






investigate the intracellular localization of extracellular Hsp90,
cDCs were incubated with the Alexa Fluor 488-labeled Hsp90
for 30 min and washed. Postincubation with medium without
Hsp90 for 120 min, the cells were fixed and stained with organelle
markers, such as KDEL for ER, LAMP1 for the late endosome
and lysosome, and Rab5 and EEA1 for the early endosome. Ex-
tracellular Hsp90 accumulated in Rab5 and EEA1 positive-early
endosomes but not in ER or late endosomes/lysosomes (Fig. 1B).
These results indicated that extracellular Hsp90 was sorted into
the static early endosomal pathway and retained for longer peri-
ods, but not the dynamic early endosomal pathway. These obser-
vations led us to investigate whether extracellular Hsp90
converted non–IFN-a stimulatory CpG-A ODN into a trigger of
cDC activation to produce IFN-a.

In vitro generation of CpG-ODN–Hsp90 complex

As Hsp90 has been demonstrated to be a binder to CpG-ODNs (32),
we first confirmed whether Hsp90 could be complexed with
CpG-A and control CpG in vitro. We incubated 1.5 nmol end
labeled CpG-ODN with 0.5 mM Hsp90 at 37˚C for 30 min. Sam-
ples were subjected to native-PAGE and visualized by silver stain-
ing (Fig. 2A) and autoradiograpy (Fig. 2B). These results indicated
that Hsp90 could bind CpG-ODNs. To make a 3 mM CpG-ODN–
Hsp90 complex, 3 nmol CpG-A or CpG-B was mixed with 1 mM
Hsp90, incubated for 30 min, and then diluted with 1 ml medium.

Hsp90 enhances IFN-a induction in response to CpG-A from
pDC and cDC

MousepDCs, not cDCs, havepreviouslybeendemonstrated tobe the
major cells secreting IFN-a following CpG-A stimulation. To elu-
cidate the ability of Hsp90 to enhance secretion of IFN-a from the
DC subset, freshly isolated pDCs were cultured for 24 h in the
presence of 3 mM CpG-A or 3 mM CpG-A–Hsp90 complex,
respectively. The CpG-A–Hsp90 complex enhanced the IFN-a
production 2-foldmore thanCpG-A alone (Fig. 3A). Notably, a high
amount of IFN-a production was observed in cDCs stimulated with
the CpG-A–Hsp90 complex despite the lack of production of IFN-a

FIGURE 1. Extracellulary loaded Hsp90 accumulates in the static early

endosome. A, Isolated murine cDCs were loaded with Alexa Fluor 488-

labeled Hsp90 (10 mg) at 4˚C for 10 min and washed. The cells were then

further incubated for 0–120 min and fixed with 4% paraformaldehyde, and

then visualized by laser confocal microscopy (original magnification

3630). Bar, 5 mm. B, Isolated cDCs were pulsed with Alexa Fluor 488-

labeled Hsp90 for 2 h. Postincubation, the cells were fixed and stained with

anti-KDEL (for ER), anti-LAMP1 (for late endosomes and lysosomes),

anti-Rab5 (for early endosomes), and anti-EEA1 (for static early endo-

somes) followed by Alexa Fluor 594-conjugated goat anti-rabbit IgG or

anti-mouse IgG, and then visualized by laser confocal microscopy (original

magnification 3630). Bar, 10 mm. Data in A and B are representative of

three independent experiments.

FIGURE 2. In vitro generation of CpG-ODN–Hsp90 complex. Purified

Hsp90 (0.5 mM) and CpG-DNA (1.5 nmol) that were end labeled with T4-

polynucleotide kinase and (g[32P])-ATP were incubated at 37˚C for 30

min. Samples were separated by native-PAGE. A, The gels were analyzed

using silver staining. B, The gels were exposed to a Fuji BAS-MS imaging

plate (Fuji Medical Systems) for 24 h, and the images were scanned using

the Phosphor Imaging System (Fuji Medical Systems).

