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Abstract

Toll-like receptors (TLRs) activate the innate immune system in response to pathogens. Here we
showed that TLR9 proteolytic cleavage is a prerequisite for TLR9 signaling. Inhibition of lysosomal
proteolysis rendered TLR9 inactive. The C-terminal fragment of TLR9 thus generated included a
portion of the TLR9 ectodomain, as well as the transmembrane and cytoplasmic domains. This
cleavage fragment bound to the TLR9 ligand CpG, and, when expressed in TIr9~/~ dendritic cells,
restored CpG-induced cytokine production. Although cathepsin L generated the requisite TLR9
cleavage products in a cell-free in vitro system, several proteases influenced TLR9 cleavage in intact
cells. Lysosomal proteolysis thus contributes to innate immunity by facilitating specific cleavage of
TLRO.

INTRODUCTION

Toll-like receptors (TLRs) are essential sensors of microbial infection in multicellular hosts,
and TLR engagement promotes initiation of adaptive immune responses’:2. The TLR family
consists of 10 members in humans and 13 in mice®#. TLR1, TLR2, TLR4, TLR5 and TLR6
are localized to the plasma membrane and are involved in recognition of microbial products
or lipid components®=®. TLR3, TLR7
(http://www.signaling-gateway.org/molecule/query?afcsid=A002299) and TLR9
(http://www.signaling-gateway.org/molecule/query?afcsid=A002301) are localized in
intracellular compartments and recognize pathogen-derived double-stranded RNA, single-
stranded RNA and unmethylated CpG DNA, respectivelyl9=15. The intracellular localization
of TLR9 is critical for the discrimination of self and non-self nucleic acids!®. Upon stimulation
of cells with CpG DNA, TLR9 redistributes from the endoplasmic reticulum (ER) to
lysosomes, where a signaling cascade is triggered by recruitment of the MyD88 adaptor
moleculel417,

The papain-like lysosomal cysteine protease family, which includes the major thiol proteases
cathepsins B and L, plays an important role in the degradation of endocytosed and intracellular
proteins!®. At the same time, compounds that block lysosomal acidification such as
chloroquine or bafilomycin A inhibit CoG DNA-driven signaling and responses!®. More
recently, lysosomal proteolysis in general2? and cathepsin K specifically?! have been
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implicated in TLR9 signaling but the molecular mechanisms underlying their involvement
remain to be elucidated.

RESULTS

Cathepsin-mediated cleavage of TLR9

To investigate whether cathepsin activity is required for TLR responses, we exposed the RAW
macrophage cell line to pepstatin A, an inhibitor of aspartic proteases, or to z-FA-FMK, a
cysteine protease inhibitor that blocks cathepsin activity; we then exposed these cells to TLR4
(LPS), TLR7 (Imiquimod) and TLR9 (CpG) agonists. The z-FA-FMK inhibitor significantly
inhibited tumor necrosis factor (TNF) production by RAW macrophages stimulated with CpG,
but did not influence TNF release after exposure to LPS or Imiquimod (Fig. 1a). Thus,
lysosomal cysteine proteases inhibited by z-FA-FMK play a role in the responsiveness of
TLR9, but not TLR4 or TLR7%°.

To establish how cathepsin activity controls TLR9 responses, we explored the ‘fate’ of newly
synthesized TLR9. We generated a RAW macrophage derivative that stably expressed C-
terminally Myc-tagged TLR9 and exposed it to z-FA-FMK or DMSO. Cells were then labeled
with 35S methionine and cysteine for 2 h and chased for 6 h, after which we immunoprecipitated
TLR9-Myc with a Myc-specific antibody. To improve electrophoretic resolution, we digested
the immunoprecipitates with peptide:N-glycosidase F (EndoF), which eliminates carbohydrate
heterogeneity. In the anti-Myc immunoprecipitates of DMSO-treated cells, we detected two
distinct polypeptides of 65 and 45 kDa (Fig. 1b, asterisks), that were not present in
immunoprecipitates of cells that were labeled in the presence of z-FA-FMK (Fig. 1b). We then
denatured the initial anti-Myc immunoprecipitates and performed a re-immunoprecipitation
with anti-Myc, to retrieve C-terminally Myc-tagged TLR9. In these re-immunoprecipitates,
we detected the 65 kDa polypeptide in cells treated with DMSO, but not in cells exposed to z-
FA-FMK (Fig. 1b). However, we observed similar rates of TLR9 synthesis during labeling.
As we could retrieve the 65 kDa polypeptide with the Myc-specific antibody, we concluded
that it is derived from TLRO.

To explore the nature of the 65 and 45 kDa polypeptides, we treated RAW macrophages
expressing TLR9-Myc with DMSO or z-FA-FMK, immunoprecipitated TLR9 with anti-Myc,
resolved glycosidase-digested proteins by SDS-PAGE and visualized proteins by silver
staining. We detected full length TLR9 (~100 kDa) in DMSO- and z-FA-FMK-treated cells,
and the two polypeptides of 65 kDa and 45 kDa in DMSO- but not z-FA-FMK-treated cells
(Fig. 1c, asterisks). The interaction between UNC93B1 and TLR9, critical for translocation of
TLR9 to lysosomes?2: 23 was detected in DMSO- and z-FA-FMK-treated cells (Fig. 1c and
Supplementary Fig. 1a, online). We unambiguously identified the 65 kDa and 45 kDa
polypeptides as the C-terminal and N-terminal fragments of TLR9, respectively, by mass
spectrometry (Fig. 1d and Supplementary Fig. 1b). The identification of the 45 kDa polypeptide
as the N-terminal fragment of TLR9 explains why we did not retrieve it by re-
immunoprecipitation with anti-Myc (Fig. 1b). Thus, its appearance in the initial anti-Myc
immunoprecipitates suggests that the N-terminal fragment interacted with either full length
TLR9, with the C-terminal cleavage fragment, or with both. Fragmentation of TLR9 was
readily detectable after 3 h of chase, a timeframe consistent with delivery of TLR9 to lysosomes
(Supplementary. Fig. 2, online).

