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ABSTRACT

Nuclear factor-kappaB (NF-xB) is a family of transcription factors that are essential for
execution of both the innate and the adaptive immune response. NF-kB regulates
hundreds of genes involved in critical processes such as cell survival, differentiation,
proliferation, and inflammation. Consequently, NF-kB activity must be tightly regulated
and a failure to do so causes diseases such as inflammatory disorders and cancer. The
identification of novel NF-kB regulators can increase our understanding of the elaborate
regulatory networks that control the NF-kB response and influence the design of
therapeutic interventions directed at NF-kB. A classical approach for identifying new
members in a pathway is the forward genetic screen. Human haploid genetic screens
represent a recent advance in this approach. | have attempted to expand the utility of
human haploid genetic screens through the use of transcriptional reporters and
developed human haploid reporter screens for the specific purpose of identifying
regulators of NF-kB. To identify constitutive inhibitors of NF-kB, | utilized a NF-kB-
blasticidin S resistance gene (BSR) reporter and identified CYLD, a known negative
regulator of NF-kB, demonstrating that in principle this approach works. In the same
screen, two members of the poorly characterized leucine-rich repeat-containing 8
(LRRC8) family of proteins appeared as significant hits. | determined that LRRC8D is not
required for NF-kB regulation, but rather for import of blasticidin, the selecting agent
used in the screen. Thus, quite serendipitously, | identified the first mammalian protein
that mediates import of the antibictic blasticidin. My further characterization of LRRC8D
provides new insight into the function of LRRCS8 proteins. | developed a second screen,
using a NF-kB-GFP reporter, to identify genes required to activate NF-kB in response to
the TLR2/6 ligand, FSL-1. This screen successfully identified known components of the
TLR2/6 pathway and identified many other candidate genes for further study.
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Chapter 1: Introduction

Introduction

Nuclear factor-kB (NF-kB) is a family of transcription factors that was originally
discovered as regulators of kB light chain expression in mature B and plasma cells (Sen
and Baltimore, 1986a; 1986b). Work since then has demonstrated that NF-kB is
expressed in almost all cell types and regulates hundreds of genes in response to > 150
different stimuli (Hoffmann et al., 2006; Pahl, 1999) (Figure 1). Among the processes
influenced by NF-kB are inflammation, immunity, cell proliferation, differentiation, and
survival. Given its involvement in such critical processes, dysregulation of NF-kB has
been implicated in a number of pathologies including cancer, diabetes, and inflammatory
disorders. Determining the mechanisms by which NF-kB is regulated will thus be crucial
for understanding how NF-kB-related pathologies develop and how best to design

therapeutic interventions.

NF-kB Signaling Pathways

The mammalian NF-kB transcription factor family consists of five members: p65
(RelA), RelB, c-Rel, p50 (NF-kB1), and p52 (NF-kB2) that can form homo- or
heterodimeric complexes with distinct functions. All five members posses an N-terminal
- Rel homology domain (RHD) required for dimerization and DNA binding (Hayden and
Ghosh, 2012). p65, RelB, and c-Rel alsc posses a transcription activation domain (TAD)
that confers the ability to initiate transcription. p50 and p52 lack TADs, but can positively
regulate transcription by heterodimerization with TAD-containing NF-kB members or by
interaction with other proteins that have transactivating abilities. The primary mechanism
by which inducible activation of NF-«kB is achieved is through binding of NF-kB dimers to
Inhibitor of kB (IkB) proteins which sequester NF-kB dimers in the cytoplasm at steady-
state. Cellular stimulation results in phosphorylation, ubiquitylation, and proteasome-
mediated proteolysis of the NF-kB-bound IkB, which allows NF-kB to translocate to the
nucleus and bind to DNA.

The NF-kB signaling pathways have been broadly classified into two types:
canonical and noncanonical (Figure 2). A wide range of stimuli can activate NF-kB in the
canonical pathway. In a typical example, ligand binding to a cell surface receptor (e.g.

TNF receptor, IL-1 receptor, Toll-like receptors, and antigen receptors) leads to a




Chapter 1: Introduction

conformational change in the receptor and initiates the recruitment of a series of adapter
proteins, which possess protein-protein interaction domains. Domains that are
commonly used in NF-kB signaling cascades are death domains (DDs), caspase
activation and recruitment domains (CARDs), RIP homotypic interaction motifs (RHIMs),
and Toll/IL-1 (TIR) domains. Adapter proteins then recruit kinases to the receptor
complex to form a large signaling platform, which mediates the activation of the IKK
complex, containing two highly homologous kinase subunits, IKKa, IKKB, and a
regulatory subunit, NEMO. The activated IKK complex then phosphorylates the kB
proteins IkBa, IkBB, IkBe, which leads to their proteasomal degradation and the release
of their NF-kB bound dimers.

Unlike the canonical pathway, which can be activated by diverse receptors, the
noncanonical pathway is induced by specific members of the TNF cytokine family, such
as BAFF, lymphotoxin-B, or CD40 ligand (Hayden and Ghosh, 2012; Razani et al., 2011).
Following receptor ligation, NF-kB-inducing kinase (NIK) protein, which is normally
subject to constitutive ubiquitylation and subsequent degradation, is stabilized (Liao,
2004). NIK can then phosphorylate and activate IKKa, which in turn phosphorylates
p100, thus initiating processing of p100 to p52. RelB/p52 dimers can then enter the
nucleus and regulate target genes that are distinctly regulated by the noncanonical

pathway.

Toll-like Receptors and Activation of NF-kB

Toll-like receptors (TLRs) are pattern—recognition receptors (PRRs) that
recognize pathogen-associated molecular patterns (PAMPs) from microorganisms or
danger-associated molecular patterns (DAMPs) from damaged tissue. TLRs trigger
innate immune responses and also prime antigen-specific adaptive immunity. TLRs are
type | transmembrane proteins that possess an extracellular leucine-rich repeat (LRR)
domain for ligand binding, and an intracellular Toll/IL-1receptor (TIR) domain that
mediates signal transduction through the recruitment of adapter proteins. So far, 10 and
12 functional TLRs have been identified in humans and mice, respectively. Each TLR
has a distinct function in terms of PAMP recognition and immune responses. TLRs form
heterodimers or homodimers as a means of triggering a signal. Most TLRs form
homodimers, with a few exceptions. For example, TLR2 forms heterodimers with TLR1

or TLR6, which enables differential recognition of bacterial lipopeptides: TLR1-TLR2
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recognizes triacylated lipopeptides, whereas TLR2-TLR6 responds to diacylated
lipopeptides (Jin et al., 2007; Kang et al., 2009).

TLRs can be divided into two subgroups based upon their cellular localization.
TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11 traffic from the ER to the cell surface and
mainly recognize PAMPs derived from the surface of microorganisms including LPS,
lipoproteins, and flagellin (Kawai and Akira, 2010; Takeuchi and Akira, 2010). TLR3,
TLR7, TLR8, and TLR9 on the other hand, traffic to endolysosome compartments where
they recognize microbial nucleic acids (Kawai and Akira, 2010; Takeuchi and Akira,
2010). Several proteins mediate the trafficking of TLRs to their final destination. Gp96, a
paralogue of the heat-shock protein 90 (HSP90) chaperone, mediates the folding of
several TLRs in the ER. Gp96 is necessary for the function of TLR1, TLR2, TLR4, TLRS5,
TLR7 and TLR9 and is required for the surface expression of TLR1, TLR2 and TLR4 and
for the maturation and cleavage of TLR9 in the endolysosome (Liu and Li, 2008; Liu et
al., 2010; Randow and Seed, 2001; Yang et al., 2007). PRAT4A, an ER luminal protein,
appears to function together with Gp26 to mediate maturation of TLRs in the ER (Liu et
al., 2010). Knockdown of PRAT4A expression impeded the passage of TLR1 and TLR4
through the Golgi and prevented ligand-induced trafficking of TLR9 from the ER to
endolysosomes (Takahashi et al., 2007). UNC93B1 is an ER-resident glycoprotein that
is predicted to span the membrane 12 times (Tabeta et al., 2006). Mice homozygous for
an UNC93B1 missense mutation (H412R) that prevents interaction with TLR3, TLR7,
TLR8, and TLR9 have impaired signaling via TLR3, TLR7 and TLR9. Bone marrow-
derived macrophages from these mice show defective ligand-induced trafficking of
UNC93B1, TLR7 and TLR9 to endolysosomal compartments (Brinkmann et al., 2007;
Kim et al., 2008; Tabeta et al., 20086).

TLRs can also be classified by the signaling pathways they activate (Figure 3).
The MyD88-dependent pathway is used by all TLRs except TLR3 and results in the
activation of NF-kB and mitogen-activated protein kinases (MAPKSs) to induce
inflammatory cytokines (Kawai and Akira, 2010). The TRIF-dependent pathway is used
by TLR3 and TLR4 and activates NF-«kB and interferon-regulatory factors (IRFs) to yield
inflammatory cytokines and type | interferon (Kawai and Akira, 2010). MyD88 and TRIF
are adapter molecules required in their respective pathways. While several TLRs can
recruit MyD88 or TRIF directly through their TIR domain, others require additional
adapter molecules to bridge the interaction. The TLR1-TLR2, TLR2-TLR6, and TLR4—

10
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TLR4 dimers require the adapter TIRAP, also known as MAL, to recruit MyD88 (O'Neill
and Bowie, 2007; O'Neill et al.). Alternatively, TLR4~TLR4 homodimers can utilize the
adapter TRAM to recruit TRIF (O'Neill and Bowie, 2007; O'Neill et al.).

In the MyD88-dependent pathway, MyD88 recruits the IL-1 receptor-associated
kinases IRAK4, IRAK1, and IRAK2 to TLRs (Kawai and Akira, 2010). IRAK4 is activated
first, which in turn phosphorylates IRAK1 and IRAK2 (Kawai and Akira, 2007; 2010). The
activated IRAKSs then interact with TRAFS6, an E3 ligase that attaches K63-linked
polyubiquitin chains onto target proteins with the assistance of the E2 ubiquitin-
conjugating enzyme complex comprising Ubc13 and Uev1A (Kawai and Akira, 2007;
2010). In a poorly understood manner, the synthesis of K63-linked polyubiquitin chains
by TRAF®6 recruits a complex of TAK1, TAB2, and TAB3 (Kawai and Akira, 2007; 2010).
TAK1 can phosphorylate IKK, but whether this is the final event required for IKK
activation and subsequent activation of NF-kB, is not completely understood (Hayden
and Ghosh, 2008). Deletion of TAK1 impairs TLR4-mediated activation of NF-kB in
macrophages, B cells, and fibroblasts, but not in neutrophils (Alagbala Ajibade et al.,
2012; Sato et al., 2005; Schuman et al., 2009). Activation of the IKK complex requires
phosphorylation of T loop serines of at least one of the IKK subunits (Hayden and Ghosh,
2008). Whether this phosphorylation event is catalyzed by TAK1, a downstream target of
TAK1, or whether IKK transautophosphorylation is induced by oligomerization of a
signaling scaffold is still a matter of debate. All TLRs that use the MyD88-dependent
pathway can activate NF-kB. In dendritic cells, the endosomal TLRs can also activate
IRFs in a MyD88-dependent manner (Honda et al., 2004; Negishi et al., 2006; Schmitz et
al., 2007; Schoenemeyer et al., 2005).

In the TRIF-dependent pathway, TRIF can recruit TRAF6, TRAF3, or RIP1
(Takeuchi and Akira, 2010). TRAF6 and RIP1 are thought to mediate activation of NF-kB
through mechanisms similar to those of the MyD88-dependent pathway. TRAF3 is
important for activating two IKK-related kinases, TBK1 and IKKe (Hacker et al., 2006;
Oganesyan et al.), TBK1 and IKKe phosphorylate IRF3 and IRF7, promoting their

homodimerization and translocation to the nucleus (Takeuchi and Akira, 2010).

Regulation of NF-kB Transcriptional Specificity
NF-«B dimers bind to DNA kB sites in promoters and enhancers that have the

highly degenerate sequence 5’ GGGRNWYYCC 3’ (where N is any base, R is purine, W
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is adenine or thymine, and Y is pyrimidine) (Hayden and Ghosh, 2012). In addition, they
have been found to bind sites that deviate from this consensus sequence (Natoli et al.,
2005). The degenerate nature of the sequences to which NF-kB can bind means that
there are many sites across the genome recognized by NF-kB. However, often, NF-xB
activation leads to the expression of only a subset of genes it is capable of activating.
Many other layers of regulation may influence NF-«B target gene regulation, including
selective dimer combinations, chromatin environment, post-translational modifications of
NF-kB, cross-talk between signaling pathways, and cell state.

Context-dependent assembly of NF-kB family members into selective dimer
combinations that regulate unique sets of target genes could influence the specificity of
an NF-kB response. Specificity of dimer formation has been difficult to study because of
considerable redundancy between NF-kB dimer combinations and because each NF-xB
family member can participate in many different dimers. Nevertheless, the RelB/p52
heterodimer used by the noncanonical pathway provides one clear example of an NF-kB
dimer selectively activating a unique set of target genes in response to a specific
stimulus (Ghosh and Hayden, 2008).

The kinetics of NF-«B recruitment to target genes are complex — some genes
recruit NF-kB shortly after its nuclear entry whereas others take hours to do so (Saccani
et al., 2001; 2004). NF-kB target genes vary in their dependence for chromatin
modification for expression, which may account for this phenomenon (Natoli et al., 2005).
Genes that do not require chromatin modification may be expressed more quickly in
response to a stimulus, whereas genes that require chromatin modification are
expressed later (Ramirez-Carrozzi et al., 2006; Saccani et al., 2001). In LPS-stimulated
macrophages, the catalytic BRG1/BRM subunits of the SWI/SNF class of ATP-
dependent nucleosome remodeling complexes are required for the activation of
secondary response genes and primary response genes induced with delayed kinetics,
but not for rapidly induced primary response genes. Pharmacological inhibition of BET
proteins that govern the assembly of histone acetylation-dependent chromatin
complexes suppresses transcriptional activation of only a subset of NF-kB target genes
in LPS-stimulated macrophages (Nicodeme et al., 2010)

All NF-xB family members can be extensively modified. Selective modification
and co-dependent regulatory interactions may control target gene expression in different

physiological contexts (Smale, 2011). Phosphorylation of Ser 276 of p65 by PKA
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promotes the interaction of p65 with the histone acetyltransferases (HATs), CBP and
p300 (Zhong et al., 1998). Knock-in mutation of Rel S276A leads to defective activation
of a subset of NF-kB target genes suggesting that recruitment of HATSs is differentially
required at NF-kB target genes (Dong et al., 2008). Other kinases such as MSK1 and
MSK2 have also been reported to phosphorylate Ser276 of p65 and MSK1” MSK2”
cells have diminished transcriptional activity in response to TNF (Vermeulen et al., 2003).
Acetylation of p65 promotes association with HATs and is associated with increased
transcription (Chen and Greene, 2004). Methylation of p65 by the Set9
methyltransferase has been reported although there is a lack of consensus on the
functional outcome of this post-transiational modification. Set9 has been shown to target
Lys37 of RelA in response to cytokine stimulation and is required for the expression of a
subset of NF-kB target genes (Ea and Baltimore, 2009; Li et al., 2008). However, in
another report that demonstrated methylation of RelA Lys 314 and 315 by Set9, Set9
was required for the termination of NF-kB responses (Yang et al., 2009). The observed
differences may be due to the use of different cell lines and the examination of different
target genes.

Often an inflammatory stimulus will induce signaling pathways that result in the
activation of multiple transcription factors. Stimulus-specific NF-kB transcriptional
programs may be achieved through cooperative binding of NF-«kB with other transcription
factors at promoters and enhancer of genes. One well-characterized example of this is
the enhanceosome complex for the gene that encodes interferon-B, which involves
several transcription factors induced by viral infection (NF-kB, ATF-2—c-Jun, and IRF3 or
IRF7)(Agalioti et al., 2000; Panne et al., 2004; 2007). In this case, transcriptional
synergy is conferred by both cooperative DNA binding and recruitment of coactivators.
Additional factors for which synergistic interaction with NF-kB have been reported are
Sp1, AP1, STAT3, and CEBP/B (Oeckinghaus et al., 2011).

NF-kB activation in different cell types can result in different transcriptional
programs. While both TNF and LPS activate NF-kB in human dendritic cells, only LPS is
capable of inducing recruitment of NF-kB to the /L6 promoter (Natoli et al., 2005). In
contrast, both TNF and LPS result in efficient recruitment of NF-«kB to the /L6 promoter in
fibroblasts. Cell-type specificity of the NF-kB response is likely linked to the pathways
and factors that control cell differentiation and development. The deposition of chromatin

barriers at specific sets of NF-kB target genes during development may dictate which
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genes will be activated in response to a stimulus (De Santa et al., 2009; 2007; Saccani
and Natoli, 2002; van Essen et al., 2010). The relative expression levels of NF-kB dimer
combinations and signaling pathway components would also contribute to distinct NF-xB

responses in different cell types.

Termination of the NF-kB Response

Prompt activation of NF-«B is critical for host defense against pathogens during
an infection. However, after the danger has been eliminated, NF-kB responses must be
properly terminated to avoid inflammation, autoimmune disorders, and tumorigenesis.
The most studied and best understood mechanism for termination of the NF-xB
response involves the rapid resynthesis of |kB proteins, induced by activated NF-kB
(Andrea Oeckinghaus, 2009; Ruland, 2011). Newly synthesized IkBa can enter the
nucleus, remove NF-kB from the DNA, and relocalize it to the cytosol (Kearns et al.,
2006; Oeckinghaus et al., 2011; Ruland, 2011). Similar to kB, PIAS1 and PIAS4 have
been implicated in the displacement of RelA dimers from DNA although the exact
mechanism is unknown (Bin Liu et al., 2004; Liu et al., 2005). An additional layer of
regulation in the nucleus involves ubiquitin-dependent proteasomal degradation of
promoter-bound p65 (Ryo et al., 2003; Tanaka et al., 2007).

Acting further upstream in the signaling pathway, several deubiquitinase (DUB)
enzymes are involved in the negative regulation of canonical NF-kB signaling. The best
characterized DUB that down-modulates NF-kB is A20 (Hymowitz and Wertz, 2010;
Ruland, 2011). Like IkBs, A20 expression is directly induced by NF-kB activity in a
negative feedback loop (Dixit et al., 1990; Hymowitz and Wertz, 2010). Once activated,
the DUB domain of A20 removes K63-linked polyubiquitin chains from RIP1, TRAF6,
NEMO, RIP2, and MALT1, all of which are signaling components upstream of or part of
the IKK complex (Boone et al., 2004; Diwel et al., 2009; Hitotsumatsu et al., 2008;
Mauro et al., 2006). Cezanne, another DUB whose expression is induced by NF-xB
activation, is involved in negatively regulating the TNFR pathway. A third DUB, CYLD,
deubiquitinates K63-linked polyubiquitin chains from a wide range of activators including
RIP1, TRAF2, TRAF6, TRAF7, TAK1, and NEMO, but it is unclear if deubiquitination of
all these targets is necessary for NF-kB regulation (Ruland, 2011; Sun, 2009). Whether
CYLD functions at steady-state in the absence of stimulus or after stimulus-dependent

NF-kB activation has occurred is incompletely understood. Inducible expression of CYLD
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seems to be cell type- and stimuli-dependent. In mouse bone marrow-derived
macrophages, CYLD expression is strongly induced by RANKL, but not by TNF or LPS
(Jin et al., 2008). Yet TNF can induce CYLD expression in HelLa cells and human
bronchial epithelial cells (Jono et al., 2004). CYLD undergoes phosphorylation in
response to TNF and LPS. This modification appears to negatively regulate its ability to
deubiquitinate TRAF2 (Reiley et al., 2005). The phosphorylation is mediated by IKK,
suggesting that CYLD may not be involved in feedback control of NF-kB, but may
function instead as a negative regulator at steady-state to prevent aberrant, spontanecus
activation of NF-kB (Reiley et al., 2005).

A signal-specific layer for the negative regulation of NF-kB response is provided
by dominant-negative adaptors that interfere with protein-protein interactions between
signaling components upstream of IKK. These have been best characterized in the TLR
pathway and include the MyD88s isoform, IRAK-M, and SARM, all of which are inducibly
generated or expressed following an appropriate stimulus (Burns et al., 2003; Carty et al,,
2006; Escoll et al., 2003; Janssens et al., 2003; Kobayashi et al., 2002). MyD88s, IRAM-
M, and SARM specifically inhibit the TLR pathway as they directly interact with adapter

molecules that are selectively required for TLR signaling.

NF-kB in Disease

NF-kB regulates the expression of hundreds of genes involved in key processes,
including cell proliferation, cell survival, inflammation, and innate immunity, often as a
means to deal with cellular or organismal stress. Thus, not surprisingly, either defective
or excessive NF-kB activity can lead to a range of human disease such as
immunodeficiency, inflammatory disorders, and cancer.

A number of inherited human diseases due to mutations in components of the
core NF-«kB signaling pathway have been described. Mutations in the IKK complex
regulator subunit NEMO can produce diverse and variable defects in humans, including
severe immunodeficiency, osteopetrosis, skin defects, and colitis (Courtois and Giimore,
2008; Pasparakis, 2009). The exact mechanism by which these NEMO mutations impact
NF-kB on a molecular level remain to be fully understood. Two patients have been
identified with a heterozygous missense mutation in IkBa that abolished its ability to be
phosphorylated by IKK and accordingly resulted in impaired IkBa degradation. Both

patients exhibited symptoms of severe immunodeficiency, including an impaired innate
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immune response and a T-cell proliferation defect that resulted in a lack of memory cells
(Courtois et al., 2003; Janssen et al., 2004). Mutations that affect the kinase domain of
IRAK4, either resulting in its truncation or impairing its activity, have been identified in
patients with recurrent bacterial infections (Medvedev et al., 2003; Picard et al., 2003).
IRAK4 is a protein kinase that is essential for IL-1 and TLR signaling pathways and
consequently these patients show defective responses to IL-1 and various TLR ligands.
Germline mutations in an inhibitor of NF-kB have also been identified. Cylindromatosis, a
rare recessive genetic disease characterized by the formation of benign skin tumors,
mostly on the scalp, is caused by mutations in CYLD, a DUB that negatively regulates
NF-«kB (Bignell et al., 2000; Brummelkamp et al., 2003; Kovalenko et al., 2003;
Trompouki et al., 2003).

Somatic cell mutations in NF-kB signaling components have been identified in
lymphomas, glioblastoma, multiple myeloma, breast cancer, and prostate cancer
(Annunziata et al., 2007; Ben-Neriah and Karin, 2011; Bredel et al., 2011; Chapman et
al., 2011; Courtois and Gilmore, 2006). However, the number of tumors with activated
NF-kB signaling is much larger than the fraction of malignancies with confirmed
mutations, likely due to epigenetic changes within the cancer cells and/or
microenvironmental factors (Ben-Neriah and Karin, 2011). NF-kB-mediated inflammation
can contribute to tumor initiation by increasing mutation rates and by causing genomic
instability (Grivennikov et al., 2010). Once tumor cells have formed, inflammation
enhances their survival as well as their proliferation, and further promotes angiogenesis,
invasion, and metastasis (Grivennikov et al., 2010). Nonetheless, the role of NF-kB in
tumorigenesis is not always positive. For example, overexpression of IkBa promotes
oncogenic Ras-induced invasive epidermal growth resembling squamous cell carcinoma
(Dajee et al., 2003). While NF-kB appears to promote inflammation-associated
hepatocellular carcinoma, it seems to prevent carcinogen-induced hepatocellular
carcinoma (Ben-Neriah and Karin, 2011). Thus, the role of NF-kB in tumorigenesis is
complex and may depend on cell-type and the status of tumor suppressor mechanisms
in the cell (Perkins, 2012). Understanding the regulation of NF-kB in cancers will be key
to the development of therapies that intervene in a way that inhibits tumorigenesis with
the least amount of side effects.

Due to its critical role in controlling the inflammatory response, NF-kB has been

implicated in the development of inflammatory-related disorders besides cancer.
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Activated NF-«kB has also been detected in many chronic inflammatory conditions,
including inflammatory bowel disease, rheumatoid arthritis, and psoriasis (Ben-Neriah
and Karin, 2011; Courtois and Gilmore, 2006). It is now recognized that NF-kB-mediated
inflammation plays a role in the development of many metabolic disorders including
obesity, type 2 diabetes, and atherosclerosis (Baker et al., 2011; Tornatore et al., 2012).
Thus, the development of drugs that interfere with NF-kB-driven inflammation could

provide relief to a number of serious human diseases.

Genetic Screens for Components of NF-kB Signaling Pathways

Since the discovery of NF-kB, genetic screens have led to novel discoveries in
NF-kB signaling and regulation. Although NF-kB is evolutionarily conserved between
Drosophila and humans, there are important differences in their NF-kB signaling
pathways including the mechanism by which NF-kB is activated (Silverman and Maniatis,
2001). For this reason, screens that seek to understand human innate immune signaling
generally use either mice or mammalian cells in culture.

Forward genetic screens in mice have been particularly important in contributing
to our understanding of how TLRs sense and respond to microbial components. TLR4
was the first human TLR to have a function assigned to it. Its identification as a pattern
recognition receptor for LPS was accomplished through positional cloning of a
spontaneous mutation that occurred in C3H/Hed in mice that rendered them resistant to
LPS toxicity (Poltorak et al., 1998). Shortly afterwards, Bruce Beutler's group began
treating mice with the mutagen N-ethyl-N-nitrosourea and testing the ability of immune
cells from these mice for their ability to respond to TLR ligands. This endeavor resulted
in the further functional identification of TRIF as a TLR adapter molecule, CD36 as a co-
factor for TLR2/6, and UNC93B1 as a chaperone that mediates endosomal TLR
trafficking (Brinkmann et al., 2007; Hoebe et al., 2003; 2005; Kim et al., 2008; Tabeta et
al., 2006). While genetic screens in mice have provided fruitful insight into TLR signaling
and important mouse models for future studies, this approach is time-consuming and
expensive.