FIGURE 3. CpG-A–Hsp90 complexes enhance induction of IFN-a by

DCs in vitro. IFN-a production poststimulation with 3 mM CpG-A, control

ODN alone, or in complex with Hsp90 by pDCs from WT and Tlr92/2

mice (A) and cDCs from WT and Tlr92/2 mice (B). The effect of chloro-

quine treatment on IFN-a production poststimulation with 3 mM CpG-A–

Hsp90 complex by pDCs (C) and cDCs (D). IFN-a production was

determined by ELISA. Data are presented as means + SEM of triplicate

wells. Data are representative of three independent experiments. pp ,
0.0005; ppp , 0.001, paired Student t test.
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when they were stimulated with CpG-A alone (Fig. 3B). Exogenous
Hsp90 did not have any effect on IFN-a secretion by either pDCs or
cDCs (Fig. 3A, 3B). Furthermore, the observed IFN-a production
was completely inhibited poststimulation with the CpG-A–Hsp90
complex in both pDCs and cDCs derived from Tlr92/2 mice (Fig.
3A, 3B). Moreover, IFN-a production was potently inhibited by
chloroquine, which blocks endosomal signaling (Fig. 3C, 3D).
The degree of the inhibition of the IFN-a production by
chloroquine was different between pDCs and cDCs, but this may
have been due to the sensitivity to the chloroquine. These results
suggested that Hsp90might translocate the chaperoned CpG-ODNs
into static early endosomes and efficiently activate the TLR9 sig-
naling pathway for IFN-a production.

Both cDCs and pDCs uptake CpG-A to similar degrees

We compared the efficiency of binding and uptake of CpG-A or the
CpG-A–Hsp90 complex by cDCs and pDCs to rule out the
possibility that Hsp90 enhanced the uptake of CpG-A by cDCs
and pDCs. Cy5-labeled CpG-A, either coupled with Hsp90 or
alone, was added to cDC or pDC cultures, and the binding and
uptake were analyzed. The percentage of cDCs that took-up
CpG-A was 36.9% with CpG-A stimulation alone, and it was
approximately the same, 39.5%, when it was coupled with
Hsp90 (Fig. 4). The uptakes of CpG-A alone and the CpG-A–
Hsp90 complex by pDCs were also similar. These results
indicated that both cDCs and pDCs took up the labeled CpG-
ODN at almost the same level and supported our hypothesis that
Hsp90-mediated direction of CpG-A into the early endosome
might be essential for IFN-a production in cDCs.

Mouse cDCs express TLR9 and IRF7

We examined whether TLR9 was expressed by murine cDCs.
TLR9 protein and mRNA expression were determined by immu-
noblot and RT-PCR analyses using freshly isolated highly purified
cDCs populations (Supplemental Fig. 1A, 1B). Laser confocal
microscopic analysis revealed that TLR9 localized in the EEA1-
positive early endosomes of cDCs (Supplemental Fig. 1C).

CpG-ODN–Hsp90 complex serves as a potent inducer for
IFN-a in vivo

Next, we examined whether the CpG-A–Hsp90 complex had an
in vivo effect similar to that observed in vitro. We administered

PBS, Hsp90 alone, CpG-A alone, or the CpG-A–Hsp90 complex
to C57BL/6 mice. After 12 h, we collected sera from the mice and
measured the IFN-a. The production of IFN-a from mice injected
with the CpG-A–Hsp90 complex was higher than that induced by
CpG-A alone (Fig. 5A). Moreover, production of IFN-a by cDCs
isolated from spleens of treated mice and cultured ex vivo for 40 h
was measured. cDCs isolated from mice injected with the CpG-A–
Hsp90 complex produced a high level of IFN-a. In contrast, cDCs
from mice injected with CpG-A alone did not (Fig. 5B). These
results indicated that Hsp90 could target chaperoned molecules to
the early endosomal compartment within cDCs and induce robust
INF-a secretion in vivo as well as in vitro.

