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Abstract 
 

Activation of nucleic acid-sensing Toll-like receptors requires cleavage by endolysosomal 
proteases: a mechanism to avoid autoimmunity 

 
by 
 

Sarah Elisabeth Ewald 
 

Doctor of Philosophy in Molecular and Cell Biology  
 

University of California, Berkeley 
 

Professor Gregory M. Barton, Chair 
 
 
Mammalian Toll-like receptors (TLRs) 3, 7, 8 and 9 initiate immune responses to infection by 
recognizing microbial nucleic acids; however, these responses come at the cost of potential 
autoimmunity due to inappropriate recognition of self nucleic acid.  The localization of TLR9 
and TLR7 to intracellular compartments appears to play a role in facilitating responses to viral 
nucleic acids while maintaining tolerance to self nucleic acid, yet the cell biology regulating the 
trafficking and localization of these receptors remains poorly understood.  Here, we define the 
route by which TLR9 and TLR7 exit the endoplasmic reticulum (ER) and traffic to 
endolysosomes.  Surprisingly, the ectodomains of TLR9 and TLR7 are cleaved in the 
endolysosome, such that no full-length protein is detectable in the compartment where ligand is 
recognized.  Remarkably, though both forms of TLR9 are capable of binding ligand, only the 
processed form of TLR9 recruits MyD88 upon activation, arguing that this truncated receptor, 
rather than the full-length form, is functional. TLR9 proteolysis is a multi-step process. The first 
step removes the majority of the ectodomain and can be carried out by asparagine endopeptidase 
or cathepsin family members. This initial cleavage event is followed by a trimming event that is 
solely cathepsin mediated but also required for optimal receptor signaling. The dual requirement 
for asparagine endopeptidase and cathepsins is observed in all cell types analyzed, including 
mouse macrophages and dendritic cells. Importantly, TLR7 and TLR3 are processed in an 
analogous manner, suggesting that proteolysis is a regulatory strategy that has been adopted 
along side the ability to recognize nucleic acids as ligands. Finally, conditions that prevent 
receptor proteolysis, including forced surface localization, render the receptor non-functional.  
We propose that ectodomain cleavage represents a strategy to restrict receptor activation to 
endolysosomal compartments and prevent TLRs from responding to self nucleic acid. 
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Chapter 1: Introduction to Toll-like receptors in innate immunity 
 
 
 
Historical significance 
 
The innate immune system is commonly thought of as our first line of defense in combating 
infectious agents. Mechanisms of innate immunity encompass epithelial barriers, secreted 
effector and anti-microbial compounds and cells derived from hematopoetic precursors. The 
latter includes cells of the myeloid lineage, like macrophages and neutrophils, as well as 
dendritic cells (DC) lineages and NK cells. Activation of innate immunity induces production of 
chemokines and cytokines that act on the local environment to reduce susceptibility to infection, 
call in immune effector cells, and induce maturation of these innate immune cells to enhance 
clearance of pathogens and damaged tissues. Macrophages and DCs also bridge this early 
response by processing phagocytosed microbial components for presentation to adaptive immune 
cells, which generate high-affinity receptors to microbial components and engage long-term 
memory responses.  

The existence of innate immune receptors to mediate these events was first proposed by 
Charles Janeway Jr., in response to the observation that adaptive immune responses could not be 
elicited in the absence of a microbial stimulus or adjuvant (Janeway, 1989). Janeway 
hypothesized that there should be a set of receptors with a germline encoded specificity for 
microbial components. These receptors should detect components of microbial biology that are 
essential to their function and cannot be easily mutagenized to evade host detection. They should 
be unique to the microbial biology and thereby avoid eliciting immune responses that react 
against self. Finally, they should be common to many microbes, allowing relatively few 
receptors to trigger immunity to an array of potential pathogens. Based on these predictions 
Janeway proposed the existence of pattern recognition receptors or PRRs and their cognate 
ligands PAMPs or pathogen-associated molecular patterns. 

In the last two decades there has been great strides in identification of PRRs and 
understanding the molecular and cellular mechanisms of PRR function. These innate immune 
receptors include the membrane-bound receptors that recognize pathogens in extracellular space 
or upon phagocytosis (e.g.. Toll-like receptors, scavenger receptors, C-type lectins) and cytosolic 
sensors (e.g. NOD-like receptors, RIG-I and MDA5, inflammosome inducers) which detect 
pathogens that have actively infected cells and entered host cell cytosol. With the discovery of 
TLR4, Toll-like receptors were the first family of innate immune receptors to be extensively 
characterized (Medzhitov et al., 1997; Poltorak et al., 1998). This ancient family is conserved 
from jawed fishes to mammals. They recognize pathogen components through a leucine rich 
repeat (LRR) motif, a structure that allows a large degree of flexibility in sequence variation and 
subsequent ligand specificity. This motif is very common to host defense and is used by many 
receptor families in organisms as diverse as plants.  

For the most part Janeway’s hypothesis was remarkably accurate. Currently 14 TLRs 
have been identified in mouse and human, 11 of which have been attributed ligands. These 
receptors can be subdivided into two major groups on the basis of ligand specificity and 
localization (Table 1.1). The majority of TLRs are expressed at the cell surface and recognize 
ligands like the bacterial motor protein flagellin or the Gram-negative cell wall component 
lipopolysacharide, which are essential to the biology of many microbial species and not 
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represented in the host. However, a second set of TLRs are localized to the endolysosome and 
recognize nucleic acids. The first of these to be identified was TLR9, which recognizes 
unmethylated CG motifs in DNA (Hemmi et al., 2000). Subsequently, TLR3 was determined to 
recognize double stranded (ds) RNA, and TLR7 and TLR8 were identified as receptors for single 
stranded (ss) RNA (Alexopoulou et al., 2001; Diebold et al., 2004; Heil et al., 2004; Lund et al., 
2004). Based on the PAMP/PRR prediction, these are unlikely ligands, because they are 
generated by and essential to the biology of both the host and the potential pathogen. While some 
features recognized by nucleic acid-sensing TLRs are more frequently represented in bacterial 
and viral biology than our own (for example unmethylated CG rich segments of DNA) DNA and 
RNA derived from a microbe versus a mammal are essentially the same. Indeed, this is a risky 
specificity: work over the last decade has revealed the role that TLR7 and TLR9 play in 
autoimmune diseases like systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and 
psoriasis.  

The need to recognize nucleic acids must be a significant selective pressure to outweigh 
the cost of generating potentially autoreactive receptors. Viral pathogens pose a particular 
problem for innate immune recognition. Since viruses use host machinery for replication, they do 
not express unique sugars and lipids. In addition, with a few notable exceptions, viral proteins 
are highly mutable, making them poor ligands as well. It follows that the need to detect these 
ubiquitous pathogen has most likely led to the adoption of nucleic acids as PAMPs. 
 Of the autoimmune diseases where nucleic acid-sensing TLRs have been described to 
play a role SLE is the best characterized. These receptors contribute to disease via two major 
routes: TLR7 and TLR9 are expressed on B cells, and can provide the second signal required for 
activation in addition to BCR ligation. When BCRs cross-reactive for nuclear proteins deliver 
conjugated nucleic acids to TLR-containing compartments activation and maturation of these B 
cells results in production of high-affinity antibodies directed towards the associated proteins. 
When these antibodies bind nucleic acid/nuclear proteins in sera the resultant complexes can be 
taken up by plasmacytoid DCs (pDC) and elicit large amounts of TI IFN. TI IFN is commonly 
associated with anti-viral responses, which include activation of cytotoxic function of immune 
cells, release of anti-viral compounds, upregulation of MHCI antigen presentation and down 
regulation of apoptosis inhibitors (Pestka, 2007). Activation of this pathway induces a positive 
feedback loop through the Interferon-α receptor (IFNAR) that perpetuates these responses (Hall 
and Rosen, 2009).  

While the connection between TLR activation and autoimmunity is well established, the 
majority of the population does not succumb to such diseases suggesting that there are molecular 
mechanisms in place to limit the potential for auto-recognition by the nucleic acid-sensing TLRs. 
Based on the observation that TLR3,7,8 and 9 are unique among TLRs in their both their 
specificity for ligands used in host biology and sub-cellular localization, it has long been 
suspected that their sequestration within the cell plays a role in limiting potential for self-
recognition. According to this hypothesis, unprotected nucleic acids released from necrotic cells 
are likely to be degraded before reaching the TLR-containing compartment. However, nucleic 
acids that enter the endosomal system protected by a viral capsid or bacterial cell wall are likely 
to be newly exposed by endolysosomal proteases, thereby representing the dominant pool of 
potential ligands (Fig. 1.1). Several lines of evidence are consistent with the idea that increasing 
concentrations of DNA can tip this balance and contribute to self-recognition by TLRs. For 
example, mice defective in DNAseI, the major DNAse secreted into serum, succumb to an SLE-
like disease characterized by anti-nuclear antibodies (ANA) and glomerulonephritis (Napirei et 
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al., 2000). Further mice lacking a functional copy of the complement protein C1q or the 
phagocytic receptor MER, cannot effectively clear apoptotic bodies, and an SLE-like disease 
develops characterized by ANA production (Botto et al., 1998; Cohen et al., 2002). It is also 
documented that patients with a history of SLE often relapse after incidence of cellular trauma, 
like acute viral infection or radiotherapy (Barrat and Coffman, 2008; Pinn et al., 2008). Despite 
these observations a detailed understanding of the cellular mechanisms that control activation of 
TLR3, 7, 8 and 9 have been largely lacking. The majority of studies drawn conclusions based on 
localization studies using over expressed, tagged proteins by immunoflourescence. A detailed 
biochemical analysis of these receptors has not been performed. The goal of this project has been 
to define the regulatory pathways that govern nucleic acids sensing by Toll-like receptors and to 
understand the immunological consequences of releasing these receptors from their regulatory 
requirements. 
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Table 1.1. Toll-like receptors and their ligands 

 
TLR specificity localization 
TLR1,2 tiracyl lipoproteins, glycolipids, 

lipoteichic acids, zymosan 
surface 

TLR2,6 diacyl lipoproteins surface 
TLR3 dsRNA, poly(I:C), poly(U) endosome 
TLR4 lipopolysacharide (LPS)  surface & 

endsomsome 
TLR5 flagellin surface 
TLR7 ssRNA, imidazoquionlins, loxoribine endosome 
TLR8 ssRNA, imidazoquionlins endosome 
TLR9 unmethylated CG motifs in DNA endosome 
TLR11 profillin surface ? 
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Figure 1.1. Schematic of nucleic acid recognition by TLRs. TLR1,2 TLR2,6, TLR4 and TLR5 
(blue) recognize ligands unique to microbial biology at the cell surface. Nucleic acid-sensing 
TLRs TLR3, TLR7, TLR8 and TLR9 (red) localize to the endolysosomal compartments. Nucleic 
acids released from necrotic cells is likely to be degraded before reaching the TLR-containing 
compartment. By contrast, nucleic acids that enter the compartment protected by a viral capsid or 
bacterial cell wall are likely to be newly exposed upon reaching the TLR-containing 
compartment, making up the dominant pool of potential ligand.  
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Chapter 2: The nucleic acid-sensing Toll-like receptors 
 
 
 
Ligand Sensing 
 
Sequence comparison across vertebrate TLRs indicates that the nucleic acid-sensing toll like 
receptors represent a subfamily of receptors more closely related to one another than the other 
TLRs. TLR7 and TLR8, which share a specificity for ssRNA, are nearest ancestors, and are more 
recent homologues to TLR9 than TLR3 (Roach et al., 2005). Like all TLR family members, 
these receptors have an ectodomain composed of 21-23 leucine rich repeats, which form a 
horseshoe shaped solenoid, and N-terminal and C-terminal caps which are required for protein 
folding, likely because they protect the hydrophobic solenoid core (Figure 2.1) (Choe et al., 
2005; Kim et al., 2007). Ligand binding has long been understood to occur in endolysosomal 
compartments based on the observation that signaling is sensitive to compounds like 
chloroquine, which buffers acidification of the endolysosome, and immunoflourescence studies. 
The cytosolic portion of these proteins contains the Toll/Interleukin-1 Receptor (TIR) signaling 
domain that recruits other TIR-containing signal adaptors through homotypic interactions. 
 
TLR9 
TLR9 was the first of these receptors to be attributed to nucleic acid recognition when it was 
shown to respond to unmethylated CG motifs in DNA (Hemmi et al., 2000). Due to their 
potential as targets for vaccination and in control of autoimmune diseases, there has been great 
effort towards understanding the rules governing TLR9 (and TLR7) ligand specificity. Two 
major classes of TLR9-stimulatory oligodeoxynucleotides (ODN) have been developed on the 
basis of their differential capacity to stimulate dendritic cells or B cell responses. Class A (CpG-
A) ODN are mostly composed of a natural phosphodiester (PD) backbone with nuclease resistant 
phosphorothioate (PO) 5’ and 3’ ends, as well as a poly-G tail. The poly-G tail leads to ODN 
aggregation into large complexes and is thought to enhance uptake by macrophage and dendritic 
cells, though the precise mechanism is unknown. CpG-A are notable in their ability to elicit 
tremendous amounts of Type I IFN from pDCs. Class B (CpG-B) ODN consist entirely of a 
stabilized PO backbone without a poly-G tail and induce B-cell responses. On the contrary, CpG-
A do not induce robust B cell responses, which seems to be an effect of the poly-G tail.  Both 
CpG-A and CpG-B ODNs elicit robust production of inflammatory cytokines from cDC lineages 
(Krieg, 2002). 

The stimulatory capacity of the ODN is also influenced by the sequence flanking the CG 
motif, and varies between cell type. The finding that simply manipulating the sequence and 
backbone structure of ODN can elicit activation of distinct subsets of cells (with distinct effector 
functions) has made TLR9 an extremely promising target in the development of next-generation 
adjuvants in vaccination and anti-tumor immunity (Barrat and Coffman, 2008). It is also notable 
that swapping the CG motif for GC results in an ODN that binds TLR9 but inhibits activation of 
the receptor. Currently inhibitory ODN targeting TLR9 and TLR7 are in phase II clinical trials 
for treatment of SLE, due to their specificity and low levels of side effects (Barrat and Coffman, 
2008). While the CG motif is absolutely required from DNA recognition in the context of the PT 
backbone, non-CG PD DNA has been shown to elicit TLR9 responses in some circumstances. It 
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has been suggested that the natural PD backbone may be recognized directly by TLR9, however 
future studies are required to determine if this is the rule or the exception (Haas et al., 2008).  
 
TLR3 
TLR3 was the first TLR shown to directly detect viral infection (Alexopoulou 2001). It binds 
dsRNA without a high degree of sequence specificity, though a minimum of 40base pairs is 
required for TLR3 responsiveness, with affinity increasing in proportion to dsRNA length (Botos 
et al., 2009). TLR3 also recognizes synthetic RNA analogue poly(U) and poly(I:C). LRR23 of 
TLR3 appears to mediate homodimerization between TLRs molecules through direct interaction; 
whether this is the same for other TLRs is not known (Liu et al., 2008). The linker region 
between the transmembrane (TM) and TIR domains has been reported to control TLR3 
localization to the endolysosome (Nishiya et al., 2005). Whereas the TM may control 
localization of the other nucleic acid-sensing TLRs (Leifer et al., 2004; Nishiya et al., 2005). 
 
TLR7 & TLR8 
TLR7 and TLR8 were first described as receptors activated by the small anti-viral compound 
remiquimod (R-848) and subsequently shown to detect ssRNA (Diebold et al., 2004; Heil et al., 
2004; Lund et al., 2004). While remiquimod can stimulate both TLRs the related 
imidazoquinoline imiquimod only stimulates TLR7 (Gorden et al., 2005). Recent studies have 
identified oligoribonucleotide (ORN) sequences that activate exclusively human (h) TLR8 or 
hTLR7, suggesting that there are differences in ligand specificity between the receptors (Gorden 
et al., 2005).  

In mouse (m), TLR8 can be detected by northern blot and western blot in macrophage 
and dendritic cells, however, it does not respond to the imidazoquinolins or ssRNA that elicit 
responses from hTLR8 (or m/hTLR7). Further, TLR7 knockout mice no longer respond to these 
ligands suggesting that mTLR8 may not be functional (Jurk et al., 2002). The small pool of 
papers reporting TLR8 responsiveness used combined stimulation with imidazoquinoline and 
poly(dT) ODN. The observed TLR7-independent, MyD88-dependent responses were attributed 
to mTLR8 (Forsbach et al., 2008; Gorden et al., 2006). It is now known that short, non-CG 
containing ODN can generate RIG-I substrates through transcription by polymerase III, 
suggesting that these studies were incorrect (MyD88 dependency may have been due to signaling 
through IL-1 or IL-18 which share the signaling adaptor MyD88) (Ablasser et al., 2009; Chiu et 
al., 2009). However, TLR8 knockouts have not been generated definitively determine if this 
response is due to TLR8 activation or not. Recently, a report identified a 5 amino acid region 
absent in mTLR8 and rat TLR8 but present in all other species analyzed that may account for its 
inactivity (Li et al., 2009). 
 
