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Nucleic acid-sensing Toll-like receptors (TLRs) initiate innate immune responses to foreign RNA and DNA,
yet can detect and respond to host DNA. To avoid autoimmune pathologies, nucleic acid sensing TLRs are
tightly regulated. TLR9 primarily resides in the endoplasmic reticulum, traffics to endosomes, is proteo-
lytically processed and responds to DNA. The heat shock protein gp96 is one of several accessory proteins
that regulate intracellular trafficking of TLR9. In the absence of gp96, TLR9 fails to exit the endoplasmic
reticulum, and therefore gp96-deficient macrophages fail to respond to CpG DNA. However, absence of
gp96 precludes studies on potential chaperoning functions of gp96 for TLR9. Here we demonstrate that
pharmacologic interference with gp96 function inhibits TLR9 signaling. TLR9 remains associated with
gp96 during intracellular trafficking, and gp96-specific inhibitors increase TLR9 sensitivity to proteolytic
degradation. We propose that gp96 is critical for both TLR9 egress from the ER, and for protein conforma-
tional stability in the endosomal compartment. These studies highlight the importance of examining
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gp96-specific inhibitors for modulating TLR9 activation, and the treatment autoimmune diseases.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Toll-like receptors (TLRs) participate in host defense [1], but
must be tightly regulated because some detect molecular struc-
tures that are conserved between host and pathogen [2]. Nucleic
acid sensing TLRs are regulated through localization, trafficking,
and post-translational modifications [3-12]. Failures in regulation
lead to inflammation and autoimmunity [13-19].

TLR9 senses DNA and is localized primarily to the endoplasmic
reticulum (ER) [8,10]. A small pool of TLR9 constitutively traffics
from the ER through the Golgi to the endolysosomal compartment
[3]. Once in the endosomal compartment TLR9 is proteolytically
processed in at least two locations [4,6,7,11,12]. These proteolytic
events result in forms of TLR9 that positively [6,7,11,12], or
negatively [4], regulate signaling.

The heat shock protein (Hsp) glycoprotein 96 (gp96) is one of s
everal ER resident proteins that regulate TLR9 access to endosomes

Abbreviations: ER, endoplasmic reticulum; GFP, green fluorescent protein; gp96,
glycoprotein 96; HA, hemaglutinin; Hsp, heat shock protein; p80, 80 kDa TLR9
proteolytic fragment; TLR, Toll-like receptor; TNF-o, tumor necrosis factor alpha;
UNC93B1, UNCoordinated-93 homolog B1.
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[20-29]. Macrophage-specific knockout of gp96 abolishes signaling
through TLR9 because TLR9 remains in the ER [29]. Other Hsps regu-
late client protein conformation and ligand-binding, and Hsp inhibi-
tors demonstrate therapeutic promise [30,31]. Previous studies have
not addressed the possibility that gp96 regulates TLR9 stability and
conformation.

In this study we have used a specific inhibitor to evaluate a
potential role for gp96 on TLR9 stability. Our results show that
specific inhibition of gp96 reduces TLR9 signaling, and that gp96 re-
mains associated with TLR9 during traffic to the lysosomal com-
partment. When gp96 function is inhibited, TLR9 demonstrated
an increased sensitivity to proteolytic degradation. Taken together,
these data support a model in which gp96 plays a multi-faceted role
in TLR9 biology, providing a rational basis for therapeutic targeting
of gp96 in autoimmune disease.

2. Materials and methods
2.1. Reagents and plasmids

The following antibodies were used: HA for immunoprecipita-
tion (ABM), HA for immunoblotting (Roche Applied Science), GFP
(recognizes YFP) for immunoprecipitation (Invitrogen/Molecular
Probes), GFP for immunoblotting (BD Clontech), LAMP-1, Rab 5
and Calnexin (BD-transduction laboratories), human gp96 (Santa
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Cruz Biotechnology), HRP conjugated mouse, rat and rabbit sec-
ondary (Southern Biotech), HRP conjugated goat secondary (Jack-
son ImmunoResearch Labs), tubulin (eBioscience). The following
reagents were used: geldanamycin (Sigma-Aldrich), poly I:C (Cal-
biochem), and CpG DNA 10104 5-TCGTCGTTTCGTCGTTTTGTC
GTT-3' (Eurofins MWG Operon) Plasmids were prepared using
Endo free kits (Qiagen Sciences). WS13, a gp96-specific Hsp90
inhibitor of the purine-scaffold class [32], was synthesized as pre-
viously described [33,34]. TLR9-HA was kindly provided by G. Bar-
ton (UC Berkeley).

