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Introduction

Summary

Single-stranded versus multimeric phosphorothioate-modified CpG oligo-
deoxynucleotides (ODNs) undergo differential endosomal trafficking upon
uptake into plasmacytoid dendritic cells (pDCs), correlating with Toll-like
receptor-9-dependent pDC maturation/activation (single-stranded B-type
CpG ODN) or interferon-o. (IFN-0) induction (multimeric A-type CpG
ODN), respectively. As was recently shown, IFN-a production, other than
by CpG ODNs, can also be induced in a sequence-independent manner
by phosphodiester (PD) ODNs multimerized by 3’ poly-guanosine (poly-
G) tails. We investigate here the type of endosomal trafficking responsible
for IFN-o induction by natural PD ODN ligands. We show that 3’ exten-
sion with poly-G tails leads to multimerization of single-stranded PD
ODNs and to enhanced cellular uptake into pDCs. While monomeric PD
ODN:s, which induce CpG-dependent Toll-like receptor-9 stimulation and
pDC maturation/activation, localized to late endosomal/lysosomal com-
partments, the poly-G multimerized PD ODNs, which induce CpG-inde-
pendent IFN-o production, located to vesicles with a distinct, ‘early’
endosomal phenotype. We conclude that poly-G-mediated multimeriza-
tion of natural PD ODNs allows for sequence-independent, Toll-like
receptor-9-dependent IFN-a induction in pDCs by combining three dis-
tinct effects: relative protection of sensitive PD ODNs from extracellular
and intracellular DNase degradation, enhanced cellular uptake and prefer-
ential early endosomal compartmentation.

Keywords: interferon-o production; plasmacytoid dendritic cells; phos-
phodiester DNA; sequence independence; Toll-like receptor-9

DCs (mDCs) with appropriate TLR-7 and TLR-9
ligands leads to induction of large amounts of inter-

In the course of infection or incomplete clearance of
cell damage, immune cells sense nucleic acids either via
cytosolic RNA and DNA receptors' ™ or via endosomal-
ly expressed Toll-like receptors (TLRs)." Endosomal
TLRs comprise TLR-9 which recognizes single-stranded
(ss) phosphorothioate-modified (PS) CpG DNA>® or
natural, random sequence phosphodiester (PD) DNA,’
TLR-7/8 which recognizes ss RNA*? and TLR-3 which
recognizes double-stranded (ds) RNA.'® Both TLR-7
and TLR-9 are highly expressed in plasmacytoid DCs
(pDCs), and stimulation of pDCs but not of myeloid

feron-o (IFN-o) in a myeloid differentiation primary
response protein 88 (MyD88) and IFN regulatory factor
(IRF-7)-dependent manner.'! The TLR-induced IFN-o
production from pDCs, also termed natural IFN-pro-
ducing cells,'* plays a critical role in immune responses
against a variety of pathogens and is also implicated in
the pathogenesis of various types of autoimmune dis-
eases.'” Elucidating the molecular mechanism of TLR-9-
dependent IFN-a induction by DNA ligands in pDCs is
therefore crucial for the understanding and treatment of
such diseases.

Abbreviations: IRF, interferon regulatory factor; mDC, myeloid dendritic cell; ODN, oligodeoxynucleotide; PD, phosphodiester;
pDC, plasmacytoid dendritic cell; poly-G, poly-guanosine; PS, phosphorothioate.
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The stimulatory effect of bacterial or viral genomic
DNA on TLR-9, usually attributed to unmethylated
CpG motifs, which are underrepresented and selectively
methylated in mammalian genomes,'* is thought to be
mimicked by short synthetic oligodeoxynucleotides
(ODNs) carrying CpG-motifs (CpG ODNs)."” In contrast
to natural PD ODNs, the PS-modified ODNs not only are
relatively DNase resistant but also display efficient cellular
uptake and endosomal translocation.'®!”  Therefore,
PS-modified ODNs have commonly been used to elucidate
sequence requirements for the activation of TLR-9. These
studies led to the definition of canonical CpG sequence
motifs and to the description of different classes of TLR-
9-activating CpG ODN:s, each triggering distinct biological
responses.”” The B-type CpG ODN 1668 (CpG-B ODN),
for example, leads to robust proinflammatory cytokine
production and DC maturation/activation in mixed DC
cultures, but causes only marginal induction of IFN-o in
pDCs."> The A-type CpG ODN (CpG-A ODN), in con-
trast, is a potent inducer of IFN-a but is less efficient at
proinflammatory cytokine production or DC maturation.