Genetic screens for NF-kB signaling pathway components have also been
performed with mammalian cells grown in tissue culture. A screen involving chemical
mutagenesis of a diploid cell line containing a NF-kB-GFP reporter identified Gp396 as an

essential chaperone of TLRs (Randow and Seed, 2001). To identify activators of NF-kB,
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random activation of gene expression (RAGE) technology was used to generate a
limited protein expression library in a transgenic NF-kB reporter cell line. The library was
then selected for cells that constitutively activated the reporter. Thus TAB3 was identified
as a positive regulator of NF-kB (Jin et al., 2004). More recently, a large number of RNAI
screens for activators and inhibitors of NF-kB have been performed (Brummelkamp et al.,
2003; Chiang et al., 2012; Choudhary et al., 2011; Gewurz et al., 2012; Li et al., 2006;
Nickles et al., 2012; Warner et al., 2013). While RNAi screens hold much promise,
difficulties with low signal to noise values limit their utility. Secondary screens or
secondary selection criteria are often required to winnow candidate lists that even then
may include hundreds of genes. In a genome-wide siRNA screen to identify regulators of
the NOD2 pattern recognition receptor signaling pathway, only 25% of putative positive
regulators and 33% of putative negative regulators identified in the primary screen
scored positive in a secondary screen (Warner et al., 2013). Targeted screens using
RNAI pools against genes with specific functions (e.g. kinase, phosphatases) tend to
give less ambiguous results than genome-wide screens. In one extreme example of this,
a screen to identify de-ubiquitylating enzymes (DUBSs) that negatively regulate NF-xB
started with 200 knock-down vectors against 50 DUBs and identified only a single
candidate gene (Brummelkamp et al., 2003). That gene was CYLD and was concurrently,
but separately confirmed to be a negative regulator of NF-kB by two other groups
(Kovalenko et al., 2003; Trompouki et al., 2003). Although targeted RNAi screens may
provide higher specificity they also bias the screen and may prevent the identification of

genes that are involved in your pathway of interest.

Introduction to the Work Presented in this Thesis

The isolation of human cells lines that are nearly or completely haploid and the
subsequent development of genetic screens using these cells have provided an
alternative genetic approach towards dissecting biological processes relevant to human
biology. Human haploid screens have led to the identification of a number of host factors
exploited by serious human pathogens, including Ebola virus, and identified transporters
that are required for the import of toxic molecules, such as tunicamycin (Carette et al.,
2011; Reiling et al., 2011). However, the majority of human haploid screens reported to
date have involved the selection of mutant cells that are resistant to a lethal agent. The

biological pathways amenable to study by human haploid screens are currently limited.
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In this thesis, | will describe work that has sought to expand the utility of haploid screen
through the use of transcriptional reporters. Given the critical role of NF-kB in diverse
biological processes and the number of human diseases that are connected with
aberrant NF-kB regulation, human haploid reporter screens were developed with the aim
of identifying positive and negative regulators of NF-kB.

The first chapter describes the development of a human haploid reporter screen
that was designed to identify constitutive inhibitors of NF-kB. This screen utilized a NF-
kB-blasticidin S resistance gene (BSR) reporter and identified CYLD, a known negative
regulator of NF-kB, demonstrating that in principle our approach works. Also identified in
the screen were two members of the leucine-rich repeat-containing 8 (LRRC8) family of
proteins and HEATR7A. The second chapter describes the characterization of LRRC8
family members and demonstrate that the most significant hit in the screen for NF-xB
inhibitors, LRRCS8D, is not required for NF-kB regulation, but rather for the import of
blasticidin, the selecting agent used in the screen. While LRRC8s were not our intended
target, their appearance in our screen provided new insight into the function of this family
of proteins. The third chapter focuses on the development of a screen using a NF-kB-
GFP reporter. The use of a NF-kB-GFP reporter eliminates the possibility of identifying
transporters and it provides the ability to screen for both inhibitors and activators of NF-
kB. In this chapter, | describe a screen for genes required for NF-kB activation in
response to the TLR2/6 ligand, FSL-1. This screen successfully identified known
components of the TLR2/6 pathway and identified many other candidate genes for

further study.
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Figure 1. NF-kB stimuli and target genes. In response to diverse stimuli that often
occur during infection or cellular stress, NF-kB can activate target genes important for
inflammation, proliferation, and cell survival. Since prolonged NF-kB can result in tissue
damage and disease, activation of NF-kB also results in the activation of a number of

negative feedback loops. Adapted from (Andrea Oeckinghaus, 2009).
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Canonical pathway Non-canonical pathway
(TNFa, IL-1, LPS) (CD40, BAFF, lymphotoxin-f)

Figure 2. Canonical and noncanonical activation of NF-kB. In the canonical pathway,
a wide range of stimuli can activate cell surface receptors (e.g. TNF receptor, IL-1
receptor, Toll-like receptors, and antigen receptors) that then recruit a large number of
adapter proteins in order to activate the IKK complex. This complex contains IKKa, IKKB,
and NEMO. The activated IKK complex then phosphorylates the classical IkB proteins
IkBa, IkBpB, IkBe, which leads to their proteasomal degradation and the release of their
NF-kB bound dimers. The noncanonical pathway is induced by specific members of the
TNF cytokine family, such as BAFF, lymphotoxin-B, or CD40 ligand. Following receptor
ligation, NF-kB-inducing kinase (NIK) protein, normally subject to constitutive
ubiquitylation and subsequent degradation, is stabilized. NIK can then phosphorylate
and activate IKKa, which in turn phosphorylates p100, to initiate processing of p100 to
p52. RelB/p52 dimers can then enter the nucleus and regulate target genes that are
distinctly regulated by the noncanonical pathway. Adapted from (Andrea Oeckinghaus,
2009).
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Figure 3. Mammalian TLR signaling pathways. Upon ligand-induced dimerization,
TLRs recruit adapter proteins (MyD88, MAL/TIRAP, TRIF, TRAM), which in turn recruit
IL-1R-associated kinases (IRAKs), TNF receptor-associated factors (TRAFs), and other
molecules to activate mitogen-activated protein kinases (MAPKS) or IkB kinases (IKKs).
Combined, these activate transcription factors including NF-kB and interferon-regulatory

factors (IRFs). Adapted from (O'Neill et al.).
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Abstract

The development of forward genetic screens in human haploid cells has the
potential to transform our understanding of the genetic basis of cellular processes unique
to man. So far, this approach has been limited mostly to the identification of genes that
mediate cell death in response to a lethal agent, likely due to the ease with which this
phenotype can be observed. Here, we perform the first reporter screen in the near-
haploid KBM7 cell line to identify constitutive inhibitors of NF-kB. CYLD was the only
currently known negative regulator of NF-kB to be identified, thus uniquely distinguishing
this gene. Also identified were three genes with no previous known connection to NF-kB.
Our results demonstrate that reporter screens in haploid human cells can be applied to
investigate the many complex signaling pathways that converge upon transcription

factors.
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Introduction

Forward genetic screens are a powerful means to decipher a biological process
without any prior knowledge or assumptions. Typically such screens are performed in
yeast, Drosophila, Caenorhabditis elegans and other genetic model organisms to identify
new gene functions. Application of this method to human cultured cells allows the
dissection of pathways that are dissimilar or even absent in other model organisms. It
may also enable the discovery of novel drug targets to treat disease. Genetic screens in
human cells have been limited by the difficulties inherent in revealing recessive
phenotypes in diploid cells. While RNAi screens have been an important advance, they
are complicated by off-target effects and often do not completely eliminate the relevant
gene product. The recent isolation of human cells lines that are nearly or completely
haploid (KBM7 and HAP1, respectively) has revolutionized human forward genetic
screens and led to the identification of numerous human host factors required for
infection by pathogens and intoxication by bacterial toxins [1-7].

The majority of human haploid screens reported to date have involved the
selection of mutants that are resistant to an agent that is lethal to wild-type cells. The
one exception is a recent screen that used fluorescence activated-cell sorting (FACS) to
identify genes involved in MHC (major histocompatibility complex) class | antigen
presentation by sorting for mutants that were defective in surface expression of MHC-1
[8]. We sought to further expand the types of biological pathways that can be studied
using human haploid genetic screens by using a transcriptional reporter in conjunction
with selection for a lethal phenotype.

Transcription factors often lie at the terminus of complex signaling pathways and
control gene transcription programs that regulate diverse processes, ranging from
proliferation, differentiation, apoptosis, immune response, to metabolism. Given the
importance of transcription factors in facilitating vital aspects of cell biology, mutations in
-or aberrant regulation of- transcription factors have been associated with human
disease [9,10]. The identification of inhibitors or activators of transcription factors will

therefore not only illuminate the signaling pathways that regulate them, but could also
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identify targets that may prove to be better drug targets than transcription factors
themselves, or whose inhibition may provide a more selective therapeutic effect.

We chose to screen for inhibitors of NF-kB, a family of transcription factors that in
mammals plays a central role in regulating immune responses, development, cell
proliferation, and survival [11]. The NF-«kB family consists of five members: RelA/p65,
RelB, c-Rel, NF-kB1 (p50 and its precursor p105) and NF-kB2 (p52 and its precursor
p100). They form dimers and are normally kept inactive in the cytoplasm. Activation of a
wide variety of receptors, including antigen receptors, pattern-recognition receptors and
cytokine receptors leads to translocation of NF-kB dimers into the nucleus. Here the
dimers bind to DNA kB sites in promoters and enhancers of target genes. Activation of
NF-kB needs to be tightly controlled and rapidly curtailed following the initial stimulus to
prevent uncontrolled tissue damage and/or disease.

Here we performed the first reporter screen in KBM7 cells to identify constitutive
inhibitors of NF-kB. The identification of CYLD, a known negative regulator of NF-kB,
demonstrates the utility of using human haploid cells to dissect a variety of biclogical

processes.
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Results

All screens in human haploid cells performed tc date have relied on intrinsic
phenotypes, such as sensitivity to toxins or protein surface expression, both of which
can be easily observed at a cellular level. To provide a clear phenotypic readout for
abrogation of NF-kB inhibitor function -and thus improper activation of NF-kB- we
generated a NF-xB reporter cell line (Fig. 1). We transduced KBM7 cells, which are
haploid for all chromosomes but chromosome 8, with a reporter construct that contains a
NF-kB transcriptional response element (TRE) and a minimum cytomegalovirus (mCMV)
promoter upstream of the blasticidin S resistance gene (BSR) from Bacillus cereus. Thus,
insertional inactivation of genes that normally repress activation of NF-kB would render
the reporter cells resistant to blasticidin and provide an easy means to distinguish them
from wild-type cells. To ensure that the selected clonal reporter cell line had intact NF-kB
regulation, we stimulated both KBM7 cells and the NF-kB reporter cell line with TNF (Fig.
2). We saw that both cells displayed similar IkBa degradation kinetics. The selected
clonal reporter cell line survived in the presence of blasticidin only when stimulated with
NF-kB activators, demonstrating that the reporter functioned properly (Fig. 3A). The NF-
kB reporter cell line was then mutagenized with a retroviral gene-trap vector, using an
established protocol that generally yields a library containing mutations in approximately
98% of genes expressed in KBM7 cells [1]. Mutagenized NF-kB reporter cells were
exposed to blasticidin and the survivors were pooled and expanded. The selected
mutant population was markedly more resistant to blasticidin than the parental reporter
cell line and wild-type KBM7 cells in the absence of any stimulus, suggesting that the
survivors contain mutations that cause constitutive activation of NF-kB (Fig. 3B). To
identify the mutations in the selected mutant population, genomic DNA was harvested
from the survivors. The DNA sequences that flank gene-trap insertion sites were
amplified, sequenced in parallel, and mapped to the human genome. We identified four
genes significantly enriched (p-value < 0.01) for disruptive mutations in our blasticidin-
selected population, as compared to a control population of unselected mutagenized
cells (Fig. 4). In the blasticidin-resistant population, CYLD, HEATR7A, LRRC8A, and
LRRC8D were represented with 4, 8, 3, and 26 independent inactivating gene-trap

36



Chapter 2: A Reporter Screen in a Human Haploid Cell Line Identifies CYLD as a
Constitutive Inhibitor of NF-xB

insertions (sense orientation or present in an exon), respectively (respective P-values of
6.91x10°, 1.09 x 107, 7.88 x 10, and 9.71 x 10°¥) (Figs. 4 and 5).

CYLD encodes a deubiquitylase (DUB) that targets NF-«B sighaling factors and
is known to negatively regulate NF-kB activation [12-14]. CYLD is expressed and active
at steady-state and it is thought to be constitutively required to prevent spontaneous
ubiquitylation of its targets and inappropriate activation of NF-kB in the absence of
stimulus [15]. To confirm that CYLD is constitutively required for proper regulation of NF-
KB in KBM7 cells, we employed shRNA-mediated knockdown of CYLD in NF-kB reporter
cells (Fig. 6A). In the absence of any stimulus, steady-state IkBa levels are lower in
CYLD-depleted celis as compared to cells expressing a control hairpin against luciferase
(Fig. 6B). Upon TNF stimulation, IkBa expression is lost more rapidly in CYLD-depleted
cells. The ability of our screen to specifically identify CYLD, but not other established NF-
KB inhibitors that are not required in the absence of stimulus, validates the use of haploid
reporter screens to identify particular components of signaling pathways.

HEATR7A is predicted to encode a protein of 1,641 amino acids and has no
known function. It contains seven HEAT (Huntington, elongation Factor 3, protein
phosphatase 2A, TOR1) domains, a protein fold found in a variety of proteins including
the four that its name derives from. HEATR7A is located on chromosome 8, the only
chromosome to be present in two copies in KBM7 cells suggesting that the mutations
caused by the gene trap insertions in HEATR7A are of a dominant nature.

LRRC8A and LRRC8D represent two of five members of the leucine-rich repeat-
containing 8 (LRRC8) family of proteins that are composed of four transmembrane
domains at the N-terminus, followed by up to 17 leucine-rich repeats [16]. Their function
is poorly understood, but LRRC8A and LRRC8C have been implicated in B cell
development and adipocyte differentiation, respectively [17-19]. Thus it is not
inconceivable that there may exist a link between LRRC8s and NF-«B, given the
established function of NF-kB in lymphocyte differentiation and its emerging role in
metabolic disorders [11,20,21]. Given that LRRC8D was identified with high confidence
in our screen, we sought to examine its function by isolating two clones that carry gene
trap insertions in the LRRC8D gene. While the LRRC8D mutant cell lines were notably
resistant to blasticidin, examination by immunoblotting revealed no obvious impact of

LRRC8D deficiency on IkBa and p100 degradation (data not shown). Our attempts to
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demonstrate a possible effect of the LRRC8D disruptions on blasticidin import as an
explanation for the observed level of resistance were inconclusive, as the fluorescently
labeled or biotinylated versions of blasticidin we prepared were themselves inactive on
KBM7 cells. Thus we can neither exclude the possibility that resistance is conferred by
differences in intracellular blasticidin levels, nor discount the possibility of alternative

modes of NF-kB activation not accounted for by degradation of IkBa and p100 [22].
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Discussion

Most genetic screens performed in human haploid cells have sought to identify
components in pathways required for cell death in response to a lethal insult. Here we
have demonstrated that KBM7 cells can be modified with genetically encoded
transcriptional reporters to study more diverse cellular processes. While we chose to
screen for regulators -specifically, inhibitors- of NF-kB, our method could presumably be
applied to study the approximately 1,391 human sequence specific DNA binding
transcription factors, many of whose binding site profiles have recently been described
[9,23].

By using resistance to blasticidin as our reporter read-out, we were able to
perform a selection -a genetic screen where only mutants of interest survive- to identify
mutants that constitutively turned on the reporter. In principle, one could perform a
screen in a reversed fashion, in which only mutants that fail to turn on the reporter
survive, for example by exploiting thymidine kinase or some other protein whose
expression could induce cell death. Identification of positive regulators of transcription
factors should thus be possible. Fluorescent reporters could likewise be used in screens
for both positive and negative transcriptional regulators. Since stringency in this type of
screen would be more adjustable than in a lethal screen, mutations that result in
intermediate phenotypes might be more easily recovered.

While the identification of CYLD validated our approach, we were unable to
identify mutations in other known negative regulators of NF-kB. Perhaps the selection
we performed was particularly stringent. Presumably, only mutations that resulted in
constitutive activation of NF-kB could be recovered. Thus, inhibitors whose function or
expression is induced by NF-kB in a negative feedback loop, such as A20 and Cezanne,
may not meet that criterion. In addition, loss-of-function mutations in dominant-negative
adaptors such as MyD88s, IRAK-M, and SARM would not result in constitutive activation
of NF-kB. We did not recover mutations in IkBs, possibly because there is some
redundancy in function in KBM7 cells and removal of just one IkB is not sufficient for
constitutive activation of NF-kB. In contrast, CYLD qualifies as a constitutively active

inhibitor that prevents spontaneous ubiquitylation of its targets [15]. CYLD mutations are
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associated with constitutive activation of NF-«kB in multiple myeloma cells and B cells
from mice deficient for wild-type CYLD exhibited constitutive activation of NF-kB
[15,24,25].

Our haploid reporter screen confirms the absolute requirement of CYLD function
for proper regulation of NF-kB and further supports constitutive NF-kB activity as the
mechanism underlying the development of human diseases associated with CYLD
mutations. Our screen identified genes not previously known to be involved with NF-«B
regulation. Their exact role remains o be determined. The ability to perform haploid
reporter screens in human cultured cells opens up many new cellular processes for

investigation.
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Figure 1. NF-kB reporter haploid genetic screen. KBM7 cells were transduced with a
reporter containing a NF-kB transcriptional response element (TRE) and a minimum
CMV (mCMV) promoter upstream of the blasticidin S resistance gene (BSR) from
Bacillus cereus. A clonal reporter cell line was mutagenized by infection with a gene-trap
virus. The resulting cells were treated with blasticin. Survivors were expanded and DNA
was extracted. DNA sequences flanking gene-trap insertion sites were amplified and

sequenced in parallel.
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KBM7 NF-kB Reporter
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Figure 2. NF-kB activity is regulated in KBM7 cells. KBM7 and NF-«B reporter cells
were stimulated with 10 ng/mL TNF for the times indicated. Lysates were analyzed by

immunoblot with anti-lkBa. After stripping, the membrane was reprobed with anti-actin
antibodies to provide a loading control. Data are representative of two independent

experiments.
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Figure 3. Demonstration of NF-kB reporter function. A. Wild-type KBM7 and the
clonal NF-kB reporter cell line were treated with varying concentrations of blasticidin in
the absence or presence of NF-kB activators (TNF, FSL-1). B. Wild-type KBM7, the
clonal NF-kB reporter cell line, and the polyclonal screen survivor population were
treated with varying concentrations of blasticidin. Cell viability was determined after 24
hours of treatment using the CellTiter Glo assay and results are plotted as percent
viability of treated cells compared with untreated cells. Results are mean + SEM of

triplicates and are representative of 3 independent experiments.
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Figure 4. Haploid reporter screen for constitutive inhibitors of NF-kB identifies

CYLD. Genes with sequenced inactivating mutations are depicted as circles, the size of

which corresponds to the number of independent insertions. Genes are ranked on the x-

axis according to their chromosomal position and along the y-axis according to the

significance of the enrichment of gene-trap insertions in the indicated gene compared to

an unselected control dataset. Genes with a p-value lower than 0.01 are labeled and the

number of independent inactivating mutations is indicated between brackets.
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Figure 5. Schematic diagram of inactivating gene-trap insertion sites. The loci of
CYLD (NM_015247.2), HEATR7A (NM_032450.2), LRRC8A (NM_019594.3), and
LRRC8D (NM_001134479.1) are depicted with unique inactivating gene-trap insertion
sites (sense orientation or present in an exon) shown in red. For regions where there
were many unique insertion sites, the areas are blown up to reveal all unique sites. Gray

boxes denote the 5’ and 3’ untranslated regions, and black boxes denote coding exons.
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Figure 6. CYLD is constitutively required for normal NF-kB function. A. NF-kB
reporter cells were infected with a control hairpin against luciferase (shLuc) or a hairpin
against CYLD (shCYLD). CYLD mRNA levels (mean of triplicates) were determined by
quantitative real-time PCR. B. NF-kB reporter cells expressing either shLuc or shCYLD
were stimulated with 10 ng/mL TNF for various time points. Lysates were analyzed by
immunoblot with anti-IkBa. After stripping, the membrane was reprobed with anti-actin
antibody to provide a loading control. Data are representative of three independent

experiments.
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Materials and Methods

Plasmids

The NF-kB reporter was created by digesting pTRH1-NF-kB-dscGFP (System
Biosciences) with Spel and Sall to remove the dscGFP. The same restriction sites were
used to insert a synthesized DNA fragment encoding mCMV-Nhel-Kozak sequence-
BamHI-Bacillus cereus BSR-Thosea asigna virus 2A sequence-Xbal-Rabbit CYP4B1.
Lentiviral shRNAs were obtained from The RNAi Consortium (TRC) collection of the
Broad Institute. The TRC numbers for the shRNAs used are TRCN0000072245 (shLuc)
and TRCN0000039632 (shCYLD).

Cells

KBM?7 cells were grown in Iscove’s modified Dulbecco’s medium (IMDM) with 10% heat-
inactivated fetal serum (IFS) [3,26]. A NF-kB reporter cell line was created by
transducing KBM7 cells with the NF-«kB reporter construct described above and single
celis were sorted into individual wells of 96 well plates. A clone that remained haploid
and that died in the presence of blasticidin S (Invivogen), but survived in blasticidin when

stimulated with NF-kB agonists was selected for the screen.

Reporter haploid genetic screen

The screening procedure has been described previously [1-6]. Briefly, 100 million NF-kB
reporter cells were infected with gene-trap retrovirus to create a mutagenized library. 200
million mutagenized cells were then plated 100,000 cells/well in 96 well plates with half
in 10 ug/mL blasticidin S (Invivogen) and half in 15 ug/mL blasticidin S for 6 days. After 6
days, the media above the cells was replaced with antibiotic-free IMDM. Survivors were
allowed to expand for about three additional weeks before harvest. DNA was harvested

from ~30 million cells from each of the two blasticidin conditions.

Sequence analysis of gene-trap insertion sites
The mapping of the insertion sites was done as previously described [1-6]. In short, DNA

sequences flanking gene-trap insertions sites were amplified using an inverse PCR
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protocol followed by sequencing using the Genome Analyzer platform (lllumina). The
sequences were then aligned to the human genome. The number of inactivating
mutations (that is, sense orientation or present in exon) per individual gene was counted
as well as the total number of inactivating insertions for all genes. Enrichment of a gene
in the screen was calculated by comparing how often that gene was mutated in the
screen compared to how often the gene carries an insertion in the control data set. For
each gene, a P-value (corrected for false discovery rate) was calculated using the one-

sided Fisher exact test.

Immunoblot analysis of TNF stimulated cells

Two million cells were used per condition. Cells were washed once in ice-cold PBS and
then lysed in buffer containing 50 mM Tris-HCI pH 7.4, 150 mM NaCli, 0.5 mM EDTA,
protease inhibitors (Roche) and 1% (v/v) NP40. Protein concentrations of lysates were
determined by Bio-Rad Protein Assay and then normalized across samples. Proteins
from total lysates were resolved by 10% SDS-PAGE and analyzed by immunoblotting
with primary antibodies: mouse anti-lkBa (BD #610690) at 1:500 dilution and mouse
anti-actin (BD #612656) at 1:10,000. Horseradish peroxidase (HRP)-conjugated sheep
anti-mouse IgG (GE NXA931) was used at 1:5,000 dilution. Restore PLUS Western Blot
Stripping Buffer (Thermo) was used to strip the membranes between probing for IkBa

and actin.

Cell viability assay

CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to quantify cell
viability. 200,000 celis were seeded per well in Optilux clear-bottom 96-well plates (BD
Falcon) in IMDM or IMDM supplemented with varying concentrations of Blasticidin S
(Invivogen), TNF-a (Invivogen), FSL-1 (Invivogen) for 24 hours before reading on a

Luminoskan Ascent luminometer (Thermo Scientific).

Quantitative real-time PCR
RNA was extracted using a RNAeasy kit (QIAGEN) followed by on-column DNase |
(QIAGEN}) digestion. SuperScript [l First-Strand Synthesis System (Invitrogen) was used

for the reverse transcription reaction using Oligo dT primers. SYBR Green PCR Master
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Mix (Applied Biosystems) was used according to manufacturer’s instructions. Real-time
PCR reactions were run on an ABI 7900HT machine. PCR volume was 20 uL (96-well
plate), and data values were derived from three replicates using the comparative Ct
method. Primers used for CYLD were 5° GGTAATCCGTTGGATCGGTCAGC 3’ and 5’
TGCAAACCTAGAGTCAGGCCTGC 3'. Primers used for GAPDH were 5’
ACCCACTCCTCCACCTTTGACG 3 and 5 CACCCTGTTGCTGTAGCCAAATTCG 3'.
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Abstract

Leucine-rich repeat-containing 8 (LRRC8) proteins have been identified as
putative receptors involved in lymphocyte development and adipocyte differentiation.
They remain poorly characterized and no specific function has been assigned to them.
There is no consensus on how this family of proteins might function, because homology
searches suggest that members of the LRRC8 family act not as plasma membrane
receptors, but rather as channels that mediate cell-cell signaling. Here we provide
experimental evidence that supports a role for LRRC8s in the transport of small
molecules. We show that LRRC8D is a mammalian protein required for the import of the
antibiotic blasticidin S. We characterize localization and topology of LRRC8A and
LRRC8D and demonstrate that LRRC8D interacts with LRRC8A, LRRC8B, and
LRRCB8C. Given the suggested involvement in solute transport, our results support a
model in which LRRC8s form one or more complexes that may mediate cell-cell

communication by transporting small solutes.
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Introduction

The leucine-rich repeat-containing 8 (LRRC8) family of proteins comprises five
members, named LRRC8A, LRRC8B, LRRCS8C, LRRC8D, and LRRCS8E. Each member
comprises four predicted transmembrane domains at the N-terminus and up to 17
leucine-rich repeats (LRR) at the C-terminus [1,2]. While LRRC8A and LRRCS8C have
been implicated in lymphocyte development and adipocyte differentiation, respectively,
their mechanism of function remains unknown and the other members of the family
remain poorly characterized [3-5].

The founding member of the family, LRRC8A, was identified when white blood
cells from a patient suffering from congenital agammaglobulinemia showed a balanced
chromosomal translocation t(9;20)(q33.2;q12) that resulted in the expression of both a
normal copy of LRRC8A and a truncated form of LRRCB8A that lacks the last two and a
half LRR domains [3]. Forced expression of the truncated version of LRRCB8A in murine
bone marrow cells inhibited B cell development and confirmed that the patient’s B-cell
deficiency was due to the mutation in LRRC8A. Given the dominant nature of the
mutation and the presence of LRRs in the extracellular binding domain of diverse
receptors (Toll-like receptors, follicle-stimulating hormone receptor, high affinity nerve
growth factor receptor), LRRC8A was proposed to function as a cell surface receptor
that oligomerizes upon binding an unknown ligand important for B cell development [6].

The only other functional studies on LRRC8s concern adipocyte development.
LRRCS8C, also known as FAD158, was identified as a gene whose expression is induced
in the early stage of adipocyte differentiation [4]. Knock-down and overexpression
studies supported a role for LRRCS8C in adipocyte differentiation. When LRRC8C-/- and
wild-type mice were fed a high-fat diet, LRRC8C-/- mice had significantly lower body
weights and fat mass [5]. How exactly LRRC8C is involved in adipocyte differentiation
and the development of obesity in response to a high-fat diet remains unclear.