Hsp90 retains CpG-ODN in static early endosomes

We assumed that in cDCs, as CpG-Awas rapidly trafficked to late
endosomes and lysosomes, CpG-A–mediated TLR9 signaling was
not sufficient. We therefore investigated the intracellular routing
of CpG-A after uptake of it in cDCs using laser confocal micros-
copy. Isolated cDCs from BMDCs were incubated with Cy5-
labeld CpG-A for 30 min, and then the cells were washed and
incubated with new medium without CpG-A for 0, 60, and 120
min. Following incubation, the cells were fixed and stained. Im-
mediately poststimulation, most of the CpG-A localized within
LAMP1+ late endosomes/lysosomes (Fig. 6A, Supplemental Fig.
2). In contrast, the frequency of colocalization with EEA1 was
very low. After 120 min incubation, CpG-A was detected within
late endosmes/lysosomes at high frequency and in a large area of
the LAMP1+ organelle (Fig. 6A, Supplemental Fig. 2). Together
with our observation that TLR9 localized in the EEA1 positive-
early endosomes of cDCs, these results indicated that CpG-A was
rapidly trafficked to the LAMP1+ late endosme/lysosome pathway,
and therefore could not activate the TLR9–MyD88–IRF7 signal-
ing pathway. In contrast, Cy5-labeled CpG-A coupled with Hsp90
was pooled for at least 120 min during stimulation within Rab5+,
EEA1+-static early endosomes, and lysosomal localization was
poorly detected (Fig. 6B, Supplemental Fig. 3). Furthermore,
when complexed with Hsp90, CpG-A appeared to form large
aggregates that colocalized with early endosomes after 120 min
(Fig. 6B). These results suggested that their ability to form aggre-
gated structures was needed to induce IFN-a. Quantitative
analysis of the colocalization between the Cy5-labeled
CpG-A and EEA1 and LAMP1 revealed average colocalization
incidences of 16.7% and 91.9%, respectively, immediately after

FIGURE 4. Both pDCs and cDCs bind and uptake CpG-A or Hsp90–

CpG-A complex to similar degrees. Flow cytometric analysis for binding

and uptake of Cy5-labeled CpG-A alone (left panels) or in complex with

Hsp90 (right panels) by cDCs (top panels) and pDCs (bottompanels) after 30

min stimulation. Data are representative of three independent experiments.

FIGURE 5. CpG-A–Hsp90 complex serves as a potent inducer for

IFN-a in vivo. CpG-A (50 mg/mouse) or CpG-A–Hsp90 (50 mg/mouse)

complex was administered i.p. to C57BL/6 mice 6–10 wk of age. A, After

12 h, mouse serum was obtained via cardiac puncture and levels of IFN-a

were measured using ELISA. B, Mice were then euthanized for spleen

removal. cDCs were isolated and cultured for 24 h, and the supernatant

was measured for IFN-a production. Data are presented as means + SEM

of triplicate wells. Data are representative of three independent

experiments. pp , 0.01; paired Student t test.
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CpG-A stimulation, which changed to 1.7% and 78.9%, respec-
tively, with the passage of time (Fig. 6C). In contrast, the coloc-
alization rates between the Cy5-labeled CpG-A that formed
a complex with Hsp90 and Rab5, EEA1, and LAMP1 were
90.6%, 91.5%, and 16.2%, respectively, at 2 h after
CpG-A sitimulation (Fig. 6D). These data suggested that Hsp90
could target CpG-A to the static early endosome, resulting in
efficient TLR9 stimulation for a high amount of IFN-a
production by cDCs. Thus, Hsp90 had the ability to retain CpG-
ODNs for longer periods in the static early endosome, presumably
enabling the selective and continuous activation of early endo-
somal TLR9 via spatiotemporal targeting of CpG-ODNs.

Extracellular Hsp90 converts CpG-B into a trigger of IFN-a
production by cDCs

Recent studies have indicated thatTLR9 signaling in late endosomes
induces DCmaturation and TNF-a and IL-6 secretion.We therefore
tested whether Hsp90 could convert CpG-B, which was expected to
stimulate TLR9 in late endosomes, into a ligand that triggeredTLR9

in early endosomes to produce IFN-a. When complexed with
Hsp90, CpG-B induced robust IFN-a production from cDCs (Fig.
7A) and only low levels of TNF-a and IL-6 as compared with
CpG-B alone (Fig. 7B, 7C). The CpG-B–Hsp90 complex also
failed to induce cDC maturation (data not shown). Consistent with
these results, the production of TNF-a and IL-6 from cDCs was
inhibited when they were stimulated with the CpG-A–Hsp90
complex as compared with CpG-A alone (Supplemental Fig. 4).