We have recently shown that the CpG-motif depen-
dency of TLR-9 activation is a feature that characterizes
PS-modified ODNs.” It is based on the exclusive ability
of CpG motifs to overcome the TLR-9 inhibitory qual-
ity of PS-modified 2’ deoxyribose sugar backbones. In
contrast, PD ODNs, whose base-free PD 2’ deoxyribose
sugar backbones possess basal TLR-9 stimulatory poten-
tial, activate TLR-9 sequence independently upon
enhanced translocation into endosomes; this is achieved
by multimerization either via 3’ poly-G extension or
the cationic lipid N-[1-(2,3-dioleoyloxy)]-N,N,N-trime-
thylammonium  propan  methylsulphate (DOTAP).
Importantly, TLR-9 activation by 3’ poly-G-multimer-
ized or DOTAP-complexed PD ODNs not only induces
proinflammatory cytokine production and pDC matura-
tion/activation in mixed DC cultures (FIt3 ligand-DCs)
but also IEN-o production in pDCs.”

The TLR-9-dependent IFN-a induction by PS-modified
CpG ODNs has been demonstrated to rely on the spatio-
temporal regulation of ligand interaction with TLR-9 in
pDCs. Single-stranded PS-modified CpG-B ODNs, which
contain a canonical CpG motif (GTCGTT), translocate
within minutes to late endosomal/lysosomal compart-
ments of pDCs,'®'"? where they interact with the TLR-9/
MyD88/tumour-necrosis factor receptor-associated factor
6 (TRAF6)/IL-1 receptor-associated kinase 1/4 (IRAK1/4)
complex for nuclear factor-xB activation. In contrast,
CpG-A ODNs have a palindromic PD core sequence with
two CpG motifs flanked by PS-modified 5 and 3’ poly-G
tails, which favours multimerization via Hoogsteen base-
pairing and G-tetrad formation. They preferentially locate
to early endosomal compartments, even hours after
uptake into pDCs,'®"”
meric structure which contains both globular and linear

presumably because of their multi-
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components.”” In early endosomes, multimeric CpG-A
ODNs interact with TLR-9 which, in contrast to late en-
dosomal TLR-9, specifically associates with the MyD88/
IRE-7 signalling complex to induce production of IFN-
o.'® Therefore, subtle endosomal routing of CpG ODNs
appears to determine IFN-o production in pDCs. Accord-
ingly, complex formation between ss CpG-B ODNs and
DOTAP or polymyxin B (PMXB), which produces
higher-order structures, not only leads to retention in
early endosomal compartments but also to potent IFN-o
induction.'®®?! The tertiary structure of CpG ODN
ligands (monomeric versus multimeric) seems to deter-
mine the type of endosomal routing and, therefore, the
character of the pDC response.

Here we explored whether the functional tie, which
links the multimeric tertiary structure of PS CpG
ODNs with early endosomal routing and IFN-o pro-
duction, also applied for IFN-inducing natural PD
ODN ligands. We report that 3’ poly-G extension led
to multimerization of ss PD ODNs, which efficiently
induced selective early endosomal compartmentation
and so drove TLR-9-dependent but sequence-indepen-
dent IFN-o induction in pDCs.

Materials and methods

Oligodeoxynucleotides

CpG-A ODN 2216 (GsGsGGGACGATCGTCGsGsGsGs
GsG) was obtained from Coley Pharmaceuticals (Welles-
ley, MA); where s represents a phosporothioate linkage.
All other ODNs (CpG-B ODN 1668: TCCATGACGTTC
CTGATGCT; non-CpG ODN AP-1: GCTTGATGACTCA
GCCG GAA; non-CpG ODN pTC: TCTCTCTCTCTCTC
TCTCTCTCTCT) were commercially synthesized by TIB
Molbiol (Berlin, Germany).

Mice

Male wild-type C57BL/6 mice (Jackson Laboratories, Bar
Harbor, ME) and male TLR9™™ mice (provided by S. Ak-
ira) were bred at our specific pathogen-free animal facility
according to German federal regulations and institutional
guidelines.

Polyacrylamide gel electrophoresis

For electrophoresis, 1-5 nmol ODNs, suspended in loading
buffer [1 X Tris-borate-EDTA (TBE), 50% formamide],
were run on a denaturing polyacrylamide gel (15% poly-
acrylamide, 8 M urea, 1 X TBE) using a constant electrical
field of 40 V/cm. For visualization of DNA, the gel was
fixed for 30 min in 25% methanol/10% acetic acid, incu-
bated overnight in Stains-All solution [0-59, Stains All
(Sigma-Aldrich, Schnelldorf, Germany), 50% formamide/
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H,O] and then washed in 50% formamide/H,O until the
background staining faded.