Identification of cleavage site(s) in the ectodomain of TLR9

To identify the likely site(s) of cleavage in TLR9, we determined the C-terminal boundary of
the N-terminal segment, and the N-terminal boundary of the C-terminal fragment based on the
unambiguous presence of peptides from these fragments as identified by mass spectrometry
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(Fig. 1d and Supplementary Fig. 1a, online). Our analysis confined the possible cleavage site
(s) to a region encompassing amino acids 378-475 of TLR9 (Fig. 1d). As the leucine-rich
repeat (LRR) regions, some of which are stabilized by disulfide bonds, form a tightly packed
hydrophobic core, these regions should be less susceptible to proteolysis?4. Secondary structure
prediction programs designated residues 441 — 470, which are situated between LRR 14 and
15, as part of a flexible loop that could render TLR9 susceptible to proteolysis (Fig. 1d). Based
on published TLR structures4 25 we assume that the LRRs of TLRs generally take on a rather
similar fold, and that LRR14 and LRR15 of TLR9 can thus be used to buttress the intervening
segment of TLR9. Molecular modeling showed the presence of residues 441-470, which are
contained within the putative cleavage region, in an extended loop (Fig. 1e).

Only in the presence of z-FA-FMK did we detect an additional, more slowly migrating species
of TLR9 (Fig. 1b and Fig. 2a, arrowhead). Glycosidase digestion showed that this form had
acquired partial EndoH resistance (Fig. 2a), consistent with passage through the Golgi
apparatus. Because the cathepsin inhibitor z-FA-FMK was required for its visualization, this
form of TLR9 is likely cleaved in lysosomes. The fact that it is normally cleaved and thus
eliminated would account for the earlier failure to detect this complex EndoH-resistant form
of TLR9 22 23,

Endolysosomal localization of TLR9 cleavage

To determine if the endolysosomal compartment is the location of TLR9 cleavage, we assessed
the effect of the cathepsin inhibitor z-FA-FMK on the expression, maturation and stability of
wild-type TLR9 and the TLR9 chimeras referred to as 9-4-4 and 9-4-9 (Fig. 2a). TLR9-4-4
contains the transmembrane and cytoplasmic region of TLR4, whereas TLR9-4-9 contains only
the transmembrane region of TLR422, These TLR9 chimeras fail to interact with UNC93B1
and therefore do not reach the lysosomal compartment, the presumed location of CpG DNA
recognition and TLRY signaling?2: 23, Unlike wild-type TLR9, neither TLR9-4-4 nor
TLR9-4-9 yielded the two distinct fragments (Fig. 2a). These findings suggest that localization
to the endolysosomal compartment is required for TLR9 cleavage.

As TLR7 is also located in the endolysosomal compartment, we sought to determine whether
TLR7, like TLR9, undergoes proteolytic processing. In the absence of the cathepsin inhibitor,
under conditions where the TLR9 cleavage products were readily detected, we retrieved only
full length TLR7 (Supplementary Fig. 3, online). In addition, we did not detect a mature EndoH
resistant TLR7 species in the presence of z-FA-FMK as we did for TLR9 (Supplementary Fig.
3, online). Next, we used the vacuolar H* ATPase inhibitor bafilomycin A and the weak base
chloroquine to block endosomal acidification and thus, indirectly, lysosomal protease
activityl®. Both compounds, like z-FA-FMK, blocked cleavage of TLR9, as well as CpG-
driven TNF production (Fig. 2b). In contrast, bafilomycin A and chloroquine, but not z-FA-
FMK, suppressed Imiquimod-driven TNF production. Thus, we concluded that fragmentation
of TLR9 by lysosomal proteases is inhibited by interference with lysosomal acidification; in
contrast, TLR7 shows no signs of such lysosomal cleavage.

Influence of cleavage on TLR9 function

We next analyzed the interaction between CpG DNA and TLR9 in the presence and absence
of z-FA-FMK (Fig. 3). TLR9-Myc—expressing RAW cells were pre-treated with z-FA-FMK,
followed by incubation with biotinylated or unlabeled CpG DNA. Biotin-CpG DNA and
materials bound to it were recovered with streptavidin agarose and the presence of co-
precipitated TLR9-Myc was examined by immunoblotting with anti-Myc. In the absence of
the cathepsin inhibitor, we observed a strong interaction of the C-terminal TLR9 fragment with
CpG DNA, and weak but detectable binding between CpG and full length TLR9 (Fig. 3a). As
expected in light of the absence of the C-terminal TLR9 cleavage fragment in lysates of cells
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treated with z-FA-FMK, we did not detect binding of a C-terminal TLR9 fragment to CpG
DNA in z-FA-FMK-treated cells (Fig. 3a). Notably, z-FA-FMK had no effect on the interaction
between full length TLR9 and CpG DNA, but the strength of the association between full length
TLR9 and biotinylated CpG DNA appeared to be markedly weaker than with the interaction
between CpG and the C-terminal TLR9 fragment (Fig. 3a). As z-FA-FMK blocked CpG DNA.-
induced TNF production but not binding of CpG DNA to full length TLR9, the interaction
between CpG DNA and full length TLR9 is not sufficient for TLR9 activation. TLR9 molecules
tagged with GFP displayed similar binding to CpG (Fig. 3b).

