen
presenting cells (APCs). Their functional charaetgion, including the discovery of their role
in antigen presentation, was a key milestone in umofogy. Based on their origin, tissue
localization and functional properties, human DG@® be classified into two major types:
conventional DCs (cDCs) and the later identifiedsphacytoid DCs (pDCs). Human pDCs
represent only 0.2%-0.8% of peripheral blood moet@ar cells (PBMC). They are smaller
(8-10pum in diameter) than CDI4monocytes or cDCs, but bigger than resting lymptes
and display plasma cell morphology with eccentridnky-shaped nucleus. In particular,
whereas the CD11dlood immature myeloid dendritic cells display detes, immature pDCs
have no long outgrowths, but they acquire dendrit@rphology uponn vitro culturing in
presence of IL-3. The phenotype of human immatuRCe is CDACD45RAHLA"
DR*CD123"NLT3*ILT1 "CD11¢lineagé. They do not express the lineage-specific markers
for all the known cell types within the immune ®yst including surface and cytoplasmic
immunoglobulin and CD19 (B cells), TCR and CD3 ctexps (T cells), CD14 (monocytes),
CD16 and CD56 (NK cells), and CD11c (myeloid DQdurine pDCs were identified soon
after the discovery of their human counterparts,d acharacterized by their
B220'Ly49Q'CCRY phenotype.

Before reaching consensus on the name and orighd@, multiple names were used
for this enigmatic cell type, including the tern’sadssociated plasma cells’, or ‘plasmacytoid
T-cells’, and ‘plasmacytoid monocytes’ and pDCs evéater identified to be identical to
previously described professional type | interfeppaducing cells (IPCs). Similary to their
naming, the developmental origin of pDCs remainettated topic for a decade. The current
view proposes a flexible development pathway fordiitic cells, where pDCs might originate
from a variety of precursors including common migtland common lymphoid precursors as

well.



1.2. Innate immune receptors of plasmacytoid dendritic ells

A prominent role of the innate immune system is tleeognition of microbial
components that are essential for the given migamism, but serve as a ‘danger signal’ for
the host promoting an efficient adaptive immuneoese against the recognized organism or
structure. The pathogen-associated molecular patf@AMPS) are recognized by germ line-
encoded, constitutively expressed pattern-recagnitieceptors (PRRs). Similar microbial
structures might be expressed on pathogenic andpathmgenic microbes, and the
differentiation between harmful microbial patterasd those that should be tolerated by the
immune system is controlled by ‘danger signalsy. ¢issue damage induced by invasive
bacteria or viruses. Importantly, certain PRRs a@epse host-derived structures that become
available during tissue damage or non-controlldiddeath as opposed to apoptosis.

Unlike other cell types, professional antigen pn¢isg cells, such as DCs, B-cells and
macrophages, display a broad repertoire of PRRIigtiect pathogen-derived molecules in their
environment. An important group of PRRs is the fgraf Toll-like receptors (TLRs), localized
to the cell surface or the membrane of intracellelampartments. Thirteen members of the
TLR family have been identified so far, and terth@fm are found in humans. TLRs are type |
trans-membrane glycoproteins consisting of a cgspic signaling domain called the Toll/IL-
1 receptor domain and different extracellular doreaiThe activation of TLRs results in the
expression of cytokines, chemokines and co-stimojatmolecules essential for the
coordination of innate immune responses and shdpesadaptive responses as well.
Plasmacytoid DCs express a characteristic combimadf TLRs, namely TLR7 and TLR9,
tailored to recognize RNA and DNA viruses. TLR7 agaizes viral single stranded RNA
(ssRNA), but several synthetic compounds such awrilwine, resiquimod (R848) and
imiquimod (R837) also bind to this receptor. TLR2agnizes viral double-stranded (ds) DNA
genomes rich in unmethylated CpG sequences; thgse lor un-methylated DNA-sequences
are normally absent from eukaryotic genomic DNAntBgtic CpG oligodeoxyribonucleotides
(CpG ODN) are also recognized by this receptorsiécytoid DCs produce over 1000-fold
more type | interferons (IFNs) (most prominentlgNko. and IFN$) upon TLR-stimulation
than any other cell types including cDCs. The rasgltype | IFN response of pDC is



dependent on MyD88, IRAK, TRAF6 and the IKK complend the common endpoint of
TLR7 and TLR9 activation is induction of interferoegulatory factor (IRF) 7 activation.

In addition to TLRs, NACHT-LRRs, Nod-like receptqisLRs), retinoic acid induced
gene (RIG)-like helicases (RLH) also belong to gveup of intracellular PRRs. RIG-like
helicases belong to the family of DExD/H-box hediea and comprise RIG-I, melanoma
differentiation-associated gene 5 (MDA5) and Labama of Genetics and Physiology 2
(LGP2). Unlike TLRs, these receptors are locatetha cytoplasm and are therefore able to
detect replication intermediates of RNA virusesnfoomational changes induced by specific
helicase ligands expose the CARD signaling domdimRi&G-I or MDAS5, the activation of
signaling pathway leads to the phosphorylation rafhgcription factors IRF3 and IRF7,
resulting in the production of type | IFNs. Besidestural viral ligands, several synthetic
molecules are able to induce RIG-I and MDAS5 actorat Poly-riboinosinic:poly-ribocytidylic
acid (poly I:C or pl:C) is a synthetic dsRNA thatigates TLR3 and RLHs and induces type |
IFN responses. Commercially available ‘long’ pl<recognized by MDAS5; on the contrary,
partially digested (by the specific endonucleasea&MI) pl:C of about 300 base pairs in
length is able to activate RIG-I but not MDA5. B#ss pl:C, another RNA species, 5'-
triphosphate containing RNA (5'pppRNA) was alsonitieed as a highly selective ligand for
RIG-I. This RNA species is either a genome conatitwor the product of transcription in most
RNA viruses.

The expression and functional role of RLHs in pD@smained poorly understood.
Initial studies involving murine cells suggestedtthDCs primarily employ the TLR-system to
recognize viruses and do not depend on RLHs. Imaw human pDCs, marginal levels of
RIG-I and very low amount of MDA5 were detected endteady state conditions and,
treatment with RIG-I ligand 5’ triphosphate RNA ditbt result in type | IFN response.
Importantly, none of the previously published stsdinvestigated the potential interaction
between TLR- and RLH-mediated signaling. Therefore, aimed to study the effects of

stimulation by endosomal TLRs on RIG-I expressiohiman pDCs.



1.3. Plasmacytoid dendritic cell leukemia/lymphoma and PC-derived cell lines

Plasmacytoid dendritic cell leukemia/lymphoma (pDC-is an extremely rare
hematopoietic malignancy characterized by a rapid aggressive clinical course and poor
prognosis. The clinical symptoms typically begirthwisolated cutaneous lesions followed by
systemic dissemination, including involvement ohbanarrow, peripheral blood, lymph nodes
and other tissues. This entity was initially ddsed as histiocytic lymphoma / histiocytic
associated hematologic malignancy or as agranulaD4'CD56" cutaneous
lymphoma/hematodermia. Based on their CD56 expmres#iey were also related to NK-cells
and referred to as blastic/blastoid NK-cell leukenor NK-lymphoma/leukemia. Although
multiple studies speculated on possible link behmgBCs and the CO€D56" malignancies,
Chaperot et al.could first verify the pDC-Like phenotype of CD4366 positive leukemia
cells. Based on the data collected by the Frenakelmia workgroup (GEIL), the new name
‘early pDC leukemia/lymphoma’ was proposed for piEC-derived lymphoma/leukemia cases.
The WHO/European Organization for Research and tifwea of Cancer (EORTC)
classification for cutaneous lymphomas finally desited this entity as CD4/CD56
hematodermic neoplasm or ‘early’ plasmacytoid diiiedricell leukemia/lymphoma. The
incidence of pDC-derived malignancies is estimatele <1% of acute lymphoma cases.