A recent hypothesis paper, based exclusively on a bioinformatics approach,
proposed that LRRC8s evolved from the combination of a pannexin and an LRR domain
prior to the diversification of chordates [2]. Sequence similarity and inferred homology
between LRRC8s and pannexins would place the LRR domains of LRRCS8s facing the
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cytoplasm rather than the outside of the cell, in contrast to the report by Sawada et al.
(3.

Pannexins are a family of communication channels composed of four a-helical
transmembrane domains. They are thought to function primarily in transporting
intracellular molecules to the extracellular space [7]. While pannexins could participate in
many biological processes, evidence is strongest for a role of pannexin 1 (Panx1) in the
release of ‘find-me’ signals, specifically ATP and UTP, by apoptotic cells to recruit
phagocytes [7-9]. While LRRC8s, like pannexins, might form channels and participate in
cell-cell communication, there has been no experimental evidence to support such a
role.

Here we show that LRRC8D is required for the import of the antibiotic blasticidin
S (BlaS) by mammalian cells and is the first protein implicated in this process,
supporting a role for LRRCS8s in solute transport. We further provide evidence that the
LRR domains of LRRC8A and LRRC8D face the cytoplasm rather than extracellular
space and that LRRC8D interacts with LRRC8A, LRRC8B, and LRRCS8C.
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Results

LRRC8D-deficient cells are resistant to BlaS

We identified LRRC8D and LRRCB8A as hits in a haploid reporter genetic screen
aimed at discovering inhibitors of NF-kB[10]. We performed the screen with cells
carrying a NF-«kB transcriptional reporter that drives expression of the blasticidin S-
resistance gene (BSR), so that celis in which the NF-kB pathway is activated would
survive in the presence of BlaS (Fig. 1A).

After insertional mutagenesis, reporter cells that survived in the presence of BlaS
were selected, with the expectation that they would contain mutations in NF-kB inhibitors
and thus show constitutive expression of the NF-kB-BSR reporter. Indeed, one of the
significant hits in the screen, CYLD, is a known negative regulator of NF-kB. We
confirmed that CYLD is required at steady-state to prevent aberrant activation of NF-
kB[10]. To further characterize LRRC8D, we isolated 2 clonal cell lines from the screen,
LRRC8D®™ and LRRC8D®™, that have gene-trap insertion sites located in the intron
between exon 2 and exon 3 (Fig 1B). Neither LRRC8D®"" nor LRRC8D®"™ cell lines
express full-length LRRC8D mRNA (Fig. 1C). Consistent with the design of the gene trap
vector, this suggests that in LRRC8D®"" and LRRC8D®™ cells, exon 2 is not splicing to
exon 3, but rather to the splice acceptor site in the gene-trap, which terminates the
transcript. Thus, none of the protein coding sequence for LRRC8D, fully contained in
exon 3, is expressed in LRRC8D®™ and LRRC8D®™ cell lines.

We determined that both LRRC8D®™" and LRRC8D®™ cell lines are indeed
resistant to BlaS (Fig. 1D). We hypothesized that LRRCS8D deficiency results in
constitutive activation of the NF-kB-BSR reporter and therefore confers BlaS resistance.
To our surprise we were unable to demonstrate a defect in NF-kB regulation in
LRRC8D®™ and LRRC8D®™ cells (data not shown). Previous haploid genetic screens
with tunicamycin and 3-bromopyruvate as the selecting agents identified transporters for
these small molecules [11,12]. We then considered the possibility that resistance of
LRRC8D®™ and LRRC8DC®™ cells to BlaS was attributable to defective import of the

antibiotic rather than altered NF-«B signaling.
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LRRC8D mediates transport of BlaS

How BlaS enters mammalian cells is not known, but given its polar nature (Fig.
1A), it is unlikely to cross the plasma membrane unaided. There is no easy path to the
synthesis of radiolabeled BlaS that could then be used for cellular uptake experiments.
We generated a biotinylated version of Bla$S for that purpose, but found that it lacked
biological activity when applied to intact cells and therefore could not be used as a BlaS
analog to measure transport. We resorted to a liquid chromatography/mass
spectroscopy-based assay to directly measure BlaS levels in extracts from BlaS-
exposed cells. To determine if LRRCS8D is required for BlaS import, wild-type cells,
LRRC8D®™ cells, and LRRC8D®™ cells were incubated with varying concentrations of
Bla$S for three hours. BlaS levels in extracts made from BlaS-treated cells were
measured by targeted mass spectrometry. While BlaS was easily detected in wild-type
cells, it was either absent from, or present in only trace amounts in LRRC8D®™ and
LRRC8D® 2 cells, thus demonstrating that LRRC8D deficiency results in defective BlaS
import (Fig. 2).

Localization of LRRC8A and LRRC8D

We next sought to determine where LRRC8A and LRRC8D are located in the
cell. If they are transporters for BlaS and other molecules, one would expect to see them
most likely at the plasma membrane. In Hela cells stably expressing LRRC8A equipped
with a C-terminal HA tag, LRRCB8A-HA was present at the plasma membrane (Fig. 3). In
Hela cells that stably express LRRC8D-HA, LRRC8D-HA appeared less prominently at
the plasma membrane whereas the majority colocalized with calnexin in the ER. Surface
display of LRRC8D may require the involvement of a partner protein present in limiting
amounts. Overexpression of LRRC8D on its own in the absence of such cofactors would

then prevent a major portion of LRRC8D from reaching the plasma membrane.

LRR domains of LRRC8A and LRRCS8D face the cytoplasm

LRR domains are widespread and often mediate protein-protein interactions[6].
The LRR domain of LRRC8A was initially reported to face the outside of cells, but this
assertion has recently been questioned based on sequence similarity between LRRC8s

and pannexins, a family of communication channels [2,3]. If LRRC8s have the same
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topology as pannexins, then the LRR domains of LRRC8s would face the cytoplasm and
have access to very different interaction partners than on the outside of cells.

To determine the topology of LRRC8A and LRRC8D we performed a flow
cytometry experiment. Hela cells that stably express either empty vector or C-terminally
HA-tagged Kell (KEL-HA), Glycophorin A (GYPA-HA), LRRC8A, or LRRC8D were
incubated with Alexa Fluor 488-conjugated anti-HA in the absence or presence of the
detergent saponin (Fig. 4, A and B). Kell, a mammalian type |l transmembrane protein,
and Glycophorin A, a mammalian type | transmembrane protein, are expressed on the
cell surface and were used as controls [13,14]. As expected, HA was detected on intact
cells expressing KEL-HA. Permeabilization with saponin allowed detection of both the
plasma membrane and intracellular populations of KEL. In contrast, for cells that express
GYPA-HA, the HA-tag could be detected only when the cells were permeabilized due to
the cytosolic exposure of the tag. Similarly, for cells that express LRRC8A-HA and
LRRC8D-HA, the HA-tag could be detected only when the cells were permeabilized,

suggesting that their LRR domains face the cytosol.

Since the expression level of LRRC8D-HA was lower than that of LRRC8A-HA in
the stable cell lines used for flow cytometry, and since LRRC8D-HA was not as
prominently displayed at the plasma membrane in our immunofluorescence experiments,
we sought to verify the topology of LRRC8D biochemically with a protease protection
assay (Fig. 4, C and D). We used SEL1L and AUP1, members of an ER complex
required for the dislocation of misfolded proteins, as controls {15]. The N-terminus and
bulk of SEL1L are located in the ER lumen, whereas AUP1 is a monotypic membrane
protein that has both termini facing the cytosol [15-17]. Microsome-containing fractions
from 293T transfectants expressing HA-SEL1L, AUP1-GFP, and LRRC8D-HA were
incubated with proteinase K in the absence or presence of Triton X-100. Proteinase K-
treated samples were then analyzed by immunoblot. Consistent with the known topology
of SEL1L and AUP1, detection of HA-SEL1L was lost only upon addition of both
detergent and proteinase K, whereas detection of AUP1-GFP was lost with the addition
of proteinase K even in the absence of detergent. Similar to AUP1-GFP, detection of
LRRC8D-HA was lost with the addition of proteinase K even in the absence of detergent,

thus confirming that the LRR domain of LRRC8D faces the cytosol.

59



Chapter 3: The protein synthesis inhibitor Blasticidin S enters mammalian cells via
Leucine-Rich Repeat-Containing Protein 8D

LRRC8D interacts with other members of the LRRCS family

Given that the LRR domain of LRRC8s faces the cytosol rather than extracellular
space, we hypothesized that the LRR domain could be mediating interactions with
cytoplasmic proteins or molecules that affect the opening or closing of a channel of
which the LRRC8s might be part. To identify potential interacting partners of LRRC8A
and LRRCS8D, lysates from RAW 264.7 macrophages that stably express murine
LRRC8A-HA, LRRC8D-HA, or empty vector were incubated with anti-HA agarose beads
and the immunoprecipitated proteins were identified by mass spectrometry (Table 1).
The results indicate that LRRC8A and LRRC8D interact with each other as well as with
LRRC8C. A similar experiment with KBM7 cells showed that LRRC8A and LRRC8D
interact with LRRC8B as well (data not shown). We verified that LRRC8D interacts with
LRRCS8A, LRRC8B, and LRRC8C by co-expressing epitope-tagged versions of the
proteins in 293T cells, immunoprecipitating for LRRC8A-Myc, LRRC8B-V5, and
LRRC8C-Flag and blotting for LRRC8D-HA in the co-immunoprecipitating fractions (Fig.
5).

We demonstrated that the interaction between LRRC8s does not occur post-lysis
by using transfectants that each express a single epitope-tagged LRRC8 member.
Lysates from LRRC8A-Myc, LRRC8B-V5, and LRRC8C-Flag transfectants were each
combined with lysates from LRRC8D-HA transfectants. When LRRC8A-Myc, LRRCS8B-
V5, and LRRC8C-Flag were immunoprecipitated from these combined lysates, LRRC8D-
HA did not appear in the co-immunoprecipitating fractions. We did not verify the
interaction of LRRC8D with the other proteins identified by mass spectrometry, as they
were identified with modest peptide coverage. We have found that several of these hits

occur as common contaminants in immunoprecipitation-mass spectrometry experiments.
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Discussion

Defective LRRC8D expression results in BlaS resistance due to a defect in BlaS
import. Since import of a toxic molecule is not a function that would be selected for by
evolution, it is likely that there are as yet undiscovered physiological substrates that are
normally transported by LRRC8D or the complex of which it is part. Since BlaS contains
both a cytosine moiety and an arginine-like appendage, it is possible that nucleotides,
amino acids, or short (modified) peptides could be substrates for LRRC8D. Pannexins,
which display homology to LRRC8s, have often been linked to the release of ATP [7].

Thus ATP and other second messengers could be candidate substrates as well.

The discovery that LRRC8D has a role in the transport of a small molecule
suggests that all members of the LRRC8 family, which are on average 45.92% identical,
may have a similar function {2]. LRRC8A was initially proposed to be a cell surface
receptor that initiates a signaling cascade in response to the binding of an extracellular
ligand important for B cell development [3]. In light of our results, it is possible that
instead of acting as a receptor, LRRC8A may act as a selective communication channel
that mediates the import of a growth and/or differentiation factor secreted by nearby cells
to allow continuation of B cell development. A similar mechanism may be at play for
LRRC8C in adipocyte differentiation.

Contrary to what was reporter earlier, the LRR domains of LRRC8A and LRRC8D
face the cytoplasm [3]. The topology inferred from our experiments is consistent with that
of pannexins [2]. It has been proposed that LRRC8s are the evolutionary result of the
combination of a pannexin and a LRR domain [2]. What could be the added benefit of
the LRR domain? It is unclear whether LRRC8 channels are always open or if they
selectively open when needed. Perhaps the LRR domain regulates the opening of the
channel through an interaction with a protein or molecule that occurs in response to
specific cellular needs. Alternatively, the LRR domain could bind to additional proteins
that make up the scaffold of the transporter or it could recruit proteins that interact with

incoming or outgoing substrates.
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We discovered that LRRC8D interacts in stable fashion with other members of
the LRRCS8 family. Obviously, proteins that interact transiently or only under certain
ligand-stimulated conditions would have been missed in our experimental conditions. In
addition to future searches for such interactors, it would also be interesting to identify
interactions that depend upon the LRR domain by comparing immunoprecipitates from
full-length LRRC8s and LRRC8s missing their LRR domain. Panx1 oligomerizes into
hexamers whereas PANX2 is thought to assemble into heptamers or octamers [7]. Some
intermixing between Panx1, Panx2, and Panx3 has been observed, but the biological
significance of this is currently unknown. It will be important to determine in future
studies whether LRRC8s interact with each other in a single complex or if there are
multiple complexes of distinct stoichiometry and composition.

Together our results provide clear experimental evidence for a functional link
between members of the LRRC8 family and pannexins and shed new light on how

LRRCB8s could be mediating lymphocyte development and adipocyte differentiation.
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Figure 1. LRRC8D-deficient cells are resistant to blasticidin S.
A, Structure of BlaS B, Genomic locus of LRRC8D and the location of two gene-trap

insertion sites. White boxes denote the 5’ and 3’ untranslated regions and the black box

denotes the coding sequence, all of which is within exon three. Arrowheads indicate the

binding sites of primers used for RT-PCR analysis C, RT-PCR analysis of WT KBM7

cells, WT NF-kB-BSR reporter cells, and two clonally derived cell lines containing gene-

trap insertions in LRRC8D as indicated in (B). D, WT KBM7 cells, WT NF-«B reporter

cells, LRRC8D®™ cells, and LRRC8D®™ cells were treated with varying concentrations

of BlaS. Cell viability was determined after 24 hours of treatment using the CellTiter Glo

assay and results are plotted as percent viability of treated cells compared with
untreated cells. Results are mean + SEM of triplicates and are representative of 3

independent experiments.
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Figure 2. BlasS internalization is defective in LRRC8D deficient cells.

WT reporter cells, LRRC8D®™ cells, and LRRC8D®™ cells were treated with varying
concentrations of Bla$S for three hours. Extracts of polar metabolites from the cells were
analyzed for the presence of BlaS using LC/MS. Results are mean + SD of triplicates
and are representative of three independent experiments. n.d., not detected. Statistical
analysis was performed using the Welch test followed by a Bonferroni correction ('p<
0.0001).
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Figure 3. Localization of LRRC8A and LRRCS8D.

Hela cells stably expressing human LRRC8A or LRRC8D C-terminally tagged with a HA
epitope tag were stained for HA, the ER, and actin and examined by confocal
microscopy. Images are representative of three independent experiments. Scale bar, 7

pum.
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Figure 4. Topology of LRRC8A and LRRC8D.

A, Schematic depicting the topology of KEL-HA and GYPA-HA at the plasma membrane.
Also depicted are the predicted topology of LRRC8A- and LRRC8D-HA at the plasma
membrane based upon results in (B). B, Hela cells stably expressing either KEL-HA,
GYPA-HA, LRRC8A-HA, LRRC8D-HA, or empty vector were incubated with Alexa Fluor

1B: HA

488-conjugated anti-HA in the absence or presence of saponin. C, Schematic depicting
the experimental set-up in (D), the topology of HA-SEL1L and AUP1-GFP in the ER, and
the predicted topology of LRRC8D-HA based upon results in (D). D, HA-SEL1L, AUP1-
GFP, and LRRC8D-HA were transiently expressed in 293T cells. A microsome-
containing fraction from these cells was exposed to proteinase K in the absence or
presence of triton X-100 followed by immunoblot analysis. Results are representative of
two (B) and three (D) independent experiments.
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Figure 5. LRRC8D interacts with LRRC8A, B, and C.

293T cells were transiently transfected with murine LRRC8A-Myc, LRRC8B-V5,

LRRC8C-Flag, and LRRC8D-HA. +, indicates constructs were co-expressed in the same

= IB: Anti-Actin

cells. /, indicates constructs were independently expressed in separate cells and the
lysates were combined post-lysis as a control. Blots are representative of two

independent experiments.
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LRRC8D-HA LRRC8A-HA

Immunoprecipitated Protein | # Unique % # Unique | % Coverage
Peptides Coverage Peptides

LRRC8D

31 41 19 27
LRRC8A

15 20 32 40
LRRC8C

10 14 15 20
serine
hydroxymethyltransferase 2 7 16 6 12
carbamoyl-phosphate
synthetase 2, aspartate
transcarbamylase, and
dihydroorotase 7 4.2 3 2.7
heterogeneous nuclear
ribonucleoprotein A/B 6 18 4 14
60S acidic ribosomal protein
PO 5 23 4 21
ADP/ATP translocase 2

S 14 3 3l
aldehyde dehydrogenase 2

4 10 7 17
aspartate aminotransferase,
mitochondrial 4 12 2 5

Table 1. Identification of potential LRRC8A and LRRC8D interacting partners.
Lysates from RAW 264.7 macrophages stably expressing murine LRRC8A-HA,
LRRC8D-HA, or empty vector were incubated with anti-HA agarose beads and the
immunoprecipitated proteins were identified by mass spectrometry. Displayed are
proteins that were immunoprecipitated from both LRRC8A-HA- and LRRC8D-HA-
containing lysates, but not from the empty vector control. Proteins are listed in order of

the number of unique peptides identified.
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Materials and Methods

Constructs

cDNA was obtained from either RAW 264.7 macrophages or KBM7 cells for use as a
cloning template. Murine LRRC8A-myc, LRRC8A-HA, LRRC8B-V5, LRRC8C-Flag, and
LRRC8D-HA were cloned into LRCX vectors (Clontech). Human LRRC8A-myc,
LRRC8B-V5, LRRC8C-Flag, and LRRC8D-HA, and LRRC8E-6xHis-T7 were cloned into
pCDH vectors (System Biosciences). Human KEL-myc-LPETG-HA and human myc-
GYPA-LPETG-HA were cloned into pCDH vectors. The HA-SEL1L and AUP1-GFP

constructs were previously described in [15].

Isolation and characterization of LRRC8D mutant clones

The isolation of mutant clones has been previously described [18]. In brief, a subset of
the survivors from the screen was FACS sorted into 96 well plates such that no more
than a single cell was plated per well [10]. Clones were expanded and then assayed for
a gene-trap insertion in the LRRCS8D locus by PCR using the following primers: 5'-
TCTCCAAATCTCGGTGGAAC-3' and 5-CCAGACTAAACATCTCAGAACTCG-3'. To
confirm that the cells were truly clonal and to confirm the absence of the wild-type DNA
locus, a PCR was performed with the following primers: 5’
GGATCTCTCTAGCTCTTTCTCTCC-3' and 5-CCAGACTAAACATCTCAGAACTCG-3'.
Absence of the LRRC8D transcript in the isolated mutant clones was determined by RT-
PCR. Total RNA was isolated using the RNeasy Mini kit (QIAGEN) and reverse
transcribed using the SuperScriptTM Il First-Strand synthesis system (Invitrogen).
Amplification of LRRC8D was performed using the following primers: 5’
CGCCGTGGTTCCAGCCTCC-3’ and 5-CGCATGCTGTCTCAGACAACGC-3'and
amplification of GAPDH was performed using the foliowing primers: 5'-
GCCTCCTGCACCACCAACTGC-3’ and 5-CCACTGACACGTTGGCAGTGGG-3'.

Antibodies
Anti-HA affinity matrix (Roche 11815016001), anti-HA HRP (Roche #12013819001),
Alexa Fluor 488-conjugated anti-HA antibody (Life Technologies A-21287), anti-FLAG
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M2 affinity gel (Sigma A2220), anti-FLAG HRP (Sigma A8592), anti-myc sepharose
beads (Cell Signaling #3400), anti-V5 antibody (Life Technologies R96025), anti-V5 HRP
(Life Technologies R96125), anti-actin (BD #612656), HRP-conjugated sheep anti-
mouse IgG (GE NXA931), anti-calnexin (Santa Cruz sc11397), goat anti-Rb Alexa Fluor
568 (Molecular Probes A11011), Alexa Fluor 647 phalloidin (Life Technologies A22287).

Cell viability assay

CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to quantify the cell
viability. 200,000 cells were seeded per well in clear-bottom 96-well plates (BD or
Costar) in IMDM or IMDM supplemented with varying concentrations of Blasticidin

SOHCI (Invivogen), TNF-a (Invivogen), and FSL-1 (Invivogen).

Transfection and viral transduction
Transfections were accomplished using Trans-IT 293 (Mirus) for 293T cells.
Transductions were accomplished using the pPACKH1 HIV Lentivector Packaging Kit

(System Biosciences) according to its protocol.

Preparation of cell extracts for LC/MS analysis

4 million wild-type reporter cells, LRRC8D®"" cells, and LRRC8D®" cells were treated
with varying concentrations of BlaS for 3 hours in triplicate. Cells were washed two
times in ice-cold IMDM and one time in ice-cold, filtered 0.9% NaCl. 200 uL of ice-cold
extraction buffer (40% acetonitrile, 40% methanol, 20% water, 10 ng/mL phenylalanine-
dg, 10 ng/mL valine- dg) was added to each cell pellet. Extracts were vortexed for 30
seconds and then spun at 14,000 rpm for 10 minutes at 4 °C in a table-top centrifuge.
Extract supernatants were transferred to new eppendorf tubes and stored at -80 °C until
analysis. Extract solvents were obtained from Fisher Scientific and were Optima LC/MS
grade and phenylalanine-dg and valine- dg were purchased from Cambridge Isotope

Laboratories.

LC analysis
Solvents were obtained from Fisher Scientific and were Optima LC/MS grade except

where otherwise specified. An UltiMate 3000 UPLC system with autosampler (Dionex)
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was used for this study. Biological triplicate samples (typically 10 pL) were injected onto
a Luna-NH; 2 x 150 mm (3 um particle size) column (Phenomenex) equipped with an
inline particulate filter. The mobile phases were 5 mM ammonium acetate, 0.2%
ammonium hydroxide, pH 9.9 (mobile phase A) and acetonitrile (mobile phase B). The
flow rate was 0.25 ml/min and the column temperature was held at 15°C. The column
was eluted with a gradient from 90% to 10% mobile phase B over 20 min., held at 10%
mobile phase B for 5 min., returned to 90% mobile phase B over 1 min., and re-

equilibrated at 90% mobile phase B for 8 min.

MS analysis

The UPLC system was coupled to a QExactive orbitrap mass spectrometer equipped
with a HESI II probe (Thermo Fisher Scientific) operating in positive ion mode. The
spray voltage was set to 3.9 kV, the heated capillary was held at 335°C, and the HESI
probe was held at 350°C. The sheath gas flow was set to 35 units, the auxiliary gas flow
was set to 7 units, and the sweep gas flow was set to 0 units. External mass calibration
was performed every 7 days. The MS data acquisition was performed by targeted
Selected lon Monitoring (tSIM) of the metabolites of interest (BlaS and phenylalanine-ds
as an internal standard), with the resolution set at 70,000, the AGC target at 5x10%, the
maximum injection time at 120 msec, and the isolation window at 1.0 m/z. Quantitation
of the data was performed with XCalibur QuanBrowser 2.2 (Thermo Fisher Scientific)
using a 5 ppm mass tolerance. Pure BlaS samples in extraction buffer (half-log serial
dilution, 1 nM — 1 pM) were analyzed to confirm chromatographic retention times and
generate standard curves for quantitation of each analytical batch. The limit of detection
in sample matrix was 5 nM, as determined by addition of increasing concentrations of

BlaS to a pooled BlaS-free cell extract.

Immunofluoresence

Cells were plated on #1.5, 18 mm round cover slips in 12-well plates. 24 hours later, the
cells were washed one time with PBS, fixed with 4% paraformaldehyde in PBS, washed
with PBS, incubated with a quenching solution containing 20 mM glycine and 50 mM
NH4C! in PBS, washed with PBS, permeabilized with saponin binding buffer (PBS

containing 0.1% (v/v) saponin and 0.2% (wt/v) BSA), incubated with primary antibodies
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for 1 hour, washed five times with saponin binding buffer, incubated with secondary
antibodies for 1 hour, washed five times with saponin binding buffer, twice with PBS, and
once with water before mounting on glass slides using ProLong Gold with dapi (Life
Technologies). Images were acquired with a PerkinElmer Ultraview Spinning Disk
Confocal equipped with a Hammamatsu ORCA-ER CCD camera and analyzed with

Volocity acquisition software.

Coimmunoprecipitation

Cells were washed one time in ice-cold PBS before lysing with NP40 lysis buffer
containing 50 mM Tris pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1% (v/v) NP40, and
protease inhibitors (Roche). Lysate concentrations were measured by Bradford Protein
Assay (Bio-Rad) and normalized. Lysates were pre-cleared by incubating them with
protein G agarose beads (Sigma P3296) for 1 hour at 4 °C. Pre-cleared lysates were
then incubated with either anti-HA affinity matrix, anti-V5 antibody with protein G agarose
beads, anti-FLAG M2 affinity gel, or anti-myc sepharose beads for 2 hours at 4 °C.
Beads were washed three times with buffer containing 50 mM Tris pH 7.4, 150 mM
NaCl, 0.5 mM EDTA, and 0.1% (v/v) NP40. Beads were then boiled in sample buffer

and proteins in the supernatant were resolved by SDS-PAGE.

Affinity purification and mass spectrometry
After coimmunoprecipitation, eluted samples were separated by SDS-PAGE and
polypeptides were visualized by silver staining. Bands of interest were excised, digested

with trypsin, and analyzed by tandem mass spectrometry.

Immunoblot analysis

Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes,
blocked with 5% (wt/vol) skim milk in PBS with 0.1% (vol/vol) Tween-20 and were
probed with the appropriate primary antibodies. Membranes were washed three times
with PBS with 0.1% (vol/vol) Tween-20 and were incubated with horseradish
peroxidase—conjugated secondary antibodies if necessary. Proteins were visualized with
an enhanced chemiluminescence detection reagent. Restore PLUS Western Blot

Stripping Buffer (Thermo) was used to strip the membranes between probing.
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Silver stain

Proteins were fixed in polyacrylamide gel by incubating the gel in 40% (vol/vol) ethanol,
10% (vol/vol) acetic acid. The gel was washed twice in 30% (vol/vol) ethanol and once
in water. The gel was then sensitized in 0.02% (wt/vol) Na,S,03, washed three times in
water, incubated in ice-cold 0.1% (wt/vol) AgNO3, washed four more times in water, and
developed in 3% (wt/vol) Na,COs3, 0.05% (vol/vol) formaldehyde. When protein bands
became sufficiently visible, the gel was washed once in water and the staining process
was terminated by incubating the gel in 5% (vol/vol) acetic acid. The gel was then

washed a final three times in water.