Expression in macrophage and dendritic cells 
Understanding the cell type specific expression pattern of the nucleic acid-sensing TLRs has lent 
valuable insight into their roles in generating immune responses and their contribution to 
immune pathologies. TLR7 and TLR9 are notable in their contribution to autoimmune 
pathologies, as outlined below. In mouse these receptors are expressed in B cells, macrophage 
and across dendritic cell subsets. However, in humans TLR7 and TLR9 are exclusively 
expressed in plasmacytoid DCs (pDCs) and B cells. In human TLR8 expression is restricted to 
macrophage and conventional DCs (cDCs). This expression pattern overlaps with observed 
expression of human and mouse TLR3 as well.  
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Nucleic acid-sensing TLRs in microbial responses 
 
Though there has been abundant evidence showing that various nucleic acid-sensing TLRs are 
able to detect viral infections during tissue culture infection (Barton, 2007), it has been much 
more difficult to associate an in vivo phenotype to a single TLR (Edelmann et al., 2004). This is 
likely due to the high degree of redundancy with the cytosolic sensor pathways. That being said, 
TLR9 knockouts are more susceptible to infection with murine cytomegalovirus (MCMV), 
exhibiting increased and viral titer in the spleen and lower inflammatory cytokine and interferon 
levels than wildtype mice (Delale et al., 2005; Tabeta et al., 2004). TLR7 knockouts are impaired 
in their ability to produce TI IFN in vivo upon infection with vesicular stomatitis virus (VSV) 
(Lund et al., 2004). A Gln to Leu single nucleotide polymorphism (SNP) was identified recently 
in the human TLR7 signal sequence that led to impaired TI IFN production by pDCs in response 
to imiquimod without affecting IL-6 production. Of note, patients bearing this SNP had elevated 
HIV titers and accelerated disease progression when compared to non-SNP containing 
seroconverters, consistent with a protective role for TLR7 during infection with HIV (Oh et al., 
2009).  

Perhaps the best tool for looking at the combined contribution of nucleic acid-sensing 
TLRs is mice deficient in the regulatory protein Unc93b1. The 3D mutation in Unc93b1 blocks 
function of TLR3, 7 and 9, and resulted in increased susceptibility to challenge with MCMV, S. 
aureus, and L. monocytogenes in mice with corresponding reduction in TI IFN production 
(Tabeta et al., 2006). However, it should be noted that the 3D mutation also impaired cross 
priming which may be a TLR extrinsic contribution to outcome of infection in these mice. 
Interestingly, two patients suffering from herpes-simplex virus-1 encephalitis (HSE), a rare 
disease caused by a near ubiquitous pathogen, were found to lack a functional copy of Unc93b1 
(Zhang et al., 2007a). In a subsequent study, another pair of HSE-prone patients were described 
to have loss of function mutations in TLR3 (Zhang et al., 2007b). While, at the outset, it is 
confusing that a receptor for dsRNA would be defective in sensing a DNA virus, dsRNA is 
thought to be a global by product of viral replication. In mouse studies, TLR3 knockouts infected 
with encephalomyocarditis virus (EMV) had high viral load and lower levels of pro-
inflammatory cytokines and TI IFN in cardiac tissue than wildtype mice (Hardarson et al., 2006). 
In response to respiratory syncitial virus (RSV) TLR3 knockouts overproduced IL-13 and IL-5 
resulting in excessive eosinophil recruitment and over-production of mucus versus controls 
(Rudd et al., 2006).  While some groups have demonstrated a phenotype for TLR knockouts in 
MCMV clearance, other groups have showed TLR3 knockouts have an improved outcome upon 
infection with MCMV as well as influenza, Punta Toro virus and West Nile virus (Tabeta et al., 
2004; Zhang et al., 2007a). The observations that TLR3 can respond to non-dsRNA viruses has 
led to the suggestion that TLR3 serves as a general receptor for viral infection.  A major caveat 
to these studies is that many of these viruses have not evolved to use mice as a primary host; as 
this list grows future studies will be valuable in determining the role that TLR3 and the other 
nucleic acid sensors play in mediating natural host pathogen interactions. 
 A major question remains as to how viruses are detected when replication occurs in the 
cytosol and receptor activation is limited to the endoslysosomal compartments. One possibility is 
that the majority of TLR responses are elicited by defective viral particles scavenged by innate 
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cells. This almost certainly plays a role in viral detection during tissue culture infection, but the 
degree to which this plays a role in vivo is difficult to assess. It has also been suggested that 
TLR3 plays a major role in detecting virus upon phagocytosis of infected, apoptotic cells. TLR3 
is highly expressed on CD4-CD8+DCs, a subset particularly adept at cross-priming 
phagocytosed antigens for presentation on MHC I. In a study from Reis e Sousa and colleagues, 
cDCs were able to prime CTLs after phagocytosing apoptotic Vero cells that had been infected 
with SFV-ova but not uninfected cells. TLR3 knockout DCs, however, were unable to elicit 
robust CTL killing, indicating that TLR3 recognition of viral RNAs was required to induce 
cross-priming in this system (Schulz et al., 2005). 
 It has also been suggested that cross presentation plays a role in capturing viruses from 
the cytosol for delivery to nucleic acid-sensing TLR compartments. It has been noted that in the 
pDCs induction of TI IFN in responses to RSV, VSV and sendai virus (although not all viruses) 
requires infection with live viral particles (Hornung et al., 2004; Lee et al., 2007).  For VSV this 
was shown to be mediated through delivery of viral particles from the cytosol to TLR7 
containing compartments that co-localized with the catalytically active form of the autophagy 
protein LC3.  Further, bone marrow chimeras generated from ATG5 deficient donor cells were 
unable to produce TI IFN or inflammatory cytokines in response to VSV infection (Lee et al., 
2007).  Whether this is a global pathway used to detect viruses by TLRs or whether this pathway 
is exclusively used by pDCs remains to be determined. It is also important to note that many 
studies looking at the relevance of nucleic acid-sensing TLRs in pathogen detection have been 
confounded by the overlapping roles of the cytosolic sensing pathway. Future studies using mice 
defective in these additional pathways are already being conducted and will be valuable in 
assessing the role the nucleic acid-sensing TLRs play in mediating pathogen detection. 
 
 
 
Signal Transduction by the nucleic acid-sensing TLRs 
 
The nucleic acid-sensing TLRs signal as homodimers, exclusively from the endolysosomal 
compartments. This observation alone has interesting implications on the organization of 
signaling complexes and the sequence in which signaling events occur. Ligation of nucleic acid-
sensing TLRs can lead to the production of inflammatory cytokines, as well as Type-I interferons 
(TI IFN, IFN-α and IFN-β), underscoring their importance in anti-viral immunity. Four TIR-
containing signaling adaptors are used in TLR biology: MyD88, TRIF, TIRAP and TRAM. 
However, TLR7, 8 and 9 only signal through Myd88 and TLR3 is the only TLR that exclusively 
signals through TRIF. These adaptors recruit multi-protein signaling complexes that to induce 
differential cytokine production based on a few varying constituents. There are two major 
pathways of TI IFN production by TLRs, one occurs exclusively in pDCs and is induced by 
interferon regulatory factor (IRF) 7. The second can be elicited from cDCs and macrophage upon 
IRF3 activation. All TI IFN from TLRs as well as cytosolic sensors reported to date also depends 
on the E3 ubiquitin ligase TRAF3 (Kawai and Akira, 2007).  
 
The canonical MyD88 signaling cascade and inflammatory cytokine induction 
In macrophage and cDCs TLR7, TLR8 and TLR9 signal through a common MyD88 cascade 
used by all TLRs (except TLR3) to induce pro-inflammatory cytokines and cell maturation. 
Receptor ligation and recruitment of MyD88 induces assembly of a complex that includes 
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Interleukin receptor associated kinase (IRAK)1 and IRAK4, and the E3 ubiquitin ligases TRAF6 
and TRAF3 (Figure 2.2a). TRAF6 is conjugates K63 linked ubiquitin chains to itself as well as 
IRAK1 in a manner that depends on the E2 proteins Uev1A and Ubc13 (Deng and Hochstrasser, 
2006). NEMO, the regulatory component of the IκB kinase (IKK), binds these polyubiquitin 
chains, and associates with IKKB to target IκB for degradation and activate NFκB (Ea et al., 
2006). These ubiquitin chains also recruit TAB2 and TAB3, which recruit TGFβ-activated 
kinase 1 (TAK1) (Sato et al., 2009). TAK1 is activated once the complex has been released to 
the cytosol, an event that depends on the phosphorylation and degradation of IRAK1, inducing 
the MAPKinase signaling cascade, as well as contributing to IKKB activation (Hacker and 
Karin, 2006). The MAP Kinase cascade triggers nuclear translocation of AP1 inducing 
transcripts involved in cell maturation, like CD86, in parallel with NFκB mediated production of 
IL-12, IL-6, TNF and other pro-inflammatory mediators (Kumar et al., 2009).  
 
TLR7 and TLR9 signaling through MyD88/IRF7 in pDCs generated TI IFN 
Though pDCs can induce pro-inflammatory cytokines through cascades outlined above, they are 
unique in there ability rapidly produce large amounts of TI IFN via an IRF7 dependent 
mechanism. In addition to recruiting TRAF3, TRAF6, IRAK1 and IRAK4 to MyD88, IKKα and 
IRF7 are also components of the pDC-MyD88 signaling complex (Figure 2.2b). IRAK1 and 
IKKα are able to phosphorylate IRF7 directly, resulting in its translocation to the nucleus 
(Kumar et al., 2009). TRAF3 is also required for IRF7 induction; and it is likely that TRAF6 
plays a role in IRF7 activation through its ability to ubiquitinylate IRAK1, as outlined above 
(Kawai and Akira, 2007). Several additional proteins are expressed exclusively in pDCs that 
contribute to these signaling events. The phosphoprotein osteoptonin (OPN-1), which can act as 
a secreted cytokine, is specifically induced in pDCs upon TLR9 signaling to cooperate in the 
IRF7 inducing signaling complex. OPN-1 knockouts fail to translocate IRF7 to the nucleus and 
display reduced TI IFN levels (Shinohara et al., 2006). TI IFN also induces a positive feedback 
loop required for signaling, as Interferon-α Receptor (IFNAR) knockout mice, which cannot 
sense IFN-α or IFN-β, have a defect in TI IFN production (Asselin-Paturel and Trinchieri, 
2005). IRF8 and IRF5 are also induced during pDC activation. Though IRF8 knockouts fail to TI 
IFN induction the mechanism through which it acts with IRF7 is not entirely clear. Recently, 
there have been reports indicating that this transcription factor is also required for pDC 
development which make previous studies difficult to interpret (Gilliet and Lande, 2008; Tailor 
et al., 2007). IRF5 recruited to the MyD88/TRAF6 complex and plays a role in inflammatory 
cytokine production (Kawai and Akira, 2007). Interestingly, pDCs respond poorly to other TLR 
ligands and express few cytosolic sensors, suggesting that pathogen sensing through TLR7 and 
TLR9 may play a dominant in eliciting TI IFN during infection. 
 
TLR3/TRIF signaling induces inflammatory cytokines and IRF3-dependent TI IFN 
In contrast to the pathways outlined above, TLR3 stimulation in the endolysosome induces 
association with TRIF and signaling through two distinct routes. TRIF serves as a platform for a 
multi-protein complex that includes TRAF3, TRAF6 and the adaptor proteins TRADD and RIP1 
(Figure 2.2c). While the TRIF N-terminus associates with the TRAFs, the C-terminal domain of 
TRAF interacts with RIP1 (Kumar et al., 2009). Rip1 is a substrate for K63-linked 
polyubiquitinylation dependent on TRADD and the E3 ubiquitin ligase pelino-1. Both TRADD 
and pelino-1 knockouts fail to ubiquitinylate RIP1 in response to poly(I:C), display impaired 
MAPK and NFκB activation, and reduced levels of TNF and IL-12 but not IFNβ (Chang et al., 
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2009; Ermolaeva et al., 2008; Pobezinskaya et al., 2008). RIP1 ubiquitinylation is required for 
TAK1 recruitment and induction of NFκB, as outlined above. It is also likely that TRAF6 
contributes TAK1 activation in a manner analogous to its role in MyD88 signaling, however this 
has not been shown directly (Kawai and Akira, 2007). TLR3 signaling can also induce TI IFN 
production through a TRAF3 dependent mechanism. TRAF3 induces tank binding kinase1 
(TBK1) and IKKi (IKKε) dimerization (Hacker et al., 2006). The TBK1/IKKi complex is 
responsible for phosphorylating IRF3, which then translocates to the nucleus and initiates 
transcription of TI IFN and IL-10. Of note, IRF3 elicited TI IFN 10-100 fold less than IFN 
derived from pDCs.  
 
TLR7 and TLR9 are the only TLRs that have been shown to elicit TI IFN through MyD88. 
TLR4 activation can also trigger TI IFN, however, this signaling occurs through TRIF via a 
mechanism analogous to TLR3 signaling. To a large extent the ability to induce MyD88 
dependent TI IFN is cell-type specific, occurring in pDCs not cDCs. While much progress has 
been made towards understanding the signaling cascades that control pDC elicited TI IFN 
production, the underlying molecular explanation for the differential production of TI IFN 
between cell types is largely a mystery. This observation was initially attributed to the 
differential expression of signaling components is established during development. However, 
recent studies suggest that the compartment from which the signal emanates may contribute to 
differential cytokine production as well.  

Taniguchi and colleagues showed that when pDCs are treated with CpG-A, which 
triggers TI IFN, the ODNs are retained in early endosomes, however, in cDCs CpG-A is rapidly 
delivered to LAMP-1 positive lysosomes and induce inflammatory cytokine production. 
Interestingly, conjugating CpG-A to lipid DOTAP led to retention in early endosomes and 
production of TI IFN from cDCs in a manner that depended on IRF7, mirroring the phenotype 
observed in pDCs (Honda et al., 2005). These results suggest that the compartment from which 
signaling is elicited may play a role in dictating which signaling cascades are induced. 
Interestingly, differential cytokine signaling by TLR4 is physically linked to localization as well. 
Recent studies from Kagan et al. have shown that TIRAP and TRAM are localized to the cell 
surface membrane and endosomes, respectively. During TLR4 signaling these adaptors restrict 
inflammatory cytokine signaling through MyD88/TIRAP at the surface, and limit TRIF/TRAM 
engagement to the endosomal system for production of TI IFN through domains that bind 
compartment specific phosphoinositides (Kagan and Medzhitov, 2006; Kagan et al., 2008).  If an 
analogous system is used during TLR9/TLR7 signaling, it will be important to understand how 
signals through the same adaptor (MyD88) could organize compartment specific signaling 
complexes without distinct localization adaptors, as TIRAP and TRAM.  
 
It is not entirely clear why TLR3 and TLR8 expression is restricted to macrophage and cDC 
lineages, rather than being linked to the high levels of TI IFN induced by pDCs. As discussed 
previously, it may be that these TLRs have evolved to recognize viral nucleic acids in the context 
of infected, apoptotic cells (Schulz et al., 2005). Unlike other DC lineages it has been noted in 
the literature that pDCs are comparatively poor inducers of cross-priming. It is not clear if the 
difference in affinity for synthetic ligands between hTLR7 and hTLR8 actually translates to 
differential detection of pathogens during infection. It is possible that the non-overlapping 
expression of TLR7 and TLR8 in human biology has allowed these receptors to take on non-
overlapping roles in pathogen detection. By contrast, in mouse co-expression of these receptors 
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may have obviated a need for TLR8 such that an inactivating mutation did not impart a 
significant negative selective pressure on mouse immunity and was maintained in the population.  
 
 
 
Mechanisms controlling the sub-cellular localization of nucleic acid-sensing 
TLRs 
 
In 2005 Barton and colleagues published a study showing that a chimeric TLR generated by 
fusing the TLR9 ectodomain to the TLR4 transmembrane and TIR domain (TLR9N4C) 
trafficked to the cell surface. From the plasma membrane, TLR9N4C responses to vertebrate 
DNA were enhance 100 fold over responses of the endogenous protein (Barton et al., 2006). 
These observations solidified the notion that the subcellular localization of the nucleic acid-
sensing TLRs play an important role in regulating their responsiveness. Since this time, several 
proteins have been identified that play a role in the general regulation of TLR biology. The 
ubiquitous chaperone gp96 was shown to interact with TLR4, TLR2 and TLR9 in the ER, and 
was required for ER export and signaling of these TLRs as well as TLR7 (Yang et al., 2007). 
Mice deficient in PRAT4A, another ER resident protein, were unable to translocate TLR2 and 
TLR4 to the cell surface and TLR9 and TLR7 to the endolysomsome, however, TLR3 was not 
effected (Takahashi et al., 2007). In addition, Triad3a is an E3 ubiquitin ligase shown to target 
TLR4 and TLR9 for K-48 linked ubiquitinylation and proteosomal degradation (Chuang and 
Ulevitch, 2004). This appears to be through recognition of the TIR domain, as Triad3a also 
targets the TIR containing proteins TRIF, TRAM. RIP and TRAF3 are also substrates for 
Triad3a targeted ubiquitinylation suggesting that Triad3a may be a general inhibitor of innate 
immune responses (Fearns et al., 2006; Nakhaei et al., 2009).  