Preparation of DCs

Bone marrow cells were harvested from mouse femurs
and tibias and cultured for 8 days in complete RPMI
[RPMI-1640 with r-glutamine, heat-inactivated 10% fetal
calf serum (FCS), 100 pg/ml streptomycin and 50 pm 2’
mercaptoethanol; all from PAA Laboratories (Colbe, Ger-
many)] conditioned with recombinant murine Flt3-ligand
(FIt3L; WEHI, Melbourne, Australia).

Cell sorting

For confocal microscopy, pDCs were enriched from
FIt3L-cultured bone marrow-derived DCs using magnetic-
activated cell sorting (MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany) as described previously.'"® In short,
collected cells were incubated with pDC-specific rat
monoclonal -120G8-Biotin antibody*® and a-biotin
microbeads (Miltenyi Biotec) and separated into pDCs
(positively selected cells) and mDCs (flow-through cells)
using a MACS column (Miltenyi Biotec). For cell stimula-
tion, pDCs were highly enriched by fluorescence-acitvated
cell sorting (FACS; using a FACS Aria; BD Biosciences,
Heidelberg, Germany) after staining with o-120G8-fluo-
rescein isothiocyanate and o-B220-phycoerythrin (BD
Biosciences) antibodies. Live/dead discrimination was
performed with propidium iodide (Invitrogen, Karlsruhe,
Germany). The purity of the FACS-sorted cells was
controlled on a CyAn ADP Lx (Dako, Glostrup,
Denmark) and found to be > 99%.

Cell stimulation

The FIt3L-DCs were suspended in 500 pl RPMI-1640 with
10% FCS, 50 pm 2" mercaptoethanol on 24-well plates and
incubated for the indicated times and indicated concentra-
tions of ODNs. For measurement of cytokine induction,
culture supernatants were collected for analysis using an
enzyme-linked immunosorbent assay specific for mouse
IFN-o (compiled from rat anti-mouse IFN-o antibody),
rabbit anti-mouse IFN-a antibody (both Tebu-Bio, Offen-
bach, Germany), POX-donkey anti-rabbit immunoglobulin
G antibody (Jackson Laboratories). For complex formation
with DOTAP (Roche, Penzberg, Germany), ODNs were
suspended in 50 pl Opti-Mem (Invitrogen), combined with
50 ul DOTAP solution (10 pg in Opti-Mem), incubated
for 15 min at room temperature and added to cells. For
complex formation with PMXB (Sigma-Aldrich), ODNs
were suspended in 50 pl tissue culture medium, combined
with 50 ul PMXB solution (0-5 mg in tissue culture med-
ium), incubated for 30 min at room temperature and
added to cells (essentially as described in ref. 19).
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ODN uptake

Uptake of ODN was measured as described previously.*’
In brief, 0-5 x 10°® Flt3L-DCs were incubated with Cy5-
labelled ODNs, DOTAP complexes of ODNs or PMXB
complexes of ODNs in 500 pl complete RPMI for 30 or
90 min. Cells were harvested, washed with ice-cold phos-
phate-buffered saline (PBS), incubated with 12:5 mg/ml
dextran sulphate (Sigma- Aldrich) for 10 min on ice (to
remove ODNs bound to the cell surface), washed in PBS,
fixed with 2% paraformaldehyde and analysed by FACS.

Confocal imaging

For analysis of live cells, 0-4 x 10°/ml pDC were incu-
bated with 2 pm fluorescent ODNs (labelled with Cy3 or
Cy5) in 250 pul RPMI + 10% FCS on eight-well ibiTreat
p-slides (Ibidi, Munich, Germany) for 45 min at 37°, then
washed once with PBS and used for microscopy in a
chamber heated to 37°. For analysis of antibody-stained
cells, 0-4 x 10%/ml pDC were incubated with 2 pum fluo-
rescent ODNs (Cy5) in 250 pl RPMI + 10% FCS on 96-
well plates for 45 min, washed three times with ice-cold
PBS, fixed in PBS containing 1% paraformaldehyde at
room temperature for 15 min and permeabilized/blocked
with 0-25% saponin, 1% bovine serum albumin in PBS
for 30 min. Labelling was performed with rat anti-LAMP-
1 antibody (BD Biosciences) at 1 pg/ml (1 hr) and goat
anti-rat immunoglobulin G Alexa546 antibody (Invitro-
gen) at 10 pg/ml (30 min) in 0-25% saponin, 1% bovine
serum albumin/PBS. Fixed cells were washed once with
PBS, resuspended in 250 pl PBS on eight-well ibiTreat
p-slides and used for microscopy. Confocal images were
acquired using a Leica SP5 confocal microscope (Leica
microsystems GmbH, Wetzlar, Germany), 63 x/1-4 NA
objective, with the pinhole set to 1 airy unit in each chan-
nel. Dual colour images were acquired using a sequential
acquisition mode to avoid cross-excitation.