FACS analysis of protein topology

Cells were washed one time in PBS. Cells were resuspended in staining solution
containing 1 ug/mL antibody and 3% inactivated fetal calf serum in PBS and incubated in
the dark at 4 °C for 30 minutes. Cells were washed twice in PBS containing 3%
inactivated fetal calf serum (PBS/IFS). Cells were fixed with PBS containing 4% (v/v)
formaldehyde for 30 minutes at room temperature in the dark. The protocol for
permeabilized cells was similar except cells were first fixed, washed twice with PBS,
permeabilized with 0.5% (wt/v) saponin in PBS/IFS, stained with 1 ug/mL antibody in
0.5% (wt/v) saponin in PBS/IFS, and then washed twice with PBS/IFS.

Protease digestion of epitope-tagged proteins in microsomes

293T cells expressing epitope-tagged proteins were washed once in ice-cold PBS and
then incubated for 10 minutes in hypotonic buffer containing: 20 mM Hepes-KOH, pH
7.5, 5 mM KCl, 1.5 mM MgClp, 1 mM DTT. Cells were then broken open with a dounce
homaogenizer. NaCl was added to the lysates for a final concentration of 150 mM NaCl.
Lysates were spun at 800 xg at 4 °C for 10 minutes. The supernatant was transferred to
a new tube which was then spun at 10,000 xg at 4 °C for 10 minutes. Pellets were
resuspended in buffer containing: 50 mM Hepes-KOH, pH 7.5, 50 mM KOAc, 2 mM
Mg(OAc),, 250 mM sucrose and this microsome-containing mixture was equally
aliquoted to tubes with or without triton X-100 (final 1% v/v). Proteinase K (NEB

P81028) was then added to the samples at varying concentrations and the samples
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were incubated on ice for 30 minutes. PMSF was added to deactivate proteinase K.
Sample buffer was added and the samples were boiled. Proteins were resolved by SDS-

PAGE followed by immunoblot analysis.
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Abstract

Forward genetic screens in human haploid cells have been limited mostly to the
identification of genes that mediate cell death in response to a lethal agent. Here, we
perform a reporter screen in the near-haploid KBM7 cell line to identify genes required
for NF-kB-mediated transcription in response to the TLR2/6 ligand, FSL-1. Our screen
identified 41 significant hits, including 5 known components of the TLR2/6 pathway.
Fourteen hits have established or predicted roles in transcriptional regulation and may
provide insight on how NF-kB promotes a specific transcriptional program in response to
FSL-1. Seven of the genes encode protein or non-coding RNAs of unknown or poorly
characterized function. Also identified as a candidate TLR2/6 pathway component was

TRIMS8, an E3 ubiquitin ligase with strong links to NF-kB regulation.
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Introduction

The recent development of human haploid genetic screens offers an attractive
alternative to RNAi-based screens which are often hampered by off-target effects and
incomplete knock-down. Most haploid screens thus far have relied on the selection of
mutants that are resistant to an agent that is lethal to wild-type cells [1-9]. While this has
resulted in the identification of host factors that are exploited by pathogens and
transporters that are required for the import of toxic molecules, the ability to dissect other
types of biological processes has been limited, mostly because mutations in other
cellular processes do not generally result in a cellular phenotype that is easily
observable and selectable. To expand the types of biological pathways that can be
studied using haploid genetic screens we previously developed a screen using a
transcriptional reporter in conjunction with selection for a lethal phenotype [10]. In order
to identify constitutive inhibitors of the transcription factor NF-kB, we created a haploid
reporter cell line that expressed the blasticidin S resistance gene (BSR) under the
control of a NF-«B transcriptional response element and selected for cells that could
survive in the presence of blasiticidin, an antibiotic. While we were able to identify and
validate CYLD as a constitutive inhibitor of NF-kB, the results of the screen were
complicated by the unintended selection of mutants that had mutations in genes required
for the import of blasticidin. The use of a NF-kB-GFP transcriptional reporter eliminates
this confounding issue and provides the ability to screen for both activators and inhibitors
of NF-xB.

NF-kB is activated by the engagement of a wide variety of receptors including
Toll-like receptors (TLRs) [11]. TLRs are germline-encoded pattern recognition receptors
(PRRs) that play a crucial role in pathogen sensing and subsequent initiation of innate
immune responses to defend the host [12-14]. At the cell surface TLR2 and TLR6 form a
heterodimer that recognizes diacylated lipopeptides from Gram-positive bacteria. Upon
recognition of its ligand, TLR2/6 recruits the adapter molecules TIRAP and MyD88 to
initiate downstream signaling events that ultimately result in the activation of the IKK
complex, which targets IkB for degradation, allowing NF-kB to translocate to the nucleus

and drive the expression of inflammatory cytokines. While much is known about the
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signaling events that occur between ligand engagement and NF-kB activation, it is still
unclear exactly how the IKK complex is activated [11]. It is also poorly understcod how
NF-kB mediates distinct cellular responses to different stimuli [15].

Here we performed a reporter haploid screen to identify genes required for NF-
kB-mediated transcription in response to the TLR2/6 ligand, FSL-1. Among the hits
identified in the screen is TRIMS8, an E3 ubiquitin ligase required for NF-kB activity in
response to TNF and [L-18 [16,17]. The screen identified many additional hits with a role
in transcriptional regulation. Future work to validate the requirement of these genes in
NF-kB-mediated transcription may provide insight on how NF-«B transcriptional

specificity is determined.
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Results and Discussion

To identify components required for TLR2/6 signaling, we transduced KBM7 cells,
which are haploid for all chromosomes but chromosome 8, with a reporter construct that
contains a NF-kB transcriptional response element (TRE) and a minimum
cytomegalovirus (mCMV) promoter upstream of dscGFP, a gene that encodes a natural
green monomeric GFP-like protein from a copepod, modified such that the half-life of the
mature protein is ~1 hour (Fig. 1). Thus upon stimulation of cells with FSL-1, a synthetic
diacylated lipoprotein, active transcription of NF-kB can be measured and cells
containing inactivating mutations in genes normally required for NF-kB activation in the
TLR2/6 signaling pathway can be isolated from wild-type cells by sorting for GFP
negative cells. Transduction of KBM7 cells with the NF-kB-GFP reporter resulted in a
polyclonal population of cells that individually displayed different reporter activation
properties (Fig. 2). Since cells containing mutations in genes required for TLR2/6
signaling are isclated in the screen by their inability to turn on the reporter in response to
FSL-1, it is essential that the reporter cell line selected for the screen robustly turns on
the NF-kB-GFP reporter in response to a stimulus. One such clone that is non-
fluorescent at steady-state, but that is strongly GFP-positive after FSL-1 stimulation was
chosen for the screen (Fig. 2). The NF-kB-GFP reporter cell line was then mutagenized
with a retroviral gene-trap vector containing a RFP marker, using an established protocol
that generally yields a library containing mutations in approximately 98% of genes
expressed in KBM7 cells [8]. Mutagenized NF-kB reporter cells were then stimulated
with FSL-1 and sorted for a mutant population (RFP positive, GFP negative cells) and a
control population (RFP positive cells). To identify gene-trap insertion sites, genomic
DNA was harvested from both populations and the DNA sequences that flank gene-trap
insertion sites were amplified, sequenced in parallel, and mapped to the human genome.

Of the 41 genes that appeared in the screen with a significant enrichment (p-
value<0.05) of gene trap mutations in the mutant population compared to the control
population, 5 are known components of the TLR2/6 pathway: CNPY3 also known as
PRAT4A, IRAK1, IRAK4, MYDS88, and TIRAP (Fig. 3, Table 1) [12,18]. Fourteen of the

significant hits have a gene summary in PubMed or a protein summary in UniProt
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suggestive of a role in transcriptional regulation: BAP1, BRMS1, CBX3, GATA2, LYL,
MAZ, NCOA6, NFYA, SMARCA4, SPI1, STAT5A, STAT6, TP53, and WTT. Three genes
encode proteins of unknown function: C100rf54, C140rf159, LRRC14 and four genes
encode poorly characterized non-coding RNAs: DKFZP686115217, LOC100289341,
MALAT1, NCRNA00095. Of the remaining hits, one in particular, TRIM8, stands out as a
putative member of the TLR2/6 pathway.

TRIMS8 belongs to the tripartite motif-containing (TRIM) protein family whose
members are characterized by the N-terminal possession of a RBCC motif [19]. The
RBCC motif contains a RING domain, which often confers E3 ubiquitin ligase activity,
followed by one or two B-box domains, which is then almost always followed by a coiled-
coil domain that mediates homeric and heteromeric interactions [19]. Many members of
the TRIM family are expressed in response to IFNs and have roles in innate immunity
[19]. Several TRIM family members have been implicated in negative regulation of TLR
signaling [20-22], but none have been implicated in positive regulation of TLR signaling.
TRIMS is required for NF-kB activation in response to TNF and IL-18 [16,17]. Knock-
down of TRIM8 reduces K63-linked polyubiquitination of TAK1 and phosphorylation of
TAK1, IKKa/B, and IkBa in response to TNF and IL-1B [17]. Given that these signaling
components are also downstream of TLR2/6 engagement with FSL-1 and given the
appearance of TRIMS8 in our screen, it is highly likely that TRIM8 is a component of the
TLR2/6 signaling pathway though this remains to be explicitly demonstrated.

It has become increasingly clear that recruitment of NF-kB to target genes and
NF-kB induced transcription is a complex process that may require the coordinated
function of many proteins including other transcription factors and co-activators in the
context of a favorable chromatin environment [23,24]. These layers of regulation may
provide specificity for distinct NF-kB-mediated transcriptional programs in different cell
types and in response to different stimuli. Fittingly, approximately a third of the screen
hits have a putative or established role in transcriptional regulation. Among this group
are transcription factors like GATA2, NFYA, SPI1, STAT5A, STAT6, and WTT that have
been previously linked to NF-«kB function. GATAZ is required for NF-kB signaling in the
absence of stimulus in non-small cell lung cancer cell (NSCLC) lines containing KRAS
mutations [25]. Both NFYA and NF-kB have been shown to bind to the endogenous

promoter of Hspata and SND1 and are thought to work together along with other
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transcription factors to regulate Hspa1a transcription [26,27]. Sp1, also known as PU.1,
interacts with NF-kB to coordinate transcription of HIV-1, MCP-1, and SOD2 [28-30]. A
role for Sp1 in priming enhancers that confer cell-specific NF-xB-dependent gene
expression has been described [31]. NF-kB interacts with both STAT5A and STAT6 and
it is thought that the interaction between NF-«kB and STATs may promote synergy
between signaling pathways that activate the two families of transcription factors [32-34].
WT1 and NF-kB interact with each other and cooperatively regulate the expression of
NPHS1 and KIRRELZ2 [35]. Also in this group of hits are NCOAG also known as ASC-2, a
transcriptional co-activator and SMARCA4 also known as BRG1, a member of the
SWI/SNF chromatin remodeling complexes. Both NCoA6 and Brg1 interact with NF-«kB
and Brg1/Brm-dependent chromatin remodeling is required for most late-activated NF-
kB-dependent genes [36-39]. Validation of these hits by RNAi knockdown or
CRISPR/Cas genome engineering will be required to determine if they are indeed
necessary for NF-kB-mediated transcription in response to TLR2/6 signaling. Since the
NF-kB-GFP reporter in the KBM7 reporter cell line may be integrated in the genome in a
non-physiologial context, it will be important to perform the validation in additional cell
lines. ChlP-Seq of NF-kB and the screen hits after FSL-1 stimulation would also be
informative.

While the screen identified 5 of the known components of the TLR2/6 signaling
pathway, a surprising number of the known pathway components were not identified
including the receptors themselves. Relatively few (6 to 12) unique, inactivating gene-
trap insertion sites were sequenced in TLR2 or TLR6 in the selected and unselected
populations suggesting that increasing the number of mutated cells in future screens
may be required. Additional measures that may increase signal-to-noise include
performing successive fluorescence activated cell sorting, optimizing the selection cut-off,
and generating a new reporter cell line that contains multiple reporters, each expressing
a different fluorescent protein, and sorting for mutant cells that do not express any of the
reporters.

Also not identified as significant hits in the screen were NF-kB transcription
factors (RELA, RELB, REL, NFKB1, NFKB2) and components of the IKK complex
(IKBKG, IKBKB, CHUK). Few mutations were sequenced in the NF-kB transcription

factors and no gene-trap insertion sites were sequenced in NFKB2 or RELB in the
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unselected population suggesting that either NFKB2 and RELB are extremely difficult to
mutagenize or more likely, that they are essential genes for the survival of KBM7 cells.
An absence in myeloid cells was not observed in NFKB2” or RELB” mice suggesting
that NF-kB signaling is not essential to the survival of normal myeloid cells [40-43]. The
KBM?7 cell line, however, was derived from a patient with chronic myeloid leukemia
(CML) and possesses the BCR-ABL fusion oncogene, a hallmark of CML [9].
Overexpression of BCR-ABL in cell lines increases NF-kB-dependent gene
expression and pharmacological inhibition of the NF-kB pathway decreases survival of
Ber-Abl-expressing cell lines [44-46]. While the NF-kB-GFP reporter cells show little if
any GFP signal at steady-state, it is possible that low, persistent activity of NF-kB occurs
and that this activity is required for promoting the expression of genes required for cell
survival, while leaving the NF-kB-GFP reporter untouched. Thus it may be difficult to
identify components that are generally and directly required for NF-kB function (e.g. NF-
kB transcription factors, IKK complex) using haploid reporter screens. However, as
demonstrated by the appearance of known components of the TLR2/6 signaling pathway
in our screen, signaling components that are further upstream of NF-kB activation and/or
genes that are required for NF-kB activity in particularly signaling contexts can be
identified in haploid reporter screens. Signaling pathways that converge on transcription
factors other than NF-kB may be more amenable to genetic dissection in KBM7 cells. In
principle, a similar screen could be done with fluorescent reporters under different
transcription response elements (TRE). As mentioned earlier, it may be useful and
interesting to generate a reporter cell line that contains multiple fluorescent reporters
either under the same TRE (to look for concordance of signal) or under different TREs

(to study cross-talk between signaling pathways).
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Figure 1. Schematic for a reporter haploid genetic screen for components of the
TLR2/6 signaling pathway. KBM7 cells were transduced with a reporter containing a
NF-kB transcriptional response element (TRE) and a minimum CMV (mCMV) promoter
upstream of a modified green fluorescent protein gene from copepod (dscGFP). A clonal
reporter cell line was mutagenized by infection with a gene-trap virus containing a red
fluorescent protein (RFP) marker. The mutagenized cells were stimulated with FSL-1.
The indicated control population and mutant population were sorted by FACS and
expanded. DNA was extracted and DNA sequences flanking gene-trap insertion sites

were amplified and sequenced in parallel.
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Figure 2. Isolation of a NF-kB Reporter Clone. KBM7 cells were transduced with a
NF-kB—GFP reporter. Clones were then stimulated with 100-200 ng/mL FSL-1 for 24-30
hours. On the left, are plots for clones that were discarded because their GFP signal in
unstimulated and stimulated conditions was not ideal. On the right, is the FACS plot for
the NF-kB reporter clone that was selected for the screen.
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Figure 3. Components of the TLR2/6 signaling pathway identified in the screen.

Known components of the TLR2/6 signaling pathway are indicated, with those that
showed up in the screen with a p-value<0.05 highlighted in red. Additionally, TRIM8 is

placed at the point in the pathway where it likely functions.
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. #.Of : . #.Of . * O.f al " mufa(:ifo?:fls in p-value
Gene name Inactlyatlng |nact|_vatlng mutaltions N 2l other genes corrected for
mutations in mutations in  gene in control j
gene all other genes dataset o ki FOR
dataset
RANBP1 72 70395 53 302654 1.02E-17
TP53 137 70330 235 302472 2.11E-12
CNPY3 I b 24 302683 6.43E-12
WT1 315 790 301917 1.43E-11
RAK1 39 & 302684 6.78E-11
BAP1 25 7 302700 1.15E-09
SPN 80 70387 128 302579 5.72E-08
MAZ 40 70427 40 302667 4.60E-07
TIRAP -8 70446 11 302696 1.06E-05
MALATA 67 70400 115 302592 1.16E-05
LINGO3 23 70444 15 302692 1.66E-05
IL17RE 29 70438 29 302678 7.86E-05
NCOA®6 18 70449 11 302696 0.000298351
STAT6 25 70442 24 302683 0.000313387
SMARCA4 31 70436 39 302668 0.000709138
VYD88 15 70452 9 302698 0.002058787
LYLA 33 70434 49 302658 0.003726355
DDX28 24 70443 28 302679 0.00378369
FUT? 36 70431 57 302650 0.00378369
CBX3 29 70438 40 302667 0.003961094
NFYA 33 70434 50 302657 0.003961094
SPI1 38 70429 63 302644 0.003961094
C10orf54 80 70387 189 302518 0.005286266
FBXL15 20 70447 21 302686 0.006207301
TRIM8 18 70449 17 302690 0.006313529
LOC100289341 26 70441 35 302672 0.006873772
DKFZP686115217 35 70432 61 302646 0.015577473
CCRL2 8 70459 2 302705 0.018804671
BRMS1 7 70460 1 302706 0.020136703
STATS5A 33 70434 57 302650 0.020136703
GATA2 31 70436 52 302655 0.021518852
C14o0rf159 51 112 302595 0.033126454
IRAK4 10 6 302701 0.045949902
MAEA 8 3 302704 0.045949902
NCRNAO00095 10 70457 6 302701 0.045949902
CSE1L 20 70447 27 302680 0.046580335
C8orf58 21 70446 30 302677 0.049546216
CORO1A 28 70439 48 302659 0.049546216
LRRC14 23 70444 35 302672 0.049546216
PTPN7 28 70439 48 302659 0.049546216
S1PR4 19 70448 25 302682 0.049546216
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Table 1. Significant hits in a screen for TLR2/6 signaling components. Genes with a
significant enrichment (p-value<0.05) of gene trap mutations in the mutant population
compared to the control population are displayed. Genes that are already confirmed
TLR2/6 signaling components are highlighted in blue. TRIM8, a putative member of the
pathway, is highlighted in red.
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Materials and Methods

Cells

KBM?7 cells were grown in Iscove’s modified Dulbecco’s medium (IMDM) with 10% heat-
inactivated fetal serum (IFS). A NF-kB reporter cell line was created by transducing
KBM?7 cells with pTRH1-NF-kB-dscGFP (System Biosciences) and single cells were
sorted into individual wells of 96 well plates. A clone that remained haploid and that

activated the reporter only when stimulated with FSL-1 was selected for the screen.

Flow cytometry
Analysis was done using a BD LSR Il flow cytometer and FloJo software. Sorting was
done using a FACSAria llU or a MoFlo2.

Reporter haploid genetic screen

The screening procedure has been described previously [4-10]. Briefly, 100 million NF-
KB reporter cells were infected with gene-trap retrovirus containing a RFP marker to
create a mutagenized library. Seven days post-infection, 150 million mutagenized cells
were stimulated with 250 ng/mL FSL-1 and then sorted for a mutant population (RFP
positive, GFP negative cells) and a control population (RFP positive cells). Cells were

allowed to expand for approximately 2 weeks before harvest.

Sequence analysis of gene-trap insertion sites

The mapping of the insertion sites was done as previously described [8]. In short, DNA
sequences flanking gene-trap insertions sites were ampilified using a linear amplication
PCR (LAM-PCR) protocol followed by sequencing using the Genome Analyzer platform
(lumina). The sequences were then aligned to the human genome. The number of
inactivating mutations (that is, sense orientation or present in exon) per individual gene
was counted as well as the total number of inactivating insertions for all genes.
Enrichment of a gene in the screen was calculated by comparing how often that gene
was mutated in the screen compared to how often the gene carries an insertion in the
control data set. For each gene, a P-value (corrected for false discovery rate) was

calculated using the one-sided Fisher exact test.
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Future Directions

In this thesis, | presented the development of the first human haploid reporter
screens. | sought to identify constitutive inhibitors of NF-kB as well as activators of NF-
kB in the TLR2/6 pathway. Here | will summarize my findings and discuss areas for

future study.

Human Haploid Reporter Genetic Screens

To identify constitutive inhibitors of NF-kB, | used a blasticidin S resistance gene
(BSR) reporter under the control of a NF-kB transcriptional response element. This
allowed reporter cells with constitutive NF-kB activity to survive in the presence of the
antibiotic blasticidin. While this approach allowed for the selection of cells with mutations
in CYLD, a constitutive inhibitor of NF-kB, it also allowed for the unanticipated selection
of cells with mutations in LRRC8D, a gene | later demonstrated is required for blasticidin
import. Only two other genes showed up significantly in this screen: LRRC8A and
HEATR7A. Given the sequence homology and the physical interaction between LRRC8A
and LRRC8D, the appearance of LRRC8A in the screen is likely due to a role in
blasticidin import. It remains to be determined if HEATR7A has a role in NF-kB
regulation or blasticidin import. Not much is known for HEATR7A except that it contains
seven HEAT motifs, a domain found in diverse proteins including those that gave rise to
its name: Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the
kinase TOR (Andrade et al., 2001). A HEAT domain consists of two helices that form a
hairpin and this domain often occurs in tandem arrays. The HEAT domains of several
proteins have been implicated in mediating protein-protein interactions and this domain
may function generally as a scaffold for protein complexes (Groves et al., 1999: Neuwald
and Hirano, 2000). Since eight unique inactivating mutations were sequenced in
HEATR7A in the selected mutant population, it should be possible to isolate individual
clones from the selected population with mutations in HEATR7A. Cells with mutations in
HEART7A could then be used to determine if HEATR7A is required for NF-kB regulation

or blasticidin import.
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To eliminate the confounding issue of identifying transporters, | then switched to
a screen with a NF-kB-GFP reporter. With this approach, | sought to identify genes
required to activate NF-kB in the TLR2/6 pathway by sorting for cells that failed to turn
GFP-positive in response to the TLR2/6 ligand, FSL-1. While the screen was able to
identify five of the known components of the pathway, it was unable to identify TLR2 or
TLR6 as bona fide hits in the screen. This suggests that the screen is not saturating and
that future screens may need to start with a far larger pool of mutated cells. If large cell
numbers become logistically problematic, cells could be infected with a higher MOI of
gene-trap virus. Since coding DNA is < 2% of the genome, 2 mutations in a cell are
unlikely to both occur in protein-coding genes (Lander et al., 2001; Venter et al., 2001). It
is also unlikely that multiple random mutations in a cell would target the same pathway.

| observed that if | stimulated the sorted GFP-negative population of cells a
second time with FSL-1, over half of the cells turned GFP-positive (data not shown). This
suggests that the selected mutant population contains many false-positives. Due to
negative feedback loops that turn NF-kB off after it has been turned on, NF-kB activity in
response to a continuous stimulus has been observed to oscillate (Baltimore, 2011;
Nelson et al., 2004). Thus, successive sorting for FSL-1-unresponsive cells over an
extended period of time would prevent the collection of cells that at the moment of initial
sorting had no or low NF-kB activity due to normal oscillation in NF-kB activity, rather
than a mutation in the TLR2/6 pathway. Another strategy to decrease the number of
false-positives is to perform the screen with a reporter cell line that contains multiple NF-
KB reporters, each driving a different fluorescent protein. This would provide more
confidence that cells that are non-fluorescent after FSL-1 treatment contain mutations in
genes required to activate NF-kB in response to FSL-1.

Currently, the GFP in the NF-kB reporter has a destabilizing peptide at its C-
terminus, which shortens the half-life of the mature protein to ~1 hour. While this feature
is useful for studying kinetics of NF-kB activation and termination, it is not necessarily
advantageous for identifying mutations that result in an absence of NF-kB activity.
Removing the destabilizing peptide would result in a product that has a half-life ~26
hours (Corish and Tyler-Smith, 1999). Thus a long-lasting record would be produced for
every activation event that results in transcription of the reporter and this could prevent

the oscillating nature of NF-kB from confounding the sorting results.
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Approximately a third of the hits from the screen for activators of NF-kB have a
putative or established role in transcriptional regulation. It is possible that some of these
genes may be specifically required for NF-kB-mediated transcription of target genes in
response to the TLR2/6 ligand FSL-1. If knock-down and ChIP-Seq experiments confirm
this to be true, screening for genes that are required for NF-kB-mediated transcription in
response to other ligands (e.g. TNF, IL-1) could provide insight into how NF-kB
transcriptional specificity is determined.

In principle, NF-kB-GFP reporter cells could also be used to identify inhibitors of
NF-kB. For this type of screen, it is essential that the reporter is not expressed at steady-
state and the destabilized GFP reporter would be preferred. After stimulation, cells would
be washed, and cells that remain green would be sorted and collected. The stimulation
conditions and the timing of the sort would need to be optimized. One difficulty that may
be encountered with a screen for inhibitors is compensation for the loss of one inhibitor
by another.

While our screens have focused on regulators of NF-kB, similar screens could be
performed for regulators of other transcription factors. There are approximately 1,391
human sequence specific DNA binding transcription factors, many of which have binding
site profiles that have been described (Joima et al., 2013; Vaquerizas et al., 2009). My
results suggest that screening for NF-kB regulators in KBM7 cells may be complicated
by the presence of the BCR-ABL fusion oncogene. Other signaling pathways may be
less affected by this mutation and may be more amenable for study in KBM7 cells.

The recent development of clustered, regularly interspaced, short palindromic
repeats (CRISPR)-CRISPR-associated (Cas) systems permit cheap and rapid genome
engineering in cells and mice. Already groups have exploited CRISPR-Cas9 to perform
genome-wide screens in multiple cell types (Koike-Yusa et al., 2014; Shalem et al.,
2014; Wang et al., 2014). Human haploid genetic screens are currently limited to two cell
types. In contrast, there seems to be no limit to the type of cell that CRISPR-Cas9 could
be applied to. CRISPR-Cas9 screens can also be applied in negative and positive
selections. The CRISPR-Cas9 screens published to date have only used cell viability
and proliferation as selection criteria. As with human haploid screens, transcriptional
reporters will allow CRISPR-Cas9 screens to study pathways that do not affect cell
viability or proliferation. Thus many of the lessons learned from the development of

human haploid reporter screens could be applied to CRISPR-Cas9 reporter screens.
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Leucine-rich repeat-containing 8 (LRRC8) proteins

LRRC8D and LRRCS8A were initially identified as hits in a screen for inhibitors of
NF-kB. It was subsequently demonstrated that LRRC8D is required for the import of
blasticidin, the selecting agent used in the screen, and not for the regulation of NF-kB.
Further functional and molecular characterization of LRRC8D have contributed to a
greater understanding of how the antibiotic blasticidin is imported into mammalian cells.
Our studies also support the existence of functional homology between LRRC8D and
pannexins, a family of communication channels that share sequence homology with
LRRC8 family members. This work provides a starting point for understanding how
LRRC8A and LRRCB8C are involved in lymphocyte and adipocyte development,
respectively.

