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SUMMARY

Nucleic acids structures are highly conserved through evolution and when self nucleic acids are
aberrantly detected by Toll-Like Receptors (TLRs) they contribute to autoimmune disease. For
this reason, multiple regulatory mechanisms exist to prevent response to self nucleic acids. TLR9
is a nucleic acid sensing TLR that is regulated at multiple levels including association with
accessory proteins, intracellular localization and proteolytic processing. In the endolysosomal
compartment TLR9 is proteolytically processed to an 80 kilodalton form (p80) and this processing
is a prerequisite for activation. Here we identified a soluble form of TLR9 generated by a novel
proteolytic event that cleaved TLR9 between amino acids 724—735. Similar to p80, STLR9 was
generated in endosomes. However, generation of STLR9 was independent of the cysteine protease
cathepsin B active at acidic pH, but partially dependent on cathepsin S, a protease active at neutral
pH. Most importantly, STLR9 inhibited TLR9-dependent signaling. Together, these data support a
model where an intrinsic proteolytic processing mechanism negatively regulates TLR9 signaling.
Proper balance between the independent proteolytic events likely contributes to regulation of
TLR9 mediated innate immunity and prevention of autoimmune disease.
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INTRODUCTION

Toll-like receptors (TLRs) detect a variety of microbial structures and initiate protective
innate immune responses [1, 2] from the cell surface (TLR1, TLR2, TLR4, TLR5, TLR6)
[3-6], and endosomes (TLR3, TLR7, TLR8 and TLR9) [7-9]. Nucleic acids are universally
conserved and detected by endosomal TLRs. These TLRs retain the ability to respond to self
nucleic acids, and contribute to autoimmune disease [10].

Under normal conditions self nucleic acids are not detected by TLRs due to multiple levels
of regulation including receptor localization and trafficking, association with accessory
proteins, and proteolytic processing. TLR9 is primarily localized in the endoplasmic
reticulum and traffics to endolysosomes [11, 12] through the Golgi [13]. [11]. This
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maximizes the potential to detect microbial nucleic acids and limits response to self-nucleic
acids [14]. Specific motifs in the cytoplasmic tail, and association of TLR9’s transmembrane
domain with UNC93B1 [14-16]regulate access to endosomes [14-16]. Inhibition of
endosomal/lysosomal acidification blocks cellular response to CpG DNA [17-19] and
prevents proteolytic processing of TLR9 [20].

Proteolytic cleavage between amino acids 441-470 of mouse TLR9 occurs in macrophage
lysosomes and results in an 80 kDa (p80) TLR9 proteolytic fragment capable of signaling
[20, 21]. Additional proteolytic events occur in dendritic cells suggesting that cell types may
differ in proteolytic capacity and specificity [22, 23]. Unlike the activating proteolysis for
TLR9, TLR2 and TLR4 are proteolytically processed to generate negative regulatory,
soluble receptors [24, 25]. Whether similar processing occurs for endosomal TLRs has not
been studied.

Here we describe a unique proteolytic cleavage event that resulted in a soluble, negative
regulatory, form of TLR9 (sSTLR9). The generation of sTLR9 was distinct from the active
form of TLR9 since both bafilomycin Al and cathepsin B inhibitor did not block sTLRO.
STLR9 was retained in endosome-like vesicular structures and functioned as a receptor
antagonist. We propose a new model where TLR9 is differentially proteolytically processed
to influence, both positively and negatively, the response to DNA.