A recombinant Myc-tagged TLR9 C-terminal fragment encompassing residues 471-1032,
when expressed in RAW macrophages, was detected, even in the presence of z-FA-FMK (Fig.
3c). This recombinant C-terminal fragment, when expressed in isolation, also bound to
biotinylated CpG, to a degree more strongly than full length Myc-tagged TLR9 (Fig. 4a).

Next, we sought to determine if fragmentation of TLR9 by cathepsin L is critical for subsequent
TLR9 signal transduction. We investigated the fragmentation of TLR9 and its interaction of
CpG DNA in RAW cells that stably express either Myc-tagged wild-type TLR9 or TLR9A441-
470, a TLR9 deletion mutant lacking the proposed cleavage region (Fig. 4a, b). TLR9A441—
470 was not cleaved, but still showed capacity to bind biotin-CpG DNA (Fig. 4a, b). These
findings suggest no gross structural alteration in the structure of the TLR9A441-470 mutant
protein. To analyze the functional capacity of TLR9A441-470, we measured its ability to
restore CpG-induced TNF production in bone marrow-derived dendritic cells (BMDCs) from
TIr9™"~ mice. Wild-type TLRY, the C-terminal cleavage fragment of TLR9, or TLR9A441—
470, each tagged with GFP, were expressed by retroviral transduction in TIr9~ BMDCs; these
cells were then exposed to CpG DNA, and TNF production in GFP* cells was measured by
flow cytometry (Fig. 4c). BMDCs transduced with the TLR9A441-470 mutant showed reduced
TNF production in response to CpG DNA stimulation, compared to cells expressing wild-type
TLR9 (Fig. 4c). Since the transmembrane segment and cytoplasmic tail of TLR9A441-470 are
identical to those of full length TLR9, and UNC93B1 bound wild-type TLR9 and TLR9A441—
470 to asimilar degree (data not shown), we believe that trafficking properties were unaffected
by the deletion of residues 441-470.

The C-terminal cleavage product of TLR9 restores function to TIr9™~ BMDCs

We next investigated whether the C-terminal fragment, which retains a portion of the
ectodomain encompassing leucine rich repeats 15-26 and contains the full transmembrane and
cytoplasmic domains, is on its own sufficient for binding to CpG DNA and initiating TLR9
signal transduction. In RAW macrophages, recombinant C-terminal TLR9 fragments tagged
C-terminally with either Myc or GFP, interacted strongly with biotinylated CpG DNA, as
demonstrated by the recovery of the C-terminal TLR9 fragment on streptavidin agarose (Fig.
4b). Neither the expression nor the molecular weight of the recombinant C-terminal fragment
were affected by z-FA-FMK (Fig. 3c). TIr9/~ BMDCs transduced with a retrovirus encoding
the recombinant GFP-tagged C-terminal fragment of TLR9 regained responsiveness to CpG
DNA stimulation, as indicated by TNFproduction (Fig. 4c). TNF synthesis elicited by CpG
DNA stimulation of TIr9/~ BMDCs that express the GFP-tagged C-terminal fragment of TLR9
was not affected by treatment with z-FA-FMK (Fig. 4d). In contrast, TNFproduction facilitated
by expression of GFP-tagged wild-type TLR9 in TIr9/~ BMDCs was inhibited by z-FA-FMK
(Fig. 4d). The greater sensitivity of BMDCs to cytotoxic effects of z-FA-FMK did not allow
us to use the inhibitor concentrations readily tolerated by RAW cells and their derivatives to
achieve full inhibition of TNFproductiofi Nevertheless, we conclude that the C-terminal TLR9
fragment on its own is sufficient to bind CpG DNA and initiate signaling.
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Multistep TLR9 celavage

If indeed residues 441-470 are correctly modeled as a flexible loop (Fig. 1e), then any of a
number of proteases could presumably cleave it, as has been observed for other proteins
activated by proteolysis, such as flu hemagglutinin, cholera toxin and various pro-enzymes,
including lysosomal hydrolases. Similarly, although the involvement of lysosomal proteolysis
in major histocompatibility class Il-restricted antigen presentation is immediately evident from
the inhibitory effects of a broad protease blockade, with very few exceptions, it has been
difficult to implicate any particular protease in the processing of a specific antigen26:27, For
the same reasons, it may be difficult to determine which members of the cathepsin family of
lysosomal proteases cleave TLR9. In the case of genetic ablation or pharmacological inhibition
of a single cathepsin, any of a number of cysteine proteases could ‘pick up the slack’, thereby
explaining the greater inhibitory potencyof the broadly specific inhibitors over more narrowly
targeted compounds?®: 22, Also, mice lacking multiple cathepsins show more severe
phenotypes than mice lacking a single cathepsin 30, Nonetheless, we examined the TLR
responsiveness of BMDCs from mice lacking individual cathepsins. Cathepsin L-deficient
BMDCs and, to a lesser extent, Cathepsin S-deficient BMDCs, showed reduced TNF
production in response to CpG (Fig. 5a). We observed normal TNF production in response to
CpG by BMDCs from Cathepsin K-deficient mice, seemingly at variance with a published
report2! in which Cathepsin K-deficient BMDCs failed to respond to CpG stimulation, as
measured by reduced IL-12 production.