LRRC8B, LRRCS8D, and LRRCS8E have not been implicated in any physiological
processes to date. The creation of knock-out mice may provide clues to their function.
CRISPR-Cas9 genome engineering allows the rapid generation of mice with mutations in
genes of interest. We have used this approach to create mice containing a homozygous
17 bp deletion in LRRCS8D that creates an early stop codon in the gene. The predicted
mutant protein would be 174 amino acids in length and the last 40 amino acids would be
of a mutant sequence. This mutant protein would only encode the first predicted
transmembrane domain of LRRC8D and is likely non-functional. Future characterization
of LRRC8D mutant mice may help elucidate the physiological function of LRRC8D.

Antibodies against LRRC8 family members would be useful reagents to have on
hand as they would allow the study of the endogenous proteins. Present
immunofluorescence and co-immunoprecipitation experiments have made use of
overexpressed epitope-tagged versions of LRRC8 family members. As overexpression
of proteins can result in artifacts, repeating the experiment with antibodies against the
endogenous proteins would be worthwhile. |solation of antibodies that can promote |
opening or closing of LRRC8D-containing channels would facilitate the study of channel
function.

Since LRRC8D did not evolve to import a toxic molecule, there are likely
physiological substrates that have yet to be identified. Untargeted mass spectrometry of
cell extracts from wild-type and LRRC8D-deficient cells could be applied to identify
metabolites that are enriched in wild-type cells. Given that wild-type cells, but not

LRRC8D-deficient cells can import blasticidin at steady-state, other small molecules may
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also be imported passively through LRRC8D. It would be important in such an
experiment to incubate the cells in a solution that contains the physiological substrate(s)
that are imported. Since fetal bovine serum (FBS) is rich in metabolites, incubating the
cells in medium that contains a high percentage of FBS prior to extraction would be a
good starting point. While this is not a trivial approach, LC/MS-based metabolomics have
successfully identified substrates for the transporters ABCC2 and SLC22A2
(Krumpochova et al., 2012; Taubert et al., 2007). It may be more difficult to identify
metabolites that are exported by LRRC8D because their concentrations in the media are
likely to be low. Overexpressing LRRC8D and partner proteins in cells and incubating
the cells in a small volume of solution may help increase the concentration of exported
metabolites. However, there still remains the challenging issue of selectively removing
any salt or buffer included in the cell media from the metabolite-containing sample prior
to LC/MS. Since pannexins export ATP out of apoptotic cells, it may be worth exploring,
in a targeted manner, whether LRRC8D transports ATP (Chekeni et al., 2010; Qu et al.,
2011). CellTiter-Glo could be used to measure ATP levels in cell extracts and media of
wild-type and LRRC8D-deficient cells. Crude RT-PCR experiments have suggested that
LRRC8D expression is induced by phytohemagglutinin (PHA) in peripheral blood
mononucleated cells (PBMC) and by LPS in monocytes, suggesting that PHA and LPS
may regulate LRRC8D function (Kubota et al., 2004). Thus, it may be worthwhile to also
attempt the above strategies before and after stimutation with PHA and LPS.

We demonstrated that LRRC8D can stably interact with LRRC8A, LRRC8B, and
LRRC8C, but it remains to be determined whether they interact in one large complex or
in multiple complexes of distinct stoichiometry and composition. The observation that
LRRCB8A and LRRC8D are ubiquitously expressed, but LRRC8B, LRRCS8C, and
LRRCB8E have more selective expression, suggests they may not be present in one
complex at all times (Abascal and Zardoya, 2012). LRRC8C expression was elevated
during the adipogenesis of 3T3-L1 cells, but the expression levels of the other LRRC8
family members did not change, suggesting that in certain physiological contexts
complexes may be enriched for particular LRRCS8 family members. Co-localization
studies, channel reconstitution in Xenopus oocytes, and observations of overlap in
substrates transported by each LRRC8 may help address these points.

Pannexins are comprised of four transmembrane domains and do not possess a

LRR domain (Penuela et al., 2013). It is unclear what function the LRR domain plays in
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LRRCS8 proteins, but it is undoubtedly important for the function of LRRC8A. Truncation
of just the last 2.5 LRR motifs in one allele of LARCS8A results in an absence of
peripheral B cells (Sawada et al., 2003). The study of deletion mutants may provide
insight into the function of this domain. While it is possible that the LRR domain is
required for the interaction of channel constituents, the pannexins can oligomerize into
channels without a LRR domain. Perhaps instead the LRR domain mediates interaction
with a cellular protein. This interaction could regulate channel opening or closing, control
channel substrate specificity, or recruit signaling proteins that interact with the
transported substrates. The interaction of the LRR domain of LRRC8 proteins and other
proteins may be transient or occur only under certain physiological contexts.
Nonetheless, co-immunoprecipitation/mass spectrometry experiments could be
attempted with full-length and LRR deletion mutants in the presence of cross-linkers or
various stimuli.

Many questions remain surrounding the function of LRRC8 proteins. My work
demonstrating that LRRC8D is required for the transport of a small molecule will help

guide future studies on this family of proteins.
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Cathepsin-mediated cleavage of TLR9

To investigate whether cathepsin activity is required for TLR
responses, we exposed the RAW mouse macrophage cell line to
pepstatin A, an inhibitor of aspartic proteases, or to z-FA-fmk, a
cysteine p inhibitor that blocks cathepsin activity; we then
exposed these cells to agonists of TLR4 (lipopolysaccharide (LPS)),

45 kilodaltons (kDa; Fig. 1b) that were not present in the immuno-
precipitates of cells labeled in the presence of z-FA-fmk (Fig. 1b). We
then denatured the initial anti-Myc i precipitates and rei

noprecipitated them with anti-Myc to retrieve TLR9-Myc. We detected
the 65-kDa polypeptide im such rei precipitates from cells
treated with DMSO but not those from cells exposed to z-FA-fmk
(mlb).Hmmmdﬂnﬂnmuofmmdm
labeling, As we were able to retrieve the 65-kDa polypeptide with the
Myc-specific antibody, we concluded that it was derived from TLR9.
To explore the nature of the 65- and 45-kDa polypeptides, we treated
RAW macrophages expressing TLR9-Myc with DMSO or z-FA-fmk,
immunoprecipitated TLR9 with anti-Myc, resolved glycosidase-
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a fairly similar fold and that LRR14 and LRR15 of TLR9 can thus be

used to buttress the intervening segment of TLRY. Molecular modeling

iwd&epmoftﬁdmsul—ﬂo.whchmmnmmdm&u
age region, in an extended loop (Fig. le).

anti-Myc (Fig. 1b). Thus, its appearance in the initial muMyc
immunoprecipitates suggests that the N. inal fr

with full-length TLR9, vnﬂidn(llmmmldﬁvs@eﬁ'@m\torwm
both (Fig. 1b). Fragmentation of TLR9 was readily d le after 3 h

OMylndwpmoszA-fmkdsdmdﬂnumnddmaml
species of TLR9 that migrated more slowly (Figs. 1b and 2a).
Glycosidase digestion showed that this form had acquired partial
istance to Endo H (Fig. 2a), consistent with passage through the

of chase, a time frame consistent with delivery of TLR9 to ly

Because the cathepsin inhibitor z-FA-fmk was

(Supplementary Fig. 2 online).

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

To identify the likely site(s) of cleavage in TLR9, we determined the
C-terminal boundary of the N-terminal segment and the N-terminal
boundary of the C-terminal fragment on the basis of the unambiguous
presence of peptides from these fragments as identified by mass
spectrometry (Fig. 1d and Supplementary Fig. la). Our analysis
confined the location of possible cleavage site(s) as being a region

Golgi ap
mqundforn:vmﬂ;mm.thnbrmofm:spmhblydmd
in lysosomes. The finding that it was normally cleaved and thus
eliminated would account for the earlier failure to detect this Endo H-
resistant form of TLR9 (refs. 22,23).

mmmwammm

To d ine if the endoly is the location of
m9dma@.mnsmdlhe&uofzm-&nkonﬂrupmon
maturation and stability of wild-type TLR9 and the TLR9 chimeras
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Figure 2 Tralficking of TLR9 to the endolysosomal compartment is
required for its fragmentation. (a) SDS-PAGE of immunoprecipitates
of RAW macrophages stably expressing Myc-tagged wild-type TLR9
or TLRY chimeras (TLRS-4-4 and TLR9-4-9), treated for 12 h with

DMSO or 10 uM z-FA-imk, metabolically labeled for 1.5 h and chased for 6 h; TLRs by i
EndnHu—ErﬁnF(lbwalaru) Arrownhead, mature, Endo H-resistant TLRS; *, C- and N-terminal TLR9 cleavage fragments.
RAW for 10 h with DMSO or z-FA-fmk (10 uM) or for 4 h with bafilomycin (BAF;

of TLRS-Myc-

- & ; & *
oﬂ*‘f\‘ o“dg::"{‘(’o“f
i FL-TLR fcomplex)

— FL-TLRG (glycosylatad)

-~
o k

\

OOMSO O z-FA-mk

FL-TLRO (daghycosylated)
TLR-Cler {giycosylated)

TLRS-Cler {deglycosylated)

W BAF W Chicroquine

T (g
Bggge

L BBE8ES

o 10 100 ] 1 10 o o1 1
LPS (ngémi) imiquimod (ig/mi) CpG (pghni)

with anti-Myc were treated with
{b) SDS-PAGE (top) of

5 pg/mi) or chloroquine (5 uM), mmmuuucleﬂlulh followed by a chase period of 6 h; proteins were immunoprecipitated and

reimmunoprecipitated with anti-Myc and itates were left {=) or treated with Endo F (+). Below, enzyme-linked immunosorbent assay
ol TNF secretion by RAW macrophages incubated for 12 h with DMSO or z-FA-fmk (10 uM) or for 4 h with ycin (S pg/mi) or chioroquine (5 uM), then
stimulated for 2 h with ] of LPS, d or CpG DNA. Data are of three independe i (average and
s.d. in b, below).

TLR9-4-4 and TLR9-4-9 (Fig. 2a). TLR9-4-4 contains the transmem-
brane and cytoplasmic region of TLR4, whereas TLR9-4-9 comtains
only the transmembrane region of TLR4 (ref 22). These TLR9
clmnmﬁitolmamwﬂ:mmmdﬂmdomm
the Iysosomal d location of CpG DNA
Whmmdnmmfw Unlike wild-type TLRS, neither
TLRS-4-4 nor TLRS-4-9 yielded the two distinct fragments (Fig, 2s).
These findings suggest that localization to the | com-
partment is required for TLR9 cleavage.
As TLR7 is also located in the endoly
aoqlﬂtodzmnumwhﬂhnmllhm%wm
g. In the ab of the cathepsin inhibitor, in conditions in
whkhlh'ﬂj@chvnppmdmmmd&;dmud.wmm
only full-length TLR7 (Supplementary Fig. 3 online). In addition, we
did not detect a mature Endo H-resistant TLR7 species in the presence
ofz-FA—ﬁnk.nmdidiwm(Wbes)‘wae

used the ! H*A’!‘Pnz bafilomycin A and the weak
base chloroqui d | acidification and thus, indir-
endylpowmnlp:mmty‘ Both compounds, like z-FA-fmk,
MmofMuwﬂquDNA—dmmpodnmnd
TNF (Fig. 2b). In bafilomycin A and chloroquine but not
z-FA-fmk suppressed imiquimod-driven prody ---of'l'NP'Ihnwr

luded that fra of TLR9 by lysosomal proteases is

;nhbtdtq:mmmm&m&ﬁclimumm.
TLR7 shows no signs of such lysosomal cleavage.

Influence of cleavage on TLR9 function

‘We next analyzed the i jon b CpG DNA and TLRS in the
presence and absence of z-FA-fmk (Fig. 3). We pretreated RAW cells
expressing TLR9-Myc with z-FA-fmk, followed by incubation with
unlabeled CpG DNA or biotinylated CpG DNA (biotin-CpG). We

NATURE IMMUNOLOGY ADVANCE ONLINE PUBLICATION

recovered biotin-CpG and materials bound to it with streptavidin-
agarose and d the p of ipitated TLR9-Myc by
mmmﬂmamlmmd:mi—hiyclnthabmwufmemhqm
inhibitor, we noted a strong i jon of the C inal TLRY
CpG DNA and full-length TLR9 (Fig. 3a). As expected, given the
absence of the C-terminal TLR cl fi in lysates of cells
uuedmlita-FA—fmk.wdidnmdmbhchgofﬂlcm
TLRY fragment to CpG DNA in z-FA-fmk-treated cells (Fig. 3a).
Notably, z-FA-fmk had no effect on the interaction between full length
and biotin-CpG seemed to be much weaker than the interaction
between CpG DNA and the C-terminal TLR9 fragment (Fig. 3a).
TLR9 molecules tagged with green fluorescent protein (GFP) showed
fragmentation and binding to CpG DNA similar to that of My-tagged
TLR9 (Fig. 3b). A b d TLR9 fr: encom-
mMM‘?l-lWZummm(ﬁk)

bi C inal fr when d in isolati
*obmdmbm—&Gmmn@yﬂufnl-hphMy:wd
TLRS did (Fig. 4a).

Next we sought to determine if fragmentation of TLR9 by cathep-
sins is critical for subsequent TLRY signal transduction. We investi-
gated the fragmentation of TLR9 and its interaction of CpG DNA in
RAW cells stably expressing either Myc-tagged wild-type TLR9 or
TLR9A441-470, a TLR9 deletion mutant lacking the proposed clea-
vage region (Fig. 4a,b). TLR9A441-470 was not cleaved but was still
tbklobhdhudn—CpG(ﬁ,h.b) These findings suggested no gross

ion in the of the TLR9A441-470 mutant
m To analyze the functional capacity of TLR9A441-470, we
measured its ability to restore CpG DNA-induced TNF production in
bone marrow—derived dendritic cells (BMDCs) from Th9/~ mice. We

s

108



Appendix 1: Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9

P

o

o © 2008 Nature Publishing Group

ARTICLES

Figure 3 The C-terminal TLR9 fragment directly interacts with CpG DNA. (a) Immunoblot {IB) 100 - —— ~FL-TLRY
analysis of TLR9-Myc-expressing RAW for 12 h with DMSO or z-FA-fmk G

{10 uM) and then incubated for 3 h at 37 °C with unlabeled or biotinylated CpG DNA (3 yM); wiP.atyo Ly oy

CpG DNA and materials bound to it were recovered on streptavidin-agarose and analyzed with : J SpSe— —TLRO-Cler
anti-Myc. (b) Immunoblot analysis of RAW macrophages expressing TLRS-Myc or TLR9-GFP, 0

treated for 12 h with DMSO or z-FA-fmk (10 uM), then incubated for 4 h with bafilomycin m

{5 ug/mi) or chioroquine (5 uM) and then for 3 h at 37 *C with unlabeled or biotinylated CpG
DNA (3 uM); CpG DNA and bound materials were recovered on streptavidin-agarcse and digested
with Endo F, and total input lysate and precipitates were analyzed with anti-Myc (left) or anti-GFP
{right). (¢) SDS-PAGE of immunoprecipitates of RAW P g wild-type TLRS-Myc (TLRS) or the Myc-tagged C-terminal fragment of TLRS
{residues 471-1032; recTLR9-Cter), treated with z-FA-fmk (+) or DMSD (-) and metabolically labeled; lysates i P and
precipitated with anti-Myc were digested with Endo F. Data are representative of three independent experiments.

tagged wild-type TLR9, d\eC—mmlquehmﬂof‘l‘lR?md TLRY, and UNC93B1 bound wild-type TLR9 and TLR9A441-470toa
TLR9A441-470 with GFP and exp d these by iral similar degree (data not shown), we believe that trafficking properties
man“BMDC:.Lhmupmdﬁ:&adktonGDNAmd were unaffected by the deletion of residues 441-470.

measured TNF production in GFP* cells by flow cytometry (Fig. 4c).

BMDCs transduced with the TLR9A441-470 mutant produced less ~C-terminal TLR9 fragment restores Tirg~~ BMDC function

TNPmtupometonGDNAmuhhonﬂnndldcds ing  We next investigated wheth th:C-t:mﬁnalﬁagmmwhi&nnmed

wildtype TIR9 (Fig. 4c). As the and  a portion of the ectodomain encompassing LRRI5-LRR26 ard con-

cymplmm:cmlofT[R%Hl—ﬂOmtdmxmlmd‘mofﬁﬂ-kngm tained the full t b and ¢ _‘ ic domains, was on its
£

vz s S ° g’“

& &
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Figure 4 The C-terminal TLRS fragment is the active form respensible for binding
CpG DNA and for subsequent TLR signal transduction. (a) Immunablot analysis
of RAW macraphages stably expressing wild-type TLR9 or mutant TLRSA441-470
(left) or the C-terminal TLR9 fragment (residues 47 1-1032; right), incubated for
3 h at 37 °C with biotinylated CpG DNA (3 uM); CpG DNA and bound materials 100 100
were precipitated with garose and digested with Endo F, and

precipitates and input lysates were analyzed with anti-Myc. (b) SDS-PAGE of s“«é}p n ;\;f P

m
300
200

TNF (MFI)
g 2
TNE (MF1)

Myc-tagged wild-type TLR9 and TLR9A441-470 immunoprecipitated and #
reimmunaprecipitated with anti-Myc from RAW macrophages treated vdm DMSO F
or z-FA-fmk and tabeled; pr were left f’ & &

with Endo F (above lanes). {c,d) Flow cytometry of TNF production by Thﬂ’

BMDCs transduced with retroviral vectors encoding GFP-tagged wild-type TLR9, TLR9A441-470 or the C inal TLRS f idues 471-1032),

() Celis stimulated for 4 h with CpG DNA (1 uM) in the presence of brefeldin A at day 5 of culture, then fixed and stained with anti-TNF; TNF expression by
GFP* cells is presented as mean fluorescence intensity (MFI). (d) Calls treated for 8 h with DMSO or z-FA-fmk (1 uM) at day 5 of culture, assessed as
described in c. Data are representative of three independent experiments (average and s.d. in ¢.d).
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Figure 5 TLR9 cleavage requires many lysosomal proteases. {a) Flow cytometry of intracellular TNF in BMDCs from wild-type mice or mice lacking

in L (Cat L-KO), cathepsin S (Cat S-KO) or cathepsin K (Cat K-KO), for 4 h with polycytidylic acid (poly(I:C); 100 ug/mi),
LPS (1 pg/ml), imiquimod (Imig; 10 ug/mi) or CpG DNA (1 uM) in the presence of brefeldin A at day 6 of culture, then fixed and stained with anti-TNF.
(b) SDS-PAGE (left) of immunoprecipitates of TLR9-Myc-expressing RAW macrophages pretreated for 12 h with DMSO, z-FA-imk (10 M) or the selective
cathepsin L inhibitors Clik195 and Clik148 (Cat Li; 10 uM), the cathepsin $ inhibitor LHVS (Cat Si; 10 nM), cathepsin K inhibitor 11 (Cat Ki; 1 uM) or

combinations thereol, then metabalically labeled for 1.5 h, lollowed by a chase period of § h; TLR9 i i d and from
lysates with anti-Myc was digested with Endo F. Right, enzyme-linked i bent assay of TNF by RAW macrophages treated for 12 h with
DMSO, z-FA-fmk or cathepsin inhibitors (key) and stimulated for 2 h with TLR agonists (horizontal axis). (c) Flow of TNF in L

BMDCs left duced {None) or with vector GFP-tagged wild-type TLRS or C-terminal TLRS fragment (471-1032) at
day 1 of culture, then stimulated for 4 h at day 6 with CoG DNA (1 uM) in the presence of brefeldin A, fixed and stained with anti-TNF; data represent TNF

@ © 2008 Nature Publishing Group

in GFP* {transduced) cells. Data are representative of two (a,c) or three (b) independent experiments (average and s.d.).

mﬂmthtonGDNAudmgﬂksw

duction. In RAW macrop C-terminal TLRY
&wmmdltdrCtmwwlhmmorGﬂm
strongly with biotin-CpG, as demonstrated by the recovery of the
C-terminal TLR9 fragment on streptavidin-agarose (Fig. 3b). Neither

da“m%ﬂ;wﬁhwhmnhﬂbﬂ
difficult to link any parti to the processing of a specific
antigen?®?, Fwth-mmnmqbedlﬁcultwdwtmm

the expression nor the molecular size of the ibi C-terminal
fragment was affected by z-FA-fmk (Fig. 3c). Th9/~ BMDCs trans-
duced with a retrovirus encoding the recombinant GFP-tagged
C inal fra of TLR9 regained ¥ to CpG DNA
mmuhtmt.-md:cxzdbyTNPpmdnm(lﬁ.k) ‘TNF synthesis
elicited by CpG DNA stimulation of Tr97~ BMDCs expressing the
GFP-tagged C-terminal fragment of TLR9 was not affected by
treatment with z-FA-fmk (Fig. 4d). In contrast, TNF production
facilitated by the expression of GFP-tagged wild-type TLR9 in
Tk~ BMDCs was inhibited by z-FA-fmk (Fig. 4d). The greater
:msmvtyofBMDCstoqmunceﬂwuoszA—ﬁhanaaMm
to use the i readily tol d by RAW cells and
ﬂundmmndnmfunluhhumofmpmdmm
theless, we conclude that the C-terminal TLR9 fragment on its own is
sufficient to bind CpG DNA and initiate signaling.

Multistep TLR9 cleavage

lﬂndeedugdtm«l—(?bmmmﬂynwd:kduaﬂﬂ:hop
(Fig. le), then any of a ber of p
mmh:bemnﬂndfmudmpfwmnmvmdbypm

which bers of the cathepsi ﬁmiyof ', cleave
TLR9. After genetic ablation or ph ical inhibition of a single
Mwofmmmwnld‘pdnphnhck’
wmmmmhmmdmm
specific inhibitors over more ds?®23,
Nnmhdngnmlwhﬂlwhwmmmdyd&wmm
Wthnlhonofmuhchn;lmdem” -

theless, we d the TLR resp of BMDCs from mice
lacking individual cathepsins. Cathepsin L-deficient BMDCs and, to a
lesser extent, cathepsin S-deficient BMDCs produced less TNF in

response to CpG DNA (Fig. 5a). Wenmdmmpm&donm
response to CpG DNA by BMDCs from cathepsin K—deficient mice,
which seemed at variance with a published report?! in which cathepsin
K-deficient BMDCs failed to respond to CpG DNA stimulation, as
assessed by their lower production of interleukin 12.

We next examined the effects of a series of selective cathepsin
inhibitors on the pattern of TLR9 cleavage in and TNF production by
RAW cells., %Mdmz—mﬁnk.bmnumyofdnmmmmly

bly cleave specific cathepsin inhibi d formation of the
65-kD|CtmnmﬂTlR9ﬁmmdf(H'.Sb)(hvg¢mthe
of the cath i from

such as flu hemagglutinin, cholera toxin and various p
including lysosomal hydrolases. Similarly, d&mﬁl&nnmhﬂmmof
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Figure 6 Cathepsin L cleaves TLRY /n vitro but

fails to cleave the TLR9 deletion mutant lacking a
the region g the putative

cleavage site(s). (a) SDS-PAGE of wild-type TLR9
or the TLRS deleticn mutant TLR9A441-470 150 -
transcribed and translated in vitro in the
pr of micr and [33§] ioni
plus either 2 mM dithiothreital (DTT) or 2 mM "
oxidized glutathione (GSSG); microsomes were
pelleted and lysed and recombinant cathepsin L i
was added for 2 h at 37 °C, followed by analysis
of 10% of the total velume of the in vitrm
transcription and translation reaction. *, C- and
N-terminal TLRS fragments. (b) SDS-PAGE of

oTT

CatLgM) O

GSSG DIT _GSSG
0 0102 0 0 0102

TLROA41-470 b P a-Myc
DIT GSSG

Myc-tagged wild-type TLR9 or C-terminal TLRY fragment {resi

agarose and digested with Endo F. Data are ive of two independ

471-1032)

cathepsin L or cathepsin S resulted in the app of a doubl
composed of a slightly larger band in addition to the 65-kDa band
(Pig. 5b). %mmumm&w@mﬂwm

cathepsin K inhibitor, when combined with other i failed to
pmchmmndduve:ﬂ'm(l’bﬂ;) Hmemmmbmmgdiznﬂm—
psin $- and cathepsin L lted in enrich: of

and

d in vitro in the presence of microsomes and
[3%)methionine; microsomes were pelleted and lysed, and 10% was immunoprecipitated with anti-Myc, then digested with EndoF, and the other 90% was
incubated for 2 h at 37 “C with recombinant cathepsin L (0.2 M), then incubated for 2 h with biotinylated CpG DNA {§ M), incubated with streptavidin-

experiments.

The broadly specific inhibitor z-FA-fmk was most effective at blocking
this cleavage and, accordingly, abrogated TNF production in cells
exposed to the TLR9 agonist CpG DNA. Our data are consistent with
the involvement of more than one protease in this cleavage reaction,
because we noted a blunted rather than a completely blocked TNF

the pre-C-terminal fragment relative to the C-terminal fragr

ponse to CpG DNA in BMDCs deficient in cathepsin L or cathepsi
S. Furth a combination of inhibitors selective for cathepsin L

(H',Sb)ﬂ\epre-(:mmmll&lmmmnedmbemw as we
noted a strict inverse ! its p and TNF
production (Fig. 5b). Pcnulcommnofﬁﬂlmgth’l‘[mmﬂz
pre-C-terminal and C-terminal fragments yielded inter

and cathepsin S not only blocked TNF production in response to CpG
DNAbmahawddadadawgemmwdme.thepm—Cwuml

g whose e was ly correlated with TNF pro-
duction. The of only the C-terminal fragment in Tlr97/~

amounts of TNF. The slight difference in apparent molecular weight
suggested that at most a few dozen residues distinguished the active
C-terminal fragment from the inactive TLR9 pre-C-terminal fragment
(Fig. 5b). These data suggest that at least two cleavage events occur to
convert full-length TLRY into its active form (Supplementary Fig. 4

BMDCs restored their ability to produce TNE, as also noted for
cathepsin L-deficient BMDCs. We hyp ize that the ab: of
cleavage in the presence of chloroquine and bafilomycin A is best
explained by higher pH or less proteolytic activity.

mddxmyofmsmmdolymommlmmpamentsrequmns
i ion with UNC93BI, diated th h the brane

online). In addition, introd of the C inal TLRY fr:

mmmheme—dgﬁnmtBMDCsmomdq:GDNA-dmmpm
duction of TNF (Fig. 5¢). Wild-type TLR9 restored TNF production
malmﬁudmummmntmmlmmmmorm

prodh of untransduced L—d:ﬁnemBMDCs(H‘.Sq:)
anduded:xmmthmamgk P d in
cleavage of TLR9, with an imp ion for cathepsin L.