The ecto-domain of TLR9 is differentially proteolytically processed

To determine whether proteolytic events occurred in addition to the one that generates the
active form of TLR9 (p80), human embryonic kidney 293 (HEK 293) cells were co-
transfected with N-terminally Flag tagged mouse TLR9 (Flag-TLR9) and C-terminally HA
tagged mouseTLR9 (TLR9-HA). UNC93B1 was included to enhance the proteolytic
processing of p80 [20]. When cell lysates were immunoprecipitated and immunoblotted for
HA at the C-terminus, both full length and p80 were detected (Fig. 1A). When the same
immunoprecipitates were immunoblotted against Flag, very little full length TLR9 was
detected. Reactivity with full length TLR9 indicated co-immunoprecipitation and interaction
between the two different tagged TLR9s. Also, the p80 form was not detected when
immunoblotted for Flag, since it lacks the N-terminal 440 amino acids. To identify
additional proteolytic products, TLR9 was immunoprecipitated and immunoblotted with
anti-flag (N-terminus). This analysis revealed full length TLR9, a 68 KDa band that likely
corresponds to the N-terminal fragment of p80, and a novel 100 kDa fragment. The 100 kDa
fragment was reactive with the flag antibody, but not with the HA antibody, indicating that it
contained the N-terminus, but not the C-terminus of TLR9 (Fig. 1A). To confirm the unique
nature of the p80 and 100 kDa fragments, cells were immunoprecipitated simultaneously
with both HA and Flag antibodies and were immunaoblotted simultaneously with both HA
and Flag antibodies. This permitted detection of all three forms of TLR9 i.e., full length, p80
and 100kDa fragments (Fig. 1A, middle panel). This study confirmed that TLR9 was
differentially proteolytically processed to produce two forms, one form lacks the N-terminal
end of ecto-domain, but contains the transmembrane and C-terminus (p80), and the other
form lacks the transmembrane and cytoplasmic tail. To determine whether this proteolytic
event also occurred with endogenous TLR9, and with human TLR9, lysates from HEK 293
cells stably expressing human TLR9-YFP, and human intestinal epithelial cell lines
expressing endogenous TLR9 were immunoprecipitated and immunoblotted for N-terminus
with anti-TLR9 antibody. This approach confirmed that the 100 kDa fragment of TLR9 was
generated with human and mouse TLR9, in multiple cell types, and with endogenous protein
(Fig. 1B and Fig. 1C). These data conclusively demonstrated that TLR9 was alternatively
proteolytically processed at two distinct sites in the receptor ecto-domain.
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Identification of the proteolytic cleavage site to generate soluble TLR9 (STLR9)

To determine where the novel proteolytic event occurred, the 100 kDa fragment was
immunoprecipitated and subjected to liquid chromatography tandem mass spectrometry.
Nine peptides in the ecto-domain of TLR9 were unambiguously identified (. 2A,
underlined). No peptides C-terminal to amino acid 723 were observed. Since the most C-
terminal peptide detected by mass spectrometry ended with amino acid 723, the cleavage
site was conclusively determined to lie between amino acids 724 and 735 (Fig. 2A bold,
italics). The de-glycosylated p100 form of TLR9 resolved at 75 kDa (Fig. 2B) consistent
with the predicted molecular weight of TLR9 ending at amino acid 723. Alignment of TLR9
sequences from different species demonstrated that this region was highly conserved,
supporting its biological significance (Fig. 2C).

To determine the kinetics of STLR9 generation, a pulse chase experiment was performed.
The p100 fragment was detected as early as time 0 following a 30 minute pulse, and
decreased over the 120 minute chase (Fig. 1D). Therefore, in contrast to p80 [20], the p100
fragment was rapidly generated and had a short half-life. Since the 100kDa fragment lacks
the transmembrane and TIR domain of TLR9, yet retains ligand binding sites, we conclude
that the 100 kDa fragment is a soluble form of TLR9 (sTLR9) [26].

Soluble TLR9 is generated and retained intra-cellularly

Soluble versions of TLR2 and TLR4 are released from cells, bind to ligand, and prevent
signaling by the full length receptors [25, 27]. Therefore, we next determined the
intracellular compartment in which sTLR9 was generated, and whether STLR9 was secreted.
A chimera between the ecto-domain of TLR9 and the transmembrane and cytoplasmic tail of
TLR4 (TLR9-4) has previously been demonstrated to improperly traffic and fail to be
proteolytically processed to the p80 active form [14]. Similarly, cells transfected with
TLR9-4 contained no p80 or sTLRY (Fig. 3A and 3B). To determine whether STLR9 was
released from cells, TLR9 was immunoprecipitated from cell supernatants. Despite detection
of a known secreted protein, Flag-tagged human MD2, in cell culture supernatants (Fig. 3C)
[28], we failed to detect STLR9 in supernatants of cells that contained sSTLR9 (compare cell
lysate (lys) to supernatant (sup), Fig. 3D). We next asked whether neutralization of
endosomes would interfere with generation of STLR9. Treatment of cells with bafilomycin
Al, an inhibitor of vacuolar-type (+) - ATPase, significantly reduced the amount of p80, as
expected (Fig. 3E, right), yet had no effect on the amount of STLR9 (Fig. 3E, left). We
conclude that STLR9 is generated and retained in the endosomal compartment but the
generation of STLR9 and p80 occur in distinct endocytic compartments.