Extracellular Hsp90 enhances the IFN-a production by human
pDCs

In humans, pDCs and B cells express TLR9 (10, 33). We examined
whether the CpG-A–Hsp90 complex also induced IFN-a from
human DCs as observed in mouse DCs. The production of IFN-a
when we stimulated PBMCs of healthy donors with the CpG-A–
Hsp90 complexwas enhancedwhen comparedwithCpG-A alone (p
, 0.05) (Fig. 8A). We observed that PBMC-derived mDCs
expressed little TLR9 and that CD19+ B cells expressed TLR9 at
a low level (data not shown). Therefore, it was reasonable that there
was little IFN-a production by these cells following stimulation
with CpG-A or the CpG-A–Hsp90 complex (Fig. 8B, 8C). In
contrast, as pDCs isolated from PBMCs have been shown to
produce large amounts of IFN-a, we examined whether Hsp90
could affect the IFN-a production by human pDCs. The CpG-A–
Hsp90 complex induced augmented production of IFN-a compared
with CpG-A alone (Fig. 8D). We therefore concluded that Hsp90-
mediated spatiotemporal targeting to static early endosomes of
CpG-ODN boosted TLR9 activation and triggered efficient IFN-a
induction in mouse pDCs, cDCs, and human pDCs.

Hsp90 converts self-DNA into a potent trigger of IFN-a
induction by human pDCs

Finally, we determined whether the extracellular Hsp90 enabled
human pDCs to sense self-DNA, leading to IFN-a production.
Human genomic DNA, which was isolated from healthy
volunteers, was unable to induce IFN-a from pDCs. However,
we found that self-DNA complexed with Hsp90 could induce
IFN-a production from pDCs (Fig. 9). Thus, Hsp90 converted
inert self-DNA into an activator of pDCs.

Discussion
pDCs sense certain viral and microbial infections. In contrast to
mDCs, pDCs uniquely express TLR7 and TLR9, intracellular
receptors that recognize viral/microbial nucleic acids within
endosomal compartments in humans. Together with the constitu-
tive expression of IRF7, TLR7 and TLR9 permit pDCs to mount
rapid and robust type I IFN responses to viral/microbial infections.
However, pDCs normally do not respond to self-DNA, which may
reflect the fact that viral/bacterial DNA sequences contain multiple
CpG nucleotides that bind and activate TLR9, whereas mammalian
self-DNA contains fewer such motifs, which are most likely
masked by methylation. Recent evidence, however, suggests that
self-DNA has the potential to trigger TLR9, but may fail to do
so because it fails to access the TLR9-containing endolysosomal
compartments. One of the mechanisms of this effect is attributed
to the fact that DNase easily and rapidly breaks down the extracel-
lular DNA, thereby hampering self-DNA localization into endo-
cytic compartments. In contrast to the human system, murine
cDCs, like pDCs, express TLR7 and TLR9.
Two classes of synthetic ODNs containing an unmethylated CpG

motif have been classified: CpG-A ODN, which stimulates IFN-a
production by pDCs, and CpG-B ODN, which does not. Instead,
CpG-B ODN stimulates pDCs to produce IL-6 and TNF-a and
induce DC maturation, such as the upregulation of CD80 and

FIGURE 6. Hsp90 targets CpG-A to the early endosome for longer

periods. Isolated cDCs were pulsed with 3 mM Cy5-labeled CpG-A (A)

or 3 mM Cy5-labeled CpG-A–Hsp90 complex (B) for 30 min.