Perhaps the first major step in understanding how the regulated expression of nucleic 
acid-sensing TLRs bifurcates from other TLR family members was the identification of 
Unc93b1. In a forward genetic screen, Bruce Beutler’s group generated a point mutation in the 
ninth membrane spanning region of this twelve-pass transmembrane protein which resulted in a 
defect in TLR3, TLR7 and TLR9 signaling but did not effect the TLRs expressed at the cell 
surface (Tabeta et al., 2006). Unc93b1 appears to control TLR7 and TLR9 exit from the ER, as 
the Unc93b1 point mutant cannot exit the ER and over expression of wt Unc93b1 leads to 
enhanced TLR9 exit from the ER and signaling (Brinkmann et al., 2007; Kim et al., 2008). 
Though the precise mechanism through which Unc93b1 controls TLR9 translocation is not clear, 
it is possible that it acts as a chaperone in the ER or mediates TLR9 transit through the secretory 
pathway, as Unc93b1 is observed in the same compartment containing TLR7 or TLR9 and DNA 
(Brinkmann et al., 2007). Recent work from the Miyake Lab indicates that asparagine residue 34 
in the N-terminal cytoplasmic tail of Unc93b1 biases responses towards TLR9 and away from 
TLR7 signaling without effecting TLR3 responses (Fukui et al., 2009). As discussed below, this 
is an interesting finding in light of studies indicating that TLR7 and TLR9 may play reciprocal 
roles exacerbating self-responses to nucleic acids during lupus. 
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Figure 2.1. Structure of the TLR ectodomain. TLR3 structure adapted from (Choe et al 2005). 
Leucine-rich repeats generate a horseshoe shaped solenoid with a hydrophobic core. The N- and 
C-termini of the ectodomain form caps that block the hydrophobic core and are required for 
folding. 
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Figure 2.2. Signaling cascades used by nucleic acid-sensing TLRs. (a) Canonical MyD88 
signaling pathway results in activation of inflammatory cytokines and cell maturation programs. 
(b) In addition to using the canonical MyD88 signaling cascade pDCs also induce a specialized 
pathway for IRF7 induction that culminates in the production of TI IFN. (c) TLR3 signals 
exclusively through TRIF to induce production of NF-kB elicited transcripts and induce IRF3 
activation of TI IFN. K-63 linked ubiquitinylation (K-63, orange) and phosphorylation (-P) 
occurs as labeled, black arrows indicate pathways of induction, red lines represent inhibition. 
Grey background denotes pDC specific responses signaling, white is common to pDC, cDC and 
macrophage lineages. 
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Chapter 3:  
The ectodomain of TLR9 is cleaved to generate a functional receptor 

 
 
 
Background 
 
The sub-cellular localization of TLR7 and TLR9 is highly regulated and appears to control 
discrimination between foreign and self nucleic acid(Barton et al., 2006; Hacker et al., 1998; 
Latz et al., 2004; Latz et al., 2007).  Both receptors are localized intracellularly and can only 
recognize ligands that are internalized by endocytosis or phagocytosis.  While nucleic acid 
recognition by TLR9 and TLR7 occurs in the endosome, it has been reported that most, if not all, 
TLR9 resides in the ER of resting cells (Latz et al., 2004; Leifer et al., 2004).  In addition, 
analyses of N-linked glycosylation on TLR9 indicates that the protein does not traffic through 
the Golgi, even in activated cells (Latz et al., 2004; Leifer et al., 2004).  These observations have 
led to a model in which TLR9 is recruited directly to the signaling compartment from the ER, 
bypassing the classical secretory pathway (Latz et al., 2004).  The idea that proteins can traffic 
directly from the ER to endosomes, lysosomes, or phagosomes is highly controversial (Gagnon 
et al., 2002; Houde et al., 2003; Touret et al., 2005).  General mechanistic details that could 
account for such unusual cell biology are lacking, and the specific details of how TLR9 transport 
is regulated between these compartments remain largely unknown; although, a recent report 
demonstrates that Unc93b is necessary for TLR9 trafficking between these compartments (Kim 
et al., 2008). 
 
 
 
Results 
 
To address these fundamental questions regarding the cell biology of TLR7 and TLR9 we 
developed biochemical tools to separate the large pool of ER-resident receptors from those 
receptors potentially present in compartments from which signaling is initiated.  Previous work 
has elegantly demonstrated that TLRs are recruited to phagosomes (Underhill et al., 1999).  
Therefore, we purified intact phagosomes containing latex beads from the macrophage-like cell 
line RAW264.  To track TLR9 we used cells stably expressing TLR9 with a C-terminal HA tag 
(RAW-TLR9 cells).  We have previously shown that this epitope tag does not affect TLR9 
function (Barton et al., 2006).  As expected, phagosome preparations were enriched for the 
lysosomal protein Lamp-1 while devoid of markers of other intracellular organelles and the 
cytosol (Fig. 3.1a).  Surprisingly, we did not observe any TLR9 at the expected molecular 
weight, 150 kilodaltons (kDa).  Instead, an approximately 80 kDa protein was highly enriched in 
the phagosome preparation (Fig. 3.1a).  The presence of ligand did not alter receptor 
translocation, as we could not detect full-length TLR9 in phagosomes containing latex beads 
coated with CpG ODN (Fig. 3.1b), despite the fact that these beads induced TLR9 signaling (Fig. 
3.2).  In contrast, the 80 kDa protein was evident in phagosomes at the earliest time point 
examined (10 minutes) and remained equally abundant over 4 hours (Fig. 3.1b).   
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To demonstrate directly that the 80 kDa band in our phagosome preparations represented 
a cleaved form of TLR9, we performed pulse-chase analysis. The 80 kDa band was first 
detectable after 3 hours of chase, concomitant with the onset of full length receptor degradation 
(Fig 3.1c).  The 80 kDa band continued to accumulate in parallel with the degradation of full-
length TLR9, peaking at 6 hours when the full-length protein was no longer detectable.  These 
data formally demonstrate that the 80 kDa protein is a cleavage product of full-length TLR9 
consisting of approximately half of the ectodomain, the transmembrane domain, and the entire 
cytoplasmic domain.  We estimate that cleavage occurs within or distal to leucine rich repeat 
(LRR) 14.  Structural modelling of TLR9 suggests that the cleaved receptor adopts an 
abbreviated “horseshoe” fold encompassing a region that corresponds to residues implicated in 
ligand-binding by TLR3 (Bell et al., 2006; Liu et al., 2008) (Fig. 3.1d).  A C-terminal cleavage 
product of TLR9 was also present in M-CSF derived macrophages, GM-CSF derived DCs, and 
Flt3L-derived plasmacytoid DCs, indicating that similar processing events occur in many 
immunologically relevant cell types (Fig. 3.1e).  We observed a similar cleavage product of 
TLR7, but not of TLR4, suggesting that receptor processing may be a general feature shared by 
nucleic acid-sensing TLRs (Fig. 3.1f). 

We next sought to determine where within the cell TLR9 cleavage occurs.  While N-
linked sugars on full-length TLR9 were sensitive to endoglycosidaseH (EndoH), the majority of 
the sugars on the cleaved form of TLR9 were resistant to EndoH, indicating that the truncated 
form of the receptor has passed through the Golgi (Fig. 3.3a).  A similar glycosylation pattern 
was observed for TLR7 (Fig. 3.2b).  In addition, a small fraction of full-length TLR9 
consistently migrated slightly slower than the majority of the full-length protein (Fig. 3.3b, see 
asterisk).  Interestingly, this high molecular weight band was almost entirely EndoH-resistant, in 
contrast to the rest of the full-length TLR9 protein, indicating that this small pool of full-length 
protein has also passed through the Golgi.  We also observed this high molecular weight, 
EndoH-resistant band in pulse/chase experiments (asterisks in Fig. 3.1c & Fig. 3.2c).  The band 
appeared after 1½ hours of chase, immediately preceding formation of the cleavage product.  
Furthermore, the intensity of the high molecular weight band appeared to match the intensity of 
the accumulated cleavage product.  Collectively, these data suggest that this high molecular 
weight band represents the small fraction of TLR9 that exits the ER, passes through the Golgi, 
and is cleaved.  In support of this model, cells treated with brefeldinA (BFA), a reagent that 
disrupts the Golgi, contained neither the high molecular weight band (1.5h chase) nor the 80 kDa 
cleavage product (5h chase) (Fig. 3.3d).   

Analysis of TLR9 localization by immunofluorescence microscopy corroborated our 
biochemical findings. TLR9 bearing a C-terminal HA tag co-localized with calnexin, a marker of 
ER, as well as the lysosomal marker Lamp1 (Fig. 3.4a). By contrast an N-terminally tagged form 
of TLR9 co-localized with calnexin but was relatively absent from Lamp1 containing 
compartments (Fig. 3.4b). When N-terminally tagged TLR9 and C-terminally tagged TLR9 were 
co-stained co-localization was apparent in perinuclear compartments, but only C-terminally 
tagged TLR9 was present in peripheral compartments of the cell (Fig 3.4c) These observations 
are consistent with the interpretation that the N-terminus of TLR9 is removed and rapidly 
degraded in the endolysosome.  Finally, we did not observe a dramatic change in localization of 
TLR9 upon stimulation with CpG, which is consistent with our biochemical data showing that 
cleaved TLR9 is present in phagosomes of resting cells (Fig. 3.5) 

To address the mechanism responsible for TLR9 sorting from the ER, we examined 
Unc93b1 (Brinkmann et al., 2007; Kim et al., 2008; Tabeta et al., 2006).  Mice with a deficiency 
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in Unc93b1 no longer respond to TLR3, TLR7 and TLR9 ligands (Tabeta et al., 2006), and 
Unc93b1 can associate with TLR3, TLR7 and TLR9 which may facilitate trafficking to 
endolysosomes (Brinkmann et al., 2007; Kim et al., 2008).  We generated RAW cells in which 
Unc93b1 mRNA was knocked down by retrovirally-encoded shRNA (Fig. 3.6a).  As expected, 
these cells exhibited reduced TNF production in response to CpG and R848 relative to control 
cells (Fig. 3.6b).  Strikingly, the TLR9 cleavage product was greatly reduced in Unc93b1 
knockdown cells, though full-length TLR9 was expressed at levels comparable to control cells 
(Fig. 3.6c).  The high molecular weight, full-length TLR9 band was also absent in Unc93b1 
knockdown cells (Fig. 3.6c), and TLR9 was not present in phagosomes purified from Unc93b1 
knockdown cells (Fig. 3.6d).  These data demonstrate that Unc93b1 is required for TLR9 exit 
from the ER.  To test whether Unc93b1 is also sufficient for this exit, we over expressed 
Unc93b1 in mouse embryonic fibroblasts (MEFs), which signal poorly in response to CpG ODN.  
Whereas we detected very little TLR9 cleavage in control cells, simply over-expressing Unc93b1 
in MEF-Unc93b1 cells resulted in a 75-fold increase in the 80 kDa band (Fig. 3.6e).  The 
increase in cleaved TLR9 corresponded with a robust increase in responsiveness to CpG ODN 
(Fig. 3.6f).  Thus, Unc93b1 appears to control the functional pool of TLR9 by regulating exit 
from the ER.  Furthermore, the fraction of TLR9 that exits the ER and is cleaved appears to be 
responsible for TLR9 signaling.   

We next attempted to block TLR9 cleavage by inhibiting various cellular proteases.  
BafilomycinA1, an inhibitor of the vacuolar ATPase, blocks endolysosomal acidification as well 
as signaling by TLR9, TLR7, and TLR3(Hacker et al., 1998).  Pulse/chase analysis of RAW-
TLR9 cells treated with bafilomycinA1 revealed TLR9 cleavage was completely blocked when 
endolysosomal acidification was inhibited (Fig. 3.7a).  Blocking TLR9 proteolysis with 
baflomycinA1 also resulted in a 20-fold accumulation of the high molecular weight TLR9 
species, further supporting the idea that this band is the precursor to the cleavage product.   
Two recent reports have shown that inhibitors of cathepsin K (CtsK) and cathepsin B (CtsB) 
block TLR9 signal transduction in DCs and macrophages, respectively (Asagiri et al., 2008; 
Matsumoto et al., 2008).  To address whether specific cathepsins may be involved in TLR9 
processing, we tested whether recombinant cathepsins could cleave TLR9 in vitro.  We observed 
that recombinant CtsK and CtsS could cleave full-length TLR9 in vitro to generate an 
approximately 80 kDa cleavage product (Fig. 3.7b). While these experiments implicate cathepsin 
family members in TLR9 processing, we observed no defect in TLR9 signaling in macrophages 
and DCs from CtsS-, CtsSxL-, CtsK-, and CtsB-deficient mice (Fig. 3.7c-e). Further, we were 
unable to block TLR9 processing using cathepsin inhibitors.  Pulse/chase analysis showed that 
the cleaved form of TLR9 was still present in RAW-TLR9 cells treated with the broad spectrum 
inhibitors E64d, pepstatinA, and leupeptin as well as with specific inhibitors of CtsK, CtsB, and 
CtsS (Figure 3.8a). We did observed that an inhibitor designed to target CtsB partially inhibited 
TLR9 and TLR7 signaling, suggesting that CtsB may have a partial effect, however, based on the 
observation that CtsB deficient cells were not defective in TLR9 signaling this is likely due to 
off-target effects (Fig. 3.8 & Fig. 3.7d). Notably, these results disagree with recent work 
implicating CtsK and CtsB in TLR9 function (Asagiri et al., 2008; Matsumoto et al., 2008), 
though these works relied heavily on protease inhibitors that may also have off-target effects.  
Instead, our data suggest that none of these proteases are solely responsible for cleaving TLR9 
and are consistent with an interpretation that multiple proteases are capable of processing the 
receptor. 
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The results described above strongly implicate proteolysis as a step required for TLR9 
function, but they do not directly demonstrate that processed TLR9 is a functional receptor.  To 
address this possibility, we tested whether the cleaved form of TLR9 can bind stimulatory CpG 
oligos.  We found that TLR9 purified from phagosomes and incubated with biotinylated-CpG 
oligos could be efficiently precipitated using streptavidin beads (Fig 3.9a).  Thus, this processed 
form of TLR9, which is exclusively in the phagosome, is capable of recognizing ligand.  We 
next compared CpG-binding between the full-length and cleaved forms of TLR9.  The truncated 
receptor was pulled down more efficiently than full-length, suggesting that it may have a higher 
affinity for ligand (Fig 3.9b).  This interaction was specific, as binding was disrupted by addition 
of non-biotinylated CpG oligo (Fig. 3.9b). 

Since both full-length and processed TLR9 can bind ligand, we sought to determine 
which form is responsible for signal transduction.  The adaptor MyD88 associates with TLR9 
after activation, so we examined which form of the receptor recruits MyD88 in response to CpG 
stimulation.  Remarkably, immunoprecipitation of MyD88 in activated cells pulled down only 
the processed form of TLR9 (Fig. 3.9c).  We were unable to detect any association between 
MyD88 and the full-length receptor, demonstrating that the processed form of TLR9 is the 
functional form of the receptor.   

We next hypothesized that requiring proteolysis may reduce the likelihood that functional 
receptors will leak to the cell surface and encounter self nucleic acid.  To test this possibility, we 
used a recently reported strategy of fusing Unc93b1 to a yeast protein domain, Ist2, that directs 
trafficking of both Unc93b1 and TLR9 to the plasma membrane (Kim et al., 2008).  While 
Unc93b1-Ist2 localized to the plasma membrane (Fig. 3.10a), we did not observe significantly 
altered TLR9 processing or signaling in Unc93b1-Ist2 expressing cells (Fig. 3.10a-b).  These 
results suggest that a significant portion of TLR9 may avoid re-localization in Unc93b1-Ist2 cells 
and signal from internal compartments.  Thus, we fused TLR9 directly to the Ist2 secretion 
sequence and examined the signalling and localization of this fusion protein.  Consistent with re-
localization of the receptor to the cell surface, endoH analysis indicated that the TLR9-Ist2 
fusion protein passed through the Golgi but remained unprocessed (Fig. 3.10d).  Remarkably, 
TLR9-Ist2 no longer responded to CpG oligos (Fig. 3.10e).  To ensure that this lack of signaling 
was not due to the Ist2 domain simply interfering with the TLR9 TIR domain, we generated a 
TLR9-Ist2 fusion protein in which the key amino acids necessary for plasma membrane targeting 
have been deleted (TLR9-Ist2∆18) (Juschke et al., 2005).  This receptor was processed (Fig. 
3.7d) and regained the ability to respond to CpG oligos (Fig. 3.7e), despite the presence of the 
non-functional Ist2 domain at its C-terminus.  Importantly, we also generated a version of the 
chimeric receptor TLR9N4C with the Ist2 motif and found that this receptor was able to signal 
efficiently from the cell surface, indicating that ligand was abundant (Fig. 3.10f). 
 