2.2. Cell culture

Human Embryonic Kidney (HEK) 293 cells (ATCC #CRL-1573),
RAW 264.7 cells (ATCC #TIB-71), and @NX-Ampho cells (Orbigen)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 2 mM L-glutamine, 50 U ml~! penicillin, 50 ug ml~! strepto-
mycin, 10 mM HEPES, 1 mM sodium pyruvate and 10% low
endotoxin FBS. Cells routinely tested negative for mycoplasma.

2.3. Retroviral transduction

Retroviral supernatants were generated using Lipofectamine
2000 (Invitrogen) transfected @NX-Ampho cells. RAW 264.7 cells
were infected (1811g, 32 °C, 90 min) with retroviral supernatants
mixed with 8 pg/mL polybrene (Sigma). Following centrifugation,
the media was changed and cells were incubated for 48 h at 37 °C.

2.4. Organelle fractionation

HEK293 cells stably expressing human TLR9 tagged at the N-
terminus with hemaglutinin (HA-TLR9) [3] were incubated in
homogenization buffer (HB: 0.25 M sucrose, 1 mM EDTA, 10 mM
Tris, pH 7.4, and protease inhibitor cocktail) on ice for 15 min,
homogenized, and passed through a 25 G needle. Combined post-
nuclear supernatants (two times 900g for 10 min at 4 °C) were lay-
ered on Percoll in HB (density 1.05gml™!) and centrifuged for
60 min at 34,000g in a 50Ti rotor using a Beckman L-8 M ultracen-
trifuge. Fractions (500 pl each) were collected from the top using
an AutoDensi-Flow IIC gradient unloader (Haake Buchler). Laemmli
reduced sample buffer (final concentrations 62.5 mM Tris pH 6.8,
12.5% glycerol, 1% SDS, 0.005% bromophenol blue, 1.7% p-mercap-
toethanol) was added and proteins were resolved by SDS-PAGE.
Nitrocellulose membranes were immunoblotted for the indicated
proteins.

2.5. Co-immunoprecipitation

HEK293 cells were pretreated as described then lysed (Lysis
buffer: 137 mm NaCl, 20 mM Tris pH 7.4, 1 mM ethylenediamine-
tetraacetic acid (EDTA), 0.5% Triton X-100, protease inhibitor cock-
tail (Roche) and 100 mM phenylmethylsulphonyl fluoride) and
incubated with anti-TLR9 overnight or anti-HA or anti-GFP for
two hours before adding protein A/G Sepharose beads and incubat-
ing for an additional one hour. After washing three times in lysis
buffer, Laemmli reduced sample buffer was added, samples were
boiled, and proteins were resolved by SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were immunoblotted
as described. For sequential immunoblotting, membranes were
stripped with Restore (Pierce).

2.6. Cytokine ELISA

The mouse TNF-o ELISA MAX Set (BioLegend) was used accord-
ing to manufacturer’s instructions.

2.7. In vitro proteolysis assay

RAW 264.7 cells retrovirally transduced with TLR9-HA were
treated as indicated, lysed in Lysis buffer and incubated at 4 or
24 °C for the indicated times. Reactions were terminated with
the addition of sample buffer. Samples were boiled and proteins
were resolved by SDS-PAGE, transfered to nitrocellulose, and
immunoblotted as indicated.

2.8. Densitometric analysis

Quantification of protein bands was performed as previously
described [3].

2.9. Statistical Analysis

Student’s two-tailed t test was used for comparing drug
treatments.

3. Results
3.1. Disruption of gp96 function inhibits TLR9 response to CpG DNA

To address whether gp96 had additional regulatory functions
on TLR9 besides regulating ER exit, we treated cells with a selective
gp96 inhibitor, WS13 (ECso™P%° =33 uM and EC50%"%® = 0.16 uM)
[35]. Treatment with this inhibitor will block all gp96 function in
the cells, but since TLR9 does not exit the ER in the absence of func-
tional gp96, our studies will evaluate the effect of loss of gp96
function on TLRY outside of the ER. The TLR9 ligand CpG DNA
induced TNF-o. production from mouse macrophages (RAW
264.7), and WS13 inhibited this response in a concentration
dependent manner (Fig. 1A). Treatment with vehicle alone did
not inhibit signaling (Fig. 1A). Importantly, WS13 did not inhibit
TNF-a production by another nucleic acid-sensing TLR (TLR3), or
by a surface expressed TLR (TLR4) (Fig. 1B and C). These results
indicate that gp96 function is required for TLR9-dependent
responses to CpG DNA.