In the clinical practice, the diagnosis of pDC-Lofien delayed due to the rarity and
atypical presentation of the disease. In princifie, diagnosis of pDC-L is based 1) clinical
symptoms; 2) morphologic findings; 3) immunopheipaty profile determined by flow
cytometry; and 4) cytogenetic and molecular datae Do the significant overlap of the
immunophenotypic profile with other hematopoieteoplasms (e.g. T-cell lymphoma or acute
T-cell leukemia), an extensive immunophenotypiclgsis is needed for a definitive diagnosis.
A ‘typical’ pDC-L profile has previously been reped as follows: CDACD56  lineage-
CD45RA/RO CD11¢ CD116™" CD123 CD34 CD36 HLA-DR®. Cytogenetic and FISH
analysis revealed that two-thirds of pDC-L cell®wbkd cytogenetic anomalies at the time of
diagnosis, but no single anomaly could be consttie® specific for this disease as gross
genomic imbalances predominate over gene-spetifications.

The mean age of pDC-L patients is between 60 tge&ds, but it might occur at any

age — pediatric cases have also been reported.n®le to female ratio is 3:1, and the
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underlying factors of this difference are currenthknown. The clinical manifestation of pDC-
L typically involves cutaneous lesions — in mosses these are asymptomatic, solitary or
multiple nodules, plaques, or bruise-like lesioarging from a few millimeters to up to 10
centimeters in diameter. Although a minority of pDCpatients lacks cutaneous lesions at
diagnosis, skin lesions develop quickly during toerrse of disease. During the progression of
pDC-L, patients typically develop fulminant leukemparticularly in the terminal stage of the
disease. The clinical course of pDC-L is aggressiith a median survival of 12 to 14 months,
practically independent of the initial presentatioihthe disease. Despite the typically good
response to initial chemotherapy, the disease ofttapses and usually resistant to previous
used chemotherapeutic agents. The only treatmemtrsto result in durable remission is high-
dose chemotherapy followed by allogeneic stem tralhsplant from matched related or
unrelated donors.

Cells isolated from bone marrow or peripheral blodghDC-L patients might serve as
research tools to understand pDC biology. In aiptessstudy, our research group performed an
extensive flow cytometric characterization of pDQ#lls from a 71-year-old male patient. In
this case the COED56" lineage- pDC-L cells were characteristically pwsitfor CD36,
CD38, CD40, CD45, CD45RA, CD68, CD123, CD184, HLRDBDCA?2 and granzyme-B.
The basic immunophenotype of malignant cells frddm $esions and lymph nodes together
with the clinical feature of the disease allowedhesdiagnosis of pDC-L. Genotyping by FISH
detected del 13g and monosomy 9. The cryopresdreed marrow samples of this patient
served as source of malignant pDCs used in furatistudies.

Besides studies involving pDC-L cells obtained frgmatient’ samples, multiple
research groups attempted to generate cell limes falignant pDCs. Currently, two cell lines
and their derivates are available: CAL-1 and GEN2feer short termin vitro culturing in
presence of GM-CSF and IL-3, CAL-1 cells change photogically into the mature DC
appearance with many long dendrites and able t@tse@NFe; however, they are unable to
secrete IFNg, which makes this cell type less appealing as deinsystem replacing normal
pDCs. GEN2.2 cells are considered to representdehsystem superior compared to CAL-1,
as these cells are able to produce type | IFNs @oaountering viral stimulus. The long-term

culture and maintenance of this cell line requitespresence of MS-5 feeder cells.



1.4. Methods to study plasmacytoid dendritic cells in mied cell populations

The scarcity of pDCs has traditionally been a learfor researchers, and this issue is
further complicated by the lack of pDC-specificllrface markers. These two factors forced
combined isolation approaches, like the depletiblineage-positive cell types by magnetic
bead separation and subsequent cell sorting by FAl@Scribed in the earliest studies. A
potential cell surface marker for selection is Il&eptora chain (CD123); however, this
antigen does not have the specificity needed ttatisathis cell type from certain mixed
lymphocyte populations, especially not from lympddes or tonsils. To date, two potentially
DC-specific cell surface antigens, blood dendxgdl antigen (BDCA) 2 and 4, later classified
as CD303 and CD304 (also known as neuropilin-1evaascribed. However, the rarity of this
cell type still remains a significant limitations @ane blood bag (400 mL peripherial blood) or
the derived buffy coat contains approx. 1 ® p®Cs. Furthermore, pDCs rapidly die ugan
vitro culturing, and the IL-3 used in the medium to potensurvival also induces limited
phenotypic maturation of the cells.

To overcome the limited availability and poex vivo survival of pDCs, multiple
authors suggested studies involving pDCs maintaiiredmixed populations, including
characterization of pDCs with flow cytometry in PBMbr evaluating functional properties of
pDCs in peripheral blood leukocytes. The developnaéra 6-color panel for flow cytometric
analysis ofex vivo activated dendritic cell subsets in whole bloodsvedso reported. This
method was optimized for the most reliable idecdifion of pDCs, but complexity of the
staining panel is beyond the limits of a typicawl cytometer used in the clinical diagnostic
environment. Implementation of BDCA antibodies € identification potentially allows
capturing DCs by one or two channels and the sorgesf large number of samples with a
simpler staining and analyzing method. Our studiese focused on the validation of BDCA4

as a potential antigen for single-color identifioatof pDCs in peripheral blood samples.



2.

Aims of the studies

To optimize the flow cytometric identification ofDE€s in peripheral blood of healthy
donors using exclusively Blood Dendritic Cell Argig4 positivity.

To assess whether leukemic pDCs resemble the dumattiactivity of their normal
counterparts.

To investigate whether leukemic pDCs are suitaBlenadel system to study the role of
RLHs in viral recognition by pDCs.

To elucidate the potential impact of TLR-activation the expression and function of
RLHs and to identify potential co-operation betwdba TLR- and RLH-mediated virus

recognition pathways in pDCs.



3. Materials and methods

3.1. Flow cytometric identification of pDC

To evaluate the single-marker identification of EDiI@ peripheral blood and to assess
their phenotype, we used fresh peripheral bloodpsssnof healthy adult donors. After
obtaining informed consent from each donor, blocat@es were collected to BD Vacutainer™
tubes containing K-EDTA as anticoagulant, by trdipersonnel at the Department of Internal

Medicine. The protocol was approved by the Insondl Review Board of the University of

Debrecen under permit No. RKEB/IKEB 2741-2008. #dmples were processed within 60

minutes after collection. Briefly, blood sample wiispensed to each of the plastic tubes (BD

Biosciences, San Jose, CA, USA) and the antibotiéeze added to the tubes at pre-optimized

concentration as described below. Following 30 tagwof incubation on ice, the lysis of red

blood cells (RBC) was performed using 1X FACS LygsiSolution (BD Biosciences)
containing paraformaldehyde as fixative. Followihgsis of RBCs, the samples were
centrifuged, washed with PBS containing 0.5% bogieeim albumin and 0.05% sodium azide,
and re-suspended in the same buffer. Samples watgsad on a FACSCalibur flow cytometer
equipped with FL4 option (BD Biosciences). The daling antibodies were used in these
studies:

e Anti-HLA-DR (MHC Class Il antigen presenting molée)tFITC (clone G46-6) and anti-
CD123 (IL3-receptor)-PECy5 (clone 9F5) mAbs (bathni BD Biosciences) for two-color
identification of pDCs.

e Anti-BDCA-4 (neuropilin-1)-APC (clone AD5-17F6, Ményi Biotec, Bergisch Gladbach,
Germany) monoclonal antibody for single color idiéedtion of pDCs.

e CDA4-FITC (clone RPA-T4) and CD123-PE (Clone 9F5)bmAboth from BD Biosciences)
for further confirmation of one-color identificatiaf pDCs.

« Single-color labelled cells for compensation setigpe stained with anti-CD3-FITC (clone
UCHT1, BD Biosciences), anti-CD3-PE (clone UCHTEcBmanCoulter, Hialeah, FL) or
anti-CD123-PECy5 (BD Biosciences) antibodies, regpely.

Hardware compensation was performed by single-caloelled cells from the same
sample, while software compensation for FL1, FLBd &L3 fluorescent channels was
calculated and applied using FlowJo software (Trae@shland, OR, USA). For FL1 and FL2
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channels the compensation was also evaluated lithetcently labelled CaliBrite beads (BD
Biosciences). Throughout data acquisition, 5-8 %eM@nts were collected from every sample
corresponding to 500-1,300 pDCs per sample; dafaisiion was terminated on time, t=300
seconds. List mode data files were analysed udmgJe software (TreeStar).