Results

G-tetrad mediated multimerization of natural PD
ODNEss leads to CpG-motif-independent IFN-o.
induction

The endosomal compartment which hosts the interaction
of TLR-9 with its ligand presumably plays a crucial role
for IFN-a induction in pDCs. Multimeric CpG ODNs
which activate TLR-9 in early endosomes (e.g. CpG-A
ODN) induce high amounts of IFN-o, whereas mono-
meric CpG ODNs which do so in late endosomes/lyso-
somes (e.g. CpG-B ODN) preferentially induce pDC
maturation/activation but not IFN-o production.'®"?
Multimerization of monomeric CpG-B ODNs can be
obtained by complex formation with DOTAP'® or

© 2008 Blackwell Publishing Ltd, Immunology, 126, 290-298
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PMXB'" and so leads to IFN-o induction, whereas CpG-
A ODNs endogenously present as stable multimers
because of intermolecular G-tetrad formation, mediated
by poly-G nucleotides flanking the 5" and 3’ ends.”” It has
been shown that poly-G-mediated multimerization of
DNase-sensitive natural PD ODNs not only conveys
relative resistance against DNase-mediated degradation
but also improves cellular uptake.”**** Consequently, we
first analysed whether 3’ poly-G extension was sufficient
for multimer formation and, in combination with
enhanced endosomal uptake, would allow for IFN-o
induction by natural PD ODNs.

Indeed, polyacrylamide gel electrophoresis revealed that
3’ extension with 24 Gs of both PD CpG-B ODN and PD
non-CpG ODNs (PD AP-1 ODN; PD pTC ODN) readily
induced formation of stable multimers, comparable to
CpG-A ODN multimers, whereas non-extended ODNs as
well as ODNs extended with poly-thymidine, poly-adeno-
sine or poly-cytidine tails displayed a monomeric struc-
ture (Fig. 1 and data not shown). Multimerization of
natural, random sequence PD ODNs can therefore be
induced by attaching poly-G tails to the 3’ ends. In anal-

PD Non-CpG-AP-1 + 24pG (44mer)
PD Non-CpG-pTC + 19pG (44mer)
PD CpG-B 1668 + 24pT (44mer)
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Figure 1. Multimerization of phosphodiester oligodeoxynucleotides
(PD ODNs) by 3’ poly-guanosine (G) extension. 1-5 nmol of indi-
cated ODNs were run on a 15% polyacrylamide gel under denatur-
ing conditions. Bands were visualized with STAINS ALL solution.
Flashes indicate multimeric forms of CpG-A ODNs or 3’ poly-G-
extended PD ODNG.
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ogy to CpG-A ODN, these effects are most likely medi-
ated by intermolecular Hoogsteen base pairing between
guanosine nucleotides with consequent formation of sta-
ble multimers. To confirm the impact of 3’ poly-G exten-
sion on PD ODN uptake, we incubated Flt3L-DCs, which
contained an average of 20-30% pDCs and 70-80%
mDCs (data not shown), with fluorescently labelled PD
ODNs. The 3’ poly-G-extended PD ODNs displayed
strongly increased uptake by pDCs after 30 and 90 min,
similar to DOTAP-complexed PD ODNs. No relevant dif-
ferences were observed between the uptake characteristics
of multimerized PD CpG-B ODNs or PD non-CpG
ODNess (see Fig. 5).

We next explored whether multimerized PD ODNs
would, upon uptake into Flt3L-DCs, activate TLR-9 to
produce IFN-o. As shown in Fig. 2(a), 3’ poly-G-
extended, multimerized PD CpG-B ODNs, in contrast to
monomeric PD CpG-B ODNs, induced robust, TLR-9-
dependent IFN-o production, similar to prototypic
CpG-A ODNs or DOTAP-complexed PD CpG-B ODNG.
Interestingly, PD ODNs lacking canonical CpG motifs
(PD AP-1 ODN; PD pTC ODN) also displayed TLR-9-
dependent IFN-o production upon 3’ poly-G extension
(Fig. 2b,c). As shown previously,” the IFN-o induction
capacity of poly-G-extended PD ODNs was, over a wide
range of concentrations, comparable to that of PD ODNs
complexed to DOTAP. We used PD tails of 24 Gs for
these experiments because shorter tails (12 Gs, 4 Gs) were
gradually less efficient, whereas longer tails (44 Gs) did
not further enhance IFN-o production.” Importantly, PD
poly-G tails alone, with no other sequence attached, did
not induce IFN-a production at all (Fig. 2d), providing
further evidence that TLR-9-mediated IFN-a induction by
PD ODNs is the result of multimerization of the original
PD ODN sequence. In general, IFN-a production in
FIt3L-DC cultures was restricted to pDCs (Fig. 3). Of
note, 3’ poly-G-extended PS-modified CpG-B ODNs or
PS non-CpG ODN:s failed to activate the IFN-a signalling
pathway in FIt3L-DCs (data not shown). Poly-G-mediated
multimerization of natural ss PD ODNs therefore allows
for TLR-9-dependent IFN-o induction in the absence of
canonical CpG motifs. Given that PD ODNs lacking CpG
motifs display lower affinity for TLR-9 than PD CpG
ODNS,”*® we propose that enhanced cellular uptake of
poly-G-extended PD ODNs provokes increased endo-
somal ligand concentrations, which, similar to DOTAP-
complexed PD ODNs,*® reveals the stimulatory potential
of naturally less affine unmodified PD non-CpG ODNs.”