Postincubation with new medium without CpG-A for 0, 60, and 120

min, the cells were fixed, stained, and then visualized by laser confocal

microscopy (original magnification 3630). Arrowheads indicate colocali-

zation of CpG-A and each organelle. Bar, 10 mm. Data are representative

of three independent experiments. For evaluation of colocalization, a single

z-plane of one cell was evaluated. For each CpG-A (C) or CpG-A–Hsp90

complex (D) and organelle combination, a total of 150 cells (50 cells each

from three independent experiments) were analyzed.
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CD86 and the expression of MHC class II molecules. Recently, it
has been demonstrated that the manner of CpG internalization and
the retention time of CpG in endosomes differ between CpG-A and
CpG-B, and the retention of the CpG/TLR9 complex in endosomes
is the primary determinant of TLR signaling (17, 34). CpG-AODNs
are characterized by a poly G tail that forms large multimeric aggre-
gates with a diameter ∼50 mm. In contrast, CpG-B ODNs are mo-
nomeric and do not form such higher order structures. In addition,
multimeric CpG-AODNs are retained for longer periods of time in
the early endosomes, whereas CpG-B ODNs rapidly traffic through
early endosomes into late endosomes or lysosomes of pDCs. The
prolonged retention of multimeric CpG-AODNs provides extended
activation of the TLR9-MyD88-IRF7 signal-transducing complex,
which leads to robust IFN-a production. Therefore, we also
examined the ability of Hsp90 to target and retain chaperoned
CpG-DNA in static early endosomes of cDCs, resulting in type I
IFN production. We found that Hsp90-chaperoned CpG-Awas lo-
calized and retained within static early endosomes for longer peri-
ods in cDCs, thereby eliciting TLR9 signaling for IFN-a

production, but not inflammatory cytokines, such as IL-6 and
TNF-a. In contrast, CpG-A alone moved into late endosomes and
lysosomes within cDCs. Interestingly, not only CpG-A but also
CpG-B could stimulate the TLR9 signalingwithin static early endo-
somes, resulting in the production of IFN-a. Thus, extracellular
Hsp90 had the ability to direct associated molecules into static
early endosomes. Moreover, as time passed, the CpG-A–Hsp90
complex formed large aggregates within early endosomes (Fig.
6B), again suggesting an important link between the physical size
of TLR9 ligands and their stimulatory capacity. Thus, our data
indicated that when DCs detected aggregated DNA structures in
the early endosomes through TLR9, this was coupled with IRF7
activation and IFN-a production. By contrast, when DCs sensed
the linear DNA structures in the late endosomes or lysosomes
through TLR9, this was coupled with NF-kB activation, which led
to IL-6 and TNF-a production and DC maturation.
Why, however, are DNA–Hsp90 complexes selectively retained

in early endosomes but not in late endosomes or lysosomes in
DCs? We found that endocytosed CpG-A–Hsp90 complexes were
selectively transferred into Rab5+, EEA-1+-static early endo-
somes. Very recently, Lakadamyali et al. (31) have shown that
early endosomes are comprised of two distinct populations: a dy-
namic population that is highly mobile on microtubules and
matures rapidly toward the late endosome and a static population
that matures much more slowly. Cargos destined for degradation,
including low-density lipoprotein, epidermal growth factor, and
influenza virus, are internalized and targeted to the Rab5+,
EEA12 dynamic population of early endosomes, thereafter traf-
ficking to Rab7+ late endosomes. In contrast, the recycling ligand

FIGURE 7. Hsp90 converts CpG-B to a trigger of

IFN-a production by cDCs. IFN-a (A), TNF-a (B),

and IL-6 (C) production poststimulation with 3 mM

CpG-B or in complex with Hsp90 by cDCs. Data are

presented as means + SEM of triplicate wells. Data are

representative of three independent experiments. pp ,
0.005; ppp , 0.01, paired Student t test.

FIGURE 8. CpG-A–Hsp90 complex enhances IFN-a induction by

human pDCs. IFN-a production poststimulation with NS, Hsp90, 3 mM

CpG-A alone or in complex with Hsp90 by human PBMC (A), CD19+ cells

(B), mDCs (C), and pDCs (D). Data are presented as means + SEM of

triplicate wells. Data are representative of three independent experiments.

pp , 0.005, ppp , 0.05, paired Student t test. NS, normal saline.