3.2. Analysis of phenotypic changes of pDCs in whole kdd following TLR-ligand
treatment
To activate pDCs, aliquots of the fresh blood sa®iplere treated with TLR-7 ligand
imiquimod (R837; Invivogen, San Diego, CA). Afteddition of TLR7 ligand, the cells were
incubated at 3 in 5% CQ humidified atmosphere for 24 hours. Surface stginivas
performed as described above for non-stimulatepEsmnThe following antibodies were used
in these studies:

* Phenotyping of pDCs after activation with imiquimads performed using anti-HLA-DQ
(MHC Class Il antigen presenting molecule)-PE (elddLADQ1) and anti-CD62L (L-
selectin adhesion molecule)-PE (clone Dreg56) mi@sh from BD Biosciences) in two-
color identification method.

« For phenotyping together with one-color identifioat we used anti-HLA-DQ-FITC (clone
T169) together with anti-CD62L-PE mAbs (both fr&D Biosciences).

Data collection, compensation setup and analysissbfmode files was performed as
described for pDC-identification studies. For phgpong, plasmacytoid DC gate was set to
achieve >93% pure pDC-population. To assess aveflageescent intensities for pDC

population, median values were calculated and used.

3.3. Isolation and culture of primary and leukemic pDC

Leukocyte-enriched buffy coats were obtained frazaltihy blood donors drawn at the
Regional Blood Center of the Hungarian National d8loTransfusion Service (Debrecen,
Hungary) with the written approval of the Directafrthe National Blood Transfusion Service
and the Regional and Institutional Ethics Commitbéehe University of Debrecen, Medical
and Health Science Center, Debrecen, Hungary. &kriihformed consent was obtained from
the donors prior to blood donation, and their da¢me processed and stored according to the
ethical principles defined in the Helsinki Decléwat developed by the World Medical
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Association (WMA). Peripheral blood mononuclealsetere isolated by Ficoll-Paque density
gradient centrifugation (GE Healthcare, Little Gbat, UK). Primary pDCs were separated
from peripheral blood mononuclear cells by negasigkection using magnetic cell enrichment
kit on a QuadroMACS magnet (both from Miltenyi Bio}. The homogeneity of the pDC
fraction was 91 — 96%, as confirmed by flow cytome®he purified cells were cultured in

RPMI-1640 medium (Invitrogen, Carlshad, CA, USApplemented with L-glutamine, Na-

pyruvate (both from Sigma-Aldrich, St. Louis, MOSH), penicillin/streptomycin, 10% fetal

calf serum (all from Invitrogen) and recombinant3Lcytokine (PeproTech, Rocky Hill, NJ,

USA), which are essential far vitro survival of primary pDCs.

Leukemic pDCs were isolated from the bone marrompdes of a 71-year-old patient
diagnosed with pDC leukemia. The Ethical CommitiEthe National Medical Center, Institute
of Hematology and Immunology, Budapest, Hungaryraygd the study. For cell separation,
bone marrow cells were incubated with anti-CD12%RE antibody (clone 9F5, BD
Biosciences) for 30 minutes at room temperature @rmsequently washed two times in PBS
(PAA Laboratories, Pasching, Austria). Cell sortiofy pDC-L cells was performed on a
FACSDiVa cell sorter (BD Biosciences), based onrti@D123 positivity and light scatter
properties. The purity and viability of the sortedlls was evaluated on a FACSCalibur
cytometer using 7-amino-actinomycin D (Sigma-Aldjicstaining for viability assessment.
Before cell sorting, the frequency of pDC-L cellaswon average 61.5+3% (n=3) in the bone
marrow samples. After cell sorting, more than 95Pthe cells displayed the pDC phenotype
and the viability ranged from 87% to 93%. The safet cells were cultured at a final density
of 1P cells/mL in flat-bottom Nunclon 48-well cell cut plates (Thermo Fisher Scientific,
Rochester, NY, USA) in RPMI-1640 medium, supplerednas described for primary pDCs
except the addition of IL-3.

3.4. Functional characterization of leukemic pDCs

To analyze phenotypic changes induced by TLR-attina leukemic plasmacytoid
dendritic cells cultured in RPMI-1640 medium wereated with imiquimod (InvivoGen), type
A (CpG 2216), type B (CpG 2006) CpG (both from HycBiotechnology, Uden, The
Netherlands), or a combination of imiquimod andety CpG. Phenotyping of TLR-activated
pDC-L cells was performed by staining the cellshwanti-HLA-DQ-PE (Clone No. HLADQ1)
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or anti-CD86/B7-2-PE (Clone No. 1T2.2) mAbs (botiorh BD Biosciences). Following 30
minutes incubation on ice, the samples were washigd1l mL PBS containing 0.5% bovine
serum albumin and 0.05% Na-azide (both from Sigmeguspended in the same buffer, and
analyzed on a FACSCalibur flow cytometer. Compeasatetup and offline data analysis was
performed as described above.

Following 24 or 48 hours of activation, cell cukusupernatants were harvested and
stored at -80°C until further analysis. Concentradi of secreted cytokines in the supernatants
were measured by ELISA or cytometric bead array dimount of IFNx was measured using
the ELISA kit of PBL Biomedical (Piscataway, NJ, A)STo measure the concentration of IL-
6 and TNFe, the FlowCytomix Flex Set (Bender MedSystems fosBience, Vienna, Austria)
was used and samples were analyzed on a FACSAimagdlyser (BD Biosciences).

To assess the T-cell stimulatory capacity of leukep®DCs, we performed co-culture
experiments with heterologous CDB-cells and TLR-activated pDC-L cells. T-cell aetiion
was monitored by means of ELISPOT using 96-welypiolylidene difluoride (PVDF)-backed
plates (Millipore, Billerica, MA, USA), pre-coatealvernight at 4°C with anti—IFN-capture
antibody (NatuTec, Frankfurt, Germany). Plates weashed 5 times after coating with sterile
ELISPOT coating buffer (NatuTec), and blocked atnnaemperature for 1 hour with complete
RPMI-1640 medium. T-cells used in this assay wetecsed from PBMC of healthy donors by
using the magnetic anti-CD3 selection kit (MilterBiotec). Activated pDC-L cells (faL0°
cells/well) were incubated with T-cells @6ells/well) in RPMI-1640 for 4 days at 37°C in a
humidified atmosphere containing 5% £Or-cells activated by phytohemagglutinin and
concanavalin A (both from Sigma-Aldrich) were uselpositive controls, whereas untreated
T-cells and T-cells co-cultured with IL-3-treateB@-L cells served as negative controls. The
transferred co-cultures (2 x %6ells/well) were incubated in complete medium IHEPOT
plates under the same conditions for 24 hourse®laere washed three times using coating
buffer and biotinylated anti-IFN-detection antibody (BioLegend) was added and iatdbfor
2 hours at room temperature. For signal detectwam,used avidin-conjugated horseradish
peroxidase (NatuTec; incubation for 45 minutes aatnr temperature) and freshly prepared
AEC Substrate Solution (NatuTec; incubation fort8@®0 minutes at room temperature). The
substrate reaction was stopped by three washims stéh distilled water. Plates were dried

and analyzed by an ImmunoScan plate reader (CTL Stiaker Heights, OH, USA).
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3.5. Analysis of cytoplasmic nucleic acid sensor RIG-I

To analyze the expression of RIG-I, freshly isadapgimary pDCs and pDC-L cells
were treated with imiquimod (InvivoGen) and typd@pG 2216) or type B (CpG 2006) CpG
(both from Hycult Biotechnology) for 8 hours in @R or for 24 hours in Western blot and
ELISA experiments. In separate experiments, celsewincubated with imiquimod or type
CpG A for 24 hours and then washed two times witlsH medium. Thereafter, 5’ppp-dsRNA
treatment of the cells was performed in freshlyealdnedium. The introduction of 5’ppp-
dsRNA was performed with the LyoVec transfectiorsteyn (InvivoGen) according to the
manufacturer’s recommendations. The LyoVec+5'ppRMNI& complex containing 1 pg/mL
working concentration of the RIG-I ligand was addedhe cells, and the supernatants of the
cultures were collected for ELISA after 16 hourk-§) or 24 hours (IFNx) of incubation.
Control experiments were performed with “LyoVecynland LyoVec+control-oligo
complexes (provided by InvivoGen).