Cathepsin Sis necessary for generation of STLR9

Since bafilomycin Al treatment did not reduce the abundance of STLR9, we next asked
whether generation of STLR9 was dependent on cathepsin S, a protease active at neutral pH.
Cathepsin S activity was measured by cleavage of a fluorescently labeled substrate. Once
cleaved, the fluorophores were dequenched and fluorescence was measured. When lysates
from HEK 293 or RAW 264.7 cells were incubated with cathepsin S substrate for 0, 3, or 20
hours, there was a time- and substrate concentration-dependent increase in fluorescence
(Fig. 4A). These data confirmed that cathepsin S was active in both cell types. We
confirmed the activity of cathepsin S and B inhibitors using the same assay. Cathepsin S
enzyme activity was inhibited by cathepsin S inhibitor but not by cathepsin B inhibitor (Fig
4B). However, both cathepsin B inhibitor and cathepsin S inhibitor blocked cathepsin B
activity. Generation of p80 and STLR9 was assessed following treatmet with Z-FA-fmk,
bafilomycin, or inhibitors to cathepsin B or cathepsin S. Cathepsin S inhibitor blocked the
generation of STLR9 while neither cathepsin B inhibitor nor Z-FA-fmk reduced sTLR9 (Fig.
4C). The reduction in STLR9 by cathepsin S inhibitor was concentration dependent (Fig.
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4C). Since there was some non-specificity of the inhibitors, we used a more specific ShRNA
mediated knockdown to address the role of cathepsin S in generation of soluble TLRO.
Stable cell lines for cathepsin S sShRNA had reduced abundance of full length TLR9;
however, these cells also had reduced abundance of both p80 and sTLR9 (Fig. 4D).
Therefore we concluded that generation of STLR9 was dependent, at least in part, on the
activity of cathepsin S.

STLR9 negatively regulates TLR9 signaling

To determine whether sSTLR9 inhibited TLR9 signaling, a plasmid encoding STLR9 was
generated encompassing amino acids 1-723. Confocal microscopy analysis of STLR9 tagged
at the C-terminus with yellow fluorescent protein (STLR9-YFP) demonstrated both a basket-
weave and punctate pattern, consistent with endoplasmic reticulum and endosomal
localization (Fig. 5A). When co-expressed with full length TLR9, sSTLR9 retained
dimerization activity since it was co-immunoprecipitated with full length TLR9 (Fig. 5B).
Expression of STLR9-GFP resulted in the full-length soluble form, and several proteolytic
fragments suggesting this form of TLR9 was not stable. These data are consistent with the
rapid generation and loss of STLR9 observed by pulse chase analysis (Fig. 2D). To
determine whether STLR9 also bound to CpG DNA, a biotinylated CpG DNA pull down
experiment was performed. N-terminal immunoprecipitation demonstrated the presence of
both full length and sTLR9 in B cells (Fig. 5C, N-Term IP lanes). As expected, only in cells
incubated with 3" biotinylated CpG DNA, biotin pull-down precipitated full length TLR9
(Fig. 5C). In the same lysate, detection of STLR9 confirmed that this proteolytic fragment
also associated with CpG DNA (Fig. 5C). Since STLR9 bound to CpG DNA and associated
with full-length TLR9, we next asked if it was a dominant-negative inhibitor of TLR9
signaling. Increasing amounts of STLR9 inhibited TLR9 signaling in a concentration
dependent manner (Fig. 5D). This effect was specific since TLR5 signaling was not
affected. Together these studies support a model where two distinct proteolytic processing
events occur in the ecto-domain of TLR9, one generates an active form of the receptor (p80)
and the other generates a negative regulator of TLR9 signaling (STLR9).