3.2. gp96 is localized with TLR9 after exit from the ER

We next asked whether gp96 association with TLR9 is transient
or long-term. HEK293 cells stably expressing N-terminally hema-
glutinin-tagged human TLR9 (HA-TLR9) were treated with cyclo-
heximide for various times, and the interaction between TLR9
and gp96 was determined by co-immunoprecipitation (Fig. 2A).
There was a slight decrease in the amount of TLR9 immunoprecip-
itated with one-hour cycloheximide treatment, but the amount of
gp96 co-immunoprecipitated with TLR9 remained constant during
the eight-hour treatment (Fig 2A). The cycloheximide had no effect
on the total amount of gp96 protein (Supplementary Fig. S1).
Therefore, we conclude that gp96 remained associated throughout
the lifetime of the TLR9 protein.

To determine whether TLR9 and gp96 traffic to the same com-
partment after TLR9 exits the ER, we performed immunoblot
analysis on fractions from HEK293 cells stably expressing N-termi-
nally hemaglutinin-tagged human TLR9. Organelle fractionation
resolved early endosomes (Rab5), ER (calnexin) and lysosomes
(LAMP-1) (Fig. 2B). Note that some Rab5 and LAMP-1 overlapped
with calnexin-positive ER fractions but Rab5*LAMP-1- and
Rab5 LAMP-1" fractions were distinct. Approximately 6-13% of
TLRY and 37.1% of gp96 was detected in LAMP-1"Rab5™ fractions.
To confirm that TLR9 and gp96 directly interacted in the lysosomal
fractions, the LAMP1*Rab5™ fractions were combined and immu-
noprecipitated for either TLR9 or gp96. Both TLR9 and gp96 were
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Fig. 1. Inhibition of gp96 reduces CpG DNA-induced responses. (A) RAW 264.7 cells
were pretreated for 2.5 h with the indicated concentrations of WS13, or with DMSO,
and stimulated with 0.5 uM CpG DNA for 24 h. (B) As in (A) except cells were
stimulated with 5 pg/ml poly I:C for 24 h. (C) As in (A) except cells were stimulated
with 100 ng/mL LPS for 24 h. Secreted TNF-ot was determined by ELISA. *P < 0.005.
Representative of two independent experiments.

immunoprecipitated from the pooled LAMP1*Rab5~ fractions, and
were individually immunoprecipitated from pooled fractions. Fur-
thermore, gp96 was detected in the TLR9 immunoprecipitate, con-
firming that gp96 remained associated with TLR9 in lysosomes
(Fig. 2C). There are likely additional gp96 client proteins in the
lysosomal compartment since a significantly greater fraction of
gp96 was present in this compartment than TLR9; however, we
may have failed to detect some TLR9 since a proteolytic processing
event occurs in endosomes that removes leucine rich repeats 1-14.
We were unable to determine the percent of proteolytically
processed TLR9 in this assay for two reasons: (1) in HEK293 cells,
TLR9 was poorly proteolytically processed in the absence of
co-transfected UNC93B1 (J. Brooks and C. Leifer, unpublished
observation) and (2) the TLR9 in this experiment was N-terminally
tagged and the anti-tag antibody would not detect the proteolyti-
cally cleaved form. Together, these results confirm a prolonged
association between TLR9 and gp96 outside of the ER and
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Fig. 2. TLR9 and gp96 traffic to the lysosome. (A) HEK293 cells stably expressing N-
terminally HA-tagged human TLR9 (HA-TLR9) were pretreated with 10 pg/ml
cycloheximide (CHX) for the indicated times prior to cell lysis and HA immuno-
precipitation followed by HA and gp96 immunoblotting. Relative density for gp96
co-immunoprecipitation with TLR9 is indicated for each treatment condition.
Representative of two independent experiments. (B) Sub-cellular fractions from
HEK293 cells stably expressing N-terminally HA-tagged human TLR9 (HA-TLR9)
were resolved by SDS-PAGE, and immunoblotted for early endosomes (Rab5), ER
(calnexin), Lysosomes (LAMP-1), HA (TLR9), and gp96. Representative of three
independent experiments. (C) TLR9 and gp96 were immunoprecipitated from
combined fractions 17-20 from (B). Precipitates were resolved and immunoblotted
for HA, and gp96. Combined fractions without immunoprecipitation, and beads
alone controls are also shown.

prompted us to examine the possibility that gp96 stabilized or pro-
tected TLR9 from degradation in the endosomal compartment.