To analyze the relative changes in gene expres@dPCR was performed as described
previously. Briefly, total RNA was isolated by TRIzeagent (Invitrogen) and 1.5¢# of the
total RNA were reverse transcribed using Super8diipRNase H reverse transcriptase
(Invitrogen) and Oligo(dT)15 primers (Promega, Msaxdi, WI, USA). Gene-specific TagMan
assays (Applied Biosystems, Foster City, CA, USA&Yavused to perform Q-PCR. The assay
IDs were as follows: RIG-I: Hs00184937_m1, IRF-7:s08185375_m1, IFNA-1:
Hs00855471_g1, IFNA-2: Hs00999940_sl1. Q-PCR reastioere carried out in triplicates
using AmpliTag DNA polymerase and ABI Prism 7900kRI-time PCR instrument (Applied
Biosystems). Amplification of 36B4 was used as nalimng control. Cycle threshold values
were determined using the SDS 2.1 software (Apdiebystems). Constant threshold values
were set for each gene throughout the study. Tlyeiese of the primers and probes are
available upon request.

Concentration of secreted cytokines in the celtural supernatants were measured by
ELISA. The amount of IFNt was measured using an ELISA kit from PBL InterfeSource.
Level of IL-6 secreted by primary pDCs was measuwisthg OptEIA™ ELISA kit (BD
Biosciences).
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To measure the expression of RIG-I on protein lepadtein extraction was performed
by lysing the cells in lysis/loading buffer. Praoteiwere denatured by boiling for 5 minutes.
Samples were separated by SDS-PAGE (10% gels), teantsferred to nitrocellulose
membranes. Nonspecific binding was blocked by TB&&n-5% non-fat dry milk for 1 hour
at room temperature. Anti-RIG-I, anti-STAT1, anligspho-STAT1 (Ser727), anti-phospho-
STAT1(Tyr701) (Cell Signaling, Danvers, MA, USA) drantif-actin antibodies (Sigma-
Aldrich) were used at a dilution of 1:1000. Memlranwvere washed three times in TBS-
Tween, and then incubated with anti-rabbit secondartibody conjugated to horseradish
peroxidase (GE Healthcare) at a 1:5000 dilutiomoaim temperature for 30 minutes. After
three washes with TBS-Tween, protein samples welisualized by enhanced
chemiluminescence (SuperSignal West Pico Chemilesdent Substrate, Thermo Fisher
Scientific). After the membranes had been probedRigs-l or phospho-STAT1, they were
stripped and re-probed f@ractin or native STAT1. For densitometry analysig, calibrated
the imaging system using a gray optical wedge (KpdRochester, NY, USA). Consistent
optical and light conditions were maintained durthg whole CCD camera capturing session,
performed with a Kodak Image Station 2000mm de{kmadak).

To block IFNAR1 receptors, cells were treated vaitti-IFNAR1 monoclonal antibody
(Abcam, Cambridge, UK) for 1 hour prior to actiwatiwith recombinant human IFN{R&D
Systems, Minneapolis, MN, USA) or TLR-7/9 ligand® analyze RIG-I expression by Q-
PCR, the total RNA from activated cells was exedcat 3 hours after IFM-or TLR-7/9-

specific stimulation.

3.6. Statistics

One-way ANOVA followed by Bonferronipost hoctest was used for multiple
comparisons. All analyses were performed by usingp@Pad PRISM software, version 5.04.
Differences were considered to be statisticallyigicant at p < 0.05.
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4, Results

4.1. Identification of pDCs in whole blood by one-coloflow cytometry

To set up our standard method to identify pDCs,steéned peripheral blood samples
with anti-HLA-DR-FITC and anti-CD123-PECy5 antibediand analyzed them by two-color
flow cytometry. The analysis gates were set upxduele remaining erythrocytes and cell
debris and to identify pDCs as being HLA-DR-FITGladD123-PECy5 positive mononuclear
cells. The distribution of the cells within the “@Dgate” was analyzed by back gating on the
light scatter parameters and confirmed a homogecelipopulation. In the exploratory single-
channel identification method, blood samples wéaed with BDCA-4-APC, CD4-FITC, and
CD123-PE antibodies and pDCs were first gated orCBI2-APC positivity. In a separate
analysis, the identity of the resulting cell popiada was confirmed by its positivity for both
CD4-FITC and CD123-PE, which is a unique phenotype pDCs among cells of the
peripheral blood of healthy adults. These resuiggest that BDCA-4 antigen might be suitable
as a standalone surface marker for the identii;apDCs in peripheral blood, if used in
combination with light scatter parameters.

Our results indicated that in freshly analyzed geeral blood, BDCA-4-positivity
identifies the pDC-population and provides a useful in a diagnostic setting, where the
complexity of surface staining antibody panels dthdne kept as low as possible. However, the
expression of cell surface antigens might be altatering isolation of the cells, or more
importantly, even during short-terin vitro culturing necessary to study rare cell types in
mixed population. As methods employing mixed c@tumainly PBMC) are widely used to
study pDCs, we aimed to assess the suitabilith@fingle-color, BDCA-4 based identification
method for such studies. To this end, we analyhedphenotypic changes of pDCs in blood
samples from five healthy young adults after treathwith 9.06uM (2.5 pg/mL) TLR7 ligand
(imiquimod). The number of pDCs and the changeth@ expression levels of CD62L and
HLA-DQ on pDCs were assessed 24 hours post stiroaldity using both the one- and two-
color identification methods. Upon treatment withRI7 ligands, the expression of MHC class
Il molecules (HLA-DR and DQ) is increasing, whileetexpression of the cell surface adhesion
CD62L is decreasing. In whole blood samples treatigll imiquimod, both one- and two-color
methods were able to measure the changes in thessipn of HLA-DQ and CD62L on pDCs.
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By using the two-color identification method, we asared lower ratios of median fluorescent
intensities (untreated versus treated cells) rélabeCD62L expression, and higher ratios of
median fluorescent intensities related to HLA-D®els. The one-color identification method
detected lower bio-variability in both CD62L and AIDQ expression (coefficient of variation,
14 and 7% versus 36 and 14%). Importantly, the esgion of BDCA-4 remained constant
following TLR7-ligand treatment and the vitro culturing for 24 hours does not compromise
the reliability of the single-color identificatianethod.

To test the reproducibility of the one-color idéictition method, we obtained fresh
blood samples from the same individual on days,@ndl 8, respectively. Cells were treated
with imiquimod at a final concentration of 9.Q8M (2.5 pg/mL) within 60 minutes after
venipuncture. After 24 hours of incubation, the rdies in the expression levels of HLA-DQ
and CD62L activation markers on pDCs were inveggigiaby using both identification
methods. Our data indicate that the measuremenfisrped by either one-color or two-color
identification methods are highly reproducible. Timean of ratios of median fluorescent
intensities (untreated vs. treated cells) corredmanto CD62L expression was 0.79 (range,
0.74-0.84; standard deviation/S.D./, 0.05) whenyaed by the two-color method, and 0.77
(range, 0.67-0.83; S.D., 0.09) when detected byotiecolor assay. The two-color method
measured higher increase in HLA-DQ expression;miean of ratios of median fluorescent
intensities was 2.21 (range, 2.16-2.26; S.D., Q\WBjle this parameter was 1.56 (range, 1.52—
1.59; S.D., 0.04) measured by the one-color asday.coefficient of variation was 11 and 2%
for CD62L and HLA-DQ expression measured by the-owler identification method, whereas

6 and 2% derived from the two-color assay.

4.2. Phenotypic characterization of pDC-L cells activatd by TLR ligands

To investigate the responsiveness of pDC-L cellEltR ligands, we sorted the CD123
positive cells from cryopreserved bone marrow sasgf a patient diagnosed with pDC-L.
The percentage of pDC-L cells defined by CD123 tpoi and scatter parameters was
61.5+3%, as determined in three independent expetsnAfter sorting, more than 95% of the
cells displayed the pDC phenotype and the viabititgasured by 7-amino-actinomycin D
staining ranged from 87% to 93%.