We next examined the effects of a series of selective cathepsin inhibitors on the pattern of
TLRO cleavage in and TNF production by RAW cells. z-FA-FMK, but not any of the more
narrowly specific cathepsin inhibitors, completely suppressed formation of the 65 kDa C-
terminal TLR9 fragment itself (Fig. 5b). Cleavage in the presence of the cathepsin K inhibitor
was indistinguishable from cleavage in the presence of DMSO (Fig. 5b). Selective inhibition
of cathepsin L or cathepsin S resulted in the appearance of a doublet comprised of a slightly
larger band in addition to the 65 kDa band (Fig. 5b). We designated the upper band the pre-C
terminal fragment. The cathepsin K inhibitor, when combined with other inhibitors, failed to
show an additive effect (Fig. 5b). However, combining the cathepsin S- and cathepsin L-
selective inhibitors resulted in enrichment of the pre-C terminal fragment compared to the C-
terminal fragment (Fig. 5b). The pre-C-terminal fragment appeared to be inactive, as we noted
a strict inverse correlation between its presence and TNF production (Fig. 5b). Partial
conversion of full length TLR9 to the pre-C-terminal and C-terminal fragments yielded
intermediate amounts of TNF. The slight difference in apparent molecular weight suggests that
atmost a few dozen residues distinguish the active C-terminal fragment from the inactive TLR9
pre-C-terminal fragment (Fig. 5b). In addition, introduction of the C-terminal TLR9 fragment
into cathepsin L-deficient BMDCs restored CpG DNA-driven TNF production (Fig. 5¢). Wild-
type TLR9 restored TNF production to a limited extent, consistent with the limited inhibition
of TNF production seen in untransduced cathepsin L/~ BMDCs (Fig. 5a, c). We conclude that
more than a single lysosomal protease is involved in cleavage of TLR9, with an important role
for cathepsin L. To further support the notion that cathepsin L can cleave TLR9 at the proposed
cleavage site, we incubated radiochemically pure TLR9, produced by in vitro translation in the
presence of properly redox-buffered microsomes3!, with purified cathepsin L (Fig. 6a).
Cathepsin L produced the C-terminal fragment of TLR9 in vitro (Fig. 6a), and this C-terminal
fragment bound to biotinylated CpG (Fig. 6b). However, the TLR9 deletion mutant
TLR9A441-470 was not cleaved by cathepsin L in vitro (Fig. 6a). Combined, our results
establish that TLR9 undergoes cleavage in an endolysosomal compartment, a step important
for TLR9 to execute its proper function.
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DISCUSSION

The involvement of the endolysosomal compartment in proper functioning of the nucleic acid
sensing TLRs (TLR3, 7, 9) is well-documented 11716, but the exact manner in which this
environment contributes to the receipt and transmission of signals via these TLRs has not been
established. We now demonstrate that TLR9 undergoes a proteolytic cleavage, executed by
cysteine proteases, in the endolysosomal compartment. On a molar basis the C-terminal
cleavage fragment of TLR9 binds CpG more strongly than full length TLR9, although full
length TLR9 does bind CpG. The broadly specific inhibitor z-FA-FMK is most effective at
blocking this cleavage, and accordingly abrogates production of TNF in cells exposed to the
TLR9 agonist CpG. Our data are consistent with the involvement of more than one protease
in this cleavage reaction, because we observe a blunted, rather than a completely blocked TNF
response to CpG in Cathepsin L-deficient or Cathepsin S-deficient BMDCs. Furthermore, the
combination of Cathepsin L - and Cathepsin S -selective inhibitors not only blocks TNF
production in response to CpG, but also yields a cleavage intermediate, the pre-C-terminal
fragment, the abundance of which is inversely correlated with TNF production. The expression
of only the C-terminal fragment in TIr9~/~ BMDCs restores their ability to produce TNF, as
seen also for Cathepsin L-deficient BMDCs. We hypothesize that absence of cleavage in
presence of chloroquine and bafilomycin A is best explained by elevated pH or reduced
proteolytic activity.

The delivery of TLR9 to endolysosomal compartments requires its interaction with UNC93B1,
mediated via the transmembrane segment of TLR922. Eliminating this interaction, either by
substituting the transmembrane segment of TLR9 or by deleting UNC93B1, causes TLR9 to
traffic incorrectly to the cell surfacel®:23, The capacity of a chimera consisting of the
extracellular domain of TLR9 and the transmembrane and cytoplasmic domains of TLR4-
which localizes to the cell surface-to induce signal transduction upon CpG binding might be

attributed to the recruitment of adaptors other than Myd88 to the cytoplasmic tail of TLR416:
32

We did not observe any inhibition of TNF production in Cathepsin K-deficient BMDCs or by
imposition of a Cathepsin K blockade, in contrast to an earlier study that showed reduced IL12
production by Cathepsin K-deficient BMDCs in response to CpG2L. We further determined
that responses requiring engagement of TLR7 were not affected by z-FA-FMK (Fig. 1a), unlike
the blockade in upregulation of CD86 and B cell proliferation reported earlier?C. 1L12
production may require the involvement of Cathepsin K at steps downstream of TLR9
engagement, which could explain the observed discrepancy. Likewise, the surface expression
of CD86 and steps that control B cell proliferation may require lysosomal protease involvement
for reasons other than cleavage of the TLRs involved.