3.3. Inhibition of gp96 function enhances TLR9 proteolytic sensitivity

Since TLR9 remained associated with gp96, and pharmacologic
inhibition of gp96 inhibited TLR9 signaling, we next asked whether
inhibition of gp96 function induced degradation of TLR9. We used
two different inhibitors, geldanamycin, an inhibitor of both gp96
and Hsp90, and WS13, a specific gp96 inhibitor. To determine
whether either drug disrupted the interaction between TLR9 and
gp96, we used HEK293 cells stably expressing wild-type human
TLR9 C-terminally tagged with YFP (9-YFP). TLR9 and gp96 were
co-immunoprecipitated from untreated, but not geldanamycin
treated cells (Fig. 3A). However, WS13 treatment did not change
the amount of gp96 co-immunoprecipitated with TLR9 even with
higher concentrations of drug (Fig 3A). These data are consistent
with previous studies showing that WS13 does not disrupt gp96
association with client proteins, but geldanamycin does [35]. We
conclude that the two drugs, although both inhibitors of gp96,
have different mechanisms of action and we could therefore use
them to evaluate whether gp96 association, or function, had an
effect on TLR9 stability.

We next used the more relevant system, RAW 264.7 macro-
phages, to address the result of inhibition of gp96 function on
TLR9 protein. RAW264.7 cells were retrovirally transduced with
C-terminally HA-tagged mouse TLR9. Both full-length TLR9 and
the 80 kDa proteolytic fragment were detected in whole cells
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Fig. 3. Inhibition of gp96 increases TLRY sensitivity to proteolytic digestion. (A)
HEK293 cells stably expressing human TLR9-YFP were treated with DMSO or the
indicated concentrations of geldanamycin (GA) or WS13 for 1 h. Cells were lysed,
immunoprecipitated for GFP, or with no antibody (beads alone), and immunoblot-
ted (IB) for GFP and gp96. Representative of two independent experiments. (B) RAW
264.7 cells were transduced with C-terminally HA-tagged mouse TLR9 (TLR9-HA)
and treated with 2 uM GA, 2 uM WS13, or DMSO control for the indicated times.
Whole cell lysates (WCL) were assayed by immunoblotting (IB) for HA. Represen-
tative of two independent experiments. (C) RAW 264.7 cells were transduced and
treated as in (B). Lysates were prepared as for immunoprecipitation, incubated at
24 °C for the indicated times (0 is kept at 4 °C), and assayed by immunoblotting (IB)
for HA and tubulin (tub). Representative of two independent experiments.x Full
length TLRY, — proteolytically cleaved TLR9.

lysates. Treatment with either geldanamycin or WS13 for up to
two and ¥z hours did not alter the abundance of either form as
detected in lysates prepared directly in Laemmli sample buffer,
and boiled immediately (Fig. 3B).

To test whether inhibition of gp96 had an effect on TLR9 prote-
olytic sensitivity, we performed an in vitro proteolysis assay.
Retrovirally transduced RAW 264.7 cells expressing TLR9-HA were
treated with geldanamycin or WS13, and lysates (in traditional tri-
ton X-100 containing buffer with a protease inhibitor cocktail)
were warmed to 24 °C for five or 15 min, or kept at 4 °C (0 min).
In lysates from DMSO treated cells, the abundance of a control pro-
tein, tubulin, was not reduced during the 15-min incubation at
24 °C (Fig. 3C). Neither geldanamycin, nor WS13, treatment altered
abundance of tubulin. Without drug treatment, we only observed
the 80 kDa proteolytic form of TLR9 in these lysates. These data

indicate that upon lysis of macrophages, TLR9 becomes exposed
to, and processed by, endosomal proteases such as cathepsins
[6,12], whose inhibitors are not in the protease inhibitor cocktail.
However, upon warming the lysates to room temperature, cells
pretreated with geldanamycin, or WS13, had reduced abundance
of TLR9. Loss of TLR9 protein was a time-dependent (Fig. 3C). From
these studies we conclude that loss of gp96 function leads to in-
creased sensitivity of TLR9 to proteolysis. Since the two inhibitors
have different mechanisms of action, we interpret these data to
mean that gp96 function, not just association, is required to protect
TLR9 from proteolysis and maintain TLR9 conformational stability.