17



To assess pDC-L cell activation, we measured thfasw expression of CD86, and
HLA-DQ molecules 24 hours and 48 hours after treatnwith the TLR7 ligand imiquimod
and the TLR9 ligand type A or type B CpG. Imiquimeds the most potent enhancer of CD86
expression and type B CpG had lower but still proreed effect, whereas the treatment with
type A CpG resulted only in slight increase in CD&€pression. Combined treatment with
imiquimod and type B CpG resulted in CD86 exprasstmmparable to that induced by
imiquimod alone. The phenotypic changes were mbkéoois at 48 hours than at 24 hours. In
contrast to the co-stimulatory molecul CD86, theression of HLA-DQ was most efficiently
induced by the combined treatment with imiquimodd aype B CpG, suggesting that
concomitant stimulation of pDC-L cells through TLRAd TLR9 has a synergistic effect on the
membrane expression of HLA-DQ. This observatioricatds an independent regulation of the
expression of these functionally important cellface molecules. These results also revealed
that pDC-L cells exhibit similar phenotypic changdter activation by TLR ligands to their

normal counterparts.

4.3. Cytokine production of pDC-L cells treated with TLR ligands

To assess the cytokine secretion of pDC-L cellosgg to TLR ligands, we measured
the concentrations of pro-inflammatory cytokines FFN IL-6 and IFNe in the culture
supernatants of pDC-L cells 24 and 48 hours aftévation by TLR7 and 9 ligands using a
bead-based flow cytometric assay or ELISA. Incrédseels of TNFe were detected in the
supernatants of pDC-L cells treated with TLR7-ligamiquimod or TLR9 ligand type B CpG,
but not with type A CpG. Co-stimulation with imigpod and type B CpG resulted in lower
levels of secreted TNE-as compared to exposure to either TLR ligand iddially. A similar
pattern of cytokine secretion was observed for Ilh@vever, IL-6 concentrations were similar
or higher at 48 hours than at 24 hours after treatpreflecting the different kinetics of TNF-
and IL-6 cytokine. Although IFN: secretion is a hallmark of pDC activation, we wenable
to detect substantial amounts of this cytokinehia ¢ulture supernatants of leukemic cells. In
control experiments, normal pDCs secreted highl¢ewé IFN-o after imiquimod or type A
CpG stimulation, indicating that the applied TLRdnhds are able to induce IRNeytokine

secretion.
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4.4, T-cell stimulatory potential of activated pDC-L cels

As leukemic pDCs exhibited phenotypic changes réfiam those of their normal
counterparts, we aimed to examine the T-cell primiapacity of pDC-L cells. To this end,
TLR-activated pDC-L cells were co-cultured withvaallogeneic T-lymphocytes. The number
of IFN-y-producing T-cells was detected by the ELISPOT yagdagh allostimulatory capacity
of pDC-L cells activated by both type A and typeCBG was observed, whereas exposure to
imiquimod had a lower but still significant effesh the T-cell activating potential of pDC-L
cells. Interestingly, but in line with our previofisdings, the concurrent stimulation of pDC-L
cells with the TLR7 ligand imiquimod and TLR9 ligis (both type A and B CpG) abrogated
their allostimulatory activity, resulting in sigidantly lower number of IFN-producing T-
cells. These results demonstrate that the alloftony potential of pDC-L cells can be
dramatically enhanced by TLR9- and to a lessernexty TLR7-mediated signals that are
translated to potent Thl type T cell responsesed®am our results this is promoted by
increased pro-inflammatory cytokine secretion argdression of co-stimulatory and antigen
presenting MHC class Il molecules induced by TLRnstation. However, these results also
indicate that TLR7- and TLR9-mediated activationp@dCs is not collaborative but rather

interfere with each other.

4.5. TLR ligands up-regulate the expression of RIG-I inpDCs in a type | interferon
independent manner

Previous studies showed very low expression leg€IRIG-I in murine and human
pDCs under steady state conditions and could notodstrate the activation of RIG-I in
response to viral stimulation. However, none ohthiavestigated the expression and function
of RIG-I following TLR-stimulation of the cells. Inrder to investigate the effects of exposure
to TLR ligands on the expression of RIG-I in pD@& isolated primary human pDCs from
peripheral blood and treated them with increasimgcentrations of the TLR7 ligand
imiquimod (from 0.25 to 2.;ug/mL) and the TLR9 ligands type A or type B CpG(fr 0.5 to
5 pg/mL). In accordance with previous reports, thereggion of RIG-1 was undetectable in
untreated primary pDCs at both mRNA and proteirelevHowever, both type A CpG and
imiquimod treatments increased the expression &-Rin a dose-dependent manner, while

19



stimulation of the cells with type B CpG did notdute the expression of RIG-I. Kinetic
measurements performed using ggdmL imiquimod or 5ug/mL type A CpG revealed that the
expression of RIG-I mRNA could be detected as eady2 hours after activation by either
ligands and peak expression is measured at 6 laftersTLR-stimulation. As observed for the
induction of cytokine expression, co-stimulationaither primary pDCs or pDC-L cells with

type A CpG and imiquimod resulted in a lower lewdl RIG-I expression compared to
treatment with either of the ligands alone.

Based on these results, we aimed to verify thenpialefunctional consequence of up-
regulation of RIG-I following endosomal TLR-stimtilan. To test this hypothesis, blood-
derived primary pDCs were treated witu@/mL type A CpG or 2.;mg/mL imiquimod for 24
hours. After removal of the culture supernatanes dblls were re-stimulated in fresh medium
containing 1 pg/mL 5’ppp-dsRNA, a highly specifimghetic ligand of RIG-1. As expected due
to the low steady-state expression of RIG-I in Hhgsisolated primary pDCs and in un-
stimulated cultured cells, exposure to 5’ppp-dsRMthout previous TLR-mediated activation
did not result in IFNa or IL-6 secretion. However, if primary resting pP@ere pre-treated
with type A CpG or imiquimod, treatment with 5’ppisRNA was able to induce the
production of IFN and IL-6 in a dose-dependent nesntmportantly, only pDCs that had
previously been activated with either TLR7 or TLR$ands were able to respond to 5'ppp-
dsRNA. These results suggest that ligation of eoshas TLRs brings about the ability of pDCs
to sense of and respond to cytosolic viral RNA tigtothe RIG-I receptor.

Next, we investigated whether the up-regulatiorR&®-I in primary pDCs following
activation of TLR7 or TLR9 receptors is independenttype | IFN-mediated signals. Primary
pDCs were treated with an antibody recognizing famationally blocking the IFN-alpha/beta
receptor 1 (IFNAR1), prior to stimulation by type@pG or imiquimod (in 2.5ug/mL and 5
pug/mL concentration, respectively). The efficacy receptor blockage was controlled by
measuring the expression of Mx1 and OAS1 genesgrezed as early, type | IFN-induced
factors. Blocking of IFNARL1 receptors almost contelg prevented Mx1 and OAS1 up-
regulation in type | IFN-stimulated primary pDCsngortantly, the same treatment did not
modify the ability of type A CpG or imiquimod toesate RIG-I expression levels significantly.
These data collectively suggest that the up-reigmadf RIG-I expression following TLR-

ligand treatment is independent of autocrine tyFeN signaling.
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To further confirm the involvement of a type | IRhNdependent mechanism of TLR
ligand-induced up-regulation of RIG-I expressionpDCs, we harnessed the defective type |
IFN secreting capacity of previously characterizeBC-L cells. Our previous control
experiments revealed that non-malignant primary pB€xrete high levels of IFilas a result
of imiquimod or type A CpG stimulation, but pDC-lelts failed to do so. To confirm that
TLR-mediated signaling is unimpaired in pDC-L cets a molecular level as well, we
measured the expression of IFNA genes after TLRuétion at the mRNA level. Data from
these experiments showed that the expression oA lgBne transcripts was significantly
increased as a result of imiquimod or type A Cpgatiment for 6 hours; of note, treatment with
type B CpG did not induce remarkable changes heeit-NA-1 or IFNA-2 expression levels.

To further verify the functionality of the IFN-signaling pathway, we also assessed the
expression of the IFN regulatory factor 7 (IRF-&)naster regulator of type | IFN production
upon TLR-ligand stimulation at the mRNA level. Orgsults showed that the expression
pattern of IRF-7 was similar to that of IFNA-1 aifeNA-2 genes. While administration of
imiquimod or type A CpG triggered a remarkable @ase in IRF-7 levels, treatment with type
B CpG rather had an inhibitory effect on IRF-7 egmion. These results are in line with
previous observations on IFN-production by non-malignant primary pDCs testeteraf
exposure to different TLR ligands and suggest that TLR induced signaling pathway is
functional in pDC-L cells even though the secretibtype | IFN proteins is impaired.