We have no evidence that TLR7 is cleaved in a z-FA-FMK sensitive manner, and we have
been unable to detect cleavage fragments of TLR7. This raises the question of why signaling
via TLR7 or via TLR3, for that matter, is nonetheless sensitive to the inclusion of
lysosomotropic agents. Several of the TLRs are known to act in cooperation with partner
proteins such as CD14 and MD2 for TLR433: 34 or CD36 for TLRs 1, 2 and 632, or Dectin-1
for TLR236, We hypothesize that the activity of TLR3 and TLR7 may require cofactors whose
involvement necessitates a proteolytic cleavage, or at least includes a pH sensitive step, affected
by the inclusion of lysosomotropic agents.

The evolutionary significance of TLR9 cleavage is as yet unclear. Why should TLR9 be unique
among lysosomal TLRs in requiring this mode of activation? The C-terminal cleavage fragment
of TLR9 is capable of binding CpG DNA and signal transduction even when synthesized in
the absence of the N-terminal portion of TLR9. A search for interaction partners of the N-
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terminal cleavage fragment might illuminate yet other aspects of TLR9 biology. Regardless of
the identity of the TLR9 convertase(s) and the exact role of the cleavage products generated,
full innate immunity requires lysosomal proteolysis no less than adaptive immunity.

Imiquimod (R837) and poly (I:C) were purchased from Invivogen, 1826-CpG DNA and 1826-
Biotin-CpG DNA (5’- Bio-TsCsCsAsTsgsAsCsgsTsTsCsCsTsgsAsCsgsTsT) from TIB
Molbiol, and LPS (E. coli 026:B6) and brefeldin A from Sigma. Endoglycosidase H (Endo H)
and PNGase F were purchased from New England Biolabs. The monoclonal Myc-(9B11),
GFP-(LGB-1) and rabbit TLR7-specific antibodies were obtained from Cell signaling, Abcam
and Imgenex, respectively. Streptavidin agarose beads were from Pierce. Bafilomycin,
chloroquine, z-FA-FMK and glutathione disulfide (GSSG) were purchased from Sigma, and
CA-074Me from Calbiochem. The selective cathepsin inhibitors Clik195 and Clik148
(Cathepsin L), LHVS (Cathepsin S), and Cathepsin K inhibitor 11 (Cathepsin K, Calbiochem)
were generously given to us by Guo-Ping Shi (Harvard Medical School, MA)3’.

Mice and cell lines

DNA cloning

C57BL/6 mice were purchased from Charles River Laboratories. TIr9~~ mice were obtained
from A. Marshak-Rothstein (Boston University, Boston, MA). All animals were maintained
under specific pathogen-free conditions according to guidelines by the committee for animal
care at the Whitehead Institute. Murine RAW 264.7 macrophages (ATCC TIB-71) and human
embryonic kidney (HEK) cells 293-T (ATCC CRL-11268) were cultured in DME
supplemented with 10% heat inactivated fetal calf serum (IFS) and penicillin/streptomycin.
Cells were grown at 37°C in humidified air with 5% CO,. Cathepsin L-deficient, cathepsin S-
deficient and cathepsin K-deficient mice were kindly provided by Guo-Ping Shi (Harvard
Medical School, MA).

All murine TLR9 constructs were C-terminally fused to Myc or GFP. Wild-type TLR9 and
TLR9 chimeras were already described?2. The TLR9 deletion mutant lacking residues 441—
470 was generated by sequential PCR with primers 5’-
CTGTCAGAAGCCACCCCTGAAGAGTGTAAGAACTTCAAGTTCACCATGGACCTG
(forward) and 5’-
CAGGTCCATGGTGAACTTGAAGTTCTTACACTCTTCAGGGGTGGCTTCTGAGAC
(reverse). The recombinant C-terminal TLR9 fragment encompassing residues 471-1032 was
generated by PCR with primers 5’-
GGGGTACCTGTAAGAACTTCAAGTTCACCATGGACCTG (forward) and 5’-
AGCTTTGTTTAAACTTTACAAGTCCTCTTCAGAAATGAGCTTTTGCTCTTCTGCT
GTAGGTCCCCGGCAGA (reverse). The C-terminal TLR9 fragment TLR9 471-1032 was
N-terminally fused with the Kb signal sequence (MVPCTLLLLLAAALAPTQTRA). All
constructs were cloned into pcDNA3.1(+) (Invitrogen) or the retroviral pMSCV vector
(Clontech) and verified by sequencing.

Preparation of BMDCs

BMDCs were prepared as previously described38.

Pulse-chase analysis, immunoprecipitation and Endo H/F assay

RAW macrophages (1 x 107) were starved for 50 min in medium lacking methionine and
cysteine (starvation medium), labeled with 0.1 mCi/ml [3®S]methionine and cysteine (Perkin
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Elmer) in starvation medium supplemented with dialyzed IFS and chased in complete medium
with or without 10 pM of indicated inhibitor. Cells were lysed with 1% NP-40 in phosphate-
buffered saline (PBS) supplemented with protease inhibitors (Roche) for 1 h at 4°C. After
preclearing lysates with protein G-Sepharose (Sigma-Aldrich), primary antibodies and protein
G-Sepharose were added to supernatants and incubated at 4°C. The protein G-Sepharose beads
were washed five times with 0.1% NP-40 in PBS. Proteins were eluted from the beads by
boiling in SDS sample buffer, separated by SDS-PAGE and polypeptides were visualized by
fluorography. Digestion with Endoglycosidase H and PNGase F was performed, where
indicated, at 37 °C for 3 h.