4. Discussion

Mechanisms to block signaling through nucleic acid-sensing
TLRs that recognize shared structures between pathogen and host
have therapeutic potential in treating autoimmune disease. In this
study, we show that signaling through TLR9 is reduced by specific
pharmacologic inhibition of the endoplasmic reticulum chaperone
gp96. TLRI remained associated with gp96 following exit from the
ER, and the specific gp96 inhibitor, or a general Hsp90 class inhib-
itor, promoted TLR9 degradation. We propose that inhibition of
gp96 alters the conformation of endosomal TLR9, and since this
pool initiates signaling, gp96 inhibition reduces TLR9 signaling.
Therefore, specific gp96 inhibitors should be investigated further
for autoimmune therapy.

Full chaperoning activity of gp96 is required for TLR9 signaling.
Crystallographic and biochemical investigations demonstrate that
geldanamycin preferentially interacts with Hsp90 in an apo, or
open-conformation, that is unfavorable for client protein binding
[36-38], while WS13 preferentially associates with an ATP-bound
conformation of the chaperone and stabilizes the client protein/
Hsp interaction [32]. Thus, while recognizing similar Hsp90 spe-
cies, WS13 and geldanamycin induce distinct conformations in
Hsp90 and/or gp96 upon binding, leading to client protein trapping
or release, respectively. Since both drugs inhibit TLR9 function and
induce proteolytic sensitivity, we conclude that fully functional
gp96, that can associate and dissociate from TLR9, is required for
TLR9 conformational stability and function.

Data presented here support a role for gp96 in maintaining
conformational stability of the TLR9 ecto-domain. Treatment with
geldanamycin or WS13 increased TLR9 sensitivity to proteolytic
processing without altering abundance (Fig. 3). In our hands we
observe much more of the 80 kDa mature proteolytic fragment in
macrophage lysates than full-length TLR9, making detection of
the full-length protein difficult (Fig. 3C). Previous studies demon-
strated that TLR9 undergoes a major conformational change upon
ligand binding [39]. Our data are consistent with gp96 maintaining
TLR9 in basal conformation prior to ligand binding. Without gp96,
TLR9 likely unfolds, increasing its sensitivity to proteases when
cells are lysed. Therefore, we believe that gp96 regulates TLR9
function by maintaining protein stability in a ligand-accessible
conformation (Supplementary Fig. S2). gp96 is itself destabilized
at pH <5 [40], and therefore, gp96 would maintain the ligand-
binding conformation of TLR9 in early endosomes, but upon reach-
ing a pH less than 5, gp96 would dissociate and TLR9 conformation
would change.

In summary, we propose a new model whereby gp96 regulates
TLRY, both in the ER to ensure full maturation, and after ER exit to
maintain conformation. In the absence of gp96, TLRI fails to exit
the ER and does not signal. In the presence of functional gp96,
TLR9 traffics from the ER, and remains associated with gp96 over
the half-life of TLR9, even in the lysosomal compartment. Inhibi-
tion of gp96 function at this point enhances TLR9 sensitivity to pro-
teolysis indicating a change in TLR9 conformation. We propose
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that WS13-mediated inhibition of gp96 may improve inflamma-
tory symptoms in diseases in which TLR9 plays a role, such as sys-
temic lupus erythematosus or rheumatoid arthritis.

Acknowledgments

We thank Z. Li, B. Liu, and S. Wu (Medical University of South
Carolina) for helpful discussions, and Z. Li, D. Holowka (Cornell
University), and F. Botelho for comments on the manuscript.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.04.083.

References

[1] K. Takeda, T. Kaisho, S. Akira, Toll-like receptors, Annu. Rev. Immunol. 21
(2003) 335-376.

[2] A. Marshak-Rothstein, Toll-like receptors in systemic autoimmune disease,
Nat. Rev. Immunol. 6 (2006) 823-835.

[3] A. Chockalingam, J.C. Brooks, J.L. Cameron, LK. Blum, C.A. Leifer, TLR traffics
through the Golgi complex to localize to endolysosomes and respond to CpG
DNA, Immunol. Cell Biol. 87 (2009) 209-217.