%ﬁmhﬂ:uppont}utdnthamhpsmLandnwm9at&w

proposed cleavage site, we incubated radiochemically pure TLR9,
produced by in vitro translation in the presence of properly redox-
buffered microsomes®!, with purified cathepsin L (Fig. 6a). Cathepsin
L produced the C-terminal fr of TLRY in vitro (Fig. 6a), and
this C-terminal fragment bound to biotin-CpG (Fig. 6b). However,
the TLR9 deletion mutant TLR9A441-470 was not cleaved by cathe-
psin L in vitro (Fig. 6a). Our results collectively establish that TLR9
undergoes dleavage in an endolysosomal compartment, a step that is
important for TLR9 to execute its proper function.

DISCUSSION
The inwolvement of the endolysosomal compartment in
functioning of the nudeic acid-sensing TLRs (TLR3, TLR7 and
TLRY) is well documented'!~'S, but exactly how this environment
contributes to the receipt and t ission of signals through these
'I‘Lmhmnubemmblish:d Wehmnawdmwm-mdthn'lm9
underwent Iytic cl executed by cy in the
dol 1| On a molar basis, the C-terminal
Wﬁgm{ofﬂRQboundinDNAmmmdy&m
did full-dength TLR9, although full-length TLR9 did bind CpG DNA.

segment of TLR9 (ref. 22). E.hnmumgthnmmuonbymbmumg
the transmembrane segment of TLR9 causes TLR9 to traffic incor-
rectly to the surface'®, and mutating the gene encoding UNC93B1
abolishes trafficking of TLR9 to the endolysosomal compartment®*,
The ability of a chimera consisting of the extracellular domain of
TLRY and the t b and cytoplasmi ins of TLR4,
wh:chloui:mlorhemlsurﬁu,touﬂumapalmmdumonaﬁnr
CpG DNA binding might be attributed to the i of adap
mmmmmmﬂmwmﬁmnicuilm.

We did not find any inhibition of TNF production in cathepsin
K-deficient BMDCs or by imposition of a cathepsin K blockade, in
contrast to an earlier study that showed less production of interleukin
12 by cathepsin K-deficient BMDCs in resp to CpG DNAZL We
further d ined that ing the of TLR7
were not affected by z-FA-fink, unlike the blockade in upregulation of
CD86 and B cell proliferation reported earlier?®, The production of
interleukin 12 may require the involvement of cathepsin K at steps
‘downstream’ of TLR9 engagement, which could explain the observed
discrepancy. Likewise, the surface expression of CD86 and steps that
control B cell proliferation may require lysosomal protease involve-
ment for reasons other than cleavage of the TLRs involved.

We obtained no evidence that TLR7 is cleaved in a z-FA-fmk-
sensitive way, and we have been unable to detect cleavage fragments of
TLR7. Thummﬂumofwhymﬂmsd&mu@:mzorw
TLR3, for that matter, is hel to the inclusi
l}smnnmoprlgum.Sm:lofﬂtTI.Rsmhwntommﬂher
with partner proteins, such as CD14 and MD2 for TLR4 (refs. 33,34),
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CD36 for TLR1, TLRZ and TLR6 (ref. 35), or dectin-1 for TLR2
(ref. 36). Wehypotlmthur}nmnyofmamd'nm"m

by a chase in complete medium with or without 10 pM inhibitor. Cells were
Tysed for L h at 4 °C with 1% (vol/vol) Nonidet-P40 in PBS supplemented with

require cofactors whose invoh
mmallmmapﬂm%ﬂmunﬁmdby
the inclusion of lysosomotropic agents.

The evolutionary importance of TLR9 cleavage is as yet unclear.
Why should TLR9 be unique among lysosomal TLRs in requiring this
mode of activation? The C-terminal cleavage fragment of TLR9 was

protease inhibi (Roche). After lysates were precleared with protein G-
Sepharose (Sigma-Aldrich), primary antibodies and protein G-Seph were
added 10 followed by incut -ll'C.ThemG-Sq)l-“

beads were washed five times with 0.1% (vol/vol) Nonidet-P40 in PBS. Proteins
mdﬂd&mdﬁbﬂhhﬁ‘mmmbﬁnﬁmm

by SDS-PAGE, and polypeptid d by fi
Muqhm&pdh:hur'cuﬂmﬂﬂmr
Coi ipitati i blot analysis. Cells were lysed in 1%

(vol/vol) digitonin (Calbiochem) in buffer ing 25 mM HEPES, 100 mM

abletobh:deGDNAmd lish si d even when
hesized in the ab of!he"’ inal of TLR9. A
mhi}rlmmpmofmeri— clumg:‘

might elucidate yet other aspects of TLR9 biology. Regardless of the
identity of the TLR9 convertase(s) mdlhcmcthncmnofﬁ!

cleavage products g d, full innate i ity requ lysosomal
pmteo}ymmlmﬂmdqmvummydoq.

METHODS

R d (R837) and polyi acid were from

Invivogen: 1826 CpG DNA and 1826 biotinylated CpG DNA (5-Bio-
TS TsCsCsTgsAsCsgsT8T) were from TIB Molbiok and
LPS (Escherichia coli pe 026:B6) and brefeldin A were from Sigma. Endo
H and Endo F were from New Biolabs, Monoclonal anti-Myc (9B11),
rabbit polyclonal anti-rabbit GFP (d)m) and ubbhpobduunlmﬂ.l?
(IMG-5632) were from Cell Si Abcam and
Wmmmmmmmmbm
fk (benzyl -alanine thylketone) and glu-
m}!nmhﬂdemhmhngudfhmlmmw%
((L-3-trans-(propylcart
wm)ummmmmmmm

NaCl, 10 mM CaCl; and 5 mM MgCh, pH 7.6, supplemented with 0.5 mM
‘phenylmethylsulfonylfluoride and leupeptin. Lysates were predeared for | b at
4 °C with protein G-Sepharose (Sigma-Aldrich). For immunoprecipitation,
samples were incubated for 12 h at 4 °C with the appropriate antibodies before
protein G beads were added for 3 h. Beads were washed four times with 0.1%
(vol/vol) digitonin, and bound proteins were eluted by boiling in SDS sample
bdizorl%{wlhni)ﬁbs Proteins were separated by 10% SDS-PAGE, were
i b were blocked for 2 h with 5% (wt/vol)
mmhrns-»o.m(wmmzo-ﬂmmﬁnhm
the app ere washed three times with PBS with
0.1% (m#vﬂ)mmadmmhndbrlhuihhmhh
idin. Proteins were visualized with an enhanced

Large-scale affinity purification and mass sp After coi
mmmﬂumwwsm-mmw
were visualized by silver staining. Bands of interest were excised, were lysed
with trypsin and were analyzed by tandem mass spectrometry.

and Clik148 (cathepsin L), LHVS (cathepsin S) and cathepsin K inhibitor II
(cathepsin K; Calbiochem) were provided by G.-P. Shi*’.

Mice and cell lines. C57BL/6 mice were from Chares River Laboratories;
m"mumﬁumLWJmM“mwn
1 idelines of the s Bir

HEK293T cells were transfected with plasmids
encoding VSV-G and Gag-Pol, as well as pMSCV-TLR9-Myc, pMSCV-TLR9-
4-4-Myc, pMSCV-TLRS-4-9-Myc, pMSCV-TLRIA441—470 or pMSCV-TLRY
471-1032. At 24 h and 48 h after fe

mmkudmﬂudh@nkl&pmh&ﬂmﬂdw

specific p
mﬂmummmmmnwau:mm(rm
71; American Type Cuhure Collection) and human embryonic kidney cells
(HEK293T; CRL-11268; American Type Culture Collection) were cultured
in DMEM supplemented with 10% (volvol) heat-imactivated FCS and
puddhmm&lnmmnl?fnhnﬁﬁduwﬁ
5% CO;. Mice deficient in cathepsin L, cathepsin S and cathepsin K wer
provided by G.-P. Shi.

DNA cloning. All mouse TLR9 constructs were fused at the C 10 Myc

RAW phages or BMDCs at day | of BMDC culture. The next day, cells
were given fresh media.
In vitro iption  and lati wild-type TLR9,

M1m«ucmmwdmm-lmm
into the pcDNA3.1(+) vector (1 pg) was transcribed and translated for 1 h a
30 °C in vitre with the TNT T7 Quick Coupled Transcription/Translation
system (Promega) in the presence of microsomes and 10 pCi [3*8] methionine
(Perkin Elmer) in a total volume of 50 pl. Microsomes were pelleted by

ifugation for 4 min at 17,000g and were lysed in 20 pl cathepsin activation

or GFP. Wild-type TLRY and TLR® chimeras have been described™. The TLR?
deletion mutant lacking residues 441470 was generated by sequential PCR

AAGTTCACCATGGACCTG-3" (forward) and 5-AGCTTTGTTTAAACTTTA
cmmmnmmmmmsc
CAGA-Y (reverse). The C. inal TLRY fra residues
471-1032n-ﬁndnunnmmuuhd¢ﬂ-2#wm
(MVPCTLLLLLAAALAPTQTRA). All constructs were cloned into
pcDNA3.1(+) (Invitrogen) or the retroviral pMSCV vector (Clontech) and
were by sequencing.

Preparation of BMDCs. BMDCs were prepared as described®®.

Pulse-chase analysis, immunoprecipitation and Endo H-Endo F assay. RAW
macrophages (1 x 107) were ‘starved” for 50 min in medium lacking
methionine and cysteine (starvation medium), then were labeled with a
mixture of [*$]methionine and [**$]cysteine (0.1 mCi/nl; Perkin Elmer) in

ion medium suppl d with dialyzed heat-inactivated FCS, followed
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b.fh(m(wmnmrmsomuwhmmu.sm
cysteine and | mM EDTA). Recombinant cathepsin L (Sigma) was immediatdy
added to the microsomes at a concentration of 0.1-0.2 pM and incubated for
2 h at 37 °C, followed by incubation for 2 h at 37 °C with biotinylated CpG
DNA (5 pM). Reactions were dilmed to a final volume of 1 ml with 1%
(vol/vol) Nonidet-P40 lysis buffier with protease inhibitors, and TLR? proteins
were immunoprecipitated with anti-Myc or were incubated with streptavidin
agarose and separated by SDS-PAGE.

Intracellular TNF assay. Tir9"~ BMDCs expressing either wild-type or mutant
TLRS were cultured for 5 d and were stimulated for 4 h with CpG DNA (1 uM)
in the presence of brefeldin A (10 pg/ml). Cells were fixed for 10 min at 20 °C
with 4% (vol/vol) formaldehyde and were made permeable by incubation for
10 min with 0.5% (wivol) saponin in flow cytometry buffer (PBS with
2% (wt/vol) BSA and 0.05% (wt/vol) sodium azide). Cells were stained for
30 min with Alﬂa Fluor H‘:‘W ami-TNF (MP&-XT22; 557730;
d with LSR I flow

BD Biosci y was

(BDlu ). Data were collected with CellQuest software
(BDM}MMWMMIDM(MN)
TNF enzyme-linked rhent assay. RAW phages were stimu-

lated for 2 h with increasing concentrations of the TLR agonists LPS (TLR4),
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imiquimod (TLR7) or CpG DNA (TLR9). Conditioned medium was collected
and was analyzed by enzyme-linked immunosorbent assay with hamster
antibody to mouse or rat TNF (557516; BD Biosciences) as a capture antibody
and biotin-labeled rabbit anti-mouse as a secondary antibody (557432 BD

Biosciences).
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Alarmins

Endogencus mediators that
are released by necrotic cells in
response to infection or njury
and that interact with pattem-
recognition receptors to
activate innate immune cells.
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Pattern-recognition receptors (PRRs) are germline-
encoded innate immune receptors that were originally
reported as sensors for pathogen-associated molecular
patterns (PAMPs)'. PRRs can also recognize endogenous
molecules that are released in response to stress or tissue
damagy behaving of alarmins. PRRs there-
fore sense PAMPs and alarmins, which together consti-
tute damage-associated molecular patterns (DAMPs)’,
PRR engagement promotes the activation of innate and
adaptive immune !. Members of the Toll-like
receptor (TLR) family are PRRs that recognize pathogen-
derived macromolecules, ranging from bacterial and
yeast cell wall components to viral and bacterial nucleic
acids. TLR ligation leads to the activation of nuclear
factor-xB (NF-kB) and interferon-regulatory factors
(IRFs), and these transcription factors then induce the
production of pro-inflammatory cytokines and type [
interferons (IFNs), respectively.

Humans express ten functional TLRs (TLRI to
TLR10), whereas twelve TLRs (TLR1 to TLR9 and
TLR11 to TLR13) have been identified in mice. Ligands
have been determined for all TLRs except for human
TLRI10, mouse TLR12 and mouse TLR13. TLR1, TLR2,
TLR4, TLR5, TLR6 and TLR11 reside at the plasma
membrane, where they recognize molecular compo-
nents located on the surface of pathogens. By contrast,
TLR3, TLR7, TLR8 and TLR9 are found intracellularly,
where they mediate the recognition of nucleic acids.
Thus, the subcellular distribution of TLRs correlates,
to a substantial extent, with the compartments in which
their ligands are found (TABLE 1).

TLRsare type I t brane proteins composed
of an ectodomain that contains leucine-rich repeats,
a single transmembrane domain and a cytoplasmic
Toll/IL-1 receptor (TIR) domain that is involved in

Clarissa C. Lee*, Ana M. Avalos * and Hidde L. Ploegh

Abstract | Toll-like receptors (TLRs) are essential components of the innate immune system.
Accessory proteins are required for the biosynthesis and activation of TLRs. Here, we
summarize recent findings on TLR accessory proteins that are required for cell-surface
and endosomal TLR function, and we classify these proteins based on their function as
ligand-recognition and delivery cofactors, chaperones and trafficking proteins. Because
of their essential roles in TLR function, targeting of such accessory proteins may benefit
strategies aimed at manipulating TLR activation for therapeutic applications.

the recruitment of signalling adaptor molecules. TLRs
form heterodimers or homodimers as a means of trig-
gering a signal. Most TLRs form homodimers, with a few
exceptions. For example, TLR2 forms heterodimers with
TLR1 or TLR6, which enables differential recognition of
lipopeptides: TLR1-TLR2 recognizes triacylated lipo-
peptides, whereas TLR2-TLRS responds to diacylated
lipopeptides (TABLE 1).

Extracellular and endosomal TLRs have similar
ectodomain sequences, a feature that is in sharp con-
trast with the diversity of the ligands that they recog-
nize. One mode ofligand discrimination relies on the
differences in the residues present in the ectodomains
of distinct TLRs. The leucine-rich repeat modules
located in the ectodomains of TLRs are each com-
posed of 20-30 amino acids and contain the consensus
sequence LxxLxLxxN. TLRs have different amino acid
compositions within these modules, leading to varia-
tions in structural conformation that allow for ligand
interaction’. Amino acid variations and the formation
of heterodimers can only provide a limited platform
for the recognition of the varied set of TLR ligands.
Thus, another mechanism that reflects the complexity
and diversity of TLR ligand composition must exist
to ensure proper detection of PAMPs and discrimi-
nation between self and non-self. Specific accessory
proteins or cofactors can fulfil that role. A given TLR
dimer can bind to cofactors that deliver molecules of
a particular composition while avoiding other ligands.
These cofactors can also have roles in ensuring proper
TLR folding in the endoplasmic reticulum (ER),
localization to the appropriate subcellular compart-
ment and protein processing, all of which ensure that
TLRs reach their assigned subcellular compartments
to bind to ligands and initiate signalling, Thus, given
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Aante-phase protein

A member of a group of
proteins — including C-reactive
protein, serumamyloid A,
fibnnogen and a1 -acd
glycoprotein — that are
secreted into the blood in
increased or decreased
quantities by hepatocytes in
response to trauma,
inflammation or disease. These
proteins can be inhibitors or
mediators of inflammatory
processes.

REVIEWS
Table 1 | Localization and ligands of TLRs
TR it Physiological
ligands Synthetic ligands

TIRI-  Plasma Triacylated lipopeptides Pam,CSK,
TLR2z membrane
TLR2 Plasma tGPl-mucins, ND

membrane Wﬂ-mm

glucuronoxylomannan, HMGB1
TLR2- Plasma Diacylated lipopeptides, LTA, zy FSL1, MALP2,
TLR6 membrane o
TLR3 Endosome dsRNA Polyl:C
TLR4 Plasma LPS, VSVglycop G, RSV fusion protein, MMTV  ND
pe p {
fibrinogen, nickel, HMGB1

TLR4- Plasma OxLDL, amyloid- fibrils ND
TLR6 membrane
TLRS Plasma Flagellin ND

membrane
TLR? Endosome ssRNA compounds:

imiquimod, .
loxoribine

TLR8 Endosome ssRNA Resiquimod
TLRY Endosome DNA, haemozoin CpG-A, CpG-Band CpG-C ODNs
TLR11 Plasma Profitin ND

(mouse)  membrane

dsRNA, double-stranded RNA: FSL1, S—(Z.!-b(sp.b»
HSP, heat-shock protein; LPS, lipoj ich

'GDPKHSPKSF; HMG‘I. Mh'mﬂblkympw l wlﬂ!:‘n
ic acid; MALP2,

MMTV, mouse mammary tumour virus; ND, mdmm&md ODN, uwmmmwmwmuwm
polyl

CWW&:H mwmm ssRNA, single-stranded RNA: tGPl-mucin, Trypanosoma

cruzi glycosy glycops

the observed differences in ligand binding and signal-
ling outcomes among TLRs, accessory proteins may
modulate various aspects of TLR function.

For the purpose of this Review, we use the terms
‘accessory protein’ and ‘cofactor’ synonymously, and we
define molecules as such when they fulfil the following
roles: they are required for TLR function; they interact
with a TLR ora TLR ligand; and their ability to facilitate
the interaction of a TLR with a ligand has been experi-
mentally confirmed. This definition aims to focus the
Review on bona fide TLR cofactors, thereby exduding
scaffolding or adaptor proteins required for signalling
(such as myeloid differentiation primary-response pro-
tein 88 (MYD88) and TIR domain-containing adaptor
protein inducing IFNB (TRIF); reviewed in REFS 4.5), as
well as molecules involved in crosstalk between signal-
ling pathways (reviewed in REF 6) and negative regulators
(reviewed in REFS 4.7). We also discuss certain molecules
that are essential for TL R functions (although their roles as
cofactors are less well defined than those of the other acces-
sory molecules that we describe) and that may also have
roles in signalling crosstalk (BOX 1). A separate category
cwwmmummmmmmm

dulate TLR fi (BOX 2). Owing to space
conm:mwednnmdhcusﬂuseqmundnmm
of TLRs (which are reviewed in REF. 3), the possible cross-
talk between TLRs and cytosolic innate immune receptors,
or TLR signalling (which are reviewed in REFS 4.5.8-11),

TLR. Toll-like receptor; VSV, vesicular stomatitis virus.

Cofactors for surface TLRs

LBP in ligand delivery to surface TLRs. LPS-binding
protein (LBP) is a 481-amino-acid acute-phase protein
that binds with high affinity to lipopolysaccharide (LPS)
derived from the outer membrane of Gram-negative
bacteria'’. This interaction facilitates the disaggregation
of LPS and its presentation to CD14, an accessory protein
that, among other functions, mediates TLR4 responsive-
ness to LPS'*** FIG. 1). LBP can also bind to lipoteichoic
acid (LTA), peptidoglycan and lipopeptides and transfer
them to CD14, suggesting that LBP may assist not only
in the function of TLR4, but also in the function of TLRI,
TLR2 and TLR6 (REFS 14~ 16). Lbp™ mice are highly sus-
ceptible to infection with the Gram-negative bacterium
Salmonella enterica subsp. enterica serovar Typhimurium
compared with Lbp*- mice'”. LBP also has a role in the
in vivo immune response to Gram-positive pneumococci,
asleuiocy!ohﬂuxhioﬂncerebmtpimlluﬁ (the hall-
mark of bacterial meningitis) with
pneumococci was drastically reduced in pr" mice
compared with that in Lbp* mice'®. LBP thus mediates
innate immune responses to PAMPs derived from both
Gram-negative and Gram-positive bacteria.

MD2 in ligand recognition by TLR4. MD2 (also known
as LY96) is a 160-amino-acid glycosylated soluble
protein that associates with the extracellular domain
of TLR4 and is required for TLR4 expression on the
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Lipid rafts

Structures that are proposed to
anse from phase separation of
different plasma membrane
lipids as a result of the selective
coalescence of certain lipids on
the basis of their physical
properties. This results in the
formation of distinct and stable
lipid domains in membranes.
that might provide a platiorm
for membrane-associated
protein organization

Box 1| Proteins with both TLR alk and cof. funeti

Certain proteins have been suggested to have roles both as cofactors and as molecules involved in Ik of Toll-like
plor (TLR)-dependent signalling path

Vitronectin

Vit ha,‘, p i th lul rix th Hldstobocwhlll peptides. Vitronectin enh

i "
i a2

TLR2-med nd Staphylo ction with its receptor, integrin (83

(REF: 86). Vitro TUNW Indll!uglhslllvcbmdlm to facilitate TLR4

igulngbym&vgwmhﬂWmmMmbunf'

Dectin 1

m*mwmwm:(.hom.sazcm—mmpghmmepmlmmbe
of yeast prog tkwith TLR? signalling induced by zymosan

mdpgunn-nm,mm.ndm y collaborate in the resp gal pathog

RP105

RP105 (also known as CD180) is a lipopoly haride (LPS) sensor*. Its expt at the cell surf: i
mmmmm.ﬂm;mmemws—mn InTl}H -mediated responses to LPSmmﬁtovnty
Mﬁheﬂw%«mkﬁﬂihmulﬁhh“mﬁmm%hBm&.tﬁewdﬂ?lﬁs—ﬂl}ll’y
dnnngzlicml: d P _“ qi ly regy TLR4 mI.PS"Inoddmon RP105 positively regulates
3 4 4 ) é PR

s, Thus, RP105 is unique in its

mhhbothmhndgndnwmdng“mhdlhmtmhypu.

cell surface'**. MD2 is necessary for TLR4-dependent
responses to LPS in vivo™, and Md2™" B cells, macro-
phages and dendritic cells (DCs) are hyporesponsive
to LPS. Md2"- mice were shown to survive LPS-
induced endotoxin shock and were more susceptible to
S. Typhimurium than wild-type mice, thereby demon-
strating a phenotype identical to that of Tlr4~~ mice®.
The crystal structure of TLR4-MD2 in complex with
Escherichia coli LPS shows how MD?2 facilitates TLR4
function?: LPS buries five of its six lipid chains into
the hydrophobic pocket of MD2. Two MD2-LPS com-
plexes are essential for bridging two TLR4 molecules®
{FIG. 1). Of the TLRs whose structures have been deter-
mined in complex with a ligand (namely, TLR1-TLR2,
TLR2-TLR6, TLR3 and TLR4), TLR4 is unique in that
it requires an accessory molecule for ligand binding’. As
the two molecules of TLR4 in the TLR4-MD?2 hetero-
dimer have limited direct interaction, MD2 is essen-
tial for both the ligand binding and the dimerization
of TLR4 (REF 21).

Ligand discrimination by CD36. CD36 is a
472-amino-acid double-spanning membrane glyco-
protein of the scavenger receptor class B family that
is found in lipid rafts***’, CD36 was first implicated
in the function of TLR2-TLRé heterodinms bya

CD36 also mediates inflammatory responses to oxi-
dized low-density lipoprotein (oxLDL) and amyloid -
fibrils through the assembly of a TLR4-TLR6 hetero-
dimer®. Tir4", Tlr6"" and Cd36~ macrophages and
microglial cells failed to upregulate inflammatory
mediators in response to oxLDL and fibrillar amyloid-p
peptide (AP, ), respectively’. Human embryonic
kidney 293 (HEK293) cells expressing TLR4, TLR6
and CD36 induced a higher level of expression of an
NF-kB-luciferase reporter gene in response to oxLDL
or AB, , than HEK293 cells lacking CD36, suggest-
ing that TLR4, TLR6 and CD36 function together to
mediate responses to oxLDL and amyloid-f*. Indeed,
stimulation of THP1 monocytes with oxLDL or AB, .
enhanced the association of TLR4-TLR6 with CD36
(REF. 26). Whether the TLR4-TLR6-CD36 complex
recognizes and responds to PAMPs in addition to

ous ligands remains to be determined.

How CD36 mediates the function of TLR2-TLR6
and TLR4-TLR6 is not completely understood, but the
carboxyl terminus of CD36 seems to have an impor-
tant role. A CD36 mutant that has a substitution of
tyrosine 463 (CD36"4<F) failed to induce the activation
of NF-kB or to mediate TLR4-TLR6 dimerization in
response to oxLDL”, An interaction between CD36
and the tyrosine kinase LYN was shown to require
resid 460-463 of CD36, and inhibition of LYN

genetic screen that g ted a mouse h

for a loss-of - funclinn allele of Cd36 (Cd&s"”“")"

Cd36°**" macrophages showed an impaired produc-

tion of tumour necrosis factor (TNF) in response
to two TLR2-TLR6 ligands — namely, LTA and the
R-stereoisomer of the diacylated lipopeptide MALP2
(R-MALP2) — but not to Pam CSK,, Pam CSK,,
LPS, peptidoglycan, zymosan A, resiquimod,
polyinosinic-polycytidylic acid (polyl:C) or CpG
DNA™, Thus, CD36 enh immune resp to
some TLR2-TLRS ligands but not to others (FIG. 1).
In vivo, deficiency in CD36 results in an increased sus-
ceptibility to infection by the Gram-positive bacterium
Staphylococcus aureus™*,

kinase activity impaired the association of CD36
with TLR4-TLR6 and blocked NF-kB activation
in response to oxLDL*. Recruitment of LYN to the
C-terminus of CD36 is thus important for the form-
ation of a functional TLR4-TLR6-CD36 signalling
complex?*. The Y463F mutation in CD36 also abro-
gated CD36-mediated NF-«B activation in response
to the ligand LTA®. Therefore, the recruitment of
LYN to CD36 may also be important for the forma-
tion of a signalling-competent TLR2-TLR6-CD36
complex. A C4648 mutation in CD36 also abrogates
NF-xB activation in response to LTA*. Given that
CD36 undergoes palmitoylation on residue 464, this
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Box 2 of TLR
In toth described in the ‘passive’ fi of Toll-like receptor (TLR)
W.ummwammmmnm«nﬁmmnmmm
TLR functions by passively delivering TLR agoni ptors 23 a result of int trafficking.
B cell receptor
Antigen recognition through the B cell receptor (BCR) triggers the B cell resp quired for an adaptive i

p A h prisad of i inducethe proliferation of
Beells that express a BCR specific for 19G; this Beell a sh be dependk loid diffe
prhnlrrmn-pm.hﬂm d was blocked by TLR9inhibitors*. In addition, i pl g
CGrich = q PR ive B cells in.a TLRO-depend %253, Furth
RNA ini ' trigger TLR7 activation through mmwmmmm

bnnlllmlolﬁcctth(nﬁt&g of TLR9. BCR stimulation leads to TLR9 trafficking to an autophagosome-like

t*, and TLR9

d TLR9stimulation in the ab

wwmwmnmhmmmmmu

aBCR: lus*. Future studies should aim to

tipathways that link BCR

with the trafficking and/or activation of TLRs in B cells.