Co-immunoprecipitation and immunoblotting

Cells were lysed in 1% digitonin (Calbiochem) in buffer containing 25 mM HEPES, 100 mM
NaCl, 10 mM CaCl, and 5 mM MgCls, (pH 7.6) supplemented with 0.5 mM phenyl-methyl-
sulfonyl-fluoride (PMSF) and leupeptin. Lysates were precleared with protein G-Sepharose
(Sigma-Aldrich) for 1 h at 4°C. For immunoprecipitation, samples were incubated with the
appropriate antibodies for 12 h at 4°C before protein G-beads were added for 3 h. Beads were
washed four times with 0.1% digitonin, and bound proteins were eluted by boiling in SDS
sample buffer or 1% SDS. Proteins were separated by 10% SDS-PAGE, transferred onto a
nitrocellulose membrane, blocked with 5% skim milk in PBS with 0.1% Tween-20 for 2 h and
probed with the appropriate antibodies for 4 h. Membranes were washed three times with PBS
with 0.1% Tween-20 and incubated with horseradish peroxidase-conjugated streptavidin for 1
h. The immunoblots were visualized with ECL detection reagent.

Large-scale affinity purification and mass spectrometry (MS)

After co-immunoprecipitation, the eluted samples were separated by SDS-PAGE and
polypeptides were revealed by silver staining. The bands of interest were excised, subjected
to trypsinolysis and analyzed by tandem mass spectrometry (MS/MS).

Retroviral transduction

HEK 293-T cells were transfected with plasmids encoding VSV-G and Gag-Pol, as well as
either pMSCV-TLR9-Myc, pMSCV-TLR9-4-4-Myc, pMSCV-TLR9-4-9-Myc, pMSCV-
TLR9A441-470, or pMSCV-TLR9 471-1032. 24 h and 48 h post transfection, medium
containing viral particles was collected, filtered through a 0.45 um membrane and added to
RAW macrophages or BMDCs at day 1 of BMDC culture. The following day, cells were fed
with fresh media.

In vitro transcription and translation

1 pg of Myc-tagged wild-type TLR9, TLR9A441-470 or the C-terminal TLR9 fragment TLR9
471-1032 cloned into the pcDNA3.1(+) vector was transcribed and translated in vitro with the
TNT T7 Quick coupled TT system (Promega) in the presence of microsomes and 10 uCi 3°S
methionine (Perkin EImer) for 1 h at 30°C in a total volume of 50 pl. Microsomes were pelleted
by centrifugation at 13,000 r.p.m. for 4 min and were lysed in 20 pl of cathepsin activation
buffer (1% NP40, 50 mM Na-actetate pH 5.5, 3 mM cysteine, 1 mM EDTA). Recombinant
cathepsin L (Sigma) was immediately added at 0.1-0.2 uM to the microsomes and incubated
for 2 h at 37°C, followed by an incubation with biotinylated CpG DNA (5 uM) for 2 h at 37°
C. Reactions were diluted to a final volume of 1 ml with 1% NP40 lysis buffer with protease
inhibitors and TLR9 proteins were immunoprecipitated with anti-Myc or incubated with
streptavidin agarose and separated by SDS-PAGE.

Nat Immunol. Author manuscript; available in PMC 2009 August 31.
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Intracellular TNF assay

TNF ELISA

TIr9~ BMDCs expressing either wild-type or mutant TLR9 were cultured for 5 days and were
stimulated with 1 pM CpG DNA for 4 h in the presence of 10 pug/ml brefeldin A. The cells
were fixed with 4% formaldehyde for 10 min at room temperature and permeabilized with
0.5% saponin in FACS buffer (PBS with 2% BSA and 0.05% sodium azide) for 10 min. Cells
were stained with Alexa Fluor 647-conjugated anti-TNF (clone MP6-XT22) for 30 min.
Fluorescence intensity was measured with LSR | flow cytometer (BD Biosciences). Data were
collected with CellQuest (BD Biosciences) and analyzed with FlowJo (Tree Star).

RAW macrophages were stimulated for 2 h with increasing concentrations of TLR agonists
LPS (TLR4), imiquimod (TLR7) or CpG DNA (TLR9). The conditioned medium was collected
and analysed by ELISA using hamster anti-mouse/rat TNF (BD Biosciences) as a capture
antibody and biotin-labeled rabbit anti-mouse as a secondary antibody (BD Biosciences).