It has been previously demonstrated that in TLR#aied GEN2.2 cells (a human
pDC-derived cell line), the expression of sevet&N-inducible” genes is independent on the
presence of type | IFN, but they remained dependert38 mitogen-activated protein kinase
(MAPK)-mediated STAT1 phosphorylation on Tyr701. sl this phosphorylation site
STAT1 can also be phosphorylated at Ser727, arel ItyBNs are known to be able to induce
STAT1 phosphorylation both on serine and tyrosiegidues. To define the possible role of
STATL1 in early signaling events leading to RIG-peession in primary pDCs upon stimulation
with endosomal TLR ligands, we examined the phospation of STAT1 at both residues.
Stimulation of primary pDCs for 90 minutes by TLRF TLR9 ligands induced STAT1
phosphorylation on Tyr701 but not on Ser727. Tindifg raised the possibility that a MAPK-
dependent, but IFNAR1-independent STAT1 activattoimvolved in endosomal TLR-induced
up-regulation of RIG-I in human pDCs.
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5. Discussion

Alterations in pDC counts in peripheral blood, freit migration and function were
described in various diseases. As a prominent ebeamgdapses in SLE are associated with the
infiltration of pDCs in the kidney lesions and aation with decreased pDC counts in the
peripheral blood and activity of the disease wamatestrated. Therefore, monitoring of pDC
counts in peripheral blood of SLE patients mightvidle a minimally invasive assessment of
tissue involvement during various stages of theatis. Previous studies employed complex,
multi-marker (usually HLA-DR, CD123 and CD4) stmgites to identify pDCs in peripheral
blood. These techniques are non-ideal, as the digameters validated fdn vitro diagnostic
use typically have not more than 3-5 channels,ifgawno space for phenotyping besides
identification of pDCs. BDCA-2 and BDCA-4 antigease expressed only by pDCs among
peripheral blood cell types, thus might serve agus markers of pDCs. However, the
expression of BDCA-2 depends on the activatiorestéthe cells, making it less ideal in SLE,
where continuous activation of pDCs occurs. We sseskthe potential use of BDCA-4 as sole
surface marker to identify pDCs in peripheral bladchuman donors and showed that BDCA-
4-positivity confirmed by light scatter propertiisssuitable for the identification of pDCs. To
confirm the applicability of the method for funatial analyses, expression levels of HLA-DQ
and CD62L molecules on pDCs were monitored in nespdo stimulation with imiquimod.
The expression of HLA-DQ is up-regulated, whilettbhCD62L is down-regulated on pDCs
as they are activated. Similarly to a multi-antigeanel, BDCA-4 identification method was
also able to detect these changes. Results oftezbaaalysis of blood samples from the same
individual indicated that our method is highly regucible. Conclusively, our data suggest that
the expression of BDCA-4 is not decreased after-BcRvation of these cells, and this antigen
is a suitable independent marker of pDCs for séngelarge numbers of blood samples in the
in vitro diagnostic environment. The novel BDCA-4-basedvfilotometric method described
here might facilitate the phenotyping and functioamalysis of these cells in fresh blood
samples, as the investigators can use all butloneetcent channels for phenotyping.

As a further model system, malignant pDCs mightubeful models to study certain
aspects of dendritic cell biology. We have isoldtatkemic pDCs from bone marrow samples

of a patient whose pDC leukemia was previously attarized byGopcsaand his co-workers
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and performed functional characterization of thesls. Signaling through TLR7 or TLR9
activates pDCs, induces the secretion of pro-inftetory cytokines such as IL-6 and TNF-
and triggers the production of type | IFNs throigMyD88-dependent pathway that involves
the phosphorylation of IRF7 by IRAK-1 and IkKTo investigate whether pDC-L cells share
functional properties with normal pDCs, we analytieeir response to treatment with TLR9-
ligands type A or B CpG, and TLR7-ligand imiquimoW&e observed that similarly to
circulating normal pDCs, TLR7- and TLR9- stimulat$ by imiquimod and type B CpG,
respectively, but not by type A CpG were able tduice the activation of pDC-L cells as
demonstrated by the increased expression of T-oelstimulatory CD86 and antigen-
presenting HLA-DQ molecules on the cell surface agdhe secretion of pro-inflammatory
cytokines TNFe and IL-6. Retention of the TLR signaling compleithin early endosomes of
pDCs has been shown to correlate with IRF-7 retweiit and the induction of type | IFN
production. In line with these results, we demaistt these events in pDC-L cells, as
treatment with imiquimod and type A CpG inducedngfigant increases in the expression of
IRF-7, IFNA-1 and IFNA-2 mRNA indicating the functiality of the coupled signaling
pathways. However, we failed to detect the seanetibIFN-o in the culture supernatants of
TLR-ligand activated pDC-L cells. The finding tHawne marrow-derived leukemic pDCs are
not competent for type | interferon production evkaugh their signaling machinery is intact
suggests that pDC-L cells may acquire this potkimtithe periphery through additional signals
that may contribute to the symptoms of leukemisepis.

We also aimed to assess the impact of dual TLR7 TdriR9 stimulation on pDC-L
cells. Concurrent treatment with imiquimod and tye&€pG had a moderate effect on CD86
expression and IL-6 production, but remarkably éased the cell surface expression of HLA-
DQ as compared to imiquimod treatment alone. Istergly, in all other experiments where
combined treatments were used, TLR7-mediated sigimalibited the TLR9-mediated ones.
Recently, similar inhibitory effects of simultaneolLR7- and TLR9-mediated activation have
been observed. One possible explanation for theecutdr background of the observed
inhibitory effect could be the competition of TLRihd TLR9 receptors for the N-terminal
domain of the membrane spanning protein Unc93B1 ititaracts with the transmembrane
domain of these structurally related TLR receptans the acidified endo-lysosomal

compartments.
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Upon encounter with TLR ligands or viruses, pDCstippate in adaptive immune
responses by directing activation of naive T-c&le. found that similar to normal pDCs, pDC-
L cells stimulated with TLR ligands individually psess potent T-cell priming ability.
However, co-stimulation of pDC-L cells with TLR7 cTLR9 ligands significantly reduced
their T-cell stimulatory potential. This observatics in line with previous findings showing
that simultaneous stimulation with TLR7/8 and TLRfands results in a suppression of B-cell
proliferation and IgM responses. Based on thesea dat propose that the co-stimulation of
professional APCs by closely related TLRs down-tatgs responses to prevent
overstimulation of the adaptive immune system amadestrated by the almost complete
abrogation of the T cell response. In conclusioe, daemonstrate that the phenotypic and
functional characteristics of pDC-L cells activategd TLR7 and TLR9 ligands are identical to
those of normal pDC.

Plasmacytoid DCs detect RNA and DNA viruses by smalosomal receptors, TLR7
and TLR9 and the recognition of viral nucleic acidscurs when viruses and/or their
components are ingested by pDCs and transportedhatlysosomes. In contrast, conventional
DCs and alveolar macrophages were shown to degptitating viral RNA intermediates by
cytosolic RLRs. Previous studies suggested thatpp@narily employ the TLR-system to
recognize viruses and do not depend on RLRs. Apdiential interaction between TLR- and
RLR-mediated viral recognition was not evaluate@, aimed to assess the impact of TLR-
activation on the expression of RLRs. We demorediréar the first time that the expression of
the RIG-I receptor is dramatically up-regulatedaitype | IFN-independent manner in pDCs
upon stimulation via TLR7 or TLR9. Furthermore, wbserved an inhibitory rather than
synergistic collaboration of the vesicular TLR7 aRdR9 receptors in the induction of this
phenomenon suggesting that co-activation of TLR@ @ahR9 in pDCs does not support
uncontrolled RIG-I expression but rather keeps thsponse under the control of TLR
specificity. To assess the functional state of Ri&pressed following activation by TLR7/9
ligands, we demonstrated that pDCs are able tesEppp-dsRNA, a synthetic RIG-I ligands.
These results suggested that TLR7/9-mediated sigaral able to prepare pDCs for sensing
cytosolic viral nucleic acids by up-regulating RI@xpression and consequently for boosting