[4] A. Chockalingam, J.L. Cameron, J.C. Brooks, C.A. Leifer, Negative regulation of
signaling by a soluble form of Toll-like receptor 9, Eur. J. Immunol. 41 (2011)
2176-2184.

[5] A. Chockalingam, W. Rose, M. Hasan, C.H. Ju, C.A. Leifer, Cutting edge: a Toll-
like receptor cytoplasmic tyrosine motif is selectively required for
proinflammatory cytokine production, ] immunol. 188 (2012) 527-530.

[6] S.E. Ewald, A. Engel, J. Lee, M. Wang, M. Bogyo, G.M. Barton, Nucleic acid
recognition by Toll-like receptors is coupled to stepwise processing by
cathepsins and asparagine endopeptidase, J. Exp. Med. 208 (2011) 643-651.

[7] S.E. Ewald, B.L. Lee, L. Lau, K.E. Wickliffe, G.P. Shi, H.A. Chapman, G.M. Barton,
The ectodomain of Toll-like receptor 9 is cleaved to generate a functional
receptor, Nature 456 (2008) 658-662.

[8] E.Latz, A. Schoenemeyer, A. Visintin, K.A. Fitzgerald, B.G. Monks, C.F. Knetter, E.
Lien, N.J. Nilsen, T. Espevik, D.T. Golenbock, TLR9 signals after translocating
from the ER to CpG DNA in the lysosome, Nat. Immunol. 5 (2004) 190-198.

[9] C.A. Leifer, ].C. Brooks, K. Hoelzer, ].L. Lopez, M.N. Kennedy, A. Mazzoni, D.M.
Segal, Cytoplasmic targeting motifs control localization of toll-like receptor 9,
J. Biol. Chem. 281 (2006) 35585-35592.

[10] C.A. Leifer, M.N. Kennedy, A. Mazzoni, C. Lee, M.J. Kruhlak, D.M. Segal, TLR9 is
localized in the endoplasmic reticulum prior to stimulation, J. Immunol. 173
(2004) 1179-1183.

[11] B. Park, M.M. Brinkmann, E. Spooner, C.C. Lee, Y.M. Kim, H.L. Ploegh,
Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9, Nat. Immunol. 9 (2008) 1407-1414.

[12] E.E. Sepulveda, S. Maschalidi, R. Colisson, L. Heslop, C. Ghirelli, E. Sakka, A.M.
Lennon-Dumenil, S. Amigorena, L. Cabanie, B. Manoury, Critical role for
asparagine endopeptidase in endocytic Toll-like receptor signaling in dendritic
cells, Immunity 31 (2009) 737-748.

[13] S.R. Christensen, M. Kashgarian, L. Alexopoulou, R.A. Flavell, S. Akira, M.
Shlomchik, Toll-like receptor 9 controls anti-DNA autoantibody production in
murine lupus, J. Exp. Med. 202 (2005) 321-331.

[14] S.R. Christensen, J. Shupe, K. Nickerson, M. Kashgarian, R.A. Flavell, M.
Shlomchik, Toll-like receptor 7 and TLR9 dictate autoantibody specificity and
have opposing inflammatory and regulatory roles in a murine model of lupus,
Immunity 25 (2006) 417-428.

[15] D.H. Kono, M.K. Haraldsson, B.R. Lawson, K.M. Pollard, Y.T. Koh, X. Du, C.N.
Arnold, R. Baccala, GJ. Silverman, B.A. Beutler, A.N. Theofilopoulos, Endosomal
TLR signaling is required for anti-nucleic acid and rheumatoid factor
autoantibodies in lupus, Proc. Natl. Acad. Sci. USA 106 (2009) 12061-12066.

[16] R.Lande, ]. Gregorio, V. Facchinetti, B. Chatterjee, Y.H. Wang, B. Homey, W. Cao,
Y.H. Wang, B. Su, F.O. Nestle, T. Zal, I. Mellman, J.M. Schroder, Y.J. Liu, M. Gilliet,
Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial
peptide, Nature 449 (2007) 564-569.

[17] CM. Lau, C. Broughton, A.S. Tabor, S. Akira, RA. Flavell, M.J. Mamula, S.R.
Christensen, M.J. Shlomchik, G.A. Viglianti, L.R. Rifkin, A. Marshak-Rothstein,
RNA-associated autoantigens activate B cells by combined B cell antigen
receptor/Toll-like receptor 7 engagement, J. Exp. Med. 202 (2005) 1171-1177.