DISCUSSION

We have discovered a novel mechanism of negative regulation for an endosomal TLR
through proteolytic processing of the ectodomain to generate a soluble, ligand binding, form
of the receptor. Generation of soluble TLR9 shares some similarities with a previously
described proteolytic event, but the regulatory mechanisms are distinct. We found that,
unlike the active form, neutralization of endosomal pH had no impact on the generation of
STLR9. Instead, cathepsin S inhibitor blocked the generation of sTLR9 and enhanced
signaling. Cathepsin S is primarily expressed in epithelial cells and antigen presenting cells
[29, 30], and is found in both early and late endosomes [30]. Targeting of TLR9 to specific
endosomal compartments, with different protease repertoires, will likely determine the
amount of activating or inhibiting proteolytic processing. A similar mechanism may exist for
other nucleic acid-sensing TLRs, including TLR7, and suggests that analysis of total full
length abundance of nucleic acid sensing TLRs is inadequate to determine the magnitude of
signaling responses.

Once generated, sSTLR is retained intra-cellularly where it binds ligand and functions as a
receptor antagonist. Proteolytic processing also regulates cytokine production through
generation and shedding of soluble cytokine receptors, which can abrogate or promote
cytokine signaling [33, 34]. Soluble forms of TLR2 and TLR4 (STLR2, STLR4) are also
secreted and act as decoy receptors [24, 25, 27]. In these studies we show that STLR9
inhibited TLR9 signaling, yet, was retained intracellularly. Therefore, we propose that
STLR9 is a unique, cell-intrinsic, nucleic acid-sensing TLR antagonist.
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In summary, we provide a new mechanism for negative regulation TLR9 signaling. TLR9 is
proteolytically processed in the ecto-domain to generate a soluble, ligand-binding
competitor. Changes in proteolytic activity, which alter the relative amounts of the two
proteolytically processed forms, may contribute to autoimmune inflammatory disease. The
proteases responsible for generating the active and inhibitory forms of TLR9 are exciting
candidates to target for therapeutically modulating nucleic acid receptor signaling.

MATERIALS AND METHODS

Reagent and plasmids

The following antibodies and reagents were used: human TLR9 and a-tubulin
(eBioscience), mouse and human TLR9 (Imgenex), GFP (also detects YFP) (Invitrogen/
Molecular Probes for immunoprecipitation and BD Clontech for immunoblotting), phospho-
and total-p38 (Cell Signaling Technologies), biotin and Flag (Sigma), hemagglutinin for
immuoprecipitation (HA) (ABM), HA for immunoblotting (Roche), cathepsin S (R&D) and
secondary antibodies (Southern Biotech); Endoglycosidase H and Peptide N-glycosidase F
(New England Biolabs); CpG DNAs (Eurofins MWG operon) 10104: 5’-
TCGTCGTTTCGTCGTTTTGTCGTT-3" and 2006 3" Biotin: 5'-
TCGTCGTTTTGTCGTTTTGTCGTT-3"; S. typhimurium flagellin (Invivogen); Z-fafmk
Cathepsin B ( CA-074 Me) and Cathepsin S inhibitor (Calbiochem), and Bafilomycin Al
(Tocris); 5X NF-xB-luciferase (Stratagene), and pSV-p-galactosidase (Promega). Mouse
TLR9 was cloned into p3XFLAG-CMV-9 (Sigma). Soluble human TLR9 was cloned into
PEYFP using the following primers: Forward: 5'-ATA TAT CTC GAG ATG GGT TTC
TGC CGC AGC G- 3’, Reverse: 5'-ATA TAT GGA TCC GCC TCC TTG GCC TTG G-
3’. TLR9-4 was previously described [16].

Cell culture and transfection

All cell lines except BJAB were cultured in DMEM with 2 mM L-glutamine, 50 U/ml
penicillin, 50 pg/ml streptomycin, 10 mM Hepes, 1 mM sodium pyruvate and 10% low
endotoxin FBS (complete DMEM). The human B cell line, BJAB, was cultured in complete
RPMI 1640 medium. Cells routinely tested negative for mycoplasma by PCR. TLR9 stable
cells were generated in HEK 293 cells and responded to CpG DNA as determined by 5X
NF-xB-luciferase reporter assay. For transient transfection, cells were plated in 6 well plates
and the following day were transfected with 4 ug DNA and 8 .l TransIT. After 36 hours the
cells were lysed and immunoprecipitated with the indicated antibodies.