FIGURE 9. Hsp90 converts self-DNA into a potent trigger of IFN-a

induction by human pDCs. Human pDCs were stimulated with genomic

DNA isolated from healthy volunteers (10 mg/ml) either alone or

postcomplexing with Hsp90 (10 mg). Levels of IFN-a were measured

after overnight culture using ELISA. Error bars represent the SEM of

triplicate wells. Data are representative of four independent experiments.

pp , 0.005, paired Student t test. ND, not detected.
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transferrin is delivered to Rab5+, EEA1+-static early endosomes,
followed by translocation to Rab11+ recycling endosomes. They
also found that cargos trafficked into these static early endosomes
were retained for longer periods and not translocated into late
endosomes and lysosomes. Therefore, our observation that the
CpG-A–Hsp90 complex was retained in the static early
endosomes, leading to sustained activation of DCs and IFN-a
production, was consistent with their findings. Moreover, as
Rutz et al. (35) have demonstrated that TLR9–CpG ODN
interaction occurs at the acidic pH (6.5–5.0) found in early
endosomes and lysosomes but not at physiological pH (7.4), the
Hsp90-mediated translocation of CpG-ODNs into static early
endosomes (pH 6.5) might accelerate the TLR9 and CpG–ODN
interaction. In contrast, CpG-A alone, which did not stimulate
IFN-a production, targeted the EEA12 and LAMP1+ dynamic
early endosome-late endosome/lysosome pathway, leading to in-
flammatory cytokine responses as well as DC maturation through
NF-kB–mediated signaling. These data suggested that Hsp90
shuttled the chaperoned DNA into the static early endosome,
resulting in the formation of DNA aggregation under mildly
acidic circumstances as well as preventing translocation to late
endosomes/lysosomes. Therefore, we hypothesized that targeting
of DNA to static early endosomes was critical for eliciting TLR9
signaling for IFN-a production by DCs. Furthermore, we
examined whether Hsp90 could convert CpG-B, which is thought
to stimulate TLR9 in late endosomes, into a ligand that triggers
TLR9 in early endosomes. Indeed, when complexed with Hsp90,
CpG-B induced pDCs to produce high levels of IFN-a of pDCs
and only low levels of IL-6 and TNF-a as compared with
CpG-B alone; the Hsp90 complexed with CpG-B also failed to
induce pDC maturation as revealed by the low surface expression
of CD80 and CD86. These data suggested that the CpG-B–Hsp90
complex made possible their retention in early endosomes and
subsequent induction of higher levels of IFN-a and low levels
of IL-6 and TNF-a and impaired pDC maturation.
Recently, it has been demonstrated that pDCs do sense and

respond to self-DNA in human autoimmune diseases. In systemic
lupus erythematosus (SLE), pDCs are activated to produce IFNs by
circulating immune complexes consisting of autoantibodies and
self-nucleic acids that stimulate endosomal TLR following
FcgRII-mediated uptake. The aberrantly produced IFNs are major
effectors in the pathogenesis of autoimmunity, mainly by inducing
unabated maturation of peripheral mDCs that stimulate autoreac-
tive T cells. Recent evidence implies that upon internalization of
chromatin–IgG immune complexes via BCR or FcRIII of DCs,
mammalian DNA displays robust immunostimulatory activities
toward B cells or DCs (36, 37). Furthermore, the sera of patients
with SLE containing immune complexes consisting of autologous
DNA and anti-DNA Abs effectively activate pDCs to produce type
I IFNs (38, 39). We have demonstrated that, upon Hsp90-mediated
enforced endosomal translocation, both human self-DNA as well
as CpG-ODN could activate DCs via TLR9 to produce type I IFN.
Previous studies have demonstrated the presence of autoantibodies
to the Hsp90 (40, 41) and enhanced expression of Hsp90 in
PBMCs of patients with active SLE (42, 43), suggesting the role
of Hsp90 in the pathogenesis. In addition, the Hsp90 has been
shown to localize both in the cytoplasm and nucleus (44). More-
over, under stressful conditions, it has been shown that cytosolic
Hsp90 translocates to the nucleus (45). This suggests that Hsp90
may bind self-DNA within the nucleus. When cells undergo ne-
crosis, self-DNA associated with endogenous Hsp90 could be re-
leased into the extracellular space and might trigger IFN-a
production by pDCs. Our findings support the idea that Hsp90,
an endogenous danger signal found in the sera from patients with