[18] E.A. Leadbetter, L.R. Rifkin, A.M. Hohlbaum, B.C. Beaudette, M.J. Shlomchik, A.
Marshak-Rothstein, Chromatin-IgG complexes activate B cells by dual
engagement of IgM and Toll-like receptors, Nature 416 (2002) 603-607.

[19] J. Tian, A.M. Avalos, S.Y. Mao, B. Chen, K. Senthil, H. Wu, P. Parroche, S. Drabic,
D. Golenbock, C. Sirois, J. Hua, LL. An, L. Audoly, G. La Rosa, A. Bierhaus, P.
Naworth, A. Marshak-Rothstein, M.K. Crow, K.A. Fitzgerald, E. Latz, P.A. Kiener,
AJ. Coyle, Toll-like receptor 9-dependent activation by DNA-containing
immune complexes is mediated by HMGB1 and RAGE, Nat. Immunol. 8
(2007) 487-496.

[20] M.M. Brinkmann, E. Spooner, K. Hoebe, B. Beutler, H.L. Ploegh, Y.M. Kim, The
interaction between the ER membrane protein UNC93B and TLR3, 7, and 9 is
crucial for TLR signaling, J. Cell. Biol. 177 (2007) 265-275.

[21] R. Fukui, S. Saitoh, F. Matsumoto, H. Kozuka-Hata, M. Oyama, K. Tabeta, B.
Beutler, K. Miyake, Unc93B1 biases Toll-like receptor responses to nucleic acid
in dendritic cells toward DNA- but against RNA-sensing, J. Exp. Med. 206
(2009) 1339-1350.

[22] Y.M. Kim, M.M. Brinkmann, M.E. Paquet, H.L. Ploegh, UNC93B1 delivers
nucleotide-sensing toll-like receptors to endolysosomes, Nature 452 (2008)
234-238.

[23] T. Kiyokawa, S. Akashi-Takamura, T. Shibata, F. Matsumoto, C. Nishitani, Y.
Kuroki, Y. Seto, K. Miyake, A single base mutation in the PRAT4A gene reveals
differential interaction of PRAT4A with Toll-like receptors, Int. Immunol. 20
(2008) 1407-1415.

[24] B. Liu, Z. Li, Endoplasmic reticulum HSP90b1 (gp96, grp94) optimizes B-cell
function via chaperoning integrin and TLR but not immunoglobulin, Blood 112
(2008) 1223-1230.

[25] B.Liuy, Y. Yang, Z. Qiu, M. Staron, F. Hong, Y. Li, S. Wy, B. Hao, R. Bona, D. Han, Z.
Li, Folding of Toll-like receptors by the HSP90 paralogue gp96 requires a
substrate-specific cochaperone, Nat. Commun. 1 (2010) 79.

[26] F. Randow, B. Seed, Endoplasmic reticulum chaperone gp96 is required for
innate immunity but not cell viability, Nat. Cell. Biol. 3 (2001) 891-896.

[27] K. Tabeta, K. Hoebe, E.M. Janssen, X. Du, P. Georgel, K. Crozat, S. Mudd, N.
Mann, S. Sovath, J. Goode, L. Shamel, A.A. Herskovits, D.A. Portnoy, M. Cooke,
L.M. Tarantino, T. Wiltshire, B.E. Steinberg, S. Grinstein, B. Beutler, The
Unc93b1 mutation 3d disrupts exogenous antigen presentation and signaling
via Toll-like receptors 3, 7 and 9, Nat. Immunol. 7 (2006) 156-164.

[28] K. Takahashi, T. Shibata, S. Akashi-Takamura, T. Kiyokawa, Y. Wakabayashi, N.
Tanimura, T. Kobayashi, F. Matsumoto, R. Fukui, T. Kouro, Y. Nagai, K. Takatsu,
S. Saitoh, K. Miyake, A protein associated with Toll-like receptor (TLR) 4
(PRATA4A) is required for TLR-dependent immune responses, J. Exp. Med. 204
(2007) 2963-2976.

[29] Y. Yang, B. Liy, J. Dai, P.K. Srivastava, D.J. Zammit, L. Lefrancois, Z. Li, Heat shock
protein gp96 is a master chaperone for toll-like receptors and is important in
the innate function of macrophages, Immunity 26 (2007) 215-226.

[30] D. Picard, Chaperoning steroid hormone action, Trends Endocrinol. Metab. 17
(2006) 229-235.