antiviral responses.
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As type | IFNs secreted by pDCs act through autecféedback loop, we aimed to test
whether TLR7/9-triggered up-regulation of RIG-I eagsion in pDCs depends on type | IFN-
mediated signals. In our experiments, TLR7- and d4Rediated signals were able to up-
regulate RIG-I expression in both primary pDCs pbdC-L cells even in presence of blocking
antibodies against IFNAR1, suggesting a type | IR8ependent mechanism. Interestingly,
MxA, CXCL10 and TRAIL, all involved in the inhibitin of virus replication and described to
be tightly regulated by IFNs, were shown to bedbpéxpressed in TLR7-stimulated pDCs in
the absence of type | IFNs. The existence of alnmuathiway downstream of TLR7 ligation and
involving MAPK-mediated early STAT1 phosphorylation Tyr701 has been identified behind
this phenomenon. In an earlier study, 2-hour treatmf human pDCs with CpG DNA induced
MAPK-dependent phosphorylation of STAT1 on both 70k and Ser727 in a type | IFN
independent manner. In our experiments STAT1 phargtdtion could be detected exclusively
on the tyrosine residue when tested 90 minutes &ft&7/9 ligation. This observation is in
good agreement with a recent report suggestingtiigaphosphorylation of this tyrosin by an
intermediate MAPK-dependent tyrosine kinase presdtie direct serine phosphorylation in
STAT1 by MAPK.

Our results show that upon recognition of viralliegiion intermediates, early type |
IFN production depends on TLR-mediated signals, red the second wave of type | IFN
responses is guided by RLR signaling. These resutgever, raise the question of which
biological situations would need pre-stimulationdbyong type | IFN inducers (endosomal TLR
ligand) to establish subsequent responsiveness laieaand weak IFN inducer (cytosolic
dsRNA). In this context, the TLR-driven acute bransient activation of pDCs resulting in
direct release of huge amount of IFNs into the Igngnd to blood circulation should be
considered in contrast to pathological conditidnsjuding viral infections going on in non-
lymphoid tissues. We suggest that at the site fettion moderate RIG-I-mediated production
of IFNs by recruited pDCs may be sufficient for paging potent antiviral responses, while

unraveling the significance of this spatiotempaoegjulation requires further studies.
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0. Discussion

Plasmacytoid DCs represent key players of the enimamune system and provide a
functional link between adaptive and innate immynétiterations in pDC counts in peripheral
blood, in their migration and function were desedbin various diseases. As a prominent
example, relapses in SLE are associated with fifration of pDCs in the kidney lesions and
correlation with decreased pDC counts in the pernahblood and activity of the disease was
demonstrated. Therefore, monitoring of pDC countpéripheral blood of SLE patients might
provide a minimally invasive assessment of tissumlvement during various stages of the
disease. Previous studies employed complex, mualtker (usually HLA-DR, CD123 and
CD4) strategies to identify pDCs in peripheral ldodhese techniques are non-ideal, as the
flow cytometers validated fan vitro diagnostic use typically have not more than 3-&nctels,
leaving no space for phenotyping besides identiicaof pDCs. BDCA-2 and BDCA-4
antigens are expressed only by pDCs among peripbhkrad cell types, thus might serve as
unique markers of pDCs. However, the expressioB@EA-2 depends on the activation state
of the cells, making it less ideal in SLE, wherentimuous activation of pDCs occurs. We
assessed the potential use of BDCA-4 as sole surfaarker to identify pDCs in peripheral
blood of human donors and showed that BDCA-4-pgsiticonfirmed by light scatter
properties is suitable for the identification of @& To confirm the applicability of the method
for functional analyses, expression levels of HL&Dmembrane protein involved in antigen
presentation) and CD62L (also referred to as Lesielea key ligand for migration through high
endothelial venules) molecules on pDCs were mositoin response to stimulation with
imiquimod. The expression of HLA-DQ is up-regulateghile that of CD62L is down-
regulated on pDCs as they are activated. Similaolya multi-antigen panel, BDCA-4
identification method was also able to detect thes@nges. Results of repeated analysis of
blood samples from the same individual indicatedt thur method is highly reproducible.
Conclusively, our data suggest that the expressfoBDCA-4 is not decreased after TLR-
activation of these cells, and this antigen is #@able independent marker of pDCs for
screening large numbers of blood samples inrthétro diagnostic environment. As the rarity
of pDCs 0.1-0.6% in PBMC) means a ked difficulty fesearch the novel BDCA-4-based

flow cytometric method described here might faaibtthe phenotyping and functional analysis
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of these cells in fresh blood samples, as the tigasrs can use all but one fluorescent
channels for phenotyping.

As a further model system, malignant pDCs mightubeful models to study certain
aspects of dendritic cell biology. We have isoldttkemic pDCs from bone marrow samples
of a patient whose pDC leukemia was previously attarized byGopcsaand his co-workers
and performed functional characterization of theslls. Signaling through TLR7 or TLR9
activates pDCs, induces the secretion of pro-inftatory cytokines such as IL-6 and TNF-
and triggers the production of type | IFNs througMyD88-dependent pathway that involves
the phosphorylation of IRF7 by IRAK-1 and IkKTo investigate whether pDC-L cells share
functional properties with normal pDCs, we analytieelir response to treatment with TLR9-
ligands type A or B CpG, and TLR7-ligand imiquimoW/e observed that similarly to
circulating normal pDCs, TLR7- and TLR9- stimulats by imiquimod and type B CpG,
respectively, but not by type A CpG were able tduite the activation of pDC-L cells as
demonstrated by the increased expression of T-celstimulatory CD86 and antigen-
presenting HLA-DQ molecules on the cell surface Bgdhe secretion of pro-inflammatory
cytokines TNFe. and IL-6. Retention of the TLR signaling compleithin early endosomes of
pDCs has been shown to correlate with IRF-7 remeiit and the induction of type | IFN
production. In line with these results, we demaistt these events in pDC-L cells, as
treatment with imiquimod and type A CpG inducedngfigant increases in the expression of
IRF-7, IFNA-1 and IFNA-2 mRNA indicating the funotiality of the coupled signaling
pathways. However, we failed to detect the seanediblFN-o in the culture supernatants of
TLR-ligand activated pDC-L cells. Our observatisriri agreement with previous data showing
the lack of IFNe secretion by malignant cells isolated from theéorarrow. The finding that
bone marrow-derived leukemic pDCs are not compdtantype | interferon production even
though their signaling machinery is intact suggésés pDC-L cells may acquire this potential
in the periphery through additional signals thatyroantribute to the symptoms of leukemia
patients.

We also aimed to assess the impact of dual TLR7 TdriR9 stimulation on pDC-L
cells. Concurrent treatment with imiquimod and type&pG had a moderate effect on CD86
expression and IL-6 production, but remarkably éased the cell surface expression of HLA-

DQ as compared to imiquimod treatment alone. Istergly, in all other experiments where
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combined treatments were used, TLR7-mediated sigmalibited the TLR9-mediated ones.
Recently, similar inhibitory effects of simultaneoliLR7- and TLR9-mediated activation have
been observed. The mechanism by which TLR7 ligauifseve their inhibitory effect is still
unclear. It seems that they neither mediate tHécethrough blocking CpG from binding to
TLR9, since pre-treated cells retain their resparsess to CpG even 4 hours after exposure to
TLRY7 ligands, nor do TLR7 ligands alter the endoablocalization of CpG within the pDC.
One possible explanation for the molecular backgdoof the observed inhibitory effect could
be the competition of TLR7 and TLR9 receptors fog N-terminal domain of the membrane
spanning protein Unc93B1 that interacts with tlemsmembrane domain of these structurally
related TLR receptors in the acidified endo-lysoabcompartments.

Upon encounter with TLR ligands or viruses, pDCstipipate in adaptive immune
responses by directing activation of naive T-c&lle. found that similar to normal pDCs, pDC-
L cells stimulated with TLR ligands individually psess potent T-cell priming ability.
However, co-stimulation of pDC-L cells with TLR7 hTLR9 ligands significantly reduced
their T-cell stimulatory potential. This observatics in line with previous findings showing
that simultaneous stimulation with TLR7/8 and TLRfands results in a suppression of B-cell
proliferation and IgM responses. Based on thesa dat propose that the co-stimulation of
professional APCs by closely related TLRs down-tatgs responses to prevent
overstimulation of the adaptive immune system amadestrated by the almost complete
abrogation of the T cell response.