 
 
Discussion 
 

The work presented here reveals several unexpected aspects of TLR9 cell biology.  First, 
TLR9 is not retained in the ER, as has been previously reported (Barton et al., 2006; Latz et al., 
2004; Leifer et al., 2004).  Instead, a small pool of TLR9 traffics through the Golgi and is routed 
to the endolysosomal compartment.  This trafficking appears to be continuous because TLR9 is 
present in the endolysosomal compartment of unstimulated cells.  This trafficking route has 
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apparently been overlooked because TLR9 is rapidly cleaved after leaving the ER.  In fact, we 
were unable to detect any full-length receptor in purified phagosomes, which is consistent with 
the rapid proteolysis that we observe by pulse/chase analysis. These findings resolve the paradox 
of how TLR9 could gain access to the signalling compartment without passing through the Golgi 
and only after CpG ODN are internalized (Latz et al., 2004). 

Our results reveal that compartmentalized proteolysis of TLR9 represents a key step in 
nucleic acid recognition.  Though both full-length and processed forms of the receptor can bind 
ligand, only the cleaved form of TLR9 is competent for signal transduction, yet why processing 
is necessary for TLR9 activation remains unclear.  In a previous study we showed that a surface 
localized chimeric TLR9N4C receptor was hyper-responsive to self DNA(Barton et al., 2006).  
Unlike TLR9-Ist2, this receptor signals from the cell surface but is not processed (Fig. 3.10f).  
Swapping the transmembrane (TM) and cytosolic domains of TLR9 for those of TLR4 has 
apparently released this receptor from the processing requirement.  Recent work suggests that 
TLR9 undergoes a membrane-proximal conformational change upon ligand binding and 
activation (Latz et al., 2007). One possibility is that TLR9 cleavage is a prerequisite for this 
conformational change.  This regulatory mechanism may not be required for cell surface 
receptors like TLR4, explaining the ability of full-length TLR9N4C to signal.  Analyses 
comparing the structure and conformational changes of the full-length and truncated TLR9 
receptors will be necessary to resolve these possibilities. 

Surprisingly, the cleaved form of TLR9 appears to be a functional receptor for CpG 
DNA.  It is capable of binding ligand, and inhibitors that prevent TLR9 proteolysis or trimming 
block the function of the receptor.  These data suggest that TLR9 may be translated as a “pro-
receptor” in the ER and can only function after processing occurs in the endosomal/lysosomal 
compartment (Fig. 3.11).  Why processing is necessary for TLR9 activation remains unclear.  
The fact that full-length TLR9 is capable of binding CpG ODN suggests that the ligand-binding 
site is not obscured in the full-length receptor. Recent work suggests that TLR9 undergoes a 
conformational change upon ligand binding and activation; it is possible that only the truncated 
receptor is able to adopt this conformation.  Structural analyses comparing the full-length and 
truncated TLR9 receptors will be necessary to resolve these possibilities.  

Regardless of the precise structural constraints that require TLR9 cleavage prior to 
activation, it appears that proteolysis has evolved as a means of regulating TLR9 function.  This 
scenario is conceptually analogous to the production of proteases as pro-enzymes that must be 
processed before they gain enzymatic activity.  In this way, compartmentalized processing of 
TLR9 may regulate where within the cell TLR9 activation can occur.  Nucleic acid-sensing by 
the innate immune system exposes the host to the risk of autoimmunity due to self nucleic acid 
recognition.  We and others have argued that the intracellular localization of TLR9 and TLR7 
may limit the likelihood that receptors encounter self nucleic acid.  Here we show that TLR9 
trafficking to endolysosomal compartments occurs through the classical secretory pathway, as 
opposed to a direct ER to endolysosomal route.  Leakage of endolysosomal proteins to the 
plasma membrane is well documented for this pathway.  Thus, the requirement for proteolytic 
processing of nucleic acid specific receptors may restrict function of these receptors to 
intracellular compartments and limit the possibility of autoimmunity.  
 
 
 
 



 20 

Materials and Methods 
 
Reagents.  All chemicals and reagents, unless noted otherwise, were purchased from Fisher 
Scientific.  Anti-HA (Clone 3F10) and anti-FLAG (M2) affinity matrices were purchased from 
Roche and Sigma, respectively.  Latex beads were purchased from Polysciences.  CpG 
oligonucleotides (TCCATGACGTTCCTGACGTT) with phosophorothioate linkages and 5’-
biotinylated CpG oligos (of the same sequence) were purchased from Invitrogen and IDT.  LPS, 
R848, BLP and biotinylated LPS were purchased from Invivogen.  All antibodies for flow 
cytometry and ELISAs were purchased from eBioscience.  The following antibodies were used 
for immunoblotting: anti-HA (Roche), anti-FLAG M2 (Sigma), anti-calnexin (Stressgen), anti-
HSP90B (Thermo Scientific), anti-Lamp1 (Santa Cruz), anti-tubulin (EMD), anti-nuclear pore 
complex (Covance), goat anti-rat-HRP and sheep anti-mouse HRP (GE Amersham). 
 
Mice.  C57Bl/6 and 129Sv mice were purchased from Jackson Laboratories.  TLR2-/-xTLR4-/-
xTLR9-/- mice were generated by intercrossing individual knockout mice, kindly provided by 
Dr. S. Akira (Osaka University).  CtsK-/-(Saftig et al., 1998), CtsS-/-(Shi et al., 1999), and 
CtsSxL-/-{Mallen-St. Clair, 2006 #291} mice (all backcrossed to C57Bl/6) and CtsB-/-
(Deussing et al., 1998) mice (on the 129Sv background) have been previously described. All 
mice were housed within the animal facilities at the University of California at Berkeley or 
University of California at San Francisco according to IACUC guidelines.  
 
Cell lines, plasmids, and tissue culture.  RAW264 cells were purchased from ATCC and 
cultured in RPMI supplemented with 10% FCS, L-glutamine, penicillin/streptomycin, sodium 
pyruvate, and HEPES (all from Invitrogen).  Unless otherwise noted, stable lines were generated 
by transducing cells with MSCV2.2 retroviruses encoding the target cDNA.  For RAW-TLR9, 
RAW-TLR7 and RAW-TLR4 cells, cDNA encoding the HA epitope was inserted at the 3’ end 
of each TLR.  FLAG-TLR9 and FLAG-MyD88 have been previously described(Horng et al., 
2001).  Unc93b-Ist2 was constructed as previously described(Kim et al., 2008).  TLR9-Ist2 was 
made by fusing the 69-residue Ist2 tag to the 3’ end of TLR9-HA.  TLR9∆62-440, TLR9∆415-
495, and TLR9∆441-470 were generated by PCR sewing followed by cloning into a MSCV 
retroviral vector. 

Bone marrow-derived conventional DCs (cDCs), macrophages, and plasmacytoid DCs 
(pDCs) were differentiated, as previously described(Barton et al., 2006), in RPMI supplemented 
with GM-CSF containing supernatant, M-CSF containing supernatant, or 25ng/ml recombinant 
Flt3L (R&D), respectively.  To generate cDCs and pDCs expressing TLR9-HA, hematopoetic 
stem cells (HSCs) from TLR2-/-xTLR4-/-xTLR9-/- mice were transduced with retroviruses 
encoding TLR9-HA as previously described(Barton et al., 2006).  Briefly, mice were injected 
with 5-flourouracil (Sigma) to enrich for HSCs.  HSCs were cultured in IL-6, IL-3 and SCF (all 
from R&D) over 4 days and transduced with retroviruses.  After 5 days, HSCs were 
differentiated into cDCs or pDCs as described above.  

Splenic DCs were isolated from C57Bl/6 or CtsK-/- mice by magnetic cell sorting using 
anti-CD11c conjugated magnetic beads (Miltenyi Biotech) and an AutoMACS cell sorter 
(Miltenyi Biotech).  Enrichment, as measured by FACS, was greater than 70%.  
 
Immunoprecipitation and Western blot analyses. Cells were lysed in RIPA buffer (50mM 
Tris pH 8, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 
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Complete protease inhibitor cocktail (Roche).  After incubation on ice, lysates were cleared of 
insoluble material by centrifugation.  For immunoprecipitations, lysates were incubated with 
anti-HA matrix or anti-FLAG matrix and precipitated proteins were separated by SDS-PAGE 
and transferred to Immobilon PVDF membrane (Millipore).  Membranes were probed with the 
indicated antibodies and developed by ECL chemiluminescence (Pierce).  Relative band 
intensities were quantified by counting pixels per band using ImageJ software.  

Steptavidin pull-downs were performed on cells or purified phagosomes lysed in TNT 
buffer (20mM Tris pH 8.0, 200mM NaCl, 1% Triton X-100) and cleared of insoluble debris.  
Lysates were incubated for 1h with 0.2µM biotin-CpG and/or unlabeled CpG on ice, added to 
streptavidin-agarose (Invitrogen, pre-blocked with 1% BSA-PBS), rotated 1h at 4°C, and washed 
4 times in lysis buffer.  Precipitates were boiled in SDS buffer, separated by SDS-PAGE, and 
probed by anti-HA immunoblot. 
 
Microscopy.  Co-localization studies were performed on a Zeiss 510 Axioplane META 
microscope.  Coverslips were coated with poly-D-lysine (Sigma), washed extensively with water 
and allowed to dry (1h).  Cells were allowed to settle overnight.  The next day, coverslips were 
washed with PBS, fixed with 4% PFA/PBS, and permeabilized with 0.5% Triton-X/PBS.  After 
washing with 0.1% Triton-X/PBS, cells were blocked (5% goat sera, 2% BSA, 0.1% sodium 
azide, 0.1% Triton-X/PBS).  Slides were stained in blocking buffer with anti-FLAG, anti-HA, 
anti-calnexin or anti-Lamp (see antibodies used for western blot).  Secondary antibodies were 
donkey anti-rabbit Cy5, donkey anti-rabbit Cy3, goat anti-rat Cy3, goat anti-mouse Cy3 
(Jackson) or donkey anti-rat Alexa680 (Invitrogen).Visualization of Unc93b1-GFP and 
Unc93b1-GFP-Ist2 was performed on a Nikon E800 fluorescent microscope.  Cells were plated 
and fixed as described above. 
 
Luciferase assays. Transient transfections were performed in OptiMem (Invitrogen) with LTX 
transfection reagent (Invitrogen) according to manufacturer’s guidelines. 293T cells were 
transiently co-transfected with the indicated expression plasmid(s) and a plasmid encoding an 
NF-kB luciferase reporter (with 5 tandem NF-kB binding sites, kindly provided by Russell 
Vance).  Cells were stimulated with 3µM CpG oligo after 24 hours and lysed by passive lysis 
after an additional 12 hours.  Luciferase activity was measured on a LMaxII-384 luminometer 
(Molecular Devices).  
 
Pulse/chase.  Cells were starved for 1h in cysteine/methionine-free media, then pulsed with 
0.1mCi 35S-cysteine/methionine (Perkin-Elmer).  After a 45 minute pulse, cells were washed 
and cultured in 5mL chase media with 10,000-fold molar excess L-cysteine, L-methionine or 
harvested as the zero timepoint.  Time points were harvested as follows: cells were washed twice 
in 2mL PBS and lysed in 1mL RIPA plus protease inhibitor cocktail.  For protease inhibitor 
experiments, inhibitors were added in chase media and supplemented every two hours at the 
following concentrations: 50µM E64d (EMD); 100µM pepstatin A (Sigma); 100µM leupeptin 
(Sigma); 10nM cathepsin K inhibitor III (Cbz-Leu-NH-CH2-CO-CH2-NH-Leu-Cbz, Sigma); 
30µM CtsB inhibitor (Me047, EMD); 2µM CtsS inhibitor (-Phe-Leu-COCHO • H2O, EMD).  
BaflomycinA1 (Sigma) was used at 50nM and BrefeldinA (Sigma) was used at 10µg/mL. 
 
Phagosome isolation. 4x107 RAW cells were incubated with ~108 2µM latex beads 
(Polysciences) for various time points.  After rigorous washing in PBS, RAW cells were scraped 
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into 3ml sucrose homogenization buffer (SHB: 250µM sucrose, 3mM imidazole pH7.4) and 
pelleted by centrifugation.  Cells were resuspended in 1mL SHB plus protease inhibitor cocktail 
(Roche) and EDTA and disrupted by 25 strokes in a steel dounce homogenizer.  The disrupted 
cells were gently rocked for 10 minutes on ice and centrifuged at 8,000xg to remove intact cells, 
nuclei and gross debris.  The remaining supernatant was further processed to separate intact 
phagosomes.  40µL was set aside as the “lysate” sample and lysed by addition of 1% TritonX-
100.  The remaining supernatant was mixed with an equal volume of 60% sucrose, and applied to 
a sucrose step gradient as follows: 1mL 60% sucrose, 2mL homogenate, 2mL 32% sucrose, 2mL 
20% sucrose, 2mL 10% sucrose. The gradient was spun at 100,000xg for 1h in a SW40 rotor. 
Following centrifugation, phagosomes were harvested from the 20%-10% sucrose interface.  
Phagosomes were diluted in 10mL PBS and spun at 40,000xg for 15 minutes in an SW40 rotor.  
The phagosome pellet was resuspended in 40µL SHB, protease inhibitor cocktail, EDTA and 1% 
TritonX-100.  Protein concentrations were normalized by BCA assay, and lysates were analysed 
by western blot.  
 