Monomeric PS-modified or PD CpG-B ODNs are poor
IFN-o inducers.'”®> However, when integrated into PMXB
complexes to form large microparticles, human pDCs
were shown to respond with IFN-o production,”” high-
lighting the importance of a multimeric TLR-9 ligand
structure for IFN-o induction. Although we confirmed
these results with murine FIt3L-DCs using PS and PD
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Figure 2. Poly-guanosine (G) mediated multimerization of phospho-
diester oligodeoxynucleotides (PD ODNs) induces interferon-o
(IFN-01) production. Wild-type (WT) or TLR9™~ Flt3 ligand den-
dritic cells (FIt3L-DCs; 1 x 10/well) were incubated for 18 hr with
3 um of the indicated ODNs or ODNs + DOTAP (a—d). IFN-o levels
were detected in culture supernatants by enzyme-linked immuno-
sorbent assay. Mean values and standard deviations of three indepen-
dent experiments are shown (Fig. 2a—d).

CpG-B ODNs, we noted that PD non-CpG ODNs in
complex with PMXB failed to induce IFN-o production
in pDCs (Fig. 4). On the other hand, multimerization via
3’ poly-G extension or complex formation with DOTAP
was effective (Fig. 2b,c). The TLR-9 activation potential
of a specific ligand obviously depends on both its TLR-9
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Figure 3. Interferon-o. (IFN-o) production is restricted to plasma-
cytoid dendritic cells (pDCs) in mixed Flt3 ligand-cultured bone-
marrow-derived dendritic cells. o-120G8/a-B220 double-positive cells
(pDCs) were purified from wild-type (WT) Flt3 ligand-cultured bone
marrow cells by FACS-ARIA. WT pDCs (0-5 x 10°/well) were incu-
bated for 18 hr with indicated ODNs or ODNs + DOTAP. Data are
representative of three independent experiments.
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Figure 4. Interferon-o. (IFN-a) induction by polymyxin B (PMXB)
complexes of phosphodiester oligodeoxynucleotides (PD ODNs) is
CpG-dependent. Wild-type (WT) Flt3 ligand-dendritic cells (DCs;
1 x 10°/well) were incubated for 18 hr with 3 um of PD ODNs or
PD ODNs + polymyxin B (PMXB; 0-5mg). IFN-o levels were
detected in culture supernatants by enzyme-linked immunsorbent
assay. Mean values and standard deviations of three independent
experiments are shown.

affinity and its endosomal concentration. Since complex
formation with PMXB reportedly does not improve PS
ODN uptake,”” we analysed whether the lack of IFN-a
induction by less affine PD non-CpG ODNs in complex
with PMXB correlated with poor cellular uptake. Indeed,
multimerization via poly-G tails or complex formation
with DOTAP resulted in strongly enhanced cellular
uptake of natural PD ODNs, whereas complex formation
with PMXB displayed only marginal effects (Fig. 5). Fluo-
resence signals obtained for each ODN preparation repre-
sented intracellular ODN, because both washing pDCs
with dextran sulphate® and comparison of ODN incuba-
tion at 4° (which allows ODN binding to the cell mem-
brane but not endocytosis) and 37° (which allows
endocytosis) yielded similar results (data not shown).
These data underscore our assumption that one of the
determinants that control the ability of PD non-CpG
ODN:s to induce IFN-a is the efficiency of cellular uptake.
As a consequence, increased endosomal concentrations of
multimerized PD non-CpG ODN ligands (as obtained by
3’ poly-G extension or DOTAP complex formation but
not by PMXB complex formation) allow TLR-9 activation
and IFN-o induction despite lower TLR-9 affinity. Mono-
meric TLR-9 ligands with higher receptor affinity (e.g. PD

© 2008 Blackwell Publishing Ltd, Immunology, 126, 290-298
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Figure 5. PDC uptake of single-stranded (ss) versus multimerized
phosphodiester oligodeoxynucleotides (PD ODNs). Wilde-type (WT)
Flt3 ligand-DCs (0-5 X 10°) were incubated with 2 pum of Cy5-
labelled PD ODNs for 30 min or 90 min, harvested and stained with
0-120G8-fluorescein iosthiocyanate and o-B220-phycoerythrin anti-
bodies. Double-positive cells (pDCs) were analysed for relative fluo-
rescence intensity, representative of intracellular ODNs, by
fluorescence activated cell sorting. Red: PD ODN. Orange: PD
ODN + PMXB. Blue: PD ODN + 24pG. Green: PD ODN +
DOTAP. Data representative of test independent experiments.