Retroviral transduction

Phoenix cells were transfected with MIGR2-mTLR9-HA. Viral supernatant was collected
and 0.5 ml added to cells in 12 well plates with 8 p.g/ml polybrene and centrifugation at
1811 x gfor 90 minutes at 32°C. After 48 hours, cells were lysed and immunoprecipitated
with anti-HA antibody.

Luciferase reporter assay

HEK 293 cells were transfected as previously described [13] and treated with CpG DNA or
flagellin for 8 hours. Data were analyzed by determining the fold induction compared to
unstimulated cells.

Immunoblotting

HEK 293 cells stably expressing TLR9-YFP were treated as indicated, washed once in PBS,
and lysed for 15 minutes at 4°C in lysis buffer (137 mM NaCl, 20 mM Tris pH7.4, 1mM
EDTA, 0.5% TritonX-100, protease inhibitor cocktail (Sigma) and 100 mM

Eur J Immunol. Author manuscript; available in PMC 2012 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chockalingam et al.

Page 6

phenylmethylsulphonyl fluoride). Total protein was determined for clarified lysates using
the BCA protein assay (Bio-Rad) and 2.0 — 2.5 mg of total protein was used for
immunoprecipitation. Note that YFP is a variant of GFP and is recognized by the GFP
anitbody. 25 I of whole cell lysate was immunoblotted for anti-tubulin.

TLR9 deglycosylation

GFP immunoprecipitates from HEK 293 cells stably expressing TLR9-YFP were divided
into three equal portions and were either untreated, or treated with endo H or PNGase F
according to the manufacturer instructions (New England Biolabs) for two hours at 37°C
and the reactions were stopped by adding 6X SDS-PAGE reduced sample buffer. The
samples were analyzed by immunoblotting as described above.

Identification of the cleavage site for sTLR9

Pulse-chase

1x107 HEK 293 cells stably expressing TLR9-YFP per immunoprecipitation reaction (10
total) were lysed in one ml of lysis buffer each and immunoprecipitated with 5 pg/ml anti-
TLR9 overnight at 4°C on a rotator. Protein A/G Sepharose was added for one hour at 4°C.
After washing, each reaction was sequentially resuspended in 2X SDS-PAGE reduced
sample buffer and boiled together for 5 minutes. The combined sample was separated by 8%
SDS-PAGE and submitted to the Cornell Proteomics and Mass Spectrometry Core
Laboratories Center for gel extraction, trypsin digestion and nano-liquid chromatography
tandem mass spectrometry. Identified peptides had a confidence of >99%.

Mouse embryonic fibroblasts transiently transfected with Flag-tagged mouse TLR9 were
cultured in cysteine and methionine free medium (Gibco) for one hour then pulsed for an
additional hour with 0.1 mCi 35S-cysteine and 3°S- methionine (Perkin-Elmer). The cells
were washed two times in 1x HBSS and chased in complete medium for indicated times.
The cells were lysed and immunoprecipitated with anti-FLAG and protein A/G sepharose
beads for 4 hours. The immunoprecipitates were washed four times, eluted by boiling in 2X
SDS-PAGE reduced sample buffer and separated by SDS-PAGE. The gel was soaked in
enhancer (1M sodium salicylate) for 30 minutes and then visualized by autoradiography.

Protease enzyme activity

Cathespin s

HEK 293 and RAW 264. 7 cells were lysed in RIPA lysis buffer (1x PBS, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS) and the pH was adjusted to pH 6.0 using 2N HCI.
100u1 of the lysate was aliquotted into each well of a 96 well black walled plate (Costar).
Cathepsin B and S substrate (Calbiochem) were added at the indicated concentration and the
enzyme activity was measured by fluorometry at the indicated times(Gemini EM Microplate
Reader, Molecular Devices). Substrate activity was calculated using the following excitation
and emission criteria: Cathepsin B substrate (Excitation: 370, Emission: 440), Cathepsin S
substrate (Excitation: 340, Emission: 405).

knockdown in HEK 293. Cathepsin S

shRNA and control shRNA were from Sigma-Aldrich (Catalog # SHCLNG-NM_004079).
HEK 293 cells were transfected with the sShRNAs and the cells were selected in 0.5mg/mL
puromycin. Single cell clonal selection was performed and the knockdown of cathepsin S
was confirmed by immunoblot.