Homology modeling

A multiple sequence alignment containing the target sequence (Mus musculus TLR9,
NP_112455) and the template sequence (Mus musculus TLR3, NP_569054) was generated by
ClustalW. The resulting alignment and the structure of the Mus musculus TLR3 ectodomain
(PDB accession code 3ciy, chain A) were used to generate a structural model of the mus
musculus TLR9 ectodomain with Swiss-Model
(http:/swissmodel.expasy.org/SWISS-MODEL .html)3°,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TLR9 is cleaved into two distinct polypeptides by cathepsins. (a) RAW macrophages were
treated with either pepstatin A, z-FA-FMK or DMSO, followed by incubation with LPS,
Imiquimod or CpG DNA. (b) RAW macrophages expressing C-terminally Myc-tagged TLR9
were pre-treated with DMSO or z-FA-FMK. Radioactively labeled proteins were subjected to
immunoprecipitation with anti-Myc. One tenth of the immunoprecipitates were resolved by
SDS-PAGE. After denaturation, the remainder was subjected to re-immunoprecipitation with
anti-Myc and treated with EndoF where indicated. Asterisks depict 45 kDa and 65 kDa TLR9
cleavage fragments. We analyzed duplicate samples for each condition. FL: full length; Cter:
C-terminal fragment (c) RAW macrophages expressing TLR9-Myc were treated with DMSO
() or z-FA-FMK (+), anti-Myc immunoprecipitated proteins were visualized by silver
staining. Polypeptides of 65 and 45 kDa (*) were analyzed by LC/MS/MS. (d) Top, peptides
identified by LC/MS/MS from (c) are highlighted in blue (N-terminal) and red (C-terminal) in
the murine TIr9 sequence. No peptides were identified in the region encompassing residues
378-475 (underlined). Bottom, alignment of the region encompassing the cleavage site(s) of
TLR9 (378-475) with sequences of other indicated TLRs. Residues 441 to 470 (boxed in blue)
are part of a flexible loop. Leucine rich repeats (LRR) are highlighted in green. (e) Ribbon
representation of a model of the TLR9 ectodomain based on the crystal structure of the TLR3
ectodomain. The predicted cathepsin cleavage site (441-470) is highlighted in red. Data are
representative of four (a) or two (b—c) independent experiments (a;average, s.d.).

Nat Immunol. Author manuscript; available in PMC 2009 August 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Park et al. Page 13
a b Endo F = +
DMSO z-FA-FMK & & & F
Doy F0 & &
TLR9  TLR9-44 TLR94-9 TLRG TLRI44 TLRI49 SR S
Endo F : : - ; ; - 0 S FF FF L
E”(’P g : 175 +FL-TLRS{complex)
e -~ > » - TLR9(complex) /
150—" . E — TLR8(glycosylated) 5 A e — — FL-TLR9(glycosylated)
100= b v | - y et et b — TLR9(deglycosylated) 100 —_— “\ FL-TLRS(dechroosvia)
[ 2 it bbbl |||;:“‘_my€ - \ FL-TLR9(deglycosylated)
— o e s P et i re-IP:a-Myc 4,
“ g — y 9. {alvcosylated)
IP:a-Myc 75 w _w‘_:‘x: \ TLR3-Cteri{glycosylated
K =TLR9-Cter \
— D, — ,I
50— 4 - —— o \ 9.CHl A \
* ~TLR9-Nter TLRY-Cter(deglycosylated)
PP
35-
Oomso
2 FAFMK
Wear
Wchioroguine
600, __600; __600;
E 5001 =7 o E 5001 - E 500
£'4001 24001 ©400{
L 3001 Soc @ 3001 w 3004
= 2001 ' £ 2001 £ 200
1001 1004 1[)()}
| P 18 Olesal el sl (1) S LR L
0 100 0 1 10 0 01 1
LPS (ng/ml) Imiquimod (pa/ml) CpG (ug/ml)
Figure 2.

Trafficking of TLR9 to the endolysosomal compartment is required for its fragmentation. (a)
RAW macrophages stably expressing Myc-tagged TLR chimeras or Myc-tagged wild-type
TLR9 were treated with DMSO or 10 uM z-FA-FMK for 12 h, metabolically labeled for 1.5
h and chased for 6 h. TLR proteins were recovered by immunoprecipitation with an anti-Myc,
treated with glycosidases EndoH or EndoF where indicated and resolved by SDS-PAGE. The
arrowhead indicates mature EndoH resistant TLR9, and the asterisks denote the C-terminal
TLR9 cleavage fragments. (b) Top, RAW macrophages expressing TLR9-Myc were incubated
for 10 h with DMSO (lanes 1 and 5), 10 uM z-FA-FMK (lanes 2 and 6) and for 4 h with 5 pg/
ml bafilomycin (lanes 3 and 7) or 5 uM chloroquine (lanes 4 and 8) and metabolically labeled
for 1 h, followed by a chase period of 6 h. Immunoprecipitation and reimmunoprecipitation
were performed with an anti-Myc. Immunoprecipitates were subjected to treatment with EndoF
where indicated. Bottom, RAW macrophages were incubated with DMSO or 10 uM z-FA-
FMK for 12 h, 5 pg/ml bafilomycin or 5 uM chloroquine for 4 h, stimulated with increasing
concentrations of LPS, Imiquimod or CpG DNA for 2 h, and TNF secretion was analyzed by
ELISA. Data are representative of three independent experiments (b;average, s.d.).
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Figure 3.

The C-terminal TLR9 fragment directly interacts with CpG DNA. (a) RAW macrophages
expressing TLR9-Myc were pretreated with DMSO or 10 uM z-FA-FMK for 12 h and then
incubated with 3 UM unlabeled or biotinylated CpG DNA for 3 h at 37°C. CpG DNA and
materials bound to it were recovered on streptavidin agarose, resolved by SDS-PAGE and
probed with anti-Myc. (b) RAW macrophages expressing TLR9-Myc or TLR9-GFP were
treated with DMSO or 10 uM z-FA-FMK for 12 h, followed by incubation with 5 pg/ml
bafilomycin or 5 pM chloroquine for 4 h and incubated with 3 pM biotinylated or unlabeled
CpG DNA for 3 hat 37°C. CpG DNA and materials bound to it were retrieved on streptavidin
agarose, subjected to digestion with EndoF, resolved by SDS-PAGE next to total input lysate
and probed with anti-Myc or anti-GFP. (c) RAW macrophages expressing either wild-type
TLR9-Myc or Myc-tagged C-terminal fragment of TLR9 (471-1032) were treated with z-FA-
FMK (+) or DMSO (-) and metabolically labeled. Lysates were subjected to
immunoprecipitation with anti-Myc, digested with EndoF and resolved by SDS-PAGE. Data
are representative of three independent experiments.
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Figure 4.