CpG-B ODN’) therefore acquire the ability to induce
IFN-o. upon simple multimerization, whereas less affine,
monomeric TLR-9 ligands (e.g. PD non-CpG ODN,
which display intermediate TLR-9 affinity’) additionally
require enhanced endosomal concentrations.

Multimerization determines the type of endosomal
routing

To investigate whether differential endosomal compart-
mentation of ss PD ODNs versus multimerized PD ODN5s
accounts for the ability of the latter to induce IFN-o, we
analysed the endosomal localization of fluorescently
labelled PD ODNs in pDCs enriched from Flt3L-cultured
murine bone marrow cells. Using confocal microscopy,
we first confirmed that ss PS and PD CpG-B ODN, which
induce pDC maturation and activation but not IFN-o
production, in murine pDCs primarily localized to
LAMP-1-positive, ie. late endosomal compartments
(Fig. 6a,b). In contrast, multimeric CpG-A ODN, a proto-
typical IFN-o inducer, mainly localized outside these
LAMP-1-positive compartments (Fig. 6a). Interestingly,
also IFN-o inducing 3’ poly-G extended, thus multimer-
ized CpG-B ODN (PD CpG-B + 24pG ODN) and non-
CpG ODN (PD pTC + 35pG ODN) did not localize to
LAMP-1-positive compartments (Fig. 6b). Despite rigor-
ous efforts, we failed to confidently identify these as
LAMP-1-negative, presumably early endosomal compart-

© 2008 Blackwell Publishing Ltd, /mmunology, 126, 290-298

ments using commercially available early endosomal
markers as Dextran or Transferrin (for live cells)'”'® or
o-transferrin receptor or o-EEA1 antibodies (for fixed
cells'®'*?®) so we used colocalization with CpG-A ODN
(shown by others to route to early endosomes)'®'? as a
surrogate marker for early endosomal localization. Upon
3’ poly-G extension and so multimerization, PD CpG-B
ODN (PD CpG-B + 24pG ODN) but not ss PD CpG-B
ODN colocalized with IFN-a-inducing CpG-A ODN, as
did 3’ poly-G-extended non-CpG ODN (PD pTC + 35pG
ODN) (Fig. 6¢c and data not shown). As expected, all
labelled ODNs which colocalized with CpG-A ODN in
early endosomes efficiently induced IFN-o, whereas
ODNs in LAMP-1-positive compartments did not. It has
been previously shown that the ability of poly-G tails to
induce G-tetrads is critical for these effects, because dis-
ruption of G-tetrad formation and, thus, multimerization
in IFN-o inducing ODNs (e.g. CpG-A ODN) by using 7’
deazaguanosine poly-G tails abolishes early endosomal
compartmentation and IFN-o production.'”*® Taken
together, these data clearly demonstrate that the spatial
organization (monomeric versus multimeric) of PD ODN
ligands determines the type of intracellular routing and so
the potential to induce IFN-a in pDCs. Early endosomal
compartmentation of multimeric PD ODN ligands is a
critical component of IFN-o induction in pDCs. Overall,
we propose that 3’ poly-G extension of PD ODNs leads
to IFN-a induction by combining at least three different
effects: poly-G-mediated multimer formation conveys rel-
ative protection from DNases, which, together with
enhanced cellular uptake, leads to increased endosomal
ligand concentrations, thus enabling TLR-9 activation
even by PD non-CpG ODNs, which display only interme-
diate TLR-9 affinity.”*" Finally, multimer formation deter-
mines the differential routing of PD ODN ligands to early
endosomes, allowing for the activation of the TLR-9/
MyD88/IRF-7 signalling pathway of IFN-o induction.