Eur J Immunol. Author manuscript; available in PMC 2012 August 01.
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Confocal microscopy

HeL a cells were transfected with fluorescently labeled STLR9 on a cover slip in a 24 well
plate. After 48 hours the cells were fixed and imaged using a Leica SP5 confocal
microscope.

CpG DNA pull-down

BJAB cells (6x107) were treated with 5.LM of 3” biotinylated CpG DNA, lysed and
immunoprecipitated with anti-TLR9, anti-biotin antibodies, or beads alone for 4 hours.
Protein A/G sepharose beads were added for an additional 12 hours at 4°C. After washing,
2X SDS-PAGE reduced sample buffer was added and proteins were separated on an 8%
SDS-PAGE gel, transferred to nitrocellulose, and immunablotted for TLR9 (N-terminus).

Statistical analysis

Data were analyzed using Instat, Graphpad prism software. Data were compared for
significance using an unpaired £test and were considered significant with p value of <
0.0001. Error bars represent mean + standard deviation of triplicate samples. Data for
cathepsin activity were analyzed by paired t-test.
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Figure 1.

TLR9 is proteolytically processed to generate a unique 100 kDa polypeptide. (A) HEK 293
cells were co-transfected with Flag-mTLR9, mTLR9-HA, and UNC93B1. The lysates were
immunoprecipitated for either FLAG, or HA. The immunoprecipitates were resolved by
SDS-PAGE gel, transferred to nitrocellulose, and immunoblotted for either FLAG (N-Term,
left panel), HA (C-Term, right panel), or both FLAG and HA simultaneously (middle panel).
In the lanes where there is both Flag-mTLR9 and mTLR9-HA, individual
immunoprecipitates were mixed prior to loading on the gel. >, full length and p100 forms
of TLRY; * p80, ** N-fragment of p80. (B) Immunoblot analysis for TLR9 (N-Term) and
GFP/YFP (C-Term) immunoprecipitates from HEK 293 cells without (=) or with stable
expression of human TLR9-YFP (9). Membranes were immunoblotted with antibody to
TLR9 (N-Term). >, p100. (C) Lysates from Henle 407 (Henle), T84, and Caco-2 cells were
immunoprecipitated for TLR9 (N-Term) and assayed by immunoblotting for TLR9 (N-
Term). > p100. Data are representative of three independent experiments.
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Identification of the C-terminal boundary of STLR9 by tandem mass spectrometry. (A)
Human TLR9 ecto-domain amino acid sequence with the peptides that were identified and
sequenced by tandem mass spectrometry underlined and the predicted cleavage site
italicized and bolded. (B) HEK 293 cells expressing TLR9-YFP were immunoprecipitated
with anti-TLR9 and were either untreated (=) or treated with either endo H (H), or PNGase F
(F) prior to resolving by SDS-PAGE and assaying by immunoblotting for the N-terminus
(anti-TLR9). > deglycosylated soluble TLR9 (C) Alignment of TLR9 LRRs 24-25 from
different species. Arrows indicate the boundaries of the identified proteolytic site. (D) Pulse-
chase analysis of proteolytic generation of STLR9 in mouse embryonic fibroblasts. >
STLRO. Data are representative of two independent experiments.
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Figure 3.