The C-terminal TLR9 fragment is the active form responsible for binding CpG DNA and
subsequent TLR9 signal transduction. (a) RAW macrophages stably expressing TLR9A441—
470 or the C-terminal TLR9 fragment (471-1032) were incubated with 3 uM biotinylated CpG
DNA for 3 hat 37°C. CpG DNA and materials bound to it were precipitated with streptavidin
agarose, subjected to digestion with EndoF and precipitates and input lysates were
immunoblotted with anti-Myc. (b) Myc-tagged wild-type TLR9 and Myc-tagged TLR9A441—
470 were immunoprecipitated and reimmunoprecipitated with anti-Myc from DMSO- or z-
FA-FMK-treated and metabolically labeled RAW macrophages, digested with EndoF where
indicated, and visualized by SDS-PAGE. (c,d) BMDCs from TIr9~/~ mice were retrovirally
transduced with vectors encoding GFP-tagged wild-type TLR9, TLR9A441-470 or the C-
terminal TLR9 fragment (471-1032). (c) Cells were stimulated with CpG DNA (1 uM) for 4
h in the presence of brefeldin A at day 5 of BMDC culture. Cells were fixed and stained with
anti-TNF, and TNF-expressing GFP+ cells were quantified by flow cytometry. Data were
generated from three independent experiments and are expressed as mean fluorescence
intensity (MFI). (d) Cells were stimulated with CpG (1 uM) for 4 h in the presence of DMSO
or 1 uM z-FA-FMK for 8 h at day 5 of BMDC culture. TNF expression was measured as in
(c). Data are representative of three independent experiments (c,d; average, s.d.).
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Figure 5.

Multiple lysosomal proteases are required for TLR9 cleavage. (a) BMDCs from wild-type mice
or mice lacking cathepsin L (Cat L-KQ), cathepsin S (Cat S-KO) or cathepsin K (Cat K-KO)
were stimulated with poly I:C (100 pg/ml), LPS (1 pg/ml), Imiquimod (10 pg/ml) or CpG
DNA (1 uM) for 4 h in the presence of brefeldin A at day 6 of BMDC culture. Cells were fixed
and stained with anti-TNF, and intracellular TNF was measured by flow cytometry. (b) Top,
RAW macrophages expressing TLR9-Myc were pretreated for 12 h with DMSO, z-FA-FMK
(10 uM) or the selective cathepsin L inhibitors Clik195 and Clik148 (Cat Li, 10 uM), the
cathepsin S inhibitor LHVS (Cat Si, 10 nM), the cathepsin K inhibitor Il (Cat Ki, 1 uM), or
combinations thereof. Cells were metabolically labeled for 1.5 h followed by a 5 h chase period.
TLR9 was immunoprecipitated and re-immunoprecipitated from lysates with anti-Myc, and
was digested with EndoF. Bottom, RAW macrophages were treated for 12 h with the inhibitors
listed and stimulated for 2 h with the indicated TLR agonists. Secreted TNF was analysed by
ELISA. (c) BMDCs from Cat L-KO mice were retrovirally transduced with vectors encoding
GFP-tagged wild-type TLR9 or GFP-tagged C-terminal TLR9 fragment (471-1032) or were
left untransduced () at day 1 of BMDC culture. At day 6, cells were stimulated with CpG
(1uM) for 4 h in the presence of brefeldin A, fixed and stained with anti-TNF. TNF was
measured by flow cytometry in GFP+ (transduced) cells. Data are representative of two (a,c)
or three (b) independent experiments (a-c; average, s.d.).
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Cathepsin L cleaves TLR9 in vitro but fails to cleave the TLR9 deletion mutant lacking the
region encompassing the putative cathepsin cleavage site(s). (a) Wild-type TLR9 or the TLR9
deletion mutant TLR9A441-470 were transcribed and translated in vitro in the presence of
microsomes and 3°S-methionine and either 2mM DTT or 2 mM oxidized glutathione (GSSG).
Microsomes were pelleted, lysed and recombinant cathepsin L was added for 2 h at 37°C. 10%
of the total volume of the in vitro transcription and translation reaction was loaded per lane
and separated by SDS-PAGE. Asterisks indicate the C- and N-terminal fragment of TLRO.
(b) Myc-tagged wild-type TLR9 or C-terminal TLR9 fragment (471-1032) were transcribed
and translated in vitro in the presence of microsomes and 3°S-methionine. Microsomes were
pelleted, lysed and 10% was subjected to immunoprecipitation with anti-Myc antibody,
digested with EndoF and resolved by SDS-PAGE. 90% was incubated with 0.2 uM
recombinant cathepsin L for 2 h at 37°C followed by a 2 h incubation with 5 uM biotinylated
CpG DNA. Samples were then incubated with streptavidin agarose, digested with EndoF and
resolved by SDS-PAGE. Data are representative of two independent experiments.
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