Discussion

Depending on the mode of TLR-9 activation, pDCs either
produce high amounts of IFN-o or mature into fully acti-
vated antigen-presenting DCs."” This functional dichoto-
my allows pDCs to coordinate aspects of the innate and
adaptive immune response to a variety of pathogens.” It
appears that these distinct pDC activation modes are
determined by the subcellular compartment which hosts
TLR-9 activation.'®"? Upon endocytosis, TLR-9 ligands
are transported to mildly acidic early endosomes. These
cargo vesicles, migrating towards the cell interior along
the microtubular cytoskeleton, then undergo gradual
transformation into increasingly acidic late endosomes
and eventually fuse with hydrolase-positive, acidic lyso-
somes, where their content is degraded.'”® This process
seems to be tightly regulated and can take minutes or
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Figure 6. Poly-guanosine (G)-mediated multimerization of phosphodiester oligodeoxynucleotides (PD ODNs) leads to differential endosomal
compartmentation in plasmacytoid dendritic cells (pDCs). The pDCs were enriched from Flt3 ligand cultures using MACS-sorting with o-120G8
antibody. (a) Purified pDCs (0-1 X 10°) were first incubated with 2 um Cy5-labelled PS CpG-B ODN or Cy-5-CpG-A ODN for 45 min and then
fixed. Late endosomal/lysosomal compartments were stained with rat anti-LAMP-1/anti-rat immunoglobulin G Alexa 546 antibodies. Fixed cells
were analysed by confocal microscopy (left panels: ODN; middle panels: a-LAMP-1; right panels: overlay). (b) Purified pDCs (0-1 x 10°) were
first incubated with 2 pm Cy5-labelled PD ODN or Cy5-PD ODN + poly-G. Cells were then fixed, stained and analysed as in (a). (Left panels:
ODN; middle panels: a-LAMP-1; right panels: overlay). (c) Purified pDCs (0-1 x 10°) were coincubated with 2 pm prototypical interferon-o
(IFN-01) -inducing CpG-A ODN and either PD CpG-B + 24pG ODN (upper panels) or PD non-CpG pTC + 35pG ODN (lower panels). After
45 min, live cells were washed with phosphate-buffered saline and analysed by confocal microscopy at 37°. (Left panels: CpG-A ODN; middle

panels: PD ODN + poly-G; right panels: Overlay). All data are representative of at least three independent experiments.

hours, depending on the physical structure of the DNA
cargo.'®"? Since TLR-9 is expressed within endolysosomal
compartments, ligand-receptor interaction can potentially
occur at any step along the endolysosomal maturation
pathway. For example, multimeric CpG-A ODNs, known
as prototypical IFN-o inducers, primarily locate to en-
dosomal vesicles expressing an ‘early’ phenotype (as
defined by dextran accumulation in murine pDCs'® and
by the presence of the transferrin-receptor or of the early
endosomal antigen 1 (EEA1l) in human pDCs).”’w‘28
Activation of TLR-9 within these early endosomal vesicles
presumably leads to recruitment of the MyD88/IRF-7 sig-
nalling complex and consequently allows induction of
high concentrations of IFN-o.'® Monomeric CpG-B
ODNs, on the other hand, primarily translocate to
endosomal vesicles expressing a ‘late’ phenotype (as char-
acterized by accumulation of lysotracker or presence of
the specific late endosomal/lysosomal marker LAMP-1 in
the membrane).'®'® The TLR-9 activation in late endo-
somes induces full maturation and activation of pDCs,
based on specific recruitment of the MyD88/TRAF6/
IRAK1/4 signalling complex and, therefore, predominant
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nuclear factor-xB activation.'””" In support, manipula-
tion of the endosomal routing of monomeric TLR-9
ligands by complex formation with cationic lipids or
nanoparticles leads to early endosomal compartmentation
and converts CpG-B ODNs into potent IFN-o induc-
ers."®! On the other hand, CpG-A ODNs, rendered sin-
gle-stranded and so functioning as simple monomers,
locate to late endosomes, lose their IFN-o induction
capacity but induce pDC maturation and activation
instead."” These data suggest that the tertiary structure
(monomeric versus multimeric) of CpG ligands deter-
mines the endosomal compartmentation and so the mode
of pDC activation.

In exploring the rules governing TLR-9 activation by
natural PD ODNs versus PS-modified ODNs, we recently
observed that base-free PD 2-deoxyribose homopolymers,
which constitute the regular sugar backbones of natural
PD ODNs, act as basal TLR-9 agonists upon enhanced
endosomal translocation. The presence of DNA bases,
even when short of CpG motifs, enhances the TLR-9-
stimulatory effect. The PS 2-deoxyribose homopolymers,
in contrast, act as TLR-9 and TLR-7 antagonists.