STLR9 is generated and retained in endosomes, but independently of acidic proteases. (A)
HEK 293 cells expressing TLR9-4-GFP (9-4) or TLR9-YFP (9) were immunoprecipitated
for TLR9 (N-Term) or GFP/YFP (C-Term). Following resolution by SDS-PAGE and
transfer to nitrocellulose, immunoprecipitates were immunoblotted for TLR9 (N-Term).—>
STLR9 (B) As in (A), except that membranes were immunoblotted for GFP/YFP (C-Term).
*p80 (C) Lysates (Lys) or cell culture supernatants (Sup) from HEK 293 cells (=) or HEK
293 cells expressing Flag-MD2 (MD2) were immunoprecipitated, and assayed by
immunoblotting for Flag. «<-MD2 (D) Lysates (Lys) or cell culture supernatants (Sup) from
HEK 293 cells (=) or HEK 293 cells expressing TLR9-YFP (9) were immunoprecipitated
for TLR9 (N-Term), and assayed by immunoblotting for TLR9 (N-Term). > sTLR9 (E)
HEK 293 cells stably expressing TLR9-YFP were treated with DMSO (=) or 100 nM
Bafilomycin A1 (BAF) for 7 hours at 37°C. Lysates were immunoprecipitated for TLR9 (N-
Term) or GFP/YFP (C-Term), and assayed by immunoblotting for TLR9 (N-Term) or GFP/
YFP (C-Term). > sTLR9; * p80. Data are representative of three independent experiments.
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Figure4.

Generation of STLR9 is regulated by cathepsin S. (A) The lysates from RAW 264.7 and
HEK 293 cells were incubated with 10, 30, or 90 M of quenched fluorescent cathepsin S
substrate. Some lysates were incubated without substrate to determine background
fluorescence (0, no substrate). At 0, 3, and 20 hours fluorescence was measured. Increased
fluorescence indicated cleavage of the substrate. (B) Cathepsin S and cathepsin B activity
were measured as in (A) except the RAW 264.7 cells were incubated with DMSO control,
2LM cathepsin S inhibitor or 1M cathepsin B inhibitor and fluorescence was measured at
0, 2, and 22 hours. (C) HEK293 cells stably expressing TLR9-YFP were incubated for six
hours with 10nM Z-FA-fmk, 100nM Bafilomycin Al, 10.M cathepsin B inhibitor or 30nM
cathepsin S inhibitor (left panel), or with different concentrations of cathepsin S inhibitor
(right panel). Whole cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose,
and immunoblotted for TLR9 (N-Term) and tubulin. > sTLR9. (D) Whole cell lysates of
HEK 293 cells stably tranduced with control or cathepsin S shRNA were resolved by SDS-
PAGE and analyzed by immunoblot analysis with anti-cathepsin S, or tubulin (left panel).
Cathepsin S shRNA or control HEK 293 cells were transfected with UNC93B1 and flag-
mMTLR9 (middle panel) or UNC93B1 and mTLR9-HA (right panel). The lysates were
immunoprecipitated for either FLAG (middle panel) or HA (right panel). The
immunoprecipitates were resolved by SDS-PAGE gel, transferred to nitrocellulose, and
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immunoblotted for either FLAG (N-Term, middle panel) or HA (C-Term, right panel). Data
are representative of three independent experiments.
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Figure5.

STLR9 binds to CpG DNA and negatively regulates TLR9 signaling. (A) HeLa cells were
transfected with STLR9 tagged with YFP at the C-terminal end, fixed, mounted in anti-fade
with DAPI, and imaged by confocal laser scanning microscopy. (B) HEK 293 cells were
transfected with full length TLR9-YFP (9YFP), STLR9-YFP (sTLR9), N-terminally HA
tagged-TLR9 (HA9) or STLR9-YFP and HA-TLR9. Lysates were immunoprecipitated for
GFP/YFP or HA as indicated and assayed by immunoblotting for GFP/YFP. > sTLR9-
YFP. (C) A human B cell line was treated with media (-) or 3" biotinylated CpG DNA (+)
for 15 min, lysed, and immunoprecipitated for TLR9 (N-Term), biotin, or incubated with
beads alone (Bead). Immunoprecipitates were analyzed by immunoblotting for TLR9 (N-
term). > sTLR9-YFP. (D) HEK 293 cells were transfected with a plasmid encoding full
length TLR9 either without (black bar) or with increasing concentrations of a plasmid
encoding TLR9 amino acids 1-723 (STLR9) (grey bars), plus an NF-kB-luciferase reporter.
After overnight stimulation with 2 pg/mL CpG DNA, or 100 ng/mL flagellin as a control,
cells were lysed, and assayed for luciferase activity. Data are representative of three
independent experiments.
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