[31] J.W. Rice, ].M. Veal, R.P. Fadden, A.F. Barabasz, ].M. Partridge, T.E. Barta, L.G.
Dubois, KH. Huang, S.R. Mabbett, M.A. Silinski, P.M. Steed, S.E. Hall, Small
molecule inhibitors of Hsp90 potently affect inflammatory disease pathways
and exhibit activity in models of rheumatoid arthritis, Arthritis Rheum. 58
(2008) 3765-3775.

[32] T. Taldone, G. Chiosis, Purine-scaffold Hsp90 inhibitors, Curr. Top. Med. Chem.
9 (2009) 1436-1446.

[33] H. He, D. Zatorska, J. Kim, J. Aguirre, L. Llauger, Y. She, N. Wu, R.M. Immormino,
D.T. Gewirth, G. Chiosis, Identification of potent water soluble purine-scaffold
inhibitors of the heat shock protein 90, ]. Med. Chem. 49 (2006) 381-390.

[34] L. Llauger, H. He, ]. Kim, ]J. Aguirre, N. Rosen, U. Peters, P. Davies, G. Chiosis,
Evaluation of 8-arylsulfanyl, 8-arylsulfoxyl, and 8-arylsulfonyl adenine
derivatives as inhibitors of the heat shock protein 90, ]. Med. Chem. 48
(2005) 2892-2905.

[35] K. Moulick, J.H. Ahn, H. Zong, A. Rodina, L. Cerchietti, EM. Gomes DaGama, E.
Caldas-Lopes, K. Beebe, F. Perna, K. Hatzi, L.P. Vu, X. Zhao, D. Zatorska, T.
Taldone, P. Smith-Jones, M. Alpaugh, S.S. Gross, N. Pillarsetty, T. Ku, ].S. Lewis,
S.M. Larson, R. Levine, H. Erdjument-Bromage, M.L. Guzman, S.D. Nimer, A.
Melnick, L. Neckers, G. Chiosis, Affinity-based proteomics reveal cancer-
specific networks coordinated by Hsp90, Nat. Chem. Biol. 7 (2011) 818-826.

[36] Y. Nishiya, K. Shibata, S. Saito, K. Yano, C. Oneyama, H. Nakano, S.V. Sharma,
Drug-target identification from total cellular lysate by drug-induced
conformational changes, Anal. Biochem. 385 (2009) 314-320.

[37] S.M. Roe, C. Prodromou, R. O'Brien, J.E. Ladbury, P.W. Piper, LH. Pearl,
Structural basis for inhibition of the Hsp90 molecular chaperone by the
antitumor antibiotics radicicol and geldanamycin, J. Med. Chem. 42 (1999)
260-266.

[38] C.E. Stebbins, A.A. Russo, C. Schneider, N. Rosen, F.U. Hartl, N.P. Pavletich,
Crystal structure of an Hsp90-geldanamycin complex: targeting of a protein
chaperone by an antitumor agent, Cell 89 (1997) 239-250.

[39] E. Latz, A. Verma, A. Visintin, M. Gong, C.M. Sirois, D.C. Klein, B.G. Monks, C.J.
McKnight, M.S. Lamphier, W.P. Duprex, T. Espevik, D.T. Golenbock, Ligand-
induced conformational changes allosterically activate Toll-like receptor 9,
Nat. Immunol. 8 (2007) 772-779.

[40] H. Fan, R.S. Kashi, C.R. Middaugh, Conformational lability of two molecular
chaperones Hsc70 and gp96: effects of pH and temperature, Arch. Biochem.
Biophys. 447 (2006) 34-45.


http://dx.doi.org/10.1016/j.bbrc.2012.04.083

	Heat shock protein gp96 regulates Toll-like receptor 9 proteolytic processing  and conformational stability
	1 Introduction
	2 Materials and methods
	2.1 Reagents and plasmids
	2.2 Cell culture
	2.3 Retroviral transduction
	2.4 Organelle fractionation
	2.5 Co-immunoprecipitation
	2.6 Cytokine ELISA
	2.7 In vitro proteolysis assay
	2.8 Densitometric analysis
	2.9 Statistical Analysis

	3 Results
	3.1 Disruption of gp96 function inhibits TLR9 response to CpG DNA
	3.2 gp96 is localized with TLR9 after exit from the ER
	3.3 Inhibition of gp96 function enhances TLR9 proteolytic sensitivity

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