M&w—tﬁ-hww&hmﬂmmhl

RN

lipids and nucleic acids that

Mw mnmmﬁ-m

duction, which is self-

#*, RAGE

m*ummmamm potentiated

ions in plasmacytoid
medmﬁmh-mm Whether HMGB1 loaded with RNA can

trigger TLR3 or TLR7 hrough RAGE

signalling defect may be attributed to the inability of
CD36% to be properly targeted to lipid rafts”. Thus,
fine-tuning of CD36-mediated TLR assembly and
responses to ligands depend on the localization of
CD36 to plasma membrane microdomains, where it
can interact with downstream components.

CD14: a cofactor for several TLRs. CD14 is a
375-amino-acid glycoprotein composed of leucine-rich
repeats that is present in a soluble form in the blood or
as a glycosylphosphatidylinositol (GP1)-anchored mem-
brane protein on myeloid cells. CD14 interacts with
multiple TLR ligands and enhances their ability to acti-
vate TLRs [FIC. ). Direct binding studies using recom-
binant CD14 show that CD14 has the unusual ability
to bind to a variety of microbial products (and their
synthetic analogues), including LPS, peptidoglycan,
Pam,CSK,, polyl:C and CpG DNAM3-%, The crystal
structure of CD14 shows it to be a dimer, and the two
subunits together form a horseshoe-shaped structure
that is reminiscent of the structure of the ectodomains of
TLRs. The amino terminus of each subunit is equipped
with a hydrophobic pocket, which is the principal com-
ponent of the LPS-binding site in CD14 REF 32). The
CD 14 binding sites for different TLR ligands appear to
overlap, as LPS can compete with DNA and peptidogly-
can, LTA can compete with peptidoglycan, and double-
stranded DNA can (partially) compete with polyl:C for
CD14binding'**#**, How CD14 can bind to ligands with
such different molecular compositions remains to be
established, and crystal structures of CD14 in complex
with ligands would help to address this question.

CD 14 was first implicated in TLR4-mediated immune
responses. At doses of LPS or Gram-negative bacte-
ria that kill wild-type mice, Cd14”- mice survive and
produce negligible amounts of TNF and interleukin-6
(IL-6)". In response to LPS, CD14 is required for

TRIF-dependent signalling and, at low doses of LPS, for
MYD88-dependent signalling'’**. It has been shown
that CD'14 can chaperone LPS from LBP to TLR4-MD2
at the cell surface, and new evidence demonstrates that
CD14 also mediates the LPS-induced endocytosis of
TLR4, resulting in the delivery of TLR4 to a compart-
ment from which it can engage TRIF-dependent signal-
ling™-*. Thus, for TLR4 activation, CD 14 facilitates both
ligand delivery and TLR4 endocytosis.

CD14 also enhances immune responses to the
endosomal TLR ligands polyl:C, imiquimod and CpG
DNA™. CD14 probably promotes the general internali-
zation of nudleic acids, as the addition of soluble CD14
increased the internalization of polyl:C by Chinese
hamster ovary (CHO) cells, and Cd 14"~ macrophages
internalized less CpG DNA than wild-type macro-
phages™”. However, resp to polyl:C, imiquimod
and CpG DNA are not completely abrogated in the
absence of CD14, suggesting the existence of additional
factors that can mediate their delivery®+, Although
CD14 has been shown to associate with TLR3, TLR7 and
TLR9 (REFS 28,30), it is unclear whether CD 14 mediates
the trafficking of these endosomal TLRs, as it does for
TLR4, or whether it just mediates ligand trafficking,

Reflecting its ability to bind to diverse ligands, CD14
also mediates TNF production in response to the TLR2-
TLR6 ligands MALP2, LTA, zymosan A and Pam CSK .
Moreover, CD 14 participates in TLR-mediated immune
responses to various viruses, including respiratory
syncytial virus (RSV: which activates CD14 through its
fusion protein), vesicular stomatitis virus (VSV; which
activates CD 14 through its glycoprotein G), human
cytomegalovirus (HCMV) and influenza A virus'* 254,
How exactly CD 14 is involved in these processes remains
to be determined but, as shown for LP$ and nucleic
acids, CD14 may mediate the interaction of ligands with
several TLRs.
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Delivery of TLR ligands by TRIL. TLRA interactor with
leucine-rich repeats (TRIL) is a type | transmembrane
protein of 811 amino acids that contains 12 predicted
leucine-rich repeats in its extracellular domain. TRIL is
highly expressed in the brain and its expression can be
induced by LPS and polyl:C*'4%. TRIL colocalizes with
early endosomal markers in the human astrocytoma
cell line U373 but was found on the surface of HEK293
cells, suggesting that TRIL may have cell type-specific
localization patterns*'+’. Knockdown experiments
demonstrated that TRIL mediates TLR3 and TLR4
signalling, but not TLR2 or TLR9 signalling* +%. TRIL
co-immunoprecipitates with LPS, TLR3 and TLR4, sug-
gesting an involvement for TRIL in ligand delivery*!42,
Future studies should darify whether TRIL, like CD14, is
involved in mediating ligand delivery to TLR3 and TLR4
and whether TRIL has a specialized function in the brain.

Ligand delivery to endosomal TLRs
Granulin delivers CpG DNA to TLR9. Granulin is a
cysteine-rich glycosylated multifunctional protein that
is produced as a result of proteolytic processing of its
593-amino-acid precursor, progranulin, by the serine
lastase and proteinase 3 (also known as myelo-
hludn)"“ Multbbcell types constitutively secrete pro-
granulin, and it is present at high levels in serum® .
Granulin fragments were shown to interact with full-
length TLR9 by immunoprecipitation from RAW264.7
macrophages treated with the broad cysteine protease
inhibitor Z-FA-FMK. Addition of exogenous progranulin
enhanced TNF secretion by RAW264.7 macrophages in

sp to synthetic oligodeoxynucleotides (ODNs) of
the CpG- BnndeG-Ccluu.m:I mice deficient in pro-
granulin (Grn- mice) had a defect in TNF production®.
Grn™" bone marrow-derived macrophages (BMDMs)
were less able to bind to CpG DNA than their wild-type
counterparts, and this defect could be corrected by the
addition of exogenous progranulin. Progranulin binds
not only to CpG ODNs, but also to ODNs with inhibi-
tuqru:ﬂvly mgeuingdmgramlmbmdsto ODNs in
The binding of CpG

ODNstotheC tznmm.sof'!lmwnsxmpand in Grn-
mice; thus, granulin may facilitate the delivery of CpG
DNA to lysosomal compartments (FIG. 1) The inhibi-
tion of elastase activity reduced TNF responses to CpG
DNA, suggesting that the processing of progranulin into
its fragments is required for its contribution to TLR9
signalling*’. Taken together, these results demonstrate
that granulin helps to deliver CpG DNA to the appropri-
ate compartment to promote TLR9 responses. It is still
unclear whether granulins interact with a surface recep-
tor, whether they can bind to double-stranded DNA, and
what determines the enhancement of TLRY responses to
CpG-B and CpG-C but not CpG-A ODNs. Future stud -
ies should aim to clarify these issues and also determine
which forms of granulin are required for TLR9 activation.

HMGBI1-mediated delivery of RNA and DNA.
Members of the high-mobility group box (HMGB)
family are nuclear proteins associated with chroma-
tin that are involved in making DNA available for
the regulation of transcription*t. The most-studied
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Sterile inflammation

An inflammatory response
triggered by tissue damage
in the absence of infection.

Amphipathic peptide

A peptide that contains
hydrophilic and hydrophobic
domains, which aliow the
peptide to interact both with
charged residues and with
lipophihic structures.

Endosomes

Vesicles of the endocytic
pathway that transport
proteins from the plasma
membrane and the Golgi
compartment and have a
mildly acidic pH.

Paralogue

A homologous gene that
resulted froma gene
duplication event.

member of this family is HMGBI1, which mediates its
pro-inflammatory functions through interactions with
its receptors — TLR2, TLR4 and receptor for advanced
glycation end-products (RAGE) — and has a role in
sterile inflammation (injury) and infection””. HMGB1
is a 215-amino-acid uhbkpmteincompoudoﬂwo

DNA-binding d g basic amino acids
(the A and B boxes) md an ac:dic tail, and it binds
to DNA ina i t HMGBI

o

displays pro- inﬂlmmory functions once secreted
by the cell, and this activity led to the exploration of
whether HMGB1 could deliver ligands to TLR9 and
other endosomal TLRs.

HMGBI was described as a TLR9 cofactor based on
its ability to bind to CpG DNA, to interact with TLR9
and to enhance the delivery of TLR9 to endosomal
compartments in response to CpG DNA. Exogenous
addition of HMGBI enhances the production of IFNa
and pro-inflammatory cytokines in response to CpG
DNA in DCsand 4, IFNa secretion was
dependent on the interaction of HMGBI with RAGE®,
which is a ‘passive’ receptor cofactor of TLR9 [BOX 2). An
absence of HMGBI decreases the ability of CpG DNA to
upregulate the expression of type | IFNs and the secre-
tion of pro-inflammatory cytokines (such as IL-6, TNF
and IL-12p40) by DCs*. In patients with lupus, HMGB1
forms complexes with nucleosomes that circulate in the
bbodasnmhdmw&xhﬂmm-
nucleosome complexes induce pro-infl

REVIEWS

LL37-mediated ligand delivery to endosomal TLRs.
LL37 has been reported to be a TLRY cofactor and has
been implicated in the delivery of self DNA to TLR9 in
plasmacytoid DCs (pDCs)*. LL37 is a 37-amino-acid
amphipathic peptide that is activated through the cleavage
of its precursor, cathelicidin antimicrobial peptide, by a
serine protease***. LL37-DNA complexes are resistant to
degradation by DNases; they are internalized by pDCs and
subsequently localize to early endosomes, from where they
mediate TLR9-dependent IFNa pmductton"' Patients
with psoriasis — a skin autoi disease ch -
ized by local activation of DCs and T cells — have an infil-
tration of pDCs in the skin and high expression levels of
LL37 in keratinocytes™. LL37 drives pDC activation and
IFNa production in psoriasis by binding to DNA that is
released by injured cells. There is no evidence for a direct
interaction between LL37 and TLR9, suggesting that
LL37 may serve mostly as a DNA-delivery molecule in
situations of cell injury. LL37 has also been shown to form
complexes with self RNA and to deliver these complexes
to pDCs to initiate TLR7- and TLRS-dependent IFN
production. LL37-self RNA complexes are also found in
psoriatic skin lesions”. Thus, LL37 — like HMGB pro-
teins — can bind to self nucleic acids to mediate their
delivery to endosomal TLRs. Whether LL37 is important
for host defence in the context of TLR-driven responses
remains to be established.

ch and factors

cy!okm: production by peripheral Hood monmns:har

TLR fohﬁng by GRP94 and PRAT4A. Glucose-

cells®. 1 compl containing lian
DNA, HMGB! and 1gG can activate autoreactive B cells
in a TLR9-dependent manner**'. HMGBI binds to
both CG-rich and CG-poor DNA, but only the delivery
by the B cell receptor of CG-rich mammalian DNA —
in the form of HMGB1-DNA-1gG immune lexes
— promotes TLR9-dependent B cell activation®? (80X 2).
Therefore, HMGBI is required for TLRS responses to
CpG DNA and may exacerbate autoimmune disease
owing to its ability to bind DNA.

HMGB proteins may be uni of innate

1 3.

protein of 94 kDa (GRP94; also known

as gp96 and endoplasmin) is an 803-amino-acid ER
paralogue of the heat-shock protein 90 (HSP90)
chaperone, which mediates protein folding. GRP94 is
ubiquitously expressed and exists as an obligate solu-
ble homodimer, with each subunit composed of an
N-terminal ATP-binding domain, a highly charged
middle domain and a C-terminal dimerization domain®.
The viability of B cells, macrophages and embryonic
stem cells does not require GRP94; thus, GRP94 is not

immune responses to nucleic acids. HMGBI binds to
both DNA and RNA, and the closely related proteins
HMGB2 and HMGBS3 bind to DNA and RNA, respec-
tively. HMGB proteins are required for type I IFN and
pro-inflammatory cytokine production in response to
RNA (through TLR3 and TLR7) and DNA (through
TLR9)®. Although direct binding of HMGB proteins
to these TLRs was not demonstrated in this study, an
absence of HMGB protein function decreased responses
to DNA and RNA HMGB proteins are thus required
for normal i to nucleic
acids®. However, it hnet dnrhuw HMGBprwimdb—

ial for global protein quality control in the ER*-%,

So far, a limited number of targets have been identi-
fied for GRP94, including integrins, platelet glycoprotein
complexes and TLRs*-429, GRP94 is necessary for
the function of TLR1, TLR2, TLR4, TLR5, TLR7 and
TLR9, but not that of TLR3 (REFS 59,60.62). GRP94
co-immunoprecipitates with TLR1, TLR2, TLR4 and
TLR9; moreover, it is required for the surface expression
of TLR1, TLR2 and TLR4 and for the maturation and
cleavage of TLRY (REFS 60,62,64). Thus, GRP94 medi-
ates the folding and maturation of TLRs to allow them
to exit the ER. Exactly at what stage GRP94 intervenes
mmwmmmhmm Until recently, it

tinguish between DINA and RNA. Furth howcan
these proteins resist degradation once outside of the cell?
Is their binding to nucleic acids regulated? If HMGB pro-
teins are implicated in ‘promiscuous sensing’ of nucleic
acids, then what prevents immune responses to self
DNA and self RNA? Future studies should address these
questions to further clarify the role of HMGB proteins
in responses to nucleic acids.

was vhether the function of GRP94 — like that
of HSP90 — required co-chaperones, Recent evidence
suggests that PRAT4A (protein associated with TLR4 A)
may fulfil that role.

PRAT4A is a ubiquitous and highly conserved soluble
276-amino-acid protein found in the ER lumen that was
identified as a protein that co-immunoprecipitates with
TLR4 (REF 65), Bone marrow-derived DCs (BMDCs),
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Small hairpin RNA

One of the two most
common forms of short
(usually 21 -base-pairs long)
double-stranded RNAs used
for genesilencing. The other
form s known as small
interfering RNA (siRNA)

macrophages and B cells isolated from Prat4a-" mice
produced lower levels of cytokines than control
cells in response to ligands for TLR1, TLR2, TLR4,
TLR? and TLR9, but not following stimulation with
ligands for TLR3, a phenotype similar to that of Grp94
conditional-knockout mice®, Small hairpin RNA
(shRNA)-mediated knockdown of PRAT4A expres-
sion in B cell lines impeded the passage of TLR1 and
TLR4 through the Golgi and prevented ligand -induced
trafficking of TLR9 from the ER to endolysosomes®,
Thus, PRAT4A, like GRP94, is important for the matu-
ration of multiple TLRs in the ER. However, it is not
a chaperone for general membrane glycoprotein syn-
thesis, as PRAT4A-deficient BMDCs showed normal
surface expression of CD14, MHC class I molecules
and CD11¢%,

PRAT4A and GRP94 work together to ensure the
proper folding of TLRs FIC. 2). PRAT4A and GRP94
can interact directly in vitro™, and amino acid sub-
stitutions in GRP94 (E103A) and PRAT4A (M145K)

Asan ER luminal protein, GRP94 interacts with the
ectodomains of TLRs; this has been confirmed by co-
immunoprecipitation of GRP94 with fusion proteins
that contain the ectodomain of TLR4, TLR9 or TLR11
fused to the transmembrane domain of the platelet-
derived growth factor receptor®. Such fusion proteins
of TLR4, TLR9 and TLRI11 were expressed on the cell
surface of wild-type pre-B cells but not GRP94 -deficient
pre-B cells®, Similar results were found when meas-
uring the surface expression of TLR fusion proteins
on RAW264.7 cells transduced with Pratda-targeted
shRNA®, Thus, both GRP94 and PRAT4A are required
to mediate the proper folding of TLR ectodomains, so
that the TLRs can exit the ER.

Both GRP94 and PRAT4A are essential for the fold-
ing of several TLRs, but many questions remain. What
features of the folding, dimerization and/or stability
of TLRs (except TLR3) dictate a need for GRP94 and
PRAT4A? Notwithstanding its structural similarity to
the other TLRs, does TLR3 require a different set of spe-

that prevent the exit of TLRs from the ER also p
GRP94 and PRAT4A from associating in vivo® %,
Knockdown of PRAT4A expression impaired the
association of GRP94 with TLR9 and, similarly, knock-
down of GRP94 expression disrupted PRAT4A-TLR9
binding®, indicating that PRAT4A and GRP94 are
dependent on each other for their interactions with
TLR9. For other TLRs, a similar folding mechanism
may operate.

cialized chap in place of GRP94 and PRAT4A,
or is it inherently less dependent on chaperones? The
structural motif in TLRs that is recognized by GRP94
and PRAT4A remains to be molecularly defined, and
this leaves open the possibility of identifying addi-
tional client proteins through a search for proteins that
contain the relevant motif(s). Together, these results
suggest that TLRs have unique folding requirements
compared with other glycoproteins [BOX 31

Figunz |ER d\lpmnn and tnfﬂcl:lng and processing factors for TLRs. The endoplasmic reticulum (ER) luminal

tein of 94 kDa (GRP94) and protein associated with TLR4 A (PRAT4A) are responsible
forlhopmparfnldhgandhmbnnﬂbll Hlumneptorimll TLR2, TLR4 TLR7 and TLR9, but not TLR3. The ER

protein d93 h g B1(UNC93B1)is d for um fTLR7 and TLR9 to
endolyscsomes, where these TLRs are cl ‘hyuw" psins and asp i peptidase. The cl d TLRs bind
to their iglnds(RNAormN \M’nch tnggnrthc ds‘glallr P hsdingtonuclurl’aclnr-ltﬂ
(NF-xB)-d d f pro- y cytoki Theadnpmf protein 3 (AP3) Cvmphx nadmeg
\'he':ral'ls!txxnoncnf'l1.EML iated b 2 (LAMP2)

Iy!mm-mﬂadagmcllum) where the interferon- mguhmbctor?(lﬂFTJsgna[hng pathwaylsmmated

leading to thy

pression of type | interferon (IFN) genes.
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Lysosomes

Omganelies invelved in protein
degradation that have a low pH
and correspond to the last step
of the endocyhic pathway.

Lysosome-related organelles
(LROs). Cell type-specific
compartments that share
properties with lysosomes

but have specialized functions.

Endosomal TLR trafficking by UNC93BI.
Uncoordinated 93 homolog Bl (UNC93B1) is a
598-amino-acid ER-resident glycoprotein that is pre-
dicted to span the membrane 12 times®. Mice homo-
2zygous for a missense mutation (H412R) located in the
ninth predicted transmembrane domain of UNC93B1
(known as 3d mice) have impaired signalling via
TLR3, TLR7 and TLR9 and show an increased sus-
ceptibility to various viral and bacterial pathogens®.
Similarly, cells from h patients with mutations

LROs include
lytic granules, MHC dlass Il
compartments, platelet-dense
granules, basophil granules
and azurophil granules.

that result in truncated UNC93B1 transcripts have
defective TLR3, TLR7, TLR8 and TLR9 signalling®.
Thus, UNC93B1 is required for endosomal TLR
responses (FIC. 2).

Co-immunoprecipitation experiments show that
UNC93BI interacts with TLR3, TLR7, TLRS, TLR9
and TLR13, but not with TLR4, and its interaction
with TLRs is eliminated by the H412R mutation™.
Replacement of the transmembrane domain of TLR3
or TLR9 with that of TLR4 resulted in a TLR chimaera
that was unable to interact with UNC93B1, whereas
replacement of the transmembrane domain of TLR4
with that of TLR3 or TLR9 resulted in chimeric pro-
teins that could interact with UNC93B1. The trans-

brane domain of end | TLRs thus controls
association with UNC93BI (REF. 70). Ligand-induced
trafficking of UNC93B1, TLR7 and TLR® to CpG-
containing endolysosomal compartments is defec-
tive in BMDCs from 3d mice”. Therefore, nucleic
acid-sensing TLRs must interact with UNC93B1 via
their transmembrane domains so that UNC93B1 can
mediate their delivery to endolysosomes, where they
can bind and respond to their respective ligands.

UNC93B1 discriminates between various nucleic
acid-sensing TLRs. A D34A missense mutation in
UNC93B1 renders TLR7 hyperresponsive and TLR9
hyporesponsive, whereas TLR3 is unaffected. This is
due to a stronger association between this UNC93B1
mutant and TLR? (REF. 72). Mice homozygous for

Box 3 | Unique folding of TLRs in the ER
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the Unc93b1° allele die prematurely owing to sys-
temic inflammation’™. TLRY is responsible for the
pathologies of the Unc93b174D44 mice, because
Unc3b1™“4Tlr7- mice showed normal survival and
splenic cell numbers. Increased trafficking of TLRY to
endolysosomes in the absence of ligand was observed
in Unc93b174234 gtem cell-derived DCs compared
with the levels in wild-type DCs”. The D34A muta-
tion in UNC93B1 thus leads to aberrant trafficking and
activation of TLR7.

The role of UNC93B1 in TLR biology is intriguing.
How the cell perceives and processes the signals that
are initially required for the trafficking of UNC93B1-
TLR complexes from the ER to their endolysosomal
destination remains unknown. Are there small
numbers of functional nucleic acid-sensing TLRs at
the cell surface that could transmit this signal? Are
additional nucleic acid sensors involved? It is also
becoming apparent that the intracellular distribution
of nucleic acid-sensing TLRs mediated by UNC93B1
may differ between cell types. For example, in B cells
from transgenic mice that green fluorescent
protein-linked TLR9, TLR9 was shown to preferen-
tially localize to an endolysosomal compartment even
in the absence of any obvious stimulation (A.M.A.,
M. M. Brinkmann and H.L.P., unpublished obser-
vations). Also, how TLR-UNC93B1 oligomeric
structures assemble in the ER remains a ‘black box’

Divergence of TLR9 responses by AP3. Adaptor
protein 3 (AP3) is a required component of the traf-
ficking machinery for TLR9. Members of the adaptor
protein family are tetrameric complexes that mediate
the sorting of b teins in the y and
endocytic pathways™. AP3 — which consists of the
subunits 8, p3A, P3A and 03 — recruits cargo pro-
teins into endosomes for delivery to lysosomes and
ly -related or lles™. C d with control
cells, BMDMs lacking the 3A al.!mmtofm (Ap3b1--
BMDMs) had reduced IFN expression in resp

to CpG-A ODNs complexed vaith the cationic lipid
DOTAP (DOTAP-CpG-A), polyl:C or LPS™. pDCs
from mice with mutations in Ap3b1 show a similar
defect in IFN production in response to CpG-A ODNs,
VSV or influenza virus™’¢. Following treatment of
AP3-deficient BMDMs with DOTAP-CpG-A, TLR9
was not observed in lysosome-associated membrane
glycoprotein 2 (LAMP2)-expressing compartments at
6 hours post-stimulation, suggesting a role for AP3
in recruiting TLR9 to lysosomes or lysosome-related
organelles™. Furthermore, the recruitment of IRF7 to
ly < ing CpG-A ODNs was impaired in

! wkl\"l.ﬁunéllhyllmm:hd
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theERandh rface display. A simil mmylppiytn!hefomﬂlmvf
signalling-comp TR blies. H h lnform-llon
on how each of th ins di d in this articl inthe g of

active TLRs. This, clearly, isan area in nndufhnhqubntlon

AP3-deficient BMDMs™. Thus, the failure of TLR9 to
reach LAMP2* compartments and the lack of IRF7
recruitment are responsible for the defective IFN
response in AP3-deficient BMDMs.

These findings contrast with observations made at
earlier time points (such as 90 minutes post-stimulation),
when CpG-A ODNs are observed in endosomes of
pDCs™ ™, DOTAP-mediated retention of CpG-A
ODNs in endosomes of macrophages, which do not
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REVIEWS

normally produce IFNs, promoted the recruitment trafficking of TLR9 to LAMP2* compartments is
of [RF7 and MYD88 to CpG-A ODN-containing necessary for IFN production by BMDMs stimulated
end and the expression of IFNs™. Thus, the ~with DOTAP-CpG-A. Further trafficking studies thus
endosomal compartment was thought to be crucial need to be conducted to clarify this point and to deter-
for IFN production. It is necessary to reconcile these mine whether AP3 is also involved in the trafficking of
findings with the observation that AP3-mediated TLR3, TLR4 or TLR7.

Table 2 | Accessory molecules for TLR function

Name Protein domain structure Localization Interacting TLR Interacting ligand Refs
Mediators of ligand delivery and/or recognition
Lep (BPID)—(EPR) Secreted None demonstrated  LPS 12
MD2 Plasma membrane TLR4 LPS 19-21
CD36 Plasma membrane, Golgi  TLR2, TLR4, TLR6 FSL1,UTA, 0x DL, 23726,
amyloid-f fibrils 99-101
CcDM Secreted, plasma TLR2,TLR3,TLR4,  LPS, peptidoglycan, 14,2320-31,
TLR7,TLR8, TLR9 mESK.. polyl:C,CpG 102,103
TLR3,TLR4 LPS 4142
TLR9 CpG-A,CpG-B,CpG-C 45
and inhibitory ODNs
TLRY, possibly TLR3  CpG-A ODNs, CpG-B 484953
and TLR7 ODNs, DNA, RNA
Possibly TLR7 and Mammalian DNA, 54,57
TLR9 'mammalian RNA
TLR1, TLR2, TLR4, None demonstrated 58,60,62,64
TLR9
%}.mmu. None demonstrated 64-67

Molecules that facilitate the trafficking of endosomal TLRs

UNC93B1 E ER, endolysosomes TLR3, TLR7, TLRS, None demonstrated 68,70,71
: TLR9, TLR13

TGN, endolysosomes, TLR9 None demonstrated 75

LROs

Endosomes, lysosomes  TLR9, possibly TLR3  None demonstrated 79,80,84

and TLR7

Endosomes, lysosomes 'ﬂ.wm None demonstrated 83,84
AEP, asparagine endopeptidase; AP3, adaptor protein 3; BPI1, BPVLBP/CETP N-terminal domain: BP12, BPY/LBP/CETP C-terminal domain; ER, endoplasmic reticulum;
FSL1, S+(2.3-bisy WKHSPBF 'GP, glycosylphosphatidylinositol; GRP94, glucose-regulated protein of 94 kDa; HMGB1, high-mobility group
box 1 protein; LBF. LPS-binding protein: lipopdwm:h-ﬂe- Llo.lwnnm-rdnui omuldmmlhucue-ﬂchmpen LRRCT, LRR C-terminal domain:
LRRNT, LRRN-terminal domair; LTA. hoic acid: ML, MD2 domain; ODN, oligodeaxynudeatide; oxLDL, oxidized low-density

polylC. p dylic acid; PRA'NA. protein v d with TLR4 A; TGN, trans-Golgi network: TLR, Toll-like receptor: TRIL TLR4
Interactor with leucine-rich reputs LINCBSBL uncoordinated 93 homolog BL.