In vitro proteolysis assay. Recombinant cathepsin S and recombinant pro-cathepsin K were 
purchased from BioMol.  293T cells stably expressing TLR9-HA were lysed in RIPA buffer and 
TLR9 was immunoprecipitated with anti-HA agarose. Immunoprecipitates were washed 4 times 
in cathepsin reaction buffer (50mM potassium phosphate pH 6.5, 50mM NaCl, 2mM EDTA, 
0.01% TritonX-100, 0.5mM DTT) followed by incubation with or without cathepsins.  Pro-
cathepsin K was activated according to manufacturer’s instructions (i.e., incubation in 32.5mM 
NaOAc pH3.5 for 25 minutes at 24 degrees).  Activated cathepsin K was immediately incubated 
with immunoprecipitated TLR9-HA in cathepsin reaction buffer for 45 minutes at 24˚C. 
Cathepsin S (0.0024 units) was added directly to immunoprecipitated TLR9-HA in cathepsin 
reaction buffer and incubated for 45 minutes at 40˚C.  Enzymes were inactivated by the addition 
of SDS loading buffer and boiling.  Reactions were resolved by SDS-PAGE and anti-HA 
immunoblot (as described above). 
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Figure 3.1. A truncated version of TLR9 is exclusively present in phagosomes. (a) Lysates or 
phagosome preparations from RAW-TLR9-HA cells fed latex beads were separated by SDS-
PAGE and probed with antibodies specific for the indicated proteins.  Full-length TLR9 (FL 
TLR9) and the truncated protein (cleaved TLR9) are indicated. (b) Full-length TLR9 is not 
recruited to phagosomes upon CpG stimulation.  RAW-TLR9 cells were fed unconjugated latex 
beads or beads conjugated to stimulatory CpG oligos.  Lysates or purified phagosomes from the 
cells were separated by SDS-PAGE and probed with antibodies against the indicated proteins. (c) 
The truncated form of TLR9 is a product of the full-length protein.  RAW-TLR9 cells or control 
cells (RAW) were pulsed for 45 minutes followed the indicated chase periods.  TLR9-HA was 
immunoprecipitated from cell lysates and visualized by SDS-PAGE.  Asterisk (*) indicates the 
high molecular weight full-length TLR9 band. “NS” indicates a non-specific band present in 
both RAW-TLR9 and control RAW cells.  (d) Modeled structure of the truncated ectodomain of 
cleaved TLR9.  The structure of residues 477-790 of human TLR9 was modelled using the 
structure of human TLR3 as a template (using Swiss-Model software).  Leucine rich repeats 
(LRR) 15 – 26 are labelled. (e) The TLR9 cleavage product is present in multiple cell types.  
Hematopoetic stem cells were transduced with a retrovirus encoding TLR9-HA and then 
differentiated into macrophages with M-CSF (MØ), dendritic cells with GM-CSF (cDC), or 
plasmacytoid dendritic cells with Flt3L (pDC). (f) Receptor cleavage is a feature of nucleic acid-
sensing TLRs.  Lysates from RAW cells expressing TLR4-HA or TLR7-HA were probed with 
anti-HA antibody.  Note that TLR4 is not cleaved.  The two bands of TLR4 are due to 
glycosylation.  Data are representative of two experiments. Note: unless indicated otherwise, the 
data presented in each panel are representative of at least 3 independent experiments. 
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Figure 3.2. CpG-conjugated beads activate RAW cells. (a) RAW cells expressing an NF-kB 
luciferase reporter were stimulated with beads conjugated to CpG oligos or LPS.  Fold induction 
was calculated by dividing the RLU of stimulated cells by the RLU of unstimulated cells.  Data 
are representative of four independent experiments.  (b) A small portion of full length TLR9 
exits the ER through the Golgi and is cleaved. Cleaved TLR7 is EndoH-resistant.  Proteins from 
lysates of RAW-TLR7 cells were immunoprecipitated with anti-HA resin and treated with 
EndoH (E), PNGaseF (P), or left untreated (–). Pulse chase analysis was performed at indicated 
time points as described in Fig. 3.1. 
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Figure 3.3.  Prior to cleavage, TLR9 exits the ER and traffics through the Golgi.  (a) 
Cleaved TLR9 is EndoH-resistant.  Proteins from lysates or purified phagosomes from RAW-
TLR9 cells were immunoprecipitated with anti-HA resin and treated with EndoH (E), PNGaseF 
(P), or left untreated (-).  (b) A small pool of full-length TLR9 acquires EndoH-resistance.  A 
longer exposure of TLR9 immunoprecipated from RAW-TLR9 cells and subjected to analysis as 
described in (a).  An asterisk (*) indicates the high molecular weight full-length TLR9 band that 
is EndoH-resistant.  (c) TLR9 cleavage requires passage through the Golgi.  Pulse/chase analysis 
was performed, at the indicated chase time points, on RAW-TLR9 cells treated with brefeldinA 
(BFA) or vehicle (–).  Note: the data presented in each panel are representative of at least 3 
experiments.   
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Figure 3.4. Partial co-localization of N- and C-terminally tagged TLR9 occurs in 
perinuclear compartments. (a) C-terminally tagged TLR9 is detectable in lysosomes.  RAW 
cells expressing C-terminally HA tagged TLR9 (TLR9-HA) were stained with antibodies 
specific for HA (green), calnexin (top panel, red), or Lamp-1 (bottom panel, red) and visualized 
by immunofluorescence microscopy.  (b) N-terminally tagged TLR9 is not detectable in 
lysosomes.  RAW cells expressing N-terminally FLAG-tagged TLR9 (FLAG-TLR9) were 
stained and visualized as described in (a).  (c) Relative localization of TLR9-HA and FLAG-
TLR9.  RAW cells stably expressing TLR9-HA (green) and FLAG-TLR9 (red) were visualized 
as described in (a). (d) Lysates of the cells used in (c) were divided in two and 
immunoprecipitated with anti-HA resin or anti-FLAG resin and treated with EndoH (E), 
PNGaseF (P), or left untreated (-).  Note: the data presented are representative of at least 3 
independent experiments.  The images selected reflect the staining pattern observed in all 
transduced cells. 
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Figure 3.5. TLR9 localization is similar before and after CpG stimulation. (a) TLR9 
localization is unaltered upon CpG stimulation. RAW cells were left unstimulated or were 
stimulated with 3µM CpG for 10 minutes followed by fixation and staining for 
immunofluorescence.  RAW cells expressing C-terminally HA tagged TLR9 (TLR9-HA) were 
stained with antibodies against HA (green), calnexin (red, top panel, Lamp-1 (red, bottom panel) 
and visualized by immunofluorescence microscopy.  (b) RAW cells expressing N-terminally 
FLAG-tagged TLR9 (FLAG-TLR9) were stained and visualized as described in (a). (c) RAW 
cells expressing TLR9-HA and FLAG-TLR9 were stained with antibodies against HA (green) 
and FLAG (red) and visualized as described in (a).  The data presented are representative of at 
least 2 independent experiments.  The images selected reflect the staining pattern observed in all 
transduced cells. 
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Figure 3.6.  Unc93b1 is required for TLR9 ER exit and cleavage.  (a) Expression of Unc93b1 
transcript was measured by quantitative RT-PCR in RAW cells transduced with a control 
retrovirus or a retrovirus encoding an shRNA specific for Unc93b1.  (b) Unc93b1-shRNA RAW 
cells respond poorly to TLR7 and TLR9 ligands but not TLR4 ligands.  RAW cells or Unc93b1-
shRNA RAW cells were stimulated with the indicated ligands and TNFa production was 
measured by ELISA (representative of two experiments).  (c) Unc93b1 is required for TLR9 
cleavage.  Lysates from control RAW-TLR9 cells (vector) or RAW-TLR9 cells transduced with 
the Unc93b1 shRNA retrovirus (Unc93b shRNA) were probed with anti-HA antibodies or anti-
tubulin antibodies.  (d) Lysates or purified phagosomes from the same cells described in (c) were 
analyzed for the presence of TLR9 by anti-HA immunoblot. (e) Overexpression of Unc93b1 in 
MEFs enhances TLR9 cleavage.  TLR9 in lysates of MEFs stably expressing TLR9-HA or 
TLR9-HA with Unc93b1 was detected by anti-HA immunoblot.  RAW-TLR9 cells were 
included as a control for TLR9 cleavage product. (f) Increasing TLR9 cleavage enhances the 
response to TLR9 ligands.  Cells described in (e) were stimulated with 5µM CpG or 25ng/mL 
recombinant mouse IL-1b.  KC production was measured by ELISA (representative of 2 
experiments).  Unless noted otherwise, all data presented are representative of at least 3 
experiments.  For indicated statistical comparisons, * indicates p<0.05; ** indicates p<0.01. 
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Figure 3.7. Proteolysis depends on acid proteases but not cathepsins.  (a) Treatment with 
cysteine protease inhibitors has no effect on TLR9 cleavage.  RAW-TLR9 cells were incubated 
with vehicle DMSO (-), CtsK inhibitor (CtsK), CtsB inhibitor (CtsB), CtsS inhibitor (CtsS), 
leupeptin (leu), E64d, or pepstatin A (pepA) throughout the 4h chase period.  Data are 
representative of 5 experiments.  (b) A CtsB inhibitor reduces response to TLR7 and TLR9 
ligands in macrophages and DCs.  Macrophages (upper) or GM-CSF DCs (lower) derived from 
C57BL/6 bone marrow were pre-treated with CtsB inhibitor or DMSO (-) followed by 
stimulation with the indicated TLR ligands.  TNF (macrophages) or IL-12p40 (DCs) production 
was measured by ELISA. Deficiency in individual cathepsins does not impair TLR7 or TLR9 
activation.  Macrophages (c) or GMCSF-derived DCs (d) derived from the indicated mice were 
stimulated as indicated.  Cytokine production was measured by ELISA.  Experiments with CtsK 
and CtsB knockout mice are representative of 5 experiments.  Experiments with CtsS and 
CtsSxL knockout mice are representative of 2 experiments.  (e) Splenic DCs from CtsK-deficient 
mice respond normally to TLR9 ligands.  Splenic DCs were isolated by magnetic bead selection 
from wildtype or CtsK-deficient mice and stimulated as indicated.  IL-12p40 production was 
measured by ELISA (representative of 2 experiments). 



 30 

 

 
 
Figure 3.8. Treatment with cysteine protease inhibitors has no effect on TLR9 cleavage. (a) 
RAW-TLR9 cells were incubated with vehicle DMSO (-), CtsK inhibitor (CtsK), CtsB inhibitor 
(CtsB), CtsS inhibitor (CtsS), leupeptin (leu), E64d, or pepstatin A (pepA) throughout the 4h 
chase period.  Data are representative of 5 experiments.  (b) A CtsB inhibitor reduces response to 
TLR7 and TLR9 ligands in macrophages and DCs.  Macrophages (upper) or GM-CSF DCs 
(lower) derived from C57BL/6 bone marrow were pre-treated with CtsB inhibitor or DMSO (-) 
followed by stimulation with the indicated TLR ligands.  TNF (macrophages) or IL-12p40 (DCs) 
production was measured by ELISA. Data are representative of two experiments. 
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Figure 3.9. Cleaved TLR9 is the functional form of the receptor. (a) The cleaved form of 
TLR9 can bind ligand.  (Left) Whole cell lysates or lysates of purified phagosomes were 
immunoprecipitated with anti-HA antibody, separated by SDS-PAGE and immunoblotted with 
anti-HA antibody.  (Right) Lysates of purified phagosomes were incubated with (+) or without (–
) biotin-CpG followed by steptavidin precipitation.  TLR9-HA was detected by anti-HA 
immunoblot. Data are representative of two experiments.  (b) Cell lysates were incubated with 
(+) or without (-) biotin-CpG and precipitated with streptavidin as described in (a).  Where 
indicated, unconjugated CpG was also added, prior to precipitation.  Unmanipulated lysate (No 
IP) is shown as a control.  (c) Cleaved TLR9 recruits MyD88.  RAW cells expressing TLR9-HA 
and FLAG-MyD88 were stimulated with CpG oligos followed by lysis at the indicated time 
points.  After lysis, MyD88 was immunoprecipitated and TLR9 or MyD88 were detected by anti-
HA or anti-FLAG immounoblot, respectively. 
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Figure 3.10. TLR9 at the plasma membrane is not cleaved and cannot signal.  (a) Unc93b1-
GFP-Ist2 is localized to the cell surface.  Transiently transduced 293T cells expressing Unc93b1-
GFP and Unc93b1-GFP-Ist2 were analyzed by fluorescence microscopy.  Two images are shown 
for each construct.  Data are representative of three experiments.  (b) Processing of TLR9 is 
comparable in Unc93b1-GFP and Unc93b1-GFP-Ist2 cells.  Protein from RAW cells expressing 
TLR9 and Unc93b1-GFP or Unc93b1-GFP-Ist2 was analyzed as described in Figure 3.3. (c) 
TLR9 does not signal from the cell surface in Unc93b1-Ist2 cells.  293T cells were transiently 
transfected with an NF-kB luciferase reporter together with the indicated expression plasmids.  
Luciferase production was assayed 12h after stimulation with 3µM CpG, with or without pre-
treatment with 50µM chloroquine (CHQ). (d) TLR9-Ist2 passes through the Golgi but is not 
cleaved.  TLR9 or TLR9-Ist2 expressed in RAW cells was analyzed for sensitivity to EndoH or 
PNGaseF as described in Fig. 2a.  Data are representative of four experiments (e) 293T cells 
were transiently transfected with the indicated expression plasmids and NF-kB activation was 
measured as described in (c).  Data are representative of two experiments.  For indicated 
statistical comparisons, * indicates p<0.05; ** indicates p<0.1. 
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Figure 3.11. Schematic of compartmentalized proteolysis and regulation of TLR9 and 
TLR7.  Exit of full-length TLR9 and TLR7 from the ER requires Unc93b1, although the role of 
this protein in Golgi to endolysosome trafficking remains unresolved.  From the Golgi, these 
receptors are routed to endolysosomes where their ectodomains are cleaved.  This processing 
generates functional receptors.  Full-length TLR9 or TLR7 that reach the plasma membrane are 
not processed and are not functional. 
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Chapter 4. Nucleic acid recognition by Toll-like receptors is coupled to 
processing by cathepsins and asparagine endopeptidase. 

 
 
 
Background 
 
Toll-like receptors (TLRs) are the best characterized family of pattern recognition receptors, 
innate immune receptors that have evolved to detect invading microorganisms and link that 
recognition to pro-inflammatory or anti-viral responses. In mammals, TLR9, TLR7 and TLR3 
recognize CG motifs in non-methylated DNA, single-stranded RNA and double-stranded RNA 
(dsRNA), respectively. These ligands are conceptually unique among TLRs as they exist within 
the host as well as potential pathogens. Nucleic acid recognition is thought to have evolved as a 
means of detecting viral infection; however, this strategy comes at a cost, as TLR7 and TLR9 
can clearly contribute to the pathology of autoimmune diseases like rheumatoid arthritis and 
systemic lupus erythematosus (Krieg and Vollmer, 2007). These observations indicate that, 
unlike other TLR family members, the ability to distinguish between self and non-self nucleic 
acids is not based simply on molecular recognition. Instead, the capacity to bind nucleic acids 
has been coupled to a unique localization and regulatory program, which appears to play an 
important role in limiting the potential for self-nucleic acid recognition (Barton et al., 2006). 
TLR3, TLR7, and TLR9 localize to and exclusively signal from endolysosomal compartments. 
Unlike the surface localized TLRs, they have an ER resident pool, and exit from this 
compartment is controlled by Unc93b1 (Ewald et al., 2008; Kim et al., 2008; Tabeta et al., 
2006). Perhaps most strikingly, recent reports have demonstrated that TLR9 is processed in 
endolysosomal compartments by resident proteases and this processing is required to generate a 
functional receptor (Ewald et al., 2008; Park et al., 2008; Sepulveda et al., 2009). Thus, it has 
been proposed that the full-length form of TLR9 represents a pro-receptor which requires 
proteolytic processing in order to activate signal transduction cascades in response to DNA.  

Though the requirement for TLR9 proteolysis has been defined in three separate studies 
(Ewald et al., 2008; Park et al., 2008; Sepulvida et al., 2009), there is much confusion regarding 
which proteases are responsible for mediating TLR9 processing. There is consensus that receptor 
processing and signaling requires the activity of acid dependent proteases, as compounds that 
block acidification of endolysosomal compartments, like bafilomycinA1, inhibit these events. 
Cathepsins are likely candidates, as members of this protease family are activated in a pH-
dependent manner throughout endosome maturation and play a well established role in peptide 
processing for MHCII loading in macrophage and dendritic cells (Rudensky and Beers, 2006). 
Prior to the discovery of TLR9 proteolysis, cathepsin (cts) B and ctsL, as well as ctsK were 
implicated in TLR9 signaling responses in studies using Baf/3 cells and an antigen-induced 
arthritis model, respectively (Asagiri et al., 2008; Matsumoto et al., 2008). However, the use of 
knockout mice has ruled out a requirement for ctsB, ctsL, ctsK, ctsS and ctsF as single proteases 
required for TLR9 processing in macrophages (Ewald et al., 2008; Park et al., 2008). It is unclear 
from these studies whether TLR9 processing can be attributed to the overlapping activities of 
multiple cathepsins or if other proteases are involved (Ewald et al., 2008; Park et al., 2008). To 
this end, a recent paper by the Manoury group has shown that aspargine endopeptidase 
(mammalian legumain), a cysteine protease with a strict substrate specificity for asparagine 
residues, is required for TLR9 processing and signaling in dendritic cells (Sepulveda et al., 
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2009). Based on these reports it is unclear how all of these proteases contribute to TLR9 
processing and signaling events. TLR9 processing could be achieved by the functionally 
redundant role of different proteases depending on cell type, or several proteases could perform 
complementary, non-overlapping or partially overlapping roles in the processing of TLR9. Such 
mechanisms could have implications for the threshold of ligand required to activate TLR9 in 
different cell types or play a role in controlling the compartments within the endolysosomal 
system from which TLR9 is able to signal.  

A caveat to these studies is that they have largely focused on TLR9 as a representative of 
the nucleic acid-sensing TLRs. Recent reports conflict as to whether TLR7, which also 
contributes to autoimmunity, is subject to the same proteolytic requirement, and the question of 
whether TLR3 is cleaved has not been addressed (Ewald et al., 2008; Park et al., 2008). To 
resolve these outstanding questions we have analyzed receptor processing in cell types known to 
express TLR9 endogenously in the mouse. We have found that receptor cleavage occurs through 
a multi-step process: the first step can be mediated by asparagine endopeptidase or by multiple 
members of the cathepsin family of proteases. This is followed by a second, exclusively 
cathepsin mediated, N-terminal trimming which is also required for optimal receptor function. 
These requirements appear to be conserved across all cell types analyzed, including fibroblasts, 
macrophage and dendritic cells. Importantly, we also show that TLR7 and TLR3 are processed in 
similar manner, implying that receptor proteolysis is a conserved mode of regulating all nucleic 
acid-sensing TLRs. 
 
 
 
Results 
 
Cathepsins mediate secondary trimming of cleaved TLR9.  
To resolve the outstanding question of which proteases are required for TLR9 processing we 
performed a detailed analysis of the effects of broad-spectrum protease inhibitors on RAW cells 
stably transduced with a C-terminally HA tagged version of TLR9 (TLR9-RAW). Treatment 
with broad-spectrum serine (pepstatin A), cysteine (leupeptin) inhibitors or with a highly 
selective aza-peptidyl-asparagine epoxide inhibitor of aparagine endopeptidase (LI-1 or 
Legumain Inhibitor-1) did not block TLR9 cleavage (Fig. 4.1a). Upon treatment with the 
cathepsin inhibitors z-FA-FMK or E64d (also known as EST) the majority of the ectodomain 
was still removed; however, the resulting C-terminal product was slightly larger than observed in 
untreated cells (Fig. 4.1a). In previous work, we established that full-length TLR9 that has exited 
the ER en route to the endolysosome is modified so that it runs slightly higher than the majority 
of the full-length protein by SDS-PAGE (referred to as high-migrating or hmTLR9). Treatment 
with bafilomycinA1, an inhibitor of the vacuolar ATP-pump that blocks acid dependent protease 
activity, prevents receptor proteolysis and results in the accumulation of hmTLR9 (Fig. 1A 
Ewald et al., 2008).  Of note, treatment with z-FA-FMK resulted in a moderate accumulation of 
hmTLR9, although not to the degree observed upon bafilomycinA1 treatment (Ewald et al., 
2008). These results suggested that rather than being a signal event, TLR9 processing may be 
sequential. The first step, carried out by an unidentified protease, resulted in removal of the 
majority of the ectodomain followed by secondary trimming of the exposed N-terminus, which 
was entirely cathepsin dependent (Fig. 4.1d). 
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To determine whether cathepsin-mediated trimming was required for TLR9 signaling, 
RAW cells were treated with inhibitors prior to stimulation and TNF production was measured 
by intracellular cytokine staining. At low concentrations of ligand the TLR9 response to CpG 
could be largely blocked by pretreatment with broad-spectrum cathepsin inhibitors or a 
combination of three individual cathepsin inhibitors; however, this inhibition was never entirely 
complete (Fig.4.1c). Increasing the amount of ligand above 1µM was able to override the 
cathepsin-mediated inhibition, perhaps explaining some of the discrepancy between previous 
reports (Ewald et al., 2008; Park et al., 2008). Consistent with previous reports, inhibitors 
designed to target individual cathepsins were unable to block trimming of cleaved TLR9 and 
signaling, suggesting that TLR9 trimming is due to the redundant activities of multiple 
cathepsins (data not shown). 
 