In conclusion, we demonstrate that the phenotypid functional characteristics of
pDC-L cells activated by TLR7 and TLR9 ligands aentical to those of normal pDC. We
also show that pDC-L cells offer a useful tool famalyzing the activity and the inhibitory

rather than synergistic collaboration of the velsicLR7 and TLR9 receptors.

Previous studies have shown that primary pDCs, eational DCs and alveolar
macrophages secrete large amounts of type | IFNstlaums are considered as the primary
source of type | IFNs during viral infections. Rtacytoid DCs detect RNA and DNA viruses
by two endosomal receptors, TLR7 and TLR9 and ¢lcegnition of viral nucleic acids occurs
when viruses and/or their components are ingestgaDiCs and transported into the lysosomes.

In contrast, conventional DCs and alveolar macrgphavere shown to detect replicating viral
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RNA intermediates by cytosolic RLRs. Previous stsduggested that pDCs primarily employ
the TLR-system to recognize viruses and do notmi®ma RLRS. As the potential interaction
between TLR- and RLR-mediated viral recognition was evaluated, we aimed to assess the
impact of TLR-activation on the expression of RLR¢e demonstrated for the first time that
the expression of the RIG-I receptor is dramatjcap-regulated in a type | IFN-independent
manner in pDCs upon stimulation via TLR7 or TLR@rtRermore, we observed an inhibitory
rather than synergistic collaboration of the velsicTLR7 and TLR9 receptors in the induction
of this phenomenon suggesting that co-activatiofld?7 and TLR9 in pDCs does not support
uncontrolled RIG-I expression but rather keeps thsponse under the control of TLR
specificity.

To assess the functional state of RIG-I expressdldwing activation by TLR7/9
ligands, we demonstrated that pDCs are able tesEppp-dsRNA, a synthetic RIG-I ligands.
These results suggested that TLR7/9-mediated sigaral able to prepare pDCs for sensing
cytosolic viral nucleic acids by up-regulating RI@xpression and consequently for boosting
antiviral responses.

As type | IFNs secreted by pDCs act through autecféedback loop, we aimed to test
whether TLR7/9-triggered up-regulation of RIG-I eagsion in pDCs depends on type | IFN-
mediated signals. In our experiments, TLR7- and dHediated signals were able to up-
regulate RIG-I expression in both primary pDCs pbxC-L cells even in presence of blocking
antibodies against IFNAR1, suggesting a type | IRfiependent mechanism. This finding was
unexpected, because RIG-I was considered as aihe dFN-inducible genes in several human
cell types. Interestingly, MxA, CXCL10 and TRAILJl anvolved in the inhibition of virus
replication and described to be tightly regulatgdfiNs, were shown to be rapidly expressed in
TLR7-stimulated pDCs in the absence of type | IFNke existence of a novel pathway
downstream of TLR7 ligation and involving MAPK-matkd early STAT1 phosphorylation on
Tyr701 has been identified behind this phenometran earlier study, 2-hour treatment of
human pDCs with CpG DNA induced MAPK-dependent phosylation of STAT1 on both
Tyr701 and Ser727 in a type | IFN independent manme our experiments STAT1
phosphorylation could be detected exclusively antthiosine residue when tested 90 minutes
after TLR7/9 ligation. This observation is in goadreement with a recent report suggesting

that the phosphorylation of this tyrosin by an imediate MAPK-dependent tyrosine kinase
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precedes the direct serine phosphorylation in STAf MAPK. However, the tyrosine kinase
responsible for partial phosphorylation of STATingens to be identified.

In all experiments where combined treatments weseduwe observed antagonistic
effects of TLR7- and TLR9-mediated signals. Simitdribitory effects of simultaneous TLR7-
and TLR9-mediated activation have been recentlpmtep in the literature. The molecular
background of these antagonistic effects mighty@ained by the competition of TLR7 and
TLR9 receptors for the N-terminal domain of the rbeame spanning protein Unc93B1 that is
known to interact with the transmembrane domaithe$e structurally related TLR receptors in
the acidified endo-lysosomal compartments. Ourlteshow that upon recognition of viral
replication intermediates, early type | IFN prodoict depends on TLR-mediated signals,
whereas the second wave of type | IFN responsgsiged by RLR signaling. These results
however, raise the question of which biologicalaitons would need pre-stimulation by strong
type | IFN inducers (endosomal TLR ligand) to ebthbsubsequent responsiveness to a late
and weak IFN inducer (cytosolic dsRNA). In this teo, the TLR-driven acute but transient
activation of pDCs resulting in direct release afj@ amount of IFNs into the lymph and to
blood circulation should be considered in conttaspathological conditions, including viral
infections going on in non-lymphoid tissues. Wegesgj that at the site of infection moderate
RIG-I-mediated production of IFNs by recruited pDi@ay be sufficient for supporting potent
antiviral responses, while unraveling the significa of this spatiotemporal regulation requires
further studies.
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1. Summary

Innate immunity is a conserved host defense meshmand its key functions of are 1)
to differentiate between harmful and non-harmfutigens; 2) to initiate the first line of
immune response; and 3) to recruit and prime tfex®@i cells of the adaptive immune system.
Dendritic cells (DCs) are key participants of thga®cesses as part of the network of
professional antigen presenting cells (APCs). Mtiven a decade after the discovery of
myeloid dendritic cells, researchers identified pheessmacytoid dendritic cells (pDCs), a small
subset of DCs. Due to the rarity and pegrvivoculturability of pDCs, various model systems
had been considered, including study of pDCs ineshipopulations (e.g. PBMC or whole
blood) and the use of malignant pDCs or pDC-deriseltllines. Similarly, the lack of specific
and suitable cell surface antigens complicateddéetification of pDCs in whole blood.

In our work, we tested single-color flow cytometidentification of pDCs in whole
peripheral blood based on positivity with Blood Batic Cell Antigen 4 (BDCA4) as
compared to two-color identification methods. Warfd that BDCA4 is a suitable and specific
antigen for single-color identification of pDCs freshly drawn peripheral blood and its
expression is not affected by treatment of pDC# WitR7-agonist imiquimod, suggesting that
BDCA4 alone is suitable to monitor changes in p@@rds in patients. It was described that
organ involvement, specifically, the inflammatonyiltration of the kidneys correlate well with
the decreased pDC counts in human systemic luptiseenatosus (SLE) as these cell migrate
to lupus lesions and disappear from the circulatiimerefore, the analysis of pDC counts in
peripheral blood offers a minimally invasive yettlpagenically relevant marker of tissue
involvement and disease status is SLE.

Plasmacytoid DCs have a prominent role in antivinaunity as professional type |
interferon-producing cells, recognizing virusestlieir endosomal compartment by Toll-like
receptors. In contrast to recognition of viral regfion intermediates in the cytoplasm of other
cells by RIG-I-like helicase molecules (RLHs), thisechanism does not depend on viral
replication and effectively detects non-replicatiiguses. Multiple studies suggest that pDCs
exclusively employ TLR-mediated viral recognitionder steady-state conditions; however, the
potential collaboration of TLRs and RLHs was natestigated. Therefore, we aimed to assess

the potential expression and function of RIG-I D@s following TLR-activation. We could
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demonstrate that 1) pDCs up-regulate RIG-I upoattnent with TLR7 and 9 ligands; 2) the
up-regulation of RIG-I Is independent of type | IleNtocrine feedback regulation; 3) co-
stimulation with a TLR7 and TLR9 ligand showed titory rather than synergistic effect on
the up-regulation of RIG-I in primary pDCs.

Our results suggest that Toll-like receptors anmgsmic nucleic acid sensors might
act in cooperation during viral infection. The dgten of non-replicating viral particles by
endosomal TLRs might sensitize and prepare pDCgherappearance of viral replication
intermediates in the cytoplasm. This concept repssa novel synergy between various innate

immune recognition pathways.

8. Keywords

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

RIG-I-like receptor, signaling, innate immunityof cytometry
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