SLE, is the key mediator of pDC activation in SLE. Thus, Hsp90
may inactivate innate tolerance to self-DNA by forming a complex
with self-DNA that is delivered to and retained within early endo-
cytic compartments of pDCs to trigger TLR9 and induce IFN
production. Thus, we determined a fundamental mechanism by
which pDCs sense and respond to self-DNA coupled with
Hsp90. Our data suggest that, through this pathway, pDCs drive
autoimmunity in autoimmune diseases.
The release of host-derived (self) DNA into the extracellular en-

vironment is a common feature of both necrotic and apoptotic cell
death (46). However, extracellular self-DNA usually does not lead
to innate immune activation because it is rapidly degraded by
DNase and fails to access endosomal compartments of DCs where
TLR9 is located. The importance of this mechanism in preventing
autoimmune responses is shown by the fact that mice deficient in
DNase 1 develop an SLE-like syndrome. Several host factors that
can convert self-DNA into a trigger of DC activation have been
reported. Endogenous anti-microbial peptide LL37 (also known as
CAMP), autoantibodies, and high mobility group box 1 protein
have been demonstrated to do so. In this study, we found that
extracellular self-DNA acquires the ability to trigger activation
of TLR9 in human pDC by forming a complex with the host-
derived endogenous Hsp90.
Together, our findings indicate that the ability of Hsp90 to

convert self-DNA into a trigger of high levels of IFN-a production
depends on its capacity to concentrate and retain DNA in static
early endosomes, presumably enabling the selective and sustained
activation of early endosomal TLR9.
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Supplemental Legends 

 

Supplemental Figure 1. Murine cDCs express TLR9 and IRF7. A, TLR9 and IRF7 

expression of murine pDCs and cDCs by Western blotting. Cell extracts were analyzed 

by immunoblotting with anti-TLR9, anti-IRF7 and anti-β-actin. B, mRNA expression of 

TLR9 in mouse spleen cells and cDCs. C, Confocal microscopy of mouse cDCs stained 

with FITC-labeled anti-TLR9 and anti-EEA1 followed by Alexa Fluor 594-conjugated 

goat anti-rabbit IgG. Bar, 10 μm.  

 

Supplemental Figure 2. CpG-A is rapidly transferred to dynamic early endosomes 

and late endosomes/lysosomes. Isolated cDCs were pulsed with 3 μM Cy5-labeled 

CpG-A for 30 min. After incubation with new medium without CpG-A for 0, 60 and 

120 min, the cells were fixed and stained with anti-EEA1 and anti-LAMP1 followed by 

Alexa 488-conjugated goat anti-rabbit IgG and visualized by laser confocal microscopy. 

Arrow heads indicate colocalization of CpG-A and each organelle. Bar, 10 μm.  

 



Supplemental Figure 3. Hsp90 targets CpG-A to static early endosomes for longer 

periods. Isolated cDCs were pulsed with 3 μM Cy5-labeled CpG-A-Hsp90 complex for 

30 min. After incubation with new medium without CpG-A for 0, 60 and 120 min, the 

cells were fixed and stained with anti-Rab5, anti-EEA1 and anti-LAMP1 followed by 

Alexa 488-conjugated goat anti-rabbit IgG and visualized by laser confocal microscopy. 

Arrow heads indicate colocalization of CpG-A and each organelle. Bar, 10 μm.  

 

Supplemental Figure 4. CpG-A-Hsp90 complex inhibits the production of 

inflammatory cytokines. (A) TNF-α and (B) IL-6 production after stimulation with 3 

μM CpG-A or in complex with Hsp90 by cDCs. Data are presented as means + SEM of 

triplicate wells.  *, P < .005, **, P < .05; paired Student’s t-test. Data are 

representative of four independent experiments. 
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