176 | MARCH 2012 LUME 12 www.nature.com/reviews/immunel
© 2012 Macmillan Publishers Limited. All rights reserved

123



Appendix 2: Accessory molecules for Toll-like receptors and their function

TLR processing factors

TLR9 undergoes proteolytic processing following its
arrival at endolysosomal compartments, and possibly
also in early endosomes that are endowed with alow pH
and proteases”™ . Proteases that process TLRs must inter-
actwlhth:m.nhutnmhcmdmlhucmﬂhad
cofactors. The endc 1-ly of

teases is ¢ d mostly of cathepsins. Cath

were first unplicued in TLR9 function when it was
found that inhibition of cathepsin K ameliorated disease
in an adjuvant-induced mouse model of arthritis, and
cathepsin K deficiency resulted in a decreased BMDC
cytokine response to CpG DNA but notto TLR3, TLR7,
TLRS or TLR2-TLR6 ligands*', By functional cDNA
cloning, cathepsin B, cathepsin L, cathepsin 8 and
cathepsin F were identified as factors associated with
TLR9 function in a B cell line. Furthermore, the inhi-
bition of these cathepsins by small molecules blocked

REVIEWS

Many questions still remain regarding the role of cofactors
in different aspects of TLR biosynthesis, trafficking,
ligand recognition and activation,

The involvement of UNC93B1 in the trafficking
of signalling-competent TLR3, TLR7 and TLR9 and
how this polytopic protein regulates its interactions
with its client TLRs is incompletely understood. The
emerging picture is that the role of UNC93B1 is more
complex than merely serving as a delivery platform for
endosomal TLRs. Much remains to be learnt about the
assembly of UNC93B1-TLR complexes in the ER, their
exit sites and their targeting to organelles for proper
TLR function. Trafficking factors such as AP3 are
important for compartment-specific regulation of TLR
signalling. But are all cells subject to this differential
TLR distribution? With the discovery of AP3 as a cell-
and comp -specific cofactor — together with the
recent identification of viperin (also known as RSAD2)

TLR3-, TLR7- and TLR9-mediated responses in pri-
mary B cells*’. The combined action of cathepsin L
and cathepsin § results in cleavage of TLR9 (REF. 80),
an event required for signalling”*. Inhibitors for
individual cathepsins failed to fully inhibit cleavage
and TLR-driven responses™*"; the activity of multiple
cathepsins is therefore required for full TLR9 activity.
Asparagine endopeptidase (AEP; also known as legu-
main) is a lysosomal protease that cleaves C-terminal
to asparagine residues. AEP can cdleave TLR9 and thus
mediates its activation in DCs®. Therefore, AEP and
cathepsins appear to have redundant and/or sequen-
tial roles in the cleavage of TLRY in different types of
antigen-presenting cells™.

Proteolytic processing has also been reported for TLR3
and TLR7 [REFS 79.84), and cleavage may therefore be
a general occurrence for endosomal TLR activation.
However, the partial inhibition of TLR cleavage and

as a possible TLR7 and TLR9 signalling adaptor mol-
ecule specific for the production of IFNa** — this area
of TLR biclogy is coming into focus.

The ability of surface TLRs to sense a wide variety of
diverse ligands contrasts with the restricted specificity
of endosomal TLRs (TABLE 1). Is this due to the presence
of more surface TLR cofactors for ligand discrimina-
tion or to the variety of extracellular PAMPs found in
nature? The more-restricted pattern of endosomal TLR
ligand recognition probably evolved as an adaptation to
prevent the recognition of self nucleic acids that mimic
those of microbial origin. The use of cofactors for ligand
recognition makes a special case for TLR7 and TLRS:
theiractivation by small molecules such as the imidazo-
quinolines is not easily reconciled with the mode of
natural ligand binding to other TLRs, and the existance
of a TLR7- or TLR8-associated cofactor would be an
obvious solution to this conundrum. Importantly, it

activation that is achieved by i of cath

and AEP suggests that proteolysis, although important,
may not be essential for the activation of TLR3 and
TLR7 [REF 84). A differential requirement for either
AEP or cathepsins in the proteolytic conversion and
activation of TLR9 probably reflects variations in
protease expression in different tissues and cell types.
A better ding of the regulation of TLR3,
TLR7 and TLRS cleavage and function demands a cell
type-specific exploration of the proteases required
for activation. However, it remains to be established
whether these results can be generalized to other
species, including humans.

Cofactors and advances in TLR biology

The identification of new TLR accessory molecules and
the elucidation of their mechanisms of action have led to
a greater understanding of TLR biclogy. From a biological
perspective, ligand discrimination by different TLRs can
be accomplished through the use of different cofactors
that aid in the specificity of ligand recognition. However,
many accessory proteins (exemplified by UNC93B1 and
CD14) appear to be used by several TLRs, suggesting
an additional layer of complexity in the mechanisms by
which TLRs distinguish one ligand fro

other (TABLE 2).

also ins to be determined how ubiquitous cofactors
(such as granulin and HMGBl which can potentially
carry pro-infl genous nucleic acids)
enter cells and reach TLR-conunlng compartments.

Conclusions and future perspectives
The TLR field has rapidly evolved since the initial dis-
covery of receptors that recognize widely different
PAMPs but contain structurally conserved ectodomains.
Many molecules that contribute to ligand discrimination
and receptor signalling have been identified, and such
molecules have different roles, for example as cofac-
tors, signalling adaptors and molecules, and regulators
of TLR function. The final result of TLR specificity
and activation must stem from a combination of such
mediators, resulting in complex signalling platforms.
Because of their contributions to TLR function, the
study of cofactors that help to activate TLRs yields the
obvious dividend of a better understanding of TLR path-
ways that control innate and adaptive immunity. Whether
such knowledge can be applied to devise new th
is impossible to gauge, but the elucidation of additional
means of manipulating TLRs remains a highly desirable
god.We mythsanﬁdplehnpoﬂm-dminm

d ing of the roles of TLR accessory proteins.

NATURE REVIEWS[IMMUNOLOGY

VOLUME 12 [ MARCH 2012 | 177

@ 2012 Macmillan Publishers Limited. Al rights reserved

124



Appendix 2: Accessory molecules for Toll-like receptors and their function

REVIEWS

1 Janeway, C. A. Jr & Medzhitow, R. Introduction: the 28 Baumann, C.L. et al. CD14 is a coreceptor of Tolklike HMGB 1/DNA immune complexes. Autoimmunity 43,
role of innate immunity in the adaptive immune receptors 7 and 9.J. Exp. Med 207, 2689-2701 103-110 (2010).
response. Semin. Immunol. 10, 349-350 (1998). (2010). 53 Yanai, H. et al. HMGB proteins function as universal

2. Bianchi, M. E. DAMPs, PAMPs and alarmins: all we 29 Hailman, E. ot ol Lipopolysaccharide (LPS)-binding sentinels for nucleic-acid-mediated innate immune
need to know about danger. J. Levkoc. Biol. 81, 1-5 protein accelerates the bindingof LPS to CD14. responses. Nature 462, 99-103 (20089).

(2007). J. Exp. Med. 179, 269-277 (1994). 54 Lande, R ot ol. Plasmacytoid dendritic cells sense

3 Kang J.Y & Lee J-O. Structural biclogy of the 30 Lee, H, K., Dumzendorfer, S., Soldau, K. &'R:lbas P s self-DNA coupled with antimicrobial peptide.
Tolklike receptor family. Annu. Rev. Biocham. 80, Double-stranded RNAmediated TLRS actia Nature 449, 564-568 (2007).

917-941 2011) enhanced by CD14. Immunity 26, 155—163Emﬂ This paper demonstrated the role of LL37 in

4 Kawal, T.& Akira, S. The role of pattem o TLRO in
receptors in innate immunity: update on TolHlike that CD14 is important for sndosomal '|'I.Il in 55 Gilliet, M. & Lande, R. Antimicrobial peptides and self

receptors. Nature Immunal, 11, 373-384 (2010). ‘addition to surface TLRs. DNA in autoimmune skin inflammaticon. Curr: Cpin

5 O'lel L A & Bowie, A G. The family of five: 51 Nakaw,T. et al. CD1 4 directly binds to triacylated Jmmmol 20, 401-407 (2008)
TIR-domain-containing adaptors in TolHlike receptor i and facilitates ion of the 56 M., Gennaro, R. & Romeo, D. The cathelicidin
signalling. Nature Rev. Immunol. T, 363-364 (2007). lipopeptides by the receptor complex of Tolk-like falmly danum-cruhul peptide precursors: a

& Trinchieri, G. & Sher, A Cooperation of Tolklike receptors 2 and 1 without binding to the complex
receptor signals in innate immune defence. Cell. Microbial. 8, 1899-1509 (2006). madonmsdmunwhns. Ann, NY Acad. Sci 832,
Nature Rev. Immunol. T, 179-190 (2007). 32 Kim, J.|. et al Crystal structure of CD14 and its 147-162(1997).

7 Liew,F. ¥, Xu, D., Brint, E. K. & O'Neill, L. mpﬁuﬁo«s for lipopolysaccharide signaling. 57 Ganguly, D. et al. Self RNA-antimicroblal peptide
regulation of Tolklike receptor mediated immune Biol. Chem. 200, 11347-11351 (2005). complexes activate human dendritic cells through TLR7
responses. Nature Rev. Immunol. 5, 446-458 (2005] 33 HI!I:LA. @t al. Resistance to endotoxin dlu:lund and TLR8. J. Exp. Med. 206, 19831994 (2009)

8  Schroder, K. & Tschopp, J. The inflammasomes. reduced dissemination of Gram-negative bacter 58 Yang, Y. & Li. Z. Roles of heat shock protein gn96 in
Cell 140, 821-832 [2010). CD1 4-deficient mice. Immunity &, 407-4]4[1995. the ER quality control: redundant or unique function?

9 Takeuchi, O. & Akira, S. Pattem recognition receptors 34 Zanoni, |. et ol CD14 controls the LPS-induced Mol Cells 20, 173-182 (2005).
and inflammation. Cell 140, 805-820 (2010), endogytasis of Toll-like receptor 4. Cell 147, 59 Liy, B. & Li, Z. Endoplasmic reticulum HSPS0b1

10 Ting J. P, Duncan, J. A & Lei, Y. How the 868-880 (2011). (gp96, grp94) optimizes B-cell function via
noninflammasome NLRs function in the innate 'was the first of LPS-induced chaperoning integrin and TLR but not
Iimmune system. Science 327, 285-290 2010}, trafficking of TLR& by CD14. immunoglobulin. Blood 112, 1223-1230 (2008)

11 Tschopp, J. & Schroder, K. NLRP3 i 35 S. & Miyake, K. TLR accessory &0 Randow, F. & Seed, B. Endoplasmic reticulum
xmm the convergence of multiple signalling molecules. Curr. Opin. Immunol. 20, 420-425 (2008). chaperone gpd6 is required for innate immunity but

thways on ROS production? Nature Rev. Immunol. 26 da Siva Correia, J., Soldau, K., Christen, U., Tobias, not cell viability. Nature Cell Bial. 3, 891-896 (2001)
ID 210-215 (2010), P.S. & Ulevitch, R. J. Lipopolysaccharide is in close 61 Wanderling, S. ot ol. GRP94 is essential for mesoderm
12 Ulevitch, R. J. & Tobias, P. S. Receptor-dependent proximity to each of the proteins in its membrane induction and muscle development because it
hanis i bactenial end receptor complex: transfer from CD14 o TLR4 and regulates insulin-ike growth factor secreti
Annu. Rev. Immundi. 13, 43T-457 (1995) MD-2.J. Biol. Chern. 276, 2‘119-1"35 [2001). Mol. Bidl. Cell 18, 3754-3775 (2007).

13 Jiang Z.etal. CD14 is required for 37 62, Yang. Y. et al. Heat shock protein gp96 is a master
MyD88-independent LPS signaling. Nature Immunol cnnphxthu pmiumsToIth receptor 4-dependent chaperone for Tolklike receptors and is important in
6, 565-570 (2005). call activation at picomolar concentrations. Froc. Nat! the innate function of macrophages. Immunity 26,

14 Dziarski, R, Tapping. R. |. & Tobias, P. S. Binding of Acad. Sd. USA 'Iﬂl 4186-4191 (2004) 216-226 (2007)
bacterial peptidoglycan to CD14. J. Biol. Chem. 273, 38 Compton, T.et al. Human cytomegalovirus activates 63 Staron, M. et al. Heatshock protein gp96/grp94 is
B8680-8690 (1998). inflammatory cytokine responses via CD14 and ‘an essential chaperone for the platelet glycoprotein

15 Schroder, N. W. et al. Lipopolysaccharide binding Tolkike receptor 2. J. Viral. TT, 4588-4596 (2003). 16-1X-V complex. Blood 117, 7136-7144 (2011).
protein binds to triacylated and diacylated 39  Georgel, Petal V&uurmhwmm:lpmmmc 64 Liu, B. & dl. Folding of TolHike neceptors by the
lipopeptides and mediates innate immune viral TollHike recepcor 4- HSPI0 paralogue gpI6 requires a substrate-specific
J. Immunal. 173, 2683-2691 (2004). dependent pathway. Virology 362, 304-313 (2007). cochaperone. Nature Commun. 1,79 (2010).

16 Schroder, N. W. et of Lipoteichoic acid [LTA) of 40, KurtJones, E. A et al. Pattern m:ognmn receprors This paper shows that GRP94 and PRAT:

ige and TULR4 and CD14 mediate response o respiratory together to chaperone TLRs.
aureus activates immune cells via TolHlike receptor syncytial virus. Nature Immunal. 1, 598—401 (2000). 65 Y. etal Aprotein with
(TLR)-2, lipopolysaccharide-binding protein (LBP), 41 Carpenter, S. & dl. TRIL, a functional component of Tolklike receptor 4 (PRAT4A) regulates cell surface
and CD14, whereas TLR-4 and MD-2 are not involved. the TLR4 signaling complex, highly expressed in brain. expression of TLR4. J. Immunol 1TT.1772-1778
J. Biol. Chem. 278, 15587-15594 (2003). J. Immunol. 183, 3989-3995 (200! [2006).

17 Jack R S.etal. Li ride-binding protein is 42 Carpenter, S, Wochal, P, Dunne, A. &O‘N:lll LA 66 Takahashi, K. et al. A protein associated with Toll-like
required to combat a murine Gram-negative bacterial Tolklike receptor 3 (TLR3) signaling requires TLR4 receptor (TLR) 4 (PRAT4AI is required for TLR-
infection, Nature 389, 742-745 [1997). interactor with leucine-rich repeats (TRILI. J. Biol. dependent immune responses. J. Exp. Med. 20&,

18 Weber,J. R. et al. Recognition of pneumococcal Chem. 286, 38795-38804 (2011). 2963-2976 (2007).
peptidoglycan: an expanded, pivotal role for LPS 43 Kessenbrock, K. et al. Proteinase 3 and neutrophil 61 Kiyokawa, T ot al. A single base mutation in the
binding protein, Immunity 19, 269-279 ﬁ003] nhma enhance mﬂammaucn in mice by inactivating PRAT4A gene reveals differential interaction of

19 Shimazu, R. et al. MD-2, amhcuh“ J. Clin. Invest. 118, PRAT4A with Toll-like receptors. Int. Immunol. 20,
lipopolysaccharide responsiveness on Tol 2438-2447 2008). 1407-1415 (2008),
receptor 4.J. Exp. Med 189, 1777~ 1782 (1999). 44 Zhy, ) etal. C of itheli 68 Tabeta, K. et al. The Unc83b1 mutation 3d disrupts

20. Nagai,Y. et i, Essential role of MD-2 in LPS roles of SLP| and elastase in lmdd-n:ardwwvd exogenous antigen presentation and signaling via
responsiveness and TLR4 distribution. Nature repair. Cell 111, 867-878 (2002). Tolklike receptors 3. 7 and 9. Nature Immunol. T
Immunal. 3, 66T-612 (2002). 45 Park, B. et al. Granulin is a soluble cofactor for 156-164 (2006).

21 Park, B.S. ot al The structural basis of Tolklike receptor 9 signaling. Immunity 34, 505 §13 69 Casrouge A et al Herpes simplex virus encephalitis
lipopolysaccharide recognition by the TLR4-MD-2 nm 1. in human UNC-93B deficiency. Science 314,
complex. Nature 458, 1191-1195 (2009) mm_mum-nmm 308-312(20086),
Thhpwllhhd-clphnafhm in ligand delivery for TLR9 activation. 70 Brinkmann, M. M. et al. The interaction between the

of aTlRin 46 Lowe, M. T. & Tracey, K. J. High-mobility group bax 1 ER membrane protein UNC938 and TLR3, 7. and 9 is
an accessory molecule. protein (HMGB1): nuclear weapon in the immune crucial for TLR signaling. J. Cell Biol, 177, 265-275

22 Calvo, D., Dopazo, J. & Vega, M. A. The CD36, CLA arsenal. Nature Rev. Immunal. 6, 331-342 (2005). (2007).

(CD36L1), and LIMPII (CD36L2) gene family: cellular 47 Andersson, U. & Tracey, K. J. HMCB1 s a therapeutic 71 Kim, Y. M., Brinkmann. M. M., Paquet, M. E. &
distribution, chromosomal location, and genatic target for sterile inflammation and infaction Ploegh, H. L. UNC93B1 delivers nucleotide-sensing
evolution, Genomics 26, 100-106 (1995). Annu. Rev. Immunol. 29, 139-162 (2011) Tolklike receptors t endolyscsomes. Nature 462,

23 Triantafilou, M. et al. Membrane sorting of Tolklike 48 an S. lfd A novel role for HMGB1 in 234-238(2008).
receptor (TLR)-2/6 and TLR2/1 heterodimers at the iated inflammatory responses to CpG-DNA. evidence for tha role of
cell surface determines heterotypic associations with sfaad uo 1970-1981 (2007). UNC93B1 in the trafficking of endosomal
CD36 and intracellular targeting. J, Biol. Chem. 281, 49 Tian, J. et dl. Tolklike receptor S-dependent activation 72 Fukui, R etal Unc93B1 biases Tolklike receptor
31002-31011 (20086). by DNA-containing immune complexes is mediated by responses to nuckeic acid in dendritic cells oward

24 Hoebe, K. ot al. CD36 is a sensor of diacy lglycerides. HMGB1 and RAGE. Nature Immunol. 8, 487-496 DNA but against RNAsensing. J. Exp. Med. 206,
Noture 433, 523-527 (2005). (2007). 1339-1350 (2009).

25 Stuart, L. M. et al. Response to Rtaphylococcus mmmm.mm HMGB1 in 73 Fukul, R et al. Unc33B1 restricts systemic lethal
aureus requires CD36-mediated plumwsrs delivering DNA to inflammation by orchestrating Toll-like receptor 7
triggered by the COOH-terminal 50 iciute, V. -tal Induction of i y and and 9 trafficking. Immunity 36, 69-81 (2011).

J. Cell Biol. 170, 477-485 (2006). immune responses by NMGB'H\ucbumme T4 Nakatsu, F & Ohno, H. Adaptor protein complexes as

26 Stewart, C. R et al. CD36 ligands of SLE. the key regulators of protein sorting in the post-Golgi
inflammation through assembly of a Toll-like receptor J. Exp. Med. 205, 2007 - 3018 (2008). network. Cell Struct. Funct. 28, 419-429 (2003).

4 and 6 heterodimer. Nature Immunal. 11, 156-161 51 Leadbetter, E. A et al. Chromatin-IgG complexes Sasai, M., Linehan, M. M. & Iwasaki, A Bifurcation of
(2010). activate B cells by dualanmentorlw and Tolk Tolklike receptor 9 signaling by adaptor protein 3.

27 Tao, N., Wagner, S.J. & Lublin, D. M.CD36 is like receptors. Nature 416, 603-607 (20 Science 329, 15301534 (2010).

paimitoylated on both N- and C-terminal cytoplasmic 52 fwalos, A M. etal RAGE-Ian-ndenunmrmm

tails. J. Biol. Chern. 271, 22315-22320 (1956

B cell activation in response to chromatin and

178 | MARCH 2012 | VOLUME 12

www.nature.com/reviews/immunal

© 2012 Macmillan Publishers Limited. All rights reserved

125



Appendix 2: Accessory molecules for Toll-like receptors and their function

mn

78

19

8

82

83

85

Blasius, A L. et of. Slc15a4, AP-3, and Hermansky
Pudlak syndrome pmmsnn required for Tolk like
receptor signaling in plasmacytoid dendritic cells.

Proc. Notl Acad. Sci. USA 107, 19973-19978
20101

Guiducri, C. et al. Properties regulating the nature of
the plasmacytoid dendritic cell response to ToiHike
;;&a]pg‘:rg activation. J. Exp. Med. 203, 1999-2008
Honda, K. et al. Spatiotem regulation of
MyD88-IRF-7 signalling for robust type-| interferon
induction. Nature 434, 1035-1040 (2005).

Ewald, S. E. et al. The ectodomain of Toll-like
receptor 9 is cleaved to generate a functional receptor.
Nature 456, 658-6652 (2008).

Park, B. et al. Proteolytic cleavage inan
endolysosomal compartment is required for
activation of Tollike receptor 9. Nature [mmunol.

9, 1407-1414 (2008).

References 79 and 80 demonstrate the deavage
requirement for TLRO activation by CpG DNA.
Asagini, M. et al. Cathepsin K-dependent Tolk-like

85 Gerold, G. et of. ATolHlike receptor 2-integrin p3
complex senses bacterial lipopeptides via vitronectin
Nature Immunol. 8, 761-768 (2008).

87 Kagan, J. C. & Medzhitov, R. Phosphoinositide-
mediated adaptor recruitment controls Tolklike
receptor signaling. Cell 128, 943-955 (2006).

88, Gantner, B. N., Simmons, R. M., Canavera, S. J.,
Akira, S. & Underhill, D. M. Collaborative induction of
inflammatory responses by dectin-1 and Tolklike
receptor 2.J. Exp. Med. 197, 1107-1117 (2003},

89 Nagai, Y. e al. The radioprotective 105/MD-1 complex
links TLR2 and TLR&MD-2 in a response to
microbial membranes. J. Immunol. 174, T043-7049
(2008).

90 Divanovic, 5. et al. Negative regulation of Tolklike
receptor 4 signaling by the Toll-like receptor h
RP105. Nature [mmunal. 6, 571-578 (2005).

91 Blumenthal, A. et al. RP105 facilitates mcmphm
activation by Mycobacterium tubercul
lipoproteins. Cell Host Microbe 8, 35-"!6 (2009).

92 Uccellini, M. B. et al. Autoreactive B cells discriminate

CpG-rich and CpG-poor DNA and this response is
byl

receptor 9 signaling revealed i arthritis.
Science 319, 624-627 (2008)

Matsumoto, F. et al. Cathepsins are required for Toll
like receptor 9 responses. Biochem. Biophys. Res.
Commun. 367, 693-899 [2008).

Sepulveda, F. £ et o, Critical role for asparagine
endopeptidase in endocytic Tolklike receptor
signaling in dendritic cells. Immunity 31, 737-748
(2009).

This is the first demonstration of a role for AEP in

TLRY activation in primary DCs.
Ewald, 5. E et al. Nucleic acid recognition by
Tolklike receptors is coupled to ﬁmlpmﬂl

by
J. Exp. Med. 208, 643-651 2011).

Saitoh, T. et al. Antiviral protein Viperin promotes
Tolklike retepbr7~ and Tnﬂ-lllu receptor S-mediated
type | interfe N dritic
cells. Immunity 34, 352~ 363 12011).

FN-a. J. Immunol. 181, 5875-5884
2008).

93 Viglianti, G. A et al. Activation of autoreactive B cells
by CpG dsDNA. Immunity 19, 837-847 2003).

84 Lau, C. M. et ol RNAassociated autoentigens act vate
B cells by combined B cell r\w nmpwrﬁoﬂ-hh

receptor 7 engagement. J. Exp. Med. 202,
171-1177 (2005).

95 Chaturvedi, A., Dorward, D. & Pierce, S. K. The B cell
receptor governs the mbeclbu!arbm-m urTuII-Im
receptor 9 leading to hypemesponses
containing antigens. Immunity 28, ?99-809 (2008).

REVIEWS

wanoamnhohnnm the developing nervous system.
J. Biol. Chem. 270, 25752-25761 [}995)

98. Bierhaus, A et al. Understanding RAGE, the receptor
for advanced glycation end products. J. Mol. Med. 83,
876-286 (2005).

95. Boullier, A ot al. The binding of axidized low density
lipoprotein to mouse CD36 is mediated in part by
axidzed phospholipids that ane associated with both
the lipid and protein moieties of the lipoprotein,

J. Biol. Chem. 2786, 9163-9169 2000).

100 Coraci, . S. ¢t al. CD3E, a class B scavenger receptor,
is expressed on microglia in Alzheimer's disease
brvns lnd can mediate production of reactive oxygen

in response to framyloid fibrils. Am. J, Pathol
?“ 10!’ -112 (2002].
101. Jimenez-Dalmaroni, M. J, et al. Soluble CD36

harged
ligands and acts as a co-receptor for TLR2. PLoS ONE
&, e7411 (2009).

102 Yang. R. B, Mark, M. R., Gurney, A L &

pOpQl
J. Immunol. 163, 639-643 (1999).
103 Mum. T, amm K. Essential roles of CD14 and
g protein for of Tolk
like mml‘l‘l.ﬁhswl! as TLR4 reconstitution of
TLR2- and TLR4&-activation by distinguishable Phnds in
U’g}m" rations. Eur. J. Biochem. 268, 458045
2

Acknowledgements
We thank M. M. Brinkmann and Y-M. Kim for critical reading
of the manuscript.

96 Mlns..\ M. et al. Diffe
activation of autoreactive B cells in
&sponsebCpG—A and CpC-B oligonucieotides.
J. Immunal. 183, 6262-6268 (2009),
97 Hori,O.etal mmhmmnﬂm
products RAGE) isa cllutr binding ske for

&
The authors declare no competing financial interests.

FURTHER INFORMATION
Hidde L Ploegh's h

Lo

'l

ALL LINKS

NATURE REVIEWS[IMMUNOLOGY

© 2012 Macmillan Publishers Limited. Al rights reserved

VOLUME 12 [MARCH 2012 [17%

126