Asparagine endopeptidase and cathepsins can both perform the first cleavage event in 
TLR9 processing. 
Based on the finding that broad-spectrum inhibitors failed to block the primary TLR9 cleavage 
event we hypothesized that TLR9 cleavage was either due to a novel protease (or proteases) or 
that TLR9 proteolysis could be attributed to the redundant effect of proteases belonging to 
different families (families that were not cross inhibited by broad spectrum inhibitors). To test 
the first possibility, we conducted a protease inhibitor screen using a library of ~1,500 
compounds designed to target cysteine and serine proteases with the goal of identifying 
compounds that blocked TLR9 responses to CpG. Though this approach revealed several novel 
compounds that were able to block TLR9 signaling, subsequent analysis of TLR9 processing 
indicated that all of these compounds blocked secondary, cathepsin-mediated, trimming rather 
than the primary cleavage event (data not shown). 

Based on these results we decided to examine the second possibility: that the initial 
processing event was due to the redundant or overlapping activities of multiple proteases 
belonging to different families. As a starting point, we opted to use murine embryonic fibroblasts 
(MEF) since these cells are less proteolytically complex than macrophages but can still cleave 
TLR9 efficiently once they have been transduced with Unc93b1, a twelve-pass transmembrane 
protein required for ER export and signaling of the nucleic acid-sensing TLRs (Brinkmann et al., 
2007; Ewald et al., 2008; Tabeta et al., 2006). Since cathepsins had already been implicated in 
TLR9 processing, we began by treating MEF stably expressing TLR9 and Unc93b1 (TLR9-
Unc93b1-MEF) with cathepsin inhibitors in combination with broad-spectrum inhibitors, 
followed by analysis of TLR9 cleavage by pulse-chase. This assay revealed that the combination 
of LI-1 and z-FA-FMK was sufficient to block TLR9 cleavage in a manner analogous to 
treatment with bafilomycinA1 (Fig. 4.2a compared with Fig. 4.1a). In contrast, combining z-FA-
FMK with pepstatinA and leupeptin did not block the initial cleavage event, only secondary 
trimming similar to treatment with cathepsin inhibitors alone. As observed in TLR9-RAW cells, 
TLR9 cleavage was unaffected in TLR9-Unc93b1-MEF cells treated with LI-1 alone (Fig. 4.2b). 
Importantly, the combination of z-FA-FMK and LI-1 was also sufficient to entirely block 
receptor proteolysis in TLR9-RAW cells, indicating that similar proteolytic events occur in both 
cell types (Fig. 4.2b). 

To ensure that our use of protease inhibitors was efficient as well as specific, we used 
activity based probes to detect active proteases in treated or untreated cells. RAW cells were 
treated with z-FA-FMK or LI-1 for one hour followed by lysis. The lysates were then incubated 
with the activity-based probes DCG-04 (a biotinylated probe built on the E64d structure) or 
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BODIPY conjugated LI-1 (BODIPY-LI-1) to detect cathepsins or AEP that had not been blocked 
during treatment of intact cells {Greenbaum, 2000 #30; Lee, 2009 #16}. Pre-treatment with z-
FA-FMK completely blocked cathepsin activity (Fig. 4.2c, upper panel), as no DCG-04 was able 
to bind lysates of pretreated cells. A similar result was also observed upon pretreatment with LI-
1 followed by lysate incubation with BODIPY-LI-1 (Fig. 4.2c, lower panel). Furthermore, this 
assay revealed that pretreatment with cathepsin inhibitors did not block AEP activity (Fig. 4.2c, 
lower panel) and vice versa (Fig. 4.2c, upper panel), verifying, as previously reported, that these 
inhibitors do not cross-react (Lee and Bogyo, 2010).  

Consistent with the biochemical data, treatment with z-FA-FMK and LI-1 blocked TNF 
production in response to CpG DNA to levels similar to unstimulated, whereas treatment with 
LI-1 alone had no effect on signaling (Fig. 4.2d). Of note, this effect on signaling could be 
overcome by treatment with high concentrations of ligand (>5µM). This observation may be due 
to low levels of residual protease activity, suboptimal signaling from untrimmed or unprocessed 
TLRs or even residual activation of TLRs delivered to the signaling compartment prior to 
inhibitor treatment. We have determined that the cleaved form of TLR9 is extremely stable; by 
pulse-chase analysis it remains detectable after 12 hours of chase (data not shown).  However, it 
is unlikely that the large quantities of ligand required to overcome inhibitor treatment are 
physiologically relevant.  

Taken together, these data suggest that cathepsins and AEP play a functionally redundant 
role in the first step of proteolysis. In the absence of AEP activity, cathepsins can compensate for 
the initial processing event as well as trim the processed receptor, resulting in the fully 
functional, mature cleaved form of TLR9. By contrast, when cathepsin activity is blocked, the 
initial processing event is still performed by AEP, however, the cleaved receptor can no longer 
be trimmed, which results in a slightly larger cleaved form of the receptor and partially impaired 
signaling (see model in Fig. 4.3c). 
 
In the absence of AEP, TLR9 processing is entirely cathepsin dependent. 
A prediction of our model that AEP and cathepsins cooperate to process TLR9 is that in the 
absence of AEP, TLR9 processing should be entirely cathepsin dependent.  To test this 
possibility, we stably transduced TLR9-RAW cells with a short hairpin construct targeting AEP 
(AEPsh-TLR9-RAW). AEP transcript levels in AEPsh-TLR9-RAW cells were reduced to nearly 
25% the levels normally seen in vector transduced TLR9-RAW cells (Fig. 4.3a). Pulse-chase 
analysis revealed that TLR9 processing in AEPsh-TLR9-RAW cells was intact, consistent with 
our experiments using LI-1 (Fig. 4.1a and 4.2b). However, treatment with z-FA-FMK was now 
sufficient to completely block TLR9 cleavage (Fig. 4.3b). In contrast, z-FA-FMK treatment only 
prevented receptor trimming in vector transduced control TLR9-RAW cells. We interpret these 
results to indicate that cathepsins are able to fully process TLR9 in the absence of AEP activity. 
Accordingly, in the absence of AEP, cathepsin inhibition is sufficient to abrogate TLR9 cleavage 
as depicted in Figure 4.3c.  
 
Cathepsin activity is required for TLR9 function in dendritic cells. 
Using inhibitors and genetic tools allowed us to define the specific roles that AEP and cathepsins 
play in TLR9 processing in macrophages. The finding that cathepsin mediated trimming was 
required for optimal TLR9 signaling was confusing, however, in light of a recent publication 
from Manoury and colleagues, which reported that AEP is the sole protease required for TLR9 
processing and signaling in dendritic cells (2009). Of note, AEP has been reported to contribute 
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to the processing of pro-cathepsins into their active form (Shirahama-Noda et al., 2003). Since 
the Manoury study did not directly test a role for cathepsins in TLR9 responses in dendritic cells, 
we decided to examine this possibility. Similar to our results in macrophages (Fig. 4.2), we 
observed that TNF production in response to CpG was sensitive to treatment with z-FA-FMK in 
the dendritic cell line DC2.4, whereas LI-1 treatment had little effect (Fig. 4.4a). We also tested 
TLR9 responses in CD11c+ conventional dendritic cells derived from bone marrow cultured 
with GM-CSF. Similar to data from the Manoury group, LI-1 treatment resulted in a partial, but 
reproducible, blockade in TLR9 signaling, suggesting that AEP may play a more prevalent role 
in TLR9 processing in dendritic cells than in other cell types (Fig. 4b).  Of note, z-FA-FMK 
treatment resulted in a near complete blockade in TLR9 responses to DNA, indicating that 
cathepsins do, in fact, play a role in mediating TLR9 proteolysis in dendritic cells as well as 
macrophages. One possible explanation for the differential dependency on certain proteases 
between macrophages and dendritic cells is the observation that these cell types have differing 
protease complexity (Delamarre et al., 2005). 
 
TLR3 and TLR7 are processed in a manner analogous to TLR9 
Based on the hypothesis that receptor proteolysis represents a strategy to avoid recognition of 
self nucleic acids, we have reasoned that TLR7 should be processed in an analogous manner to 
TLR9. However, this has been a point of dispute among recent publications (Ewald et al., 2008; 
Park et al., 2008). In addition, it is not known whether TLR3 is processed. To begin addressing 
these questions we examined TNF responses to the synthetic TLR7 ligand R848 or the TLR3 
ligand poly(I:C). Similar to results with TLR9, TNF responses were impaired upon treatment 
with z-FA-FMK or z-FA-FMK combined with LI-1, whereas treatment with LI-1 alone had little 
effect on TLR7 or TLR3 responses (Fig. 4.5a).  To look at receptor processing, RAW cells were 
stably transduced with mouse TLR7 or human TLR3 bearing C-terminal HA tags. By western 
blot, TLR3 and TLR7 appeared to be processed in a manner similar to TLR9 (Fig. 4.5b, (-) 
lanes). EndoglycosidaseH (EndoH) is a deglycosidase that removes N-linked sugars from ER 
resident proteins but not from proteins that have transited through the medial Golgi, whereas, 
PGNase can remove sugars irrespective of modification. EndoH treatment effectively removed 
sugars from full-length TLR7 and full-length TLR3, suggesting that these forms of the proteins 
were predominantly expressed in the ER (Fig. 4.5b, (E) lanes). By contrast, the sugars on the 
cleaved forms of TLR7 and TLR3 were mostly endoH resistant when compared to treatment 
with PGNase, suggesting that the cleaved forms of TLR7 and TLR3 have trafficked through the 
Golgi en route to the endolysosome (Fig. 4.5b, compare (E) and (P) lanes). Similar to our 
observation with TLR9, we noticed that endoH treatment resulted in a slight decrease in 
molecular mass of the cleaved form of the receptors; however, since all of the protein possesses 
some endoH resistant sugars, we interpret these results to indicate that the cleaved from of the 
receptor has in fact transited through the Golgi (Ewald et al., 2008). 

We next performed pulse-chase analysis in the presence of protease inhibitors to 
determine if TLR3 was subject to the same protease requirements as TLR9. Z-FA-FMK 
treatment not only resulted in stabilization of the high-migrating form of TLR3 (which runs more 
closely in molecular mass to the full length form of TLR3 than observed for TLR9, resulting in 
the contiguous band observed in pulse-chase experiments), it completely blocked TLR3 cleavage 
(Fig 4.5c). LI-1 treatment, in contrast, had no effect on TLR3 processing, and combined 
treatment with z-FA-FMK and LI-1 did not enhance hmTLR3 accumulation over treatment with 
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cathepsin inhibitor alone. These results indicate that cathepsins alone are required for TLR3 
processing and optimal signaling, where as AEP is dispensable.  

 
 

 
Discussion 
 
In previous work, we put forth the hypothesis that proteolytic processing is required to limit 
TLR9 activation to the endolysosomal compartments where nucleic acids are more likely to be 
foreign in origin than host derived (Ewald et al., 2008). Sequence comparison of known 
vertebrate TLRs reveals that TLR7, TLR8 and TLR9 represent a family of closely related TLRs 
that appear to have bifurcated from other TLRs on a branch that also includes the TLR3 family 
(Roach et al., 2005). The findings presented here suggest that receptor proteolysis is a regulatory 
mechanism that has evolved alongside the ability to recognize nucleic acids as a signature of 
infection.  

Based on the accepted role that TLR7 and TLR9 play in contributing to lupus, arthritis 
and psoriasis, it is reasonable that these receptors would be regulated in a similar manner. 
However, the finding that TLR3 is proteolytically processed, and that processing is required for 
an optimal response to poly(I:C), is rather surprising as activation of TLR3 by self-nucleic acids 
has not been implicated in any autoimmune diseases. Structural studies of the TLR3 ectodomain 
bound to poly(I:C) indicate that the C-terminal cleavage product of TLR3 contains the residues 
implicated in direct interaction between the two TLR3 molecules within the dimer (residues 
N678-P681 in the C-terminal domain), as well as the lateral face (LRR19-LRR21) required for 
ligand binding (Bell et al., 2006; Liu et al., 2008). However, a putative ligand binding site 
composed of basic residues within LRRs 1 and 3 would be removed upon proteolysis (Bell et al., 
2006; Botos et al., 2009; Liu et al., 2008). Interestingly, mutational analysis of the TLR9 N-
terminus indicates that an analogous positively charged region of this receptor may also be 
required for receptor activation (Peter et al., 2009).  

Our finding that cleavage is required for the function of these receptors does not obviate a 
role for the N-terminus. It certainly remains possible that the N-terminus plays an important role 
in the biology of these receptors prior to cleavage. For example, TLR3 is thought to require a 
minimum length of 40-45bp for recognition, with longer dsRNA molecules yielding a lower 
TLR3 dissociation constant. Because binding is cooperative, the N-terminus may contribute to 
ligand specificity and/or affinity (Botos et al., 2009). It is also possible that the N-terminal 
portion of the ectodomain may facilitate interaction with one or more accessory proteins. In 
particular, all nucleic acid-sensing by innate immune receptors has recently been shown to 
require the HMGB family of DNA-binding proteins, and other proteins are known to modulate 
activation of nucleic acid-sensing TLRs (Ganguly et al., 2009; Tian et al., 2007; Yanai et al., 
2009). How these molecules interact with full-length and/or cleaved receptors will be an 
important area of future studies. 

It is still unclear precisely how receptor proteolysis permits TLR activation. Work from 
the Golenbock group has demonstrated that upon reaching the endolysosome TLR9 undergoes a 
conformational change that brings the TIR domains in close proximity, enabling signal 
transduction (Latz et al., 2004). Proteolysis may be required for this conformational shift in 
dimer structure. Alternatively, receptor cleavage may lead to altered affinity for ligand which 
could also contribute to eliciting a signaling response. Although proteolysis seems to be an 
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important requirement for all nucleic acid-sensing TLRs, whether the mechanisms that dictate 
this requirement are similar between TLR family members is not yet clear.  Future studies 
focusing on the structural significance of receptor proteolysis and how this event contributes to 
the orchestration of ligand binding, dimerization and functional nucleic acid-sensing will be of 
great value. 

Finally, it is not obvious why so many proteases are able to process TLR9, TLR7, and 
TLR3. The experiments presented here indicate that the requirement for AEP and cathepsins is 
largely conserved across cell types, though the role that these proteases play is not entirely 
overlapping. One possible explanation for the observed redundancy is that the region subject to 
proteolysis is unstructured and easily accessible. The ectodomains of TLR9, TLR7, and TLR3 all 
contain inserts or non-conserved regions in between the canonical LRR regions. For example, 
TLR9 contains a large, non-conserved loop between LRRs 14 and 15 that may serve as a general 
protease substrate. This region is susceptible to cathepsin-mediated proteolysis and contains at 
least two potential AEP cut sites (Park et al., 2008; Sepulveda et al., 2009). In this scenario, 
rather than restricting receptor proteolysis to a single site, cathepsin-mediated trimming of 
heterogeneous N-termini may allow initial proteolysis by multiple proteases. This mechanism 
may enable multiple upstream events to ultimately result in a uniform final receptor with optimal 
signaling capabilities. Allowing flexibility in the types of proteases that can cleave the receptor 
has several perceivable advantageous. Such flexibility may ensure that TLR9 can be activated 
across cell types expressing different protease repertoires or may allow the receptor to be 
activated throughout the endosomal system as the pool of active proteases changes. It has been 
proposed that differential cytokine production in response to TLR9 ligands is compartment-
specific; activation from early endosomes leads to Type I IFN production while activation in the 
late endosomes results in a pro-inflammatory signature (Honda et al., 2005). Whether the 
proteolytic constituents of these compartments play a role in establishing these differences or 
other instances of differential signaling is an interesting possibility that requires further attention. 
 
 
 
Materials and Methods 
 
Reagents.  All chemicals and reagents, unless noted otherwise, were purchased from Fisher 
Scientific.  Anti-HA (Clone 3F10) matrix was purchased from Roche.  CpG oligonucleotides 
(TCCATGACGTTCCTGACGTT) with phosophorothioate linkages were purchased from 
Invitrogen.  LPS, R848, P(I:C) were purchased from Invivogen.  All antibodies for flow 
cytometry and ELISAs were purchased from eBioscience. Anti-HA (Roche) and goat anti-rat-
HRP (GE Amersham) antibodies were used for immunoblotting. DMSO, z-FA-FMK, 
baflomycinA1, pepstatinA and leupeptin (Sigma); ctsL inhibitor I (Z-Phe-Phe-CH2F), ctsB 
inhibitor (Me047), ctsS inhibitor (-Phe-Leu-COCHO • H2O) (EMD); LI-1, DCG-04 and 
BODIPY-LI-1 (synthesized by J.L.) were used in pulse/chase assays and signaling assays at the 
indicated concentrations.   
 