© 2008 Blackwell Publishing Ltd, Immunology, 126, 290-298
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Alignment of random bases does not alter such antagonist
activity, but DNA bases containing a CpG-motif trans-
form TLR-9-inhibitory into robust TLR-9-stimulatory
activity. These data showed that TLR-9 activation by
PS-modified ODNs is strictly CpG-motif-dependent,
whereas natural PD ODNs drive the TLR-9 activa-
tion sequence independently.”*' In these experiments,
enhanced endosomal uptake of natural PD ODNs was
achieved either by complex formation with DOTAP or by
3’ extension with poly-G tails. Surprisingly, multimerized
PD ODNs, even lacking CpG motifs, not only led to DC
activation and proinflammatory cytokine induction in
FIt3L-DCs but also caused TLR-9-dependent IFN-a pro-
duction in pDCs.”?' Here, we analysed the conditions of
IFN-o induction in pDCs by natural PD ODNs in detail.
We show that 3’ poly-G extension of PD ODNs led to
efficlent multimer formation (comparable to CpG-A
ODN), paralleled by improved cellular uptake and CpG-
independent IFN-a induction. Notably, 3’ poly-G exten-
sion redirected endosomal routing of PD ODNs upon
uptake into pDCs, in that monomeric PD ODNs predom-
inantly located to endosomal vesicles with a late pheno-
type (LAMP-1-positive), whereas poly-G multimerized
PD ODN:s colocalized with CpG-A ODN in LAMP-1-neg-
ative vesicles. We were unable to further identify these
CpG-A-positive vesicles using conventional, commercially
available early endosomal markers because the variance
between these markers was considerable and did not
allow for a confident phenotypical identification of a spe-
cific and overlapping vesicle population. Colocalization
with CpG-A in LAMP-1-negative compartments was
therefore the most reliable marker for this distinct, pre-
sumably ‘early’ endosomal compartment in our hands.
This endosomal redirection of multimeric PD ODN
ligands to CpG-A-positive compartments correlated with
the induction of IFN-a. Specific endosomal compartmen-
tation and IFN-o induction were noted with 3’ poly-G-
extended PD CpG-B ODNs and with PD non-CpG ODNs
(PD AP-1 ODN and PD pTC ODN). These data indicate
that the propensity to adopt a multimeric spatial organi-
zation, rather than the DNA sequence itself, determines
IFN-o production in pDCs upon TLR-9 activation by
natural PD ODN ligands.

In essence, IFN-o induction in pDCs by poly-G-
extended, multimeric natural PD ODNs appears to be
determined by three different mechanisms. First, poly-G-
mediated multimerization protects PD ODNs from extra-
cellular and presumably also endolysosomal DNase
degradation. Second, multimerized PD ODNs display
enhanced uptake into DCs, leading to increased endoso-
mal ligand concentrations. While the latter appears to be
responsible for CpG-independent TLR-9 activation
(balancing lower TLR-9 affinity of PD non-CpG ODNs
compared to PD CpG ODNs), it is not sufficient for
IFN-o induction. In addition, third, a multimeric ligand

© 2008 Blackwell Publishing Ltd, /mmunology, 126, 290-298

structure, as conferred by 3’ poly-G extension or complex
formation with DOTAP, is required, which determines
differential, early endosomal routing and TLR-9 activa-
tion. Interestingly, complex formation of ODNs with
PMXB also results in nanoparticular ODN structures and
early endosomal routing. However, ODN-PMXB com-
plexes do not display significantly enhanced cellular
uptake compared to ODN alone and therefore do not
benefit from increased endosomal concentrations. As a
consequence, only PMXB complexes of PD CpG-B
ODNs, shown to display higher affinity to TLR-9 than
PD non-CpG ODNs,”*®  induce IFN-o production,
whereas PMXB complexes of PD non-CpG ODNs do
not. Obviously, the endosomal concentration of the
latter is too low to induce CpG-independent IFN-o
production. This contrasted with poly-G-mediated or
DOTAP-mediated complex formation, which efficiently
increased endosomal ligand concentrations and so
allowed for CpG-independent TLR-9 stimulation even by
less affine PD non-CpG ODNSs. As such, these data imply
that the nature of the immune response, coordinated by
pDCs upon contact with natural PD DNA, is deter-
mined by both endosomal concentration and endosomal
routing.

The finding that efficient early endosomal translocation
of PD ODNss lacking canonical CpG motifs (usually con-
sidered a ‘foreign’ signature) triggers TLR-9-dependent
IFN-o production has important implications for certain
autoimmune diseases, where the barrier of self-tolerance
is breached. Endogenous self-DNA or chromatin, poor in
unmethylated CpG motifs, may therefore, upon early
endosomal translocation and partial DNase digestion,
provide a source of TLR-9 ligands that drive IFN-a pro-
duction in pDCs. In the case of psoriasis, efficient com-
plex formation and endosomal translocation of self-DNA
is brought about by the antimicrobial peptide LL37,*®
whereas in systemic lupus erythematosus Fc receptors
mediate robust endosomal translocation of anti-DNA
antibody/self-DNA immune complexes.”> Based on our
data, we propose that adequate concentrations of host-
derived DNA within early endosomes trigger TLR-9-
dependent IFN-a induction in pDCs.
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