Cell lines, plasmids, and tissue culture, mice.  RAW264 cells were purchased from ATCC. 
DC2.4 cells were kindly provided by Dr. K. Rock (University of Massachusetts Medical School) 
and cultured in RPMI supplemented with 10% FCS, L-glutamine, penicillin/streptomycin, 
sodium pyruvate, and HEPES (all from Invitrogen). Murine embryonic fibroblasts were 
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generated as previously described and cultured in DMEM with supplements indicated above. 
Unless otherwise noted, stable lines were generated by transducing cells with MSCV2.2 
retroviruses encoding the target cDNA.  For RAW-TLR9, RAW-TLR7, RAW-hTLR9, RAW-
hTLR3 cells and TLR9-Unc93b1-MEF cells  cDNA encoding the HA epitope was inserted at the 
3’ end of each TLR. 

C57Bl/6 mice were purchased from Jackson Laboratories. All mice were housed within 
the animal facilities at the University of California at Berkeley or University of California 
according to IACUC guidelines.  Bone marrow-derived conventional DCs (cDCs) were 
differentiated, as previously described, in RPMI supplemented with GM-CSF containing 
supernatant, M-CSF containing supernatant, or 25ng/ml recombinant Flt3L (R&D), respectively.  
 
Immunoprecipitation and Western blot analyses. Cells were lysed in RIPA buffer (50mM 
Tris pH 8, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 
complete protease inhibitor cocktail (Roche).  After incubation on ice, lysates were cleared of 
insoluble material by centrifugation.  For immunoprecipitations, lysates were incubated with 
anti-HA matrix and precipitated proteins were separated by SDS-PAGE and transferred to 
Immobilon PVDF membrane (Millipore).  Deglycosylation kits were purchased from New 
England Biolabs and performed according to manufacturer’s instructions. Membranes were 
probed with the indicated antibodies and developed by ECL chemiluminescence (Pierce).  
 
Pulse/chase analysis. Cells were starved for 1h in cysteine/methionine-free media, then pulsed 
with 0.25mCi 35S-cysteine/methionine (Perkin-Elmer). After a 45 minute pulse, cells were 
washed and cultured in 5mL chase media with 10,000-fold molar excess L-cysteine, L-
methionine or harvested as the zero timepoint. Time points were harvested as follows: cells were 
washed in 3mL PBS and lysed in 1mL RIPA plus protease inhibitor cocktail.  Protease inhibitors 
were added in the pulse and chase medias at the following concentrations: 50µM E64d, 10µM z-
FA-FMK, 50µM LI-1, 100µM pepstatinA, 100µM leupeptin, 10µg/mL baflomycinA1. 
 
Measure of protease inhibitor efficiency. 1x106 RAW cells were plated and incubated for 1 
hour with 10µM or 1µM z-FA-FMK, 50µM E64d, 50µM LI-1 and DMSO. Cells were washed in 
PBS and lysed in RIPA followed by incubation with 1µM DCG-04 or BODIPY-LI-1 for 30 
minutes. Protein concentration was determined by BSA, 25µg of protein lysate were separated 
by SDS-PAGE and transferred to Immobilon PVDF membrane (Millipore) or imaged by LI-
CORE (LI-CORE Biosciences).  Membranes were probed with streptavidin-HRP (Invitrogen) 
and developed by ECL chemiluminescence (Pierce).  
 
Intracellular cytokine staining. RAW cells or dendritic cells were plated at 2.5x105 on 96 well 
plates and allowed to settle 1-3 hours. Cells were incubated with inhibitors for 10 hours at the 
following concentrations: 50µM E64d, 10µM z-FA-FMK, 30µM ctsB inhibitor, 2µM ctsS 
inhibitor, 10µM ctsL inhibitor or 50µM LI-1. After 4 hours stimulation with indicated TLR 
ligands in the presence of BrefeldinA cells were harvested and stained with Fixation & 
Permeabilization Kit (eBioscience) according to manufactures protocol.   DCs were stained with 
anti-CD11b (M1/70), anti-CD11c (N418), anti-TNF (MP6-XT22) (all eBioscience) and anti-
CD16/CD32 antibody (2.4G2; UCSF Monoclonal Antibody Core) as indicated.  
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AEP knockdown and quantitative real-time RT-PCR. Three short-hairpin RNAs predicted to 
target AEP were generated and clone according to manufacturer’s instructions into the LMP 
retroviral vector (Open Biosystems). Cells were carried in 4µg/mL puromycin. Constructs were 
introduced into RAW cells as described above and knockdown was assessed by quantitative real-
time RT-PCR. Briefly, RNA was isolated using TRIzol Plus RNA Purification System 
(Invitrogen). Gene-specific transcript levels were normalized to RPS17 mRNA. The following 
primers were used: AEP: ggaagctgctgagaaccaac, tgtgagcatggtcctctctg; RPS17: 
cgccattatccccagcaag, tgtcgggatccacctcaatg. One shRNA construct was chosen for biochemical 
and signaling assays. 
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Figure 4.1. TLR9 cleavage is a multi-step event. (a,b) TLR9 cleavage in TLR9-RAW cells 
was monitored by pulse-chase analysis see Materials and Methods for details) in the presence of 
indicated protease inhibitors or DMSO, as vehicle control. The full-length form of TLR9 (FL 
TLR9) and two cleavage products (mature cleaved TLR9, untrimmed cleaved TLR9) are labeled.  
The pool of full-length TLR9 that has exited the ER but has not yet been cleaved is also labeled 
(hmTLR9).  See text for a discussion of each band. (c) Analysis of TNF production by 
intracellular cytokine staining. RAW cells were pretreated for 12 hours with the indicated 
protease inhibitors (z-FA-FMK (10µM), LI-1 (50µM), both inhibitors, or DMSO) followed by 4 
hours stimulation with indicated ligands and staining for TNF. (d) Schematic depicting the 
unique requirement of cathepsins for trimming TLR9 once the majority of the ectodomain has 
been removed, generating the mature form of the cleaved receptor. Data are representative of 
five experiments. 
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Figure 4.2. Asparagine endopeptidase and cathepsins account for cleavage of the TLR9 
ectodomain. (a,b) TLR9 cleavage in Unc93b1-TLR9-MEF cells (a&b) or TLR9-RAW cells (b) 
was measured by pulse-chase analysis in the presence of indicated protease inhibitors or DMSO 
vehicle control. (c) Efficiency of protease inhibitor treatment was assessed after pretreatment 
with 10µM z-FA-FMK (F), 50µM LI-1 (L), or DMSO (D). Lysates were probed with DCG-04 
(upper panel) or BODIPY-LI-1 (lower panel) and visualized as described in Materials and 
Methods. (d) Analysis of TNF production by RAW cells using intracellular cytokine staining as 
described in Fig. 1. Data are representative of three experiments. 
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Figure 4.3. In the absence of AEP, TLR9 cleavage is entirely cathepsin dependent. (a) 
Quantitative RT-PCR analysis of AEP transcript levels normalized to rps17 expression in TLR9-
RAW cells transduced with a shRNA construct targeting AEP (AEP shRNA) or vector control 
(vec.). (b) TLR9 cleavage in AEPsh-TLR9-RAW cells, TLR9-RAW cells, or untransduced 
controls analyzed by pulse chase analysis in the presence of indicated protease inhibitors (F, z-
FA-FMK; L, LI-1) or DMSO (D) vehicle control. Data are representative of two experiments. (c) 
Schematic illustrating the overlapping roles of AEP and cathepsins in the initial removal of the 
TLR9 ectodomain.  
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Figure 4.4. TLR9 cleavage in conventional DCs involves both AEP and cathepsins. 
Intracellular cytokine staining for TNF production by DC2.4 cells (a) or conventional dendritic 
cells (cDCs) (b) derived from GM-CSF supplemented bone marrow cultures as described in Fig. 
4.1. Data are representative of 3 experiments. 
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Figure 4.5. TLR7 and TLR3 are regulated by receptor proteolysis. (a) Analysis of TNF 
production in response to TLR9, TLR3 and TLR7 ligands was assessed by intracellular cytokine 
staining as described in Fig. 4.1. (b) TLR7 and TLR3 are cleaved after trafficking through the 
Golgi. TLR7-RAW or TLR3-RAW cell immunoprecipitates were treated endoglycosidaseH (E); 
PGNase (P); or undigested control (-) to assess glycosylation status. (c) TLR3 cleavage in RAW 
cells was analyzed by pulse-chase analysis in the presence of indicated protease inhibitors (F, z-
FA-FMK; L, LI-1) or DMSO vehicle control. Data are representative of three (a, b) or two 
experiments (c). 
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Chapter 5. The implications of receptor processing in autoimmunity 
and future directions 

 
 
 
Proteolysis and the activation of nucleic acid-sensing TLRs 
 
As of yet it is not entirely clear how TLR9 processing, ligand binding and dimerization are 
coordinated to induce signal transduction. Clearly, there is a pool of TLR9 present in the ER at 
resting state. Though cleaved TLR9 can be seen constitutively in the phagosomes of resting 
macrophage, there is evidence that receptor translocation is enhanced upon stimulation with 
DNA (Latz et al., 2007; Sepulveda et al., 2009). An elegant study for the Golenbock group used 
chemical cross-linking to show that full-length TLR9 mainly exists as a homodimer, suggesting 
that dimers are preformed in the ER. In this work they also co-expressed TLR9 molecules 
bearing the N-terminus or the C-terminus of “split-GFP” and showed the upon reaching the 
DNA-containing compartment a conformational shift occurs that brings the TIR domains in close 
enough proximity for the two halves of GFP to fluoresce (Latz et al., 2007). Cumulatively, these 
data suggest that a conformational shift occurs upon TLR9 ligand binding that enables signal 
transduction by bringing the TIR domains together. This hypothesis has also been informed by 
our studies looking at the chimeric molecule TLR9N4C.  This receptor can signal from the 
surface without being cleaved, implying that the TLR4 transmembrane/TIR control receptor 
signaling in a manner that differs from TLR9 (Barton et al., 2006; Ewald et al., 2008).  It is 
interesting to note that over expression of TLR4 or TLR9N4C leads to spontaneous recruitment 
of MyD88 and signaling in a ligand independent manner, in line with the hypothesis that these 
receptors are primed for activation immediately upon dimerization. By contrast, over expression 
of TLR9 does not lead to ligand independent MyD88 recruitment (Barton Lab, unpublished 
data). Given our recent finding that TLR9 cleavage is required for MyD88 recruitment, we 
hypothesize that TLR9 cleavage imparts the ability for this conformational shift to occur, 
bringing the TIR in close proximity to recruit the signaling adaptor MyD88. Thus, signaling from 
the nucleic acid-sensing TLRs appears to have evolved an additional regulatory step prior to 
activation when compared to TLRs localized to the cell surface like TLR4 or TLR9N4C. 

Though TLR3 has been studied far less extensively with regard to processing, we have 
shown that it is cleaved in a manner analogous to TLR9 and that this cleavage is required for 
signaling (Ewald et al., 2008). There are some interesting disparities between the motifs known 
to control TLR9 and TLR3 trafficking. Defranco and colleagues have shown that the linker 
domain between the transmembrane domain and the TIR controls TLR3 receptor trafficking to 
the endolysosomal compartments (Nishiya and Defranco, 2004). By contrast the transmembrane 
domain of TLR7 and TLR9 appear to be important in regulating the trafficking of these TLRs 
(Kajita et al., 2006; Nishiya and Defranco, 2004). Further, the dimerization domain of TLR3 
seems to be mediated by the C-terminal-most LRR in the ectodomain (Bell et al., 2006). Based 
on these observations our group has generated a chimeric receptor by swapping the 
transmembrane domain of TLR9 with that of TLR3 (T9T3TM). The resultant receptor has the 
ligand binding and signaling specificity of TLR9, but lacks an endosomal localization motif. 
This receptor is not longer cleaved and appears to be redirected to the cell surface. Remarkably, 
the receptor is functional, and can now respond to nucleic acids conjugated to tissue culture 
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dishes whereas TLR9 cannot suggesting that it has gained the ability to signal from the surface in 
the absence of cleavage (Barton Lab, unpublished data). These studies suggest that the 
transmembrane domain of TLR9 dictates both receptor localization and the requirement for 
proteolysis (Fig. 5.1). Interestingly, the re-localization phenotype imposed by this change in 
amino acids cannot be separated from the release from the proteolysis requirement imposed by 
these changes, even with more conservative amino acid swaps. It is not yet clear if trafficking 
through the surface is the default pathway for nucleic acid-sensing TLRs or not. Work from the 
Leifer lab has suggested that this is the case, as mutating a tyrosine based internalization motifs 
in the cytosolic tail of TLR9 results in receptor stabilization at the cell surface (Chockalingam et 
al., 2009). It is possible that the “bulkiness” of the wt TLR9 dimer may itself be a structural cue 
for internalization.  For example, a loosely formed dimer may expose a localization motif 
normally hidden in surface localized TLRs. Clearly, there are many holes in our understanding of 
the biology of TLR9 between leaving the Golgi and transiting to the endosomal compartments 
that will be quite critical to our understanding of receptor activation. 

 
As discussed in Chapter 4, it is not clear whether proteolysis plays a conserved role in the 

biology of the nucleic acid-sensing TLRs. The observation that receptor proteolysis is required 
for signaling is interesting in light of what is known about the structure of the nucleic acid-
sensing TLRs. Interestingly, the N-terminus of TLR9 and TLR7 contain analogous hydrophobic 
and histadine rich patches to those identified in dsRNA binding for TLR3. For TLR3, combined 
mutation of His at residues 39, 60 and 108 (LRR1-3) to alanines completely blocked signaling 
suggesting that there is compensatory role of these residues in mediating the interaction between 
dsRNA and TLR3 in the N-terminus (Fukuda et al., 2008) (Fig. 5.2). While TLR9 has a set of 
histadine residues analogous to the aforementioned region of TLR3, a recent report from Delpke 
and colleagues show that it is actually a nearby hydrophobic region, not these histadines that may 
play a functionally analogous role in mediating ligand recognition. They showed that introducing 
a mutation in Lys-51 or Arg-74 (R74M) of this hydrophobic region completely blocks TLR9 
signaling and DNA binding (Peter et al., 2009). While it was not clear from these studies 
whether this was due to miss-folding in the ER or a genuine abrogation of signaling, subsequent 
work from our lab has shown that the latter is the case for R74M (Figure 5.3). This receptor is 
not able to signal, however, it is cleaved and gains endoglycosidaseH resistant sugars, similar tos 
to TLR9 (Fig 5.3 a&b). Of note, TLR7 and TLR8 have also been shown to have these structural 
requirements as well (Matsushima et al., 2007) 

Though there is evidence that the N-terminus is important for signaling of all nucleic 
acid-sensing TLRs, the precise mechanism by which it is involved need not be conserved. 
Interestingly, TLR3 affinity for dsRNA increases in proportion to RNA length, plateauing at 
about 500bp (Tokisue et al., 2008). It is possible that the TLR3 N-terminus promotes 
multimerization of TLR3 dimers on a single molecule of dsRNA. This could enhance signaling 
by bringing multiple components of the TRIF signaling complex in close proximity, promoting 
the kinetics or magnitude of signal transduction while still requiring proteolysis for signaling 
complex activation. This is a common theme in immune receptor signaling, for example SMAC 
formation during signaling through the TCR. Additionally, it could have a protective effect on 
the ligand itself, blocking it from susceptibility to nucleases, or retaining immune complexes for 
antigen presentation. Detailed studies are clearly required to understand how TLR3 processing 
relates to signal transduction with regards to domains implicated in receptor function through 
crystal structural analysis.  
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It is more likely that the TLR7 and TLR9 function via an analogous mechanism, given 
their nearer homology and shared role in eliciting autoimmune responses. Both the full length 
and cleaved forms of TLR9 can bind DNA while some data suggest that the cleaved form may 
have a higher affinity for ODN (Fig. 3.7), detailed studies measuring this directly will be 
valuable. While it is possible that the TLR9 N-terminus interacts directly with DNA in a manner 
analogous to TLR3, another possibility is that the N-terminus is required for interaction with a 
co-factor. As described below, it is becoming increasingly apparent that certain accessory 
molecules can play an important, if not essential role in mediating TLR7 and TLR9 responses to 
nucleic acids.  
 
 
 
Nucleic acid-binding molecules as TLR accessory molecules 
 
Recently several accessory proteins have been identified that influence, and are perhaps even 
required for TLR7 and TLR9 elicited auto-inflammatory responses. The hypothesis that 
subcellular localization of the nucleic acid-sensing TLRs serves to prevent recognition of self 
nucleic acids assumes that free nucleic acids that enter the endocytic compartments unprotected 
are likely to be degraded prior to reaching the compartment where TLR9 and TLR7 are cleaved 
(Fig. 1.1). Thus, in order to represent a viable ligand, nucleic acids would require some sort of 
protection or resistance to breakdown. This explains why phosphorothioate ligands are much 
more adept than natural phoshpodiester back bone at stimulating TLR9. Also, it is likely that 
viral and bacterial ligands enter the pathway protected and are newly exposed in the TLR9/TLR7 
signaling compartments. So how are self nucleic acids converted from a liable, easily degraded 
form to a potent immunostimulatory molecule, capable of withstanding degradation in the 
endolysosome? Major headway in understanding the molecular mechanism behind this 
phenomenon has been made in studies defining a role for HMGB in SLE-like diseases in mouse 
and the antimicrobial peptide LL37 in human psoriatic lesions. 
 
The first of these proteins observed to play a role in inflammation was HMGB1. This ubiquitous, 
highly conserved DNA binding protein recognizes the minor groove of DNA with low sequence 
specificity to enable bending during transcription initiation. During apoptosis chromatin 
deacetylation enhances HMGB1-DNA association resulting in nuclear retention of the protein, 
however, during necrotic cell death the deacetylation program is not engaged and HMGB1 is 
passively released from dying cells (Scaffidi et al., 2002). Interestingly, monocytes and dendritic 
cells have been shown to secrete HMGB1 in response to stimulation with inflammatory 
cytokines or TLR ligands (Sun and Chao, 2005). These studies along with the observation that 
administering HMGB1-blocking antibodies during endotoxic sepsis were sufficient to delay 
lethality in mice led to the suggestion that HMGB1 is a pro-inflammatory mediator (Wang et al., 
1999). However, recent studies have shown that extracellular HMGB1 associates with DNA 
released from necrotic cells or DNA containing immune complexes and thereby induce TLR9 
responses to self-DNA rather than directly stimulating immune cells itself (Ivanov et al., 2007; 
Tian et al., 2007). Recently, HMGB1 and family members (HMGB2 and HMGB3) have all been 
shown to bind model DNA and RNA ligands as well as mediate viral recognition (Yanai et al., 
2009). Simultaneous siRNA knockdown of all three family members blocked sensing by TLRs 
as well as the cytosolic nucleic acid sensors suggesting that these proteins play a universal role in 
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nucleic acid-sensing (Yanai et al., 2009). These results indicate that HMGB proteins can play a 
critical role in enhancing the stimulatory capacity of self nucleic acids, whether they are 
absolutely required for nucleic acid-sensing is not entirely clear. 

Early studies from out lab indicate that HMGB1 co-immunoprecipitates with TLR9 
independent of CpG ODN (Fig. 5.4). While this finding suggests that HMGB1 may directly 
interact with TLR9, it does not rule out the possibility that endogenous nucleic acids are present 
in this complex and may be required for association. Future studies looking at a potential role of 
the N-terminus in mediating these interactions, using the TLR9R74M mutant, will be interesting. 

Recently a role for the anti-microbial peptide LL37 was also defined in mediating TLR9 
and TLR7 responses to self-nucleic acids during psoriasis. When extracts derived from psoriatic 
lesions were compared with healthy skin in their ability to elicit TI IFN responses form PDCs, 
LL37 was identified as the immunologically active component in diseased samples (Lande et al., 
2007). This cationic, ampipathic anti-microbial peptide is highy induced in psoriatic lesions and 
bears structural similarity to α-helical peptides used to transfect DNA (Dufourcq et al., 1998). 
LL37 has been shown to bind DNA and RNA, protect them from nucleases and greatly enhance 
uptake into early endosomes (Ganguly et al., 2009; Lande et al., 2007). Interstingly, LL37 could 
induce TI IFN in response to stimulatory ODN that normally induce inflammatory cytokine 
profiles, and correlated with retention in early endosome, similar to the Honda report (Honda et 
al., 2005; Lande et al., 2007). 

Both LL37 and HMGB proteins exhibit some of their effect by protecting nucleic acids 
from nucleases and enhancing uptake. DNA-LL37 complexes have been shown to acquire a net 
positive charge, enabling uptake through lipid rafts (Sandgren 2004). Some reports have 
indicated that HMGB1 association with Receptor for advanced glycosylation end products 
(RAGE) is required to engage TLR9 responses. Whether these proteins simply enhance general 
uptake of nucleic acids to endosomal compartments or actively influencing the delivery of these 
complexes to specialized compartments yet to be shown definitively. The observed effect on 
signaling could also be explained in binding of these accessory proteins alters the structural 
conformation of the DNA to resemble A-form oligos known shown the preferentially induce TI 
IFN responses. Finally, it is also possible that these proteins may play are role in directly 
interacting with the TLR itself, perhaps explaining the observation that the N-terminus of the 
receptor is required for signaling. Though it is not entirely clear yet, it may be that the HMGB 
proteins and LL37 represent the first few of many nucleic acid-sensing accessory molecules, 
perhaps explaining the tissue specific component of various etiologically distinct autoimmune 
diseases that bare the common thread of TLR activation. 
 
 
 
Implications in autoimmunity 
 
TLR9 and TLR7 have been implicated in a range of autoimmune diseases including SLE, RA, 
psoriosis, myasthenia gravis, myocarditis and multiple sclerosis among others. Of these, the 
contribution of TLR9 and TLR7 to SLE is the best characterized. SLE pathology is characterized 
by TLR driven production of TI IFN from pDCs and generation of autoreactive B cells. These B 
cells generate high-affinity antibodies to nucleoproteins (ANA, anti-nuclear antibodies) 
including RNA binding proteins (anti-RNP) like Smith’s antigen (SM) and DNA binding 
proteins like histones. While the initial trigger for disease is not entirely clear it is though to 
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result from an unfortunate mixture of genetic susceptibility loci and some infectious trigger that 
leads to cross reactive B and T cell responses toward self-antigens. Disease seems to be 
perpetuated by TLRs via two major routes. Auto-reactive BCRs have been shown to deliver 
scavenged nucleic acid conjugated nucleoprotein directly to TLR-containing compartments, 
triggering signal II for B cell activation which leads to affinity maturation and generation of 
highly specific BCRs and antibodies. When ANA are released into sera they bind nucleic acid 
conjugated nucleoproteins to form immune complexes (IC). These IC are recognized through the 
ANA by FcγIIR expressed on DCs, and deliver the IC to TLR-containing compartments. In 
pDCs this pathway has been attributed to eliciting the hallmark production of TI IFN, engaging a 
vigorous feedback loop, through the Interferon-α Receptor (IFNAR) that perpetuates production 
if TI IFN and dendritic cell and T cell activation and differentiation of plasma cells (Hall and 
Rosen, 2009; Pestka, 2007).  

 
There are three major mouse models for the study of spontaneous SLE-like disease. All 

have symptoms similar to human disease including activation of autoreactive B cells and 
production of ANA and elevated serum IgG and glomerulonephritis. The F1 progeny of the cross 
between NZB and NZW strains (F1(NZBxNZW)) produce a disease that most resembles human 
pathology. These mice present with elevated TI IFN in the sera and accelerated onset in females 
over males, a trait that has been linked hormonal differences (Mathian 2005, Santiago-Raber 
2009). MRL mice have long been studied in inflammation and T cell activation. These mice 
were generated by crossing several strains, and have a spontaneous, recessive mutation in the 
FAS gene, lpr (or lymphoaddenopathy). Though these mice present with lupus-associated 
production of ANA, elevated serum IgG and glomerulonephrtis, they also have a general defect 
in FAS mediated apotosis and an expansion of lymphocytes with characterized by a TCRα/β+, 
CD4-, CD8-, B220+ phenotype. Notably, crossing IFNAR knockouts to this background resulted 
in accelerated disease, the opposite phenotype than observed in human disease (Pisitkun et al., 
2006; Santiago-Raber et al., 2003; Subramanian et al., 2006). Finally, the SLE symptoms of the 
BxSB strain have recently been attributed to the Yaa (Y-linked autoimmune accelerator) locus 
on the Y chromosome. Generated by a translocation of the telomeric end of the X chromosome 
containing TLR7, Yaa leads to accelerated onset of disease in male mice compaired to females. 
It has also been observed that transferring the Yaa locus to other SLE-prone backgrounds (such 
as the FcγRIIB knockout mice, see below) is sufficient to accelerate disease (Pisitkun 2006, 
Subramarian 2006). The observation that a duplication in TLR7 is sufficient to trigger 
autoimmunity is consistent with the hypothesis that nucleic acid-sensing TLR activation is 
carefully balanced, and aberrations in this balance, like over expression of TLR7 or impaired 
ability to clear apoptotic cells or free nucleic acid can tip the scale to favor autoreactive 
responses. A notable caveat to these studies is that TLR7 and TLR9 are expressed on monocytes 
and macrophage in mouse, resulting to increased production of inflammatory cytokines, whereas 
human disease is predominated by elevated TI IFN levels from pDCs.  
 As these models become increasingly well studied in the context of human disease, it is 
apparent that susceptibility to disease cannot for the most part be attributed to a single loci. 
Instead predisposition may be linked to an unlucky combination of many genes with slight 
variation in function from the norm. For example, all of these strains have a defective copy of the 
gene encoding FcγRIIB, the inhibitory Fc receptor than can dampen BCR signaling (Pritchard et 
al., 2000). The F1(NZBxNZW) and BxSB mice bear a haplotype of SLAM, Ly108.1, that is less 
effective at sensitizing immature B cells to deletion.  
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While recognition of the TLR7 duplication in the Yaa background clearly implicated 
TLRs in the development of SLE, studies looking at TLR7 and TLR9 knockouts crossed onto the 
MLRlpr background have revealed that these receptors have different contributions to the 
pathology of SLE. TLR9 knockouts are slightly protected from disease and display a marked 
reduction in ANA, however, the production of anti-smith antigen (SM, a ribonucleoprotein) 
antibodies actually increased. This was the first clue that there may be a reciprocal relationship 
between these TLRs in the activation of disease (of note knocking out TLR3 did not have a 
significant effect on any parameters tested) (Christensen et al., 2005; Christensen et al., 2006). 
Similarly, TLR7 knockouts still succumb to disease, with kinetic of ANA formation similar to wt 
mice, however, the production of anti-SM antibodies was markedly reduced (Christensen 2006). 
Interestingly, when TLR7 knockouts, TLR9 knockouts and double knockouts were compared 
with wt MRL controls, it was apparent that a defect in TLR9 exacerbated the inflammation 
induced by TLR7 in terms of anti-RNP and IgG titers, secondary lymphoid organ size and 
glomerulonephritis (Nickerson 2010). These data suggest that while both TLR7 and TLR9 can 
elicit pathology, TLR9 dampens the response derived by TLR7 alone. Given the caveats between 
this model and human SLE, it will be important to determine whether this reciprocal relationship 
holds true in other SLE models.  

Recently, many promising treatments for SLE and RA have entered clinical trials, 
including Abs targeting B cells for depletion and TI IFN for clearance, as well as inhibitory 
ODN designed to simultaneously target TLR7 and TLR9 as well (Barrat and Coffman, 2008). 
Several routes of experimentation have identified G-rich motifs that inhibit TLR9 activity. 
Surprisingly, in the search to identify optimal inhibitory sequence ODN were identified that 
could inhibit TLR7 activity as well (Barrat and Coffman, 2008). These ODN can block TLR9 
mediated sepsis induced by injection with D-galactosamine and stimulatory ODN and TI IFN 
induced by MCMV and flu infection in vivo and in vitro (Barrat et al., 2005; Duramad et al., 
2005). Further, administration of these ODN to NZB/W mice lead to reduction in ANA and 
circulating IgG, glomerulonephritis and increased survival (Barrat et al., 2007).  

The precise mechanism by which inhibitory ODN block TLR9 activity is not completely 
clear. Ligand binding studies indicate that binding affinities are identical for stimulatory and 
inhibitory ODN that differ in CG to GC sequences only, suggesting that these ODN have a true 
antagonist effect (Krieg, 2002).  However, these comparisons have only been made using intact 
ectodomains, whether, this is similar for the cleaved ectodomain is not known. Interestingly, we 
have shown that treatment with inhibitory ODN does not block TLR9 processing (Fig. 5.5). A 
compelling question, then, is whether inhibitory ODN can induce the structural rearrangement of 
the TLR9 dimer observed in split-GFP experiments in response to stimulatory ODN (Latz 2006). 
Of note, when bone marrow chimeras were made using the TLR9 mutants that bypass the 
cleavage requirement for activation mice died of a spontaneous autoimmunity (Barton Lab, 
unpublished data). It will be valuable to examine whether these mutants are sensitive to blockade 
by inhibitory ODN and if administration of inhibitory ODN can block disease pathology as has 
been observed with NZB/W mice (Barrat et al., 2005).  It has also been suggested that DNA 
binding proteins like HMGB1 are absolutely required for autoreactive responses. Taniguchi and 
colleagues have shown that HMGB1 binds stimulatory ODN directly and is required for TLR9 
activation (Tian et al., 2007). Whether these proteins are also required for the function of 
inhibitory ODN as not been investigated. 
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Concluding remarks 
 
 The goal of this project has been to understand the cellular mechanism controlling the 
sub-cellular localization and activation of nucleic acid-sensing TLRs and the implications of 
these regulatory mechanisms in autoimmunity. Through biochemical analysis of TLR9, we 
revealed an unexpected regulatory mechanism, novel to our current understanding of TLR 
biology. Namely, receptor proteolysis by endolysosomal proteases physically limits activation of 
TLR9, TLR3 and TLR7 to the endolysosome, preventing activation in other regions of the cell. 
Identification of the cleaved form of these proteins allowed us to recognize that they traffic 
through the canonical secretory pathway to the endolysosome. As this pathway is known to leak 
other lysosome-destined proteins to the plasma membrane, we have proposed that coupling 
activation to the endolysosome specifically avoids activation at the cell surface. In line with this 
hypothesis receptors that have been engineered to circumvent the cleavage requirement lead to 
spontaneous autoimmunity. Despite this progress, there are still holes in our understanding of the 
cell biology of these receptors. Namely how regulated export of these receptors from the ER is 
controlled, if trafficking through the cell surface is the default pathway, and how activation in the 
endolysosomal compartments of different cell types initiates unique cytokine responses. 

Identification of TLR3, 7 and 9 processing brings to light new questions as to how the 
domains that have already been associated with receptor function coordinate to elicit responses. 
How the N-terminus participates in signaling, why cleavage isoforms are activated at different 
thresholds, and how the cleaved receptor recruits MyD88 are still open questions. Further, the 
observations that accessory proteins contribute to self nucleic acids recognition, that different 
ODN can elicit qualitatively different signaling responses and that activation of these responses 
is dependent on compartmentalization may be tied directly to events in receptor processing. We 
suspect that receptor proteolysis represents a compromise that has evolved alongside the ability 
to detect nucleic acids, balancing the need to detect viral pathogens with the risk associated with 
nucleic acid recognition. Future work looking at these unaddressed questions should aid our 
understanding of the molecular and cellular mechanisms that control this balance.  



 55 

 
 

 
 
Figure 5.1. Model for the role of TLR9 cleavage in signaling. Full length TLR9 can bind 
ligand but does not signal. Cleavage allows reorientation of the TIR domains towards one 
another in an orientation that allows signaling. TLR9N4C and TLR9T3TM form structures that 
enable signaling signal transduction from the full length form of the receptor which seems to be 
under the control of the transmembrane domain. 
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Figure 5.2. Structure of the TLR3 ectodomain in complex with dsRNA.  Crystal structure of 
the TLR3 ectodomain in complex with dsRNA (adapted from Liu et al. 2008). The TLR3 
ectodomain contains ligand binding sites in the lower lateral face at LRR19-21 as well as in the 
N-terminus at LLR1-3. Dimerization is mediated by direct interaction at residues in the last LRR. 
Green represents TLR3, orange represents dsRNA. 
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Figure 5.3. TLR9R74M is cleaved but does not signal in response to CpG ODN. (a) Cleaved 
TLR9R74M traffics through the Golgi en route to the signaling compartment analogous to 
TLR9. Cleavage of TLR9 and TLR9R74M was assessed by immuno blot in TLR9 deficient 
immortalized macrophage. TLR9 trafficking was assessed by treatment with endoglycosidaseH 
(E) or no enzyme control (NE). (b) Signaling was assessed by transient transfection of 293T cells 
with TLR9 constructs and a NFκB driven luciferase reporter. 
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Figure 5.4. TLR9 binds HMGB1 in the absence of exogenous CpG ODN. Anti-HA 
immunopercipitation was performed on TLR9HA expressing (9HA) or untransduced (UTD) 
TLR9 knockout immortalized macrophage. Association with HMGB1 was determined by 
immunoblotting for endogenous protein.   
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Figure 5.5. Inhibitory ODN do not block TLR9 cleavage. TLR9 knockout immortalized 
macrophage expressing TLR9HA were trated 24 hours with stimulatory ODN (STIM ODN), two 
unique inhibitory ODN (INH ODN 2080 or 2034), or no ligand. Cleavage was assessed by 
immunoblot. 
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