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Abstract

IV. Abstract
Innate immune cells, such as tissue-residing macrophages and dendritic cells (DCs) 

play a key role in initiating an immune response following the detection of invading 
pathogens via germline-encoded pattern-recognition receptors (PRRs) present on the cell 
surface or in intracellular compartments and the cytosol. PRRs selectively recognise 
conserved molecular features of the microbe and subsequently initiate distinct signalling 
cascades leading to transcription factor activation and the induction of proinflammatory 
cytokines (e.g. TNF-a), chemokines (e.g. CCL5/RANTES) and type 1 interferons (i.e. IFN- 
a and IFN-P). One major family of PRRs are the membrane-bound Toll-like receptors 
(TLRs), which signal via the Toll/IL-1 receptor (TIR) domain-containing adaptor proteins 
IVIyD88, MAL, TRIP and TRAM. The immunological function of the fifth most 
evolutionarily conserved TIR adaptor sterile alpha and HEAT/Armadillo motif protein 
(SARM) is still enigmatic.

In human peripheral blood mononuclear cells (PBMCs), SARM has been shown to 
interact with TRIE and negatively regulate TRIF-dependent gene induction, such as TLR4- 
induced TNF-a. For murine SARM roles have been described in the central nervous 
system (CNS), where it is preferentially expressed and involved in stress-induced neuronal 
cell death, neuronal morphology and restriction of West Nile virus pathogenesis. The latter 
function was linked to a requirement for SARM for TNF-a production and activation of 
CNS inflammatory cells in the brainstem. However, bone marrow-derived macrophages 
(BMDMs) from SARM-deficient mice showed normal TNF-a and MCP-1 production 
following TER stimulation, which was explained by the weak expression of SARM in this 
and other myeloid cell types.

Therefore this project aimed to explore the immune function of murine SARM in more 
detail. First, it was established that immune cells, such as human PBMCs and murine 
BMDMs, express SARM and SARM mRNA was found to be downregulated following 
TER and type I IFN receptor stimulation, suggesting a role for SARM in immune 
responses in these immune cell types. A detailed characterisation of TLR-dependent and - 
independent cytokine responses in murine wild-type and SARM-deficient primary and 
immortalised BMDMs and primary BMDCs revealed a requirement for SARM for optimal 
CCL5 mRNA and protein expression in BMDMs, while it was dispensable for induction of 
TNF-a. Interestingly, this CCL5-regulatory function of SARM was not restricted to TRIF 
and TER pathways, as cytosolic RNA and DNA sensors as well as type I and type II IFN 
receptors selectively required SARM for CCL5 expression, while other IFN-stimulated 
genes (ISGs), such as 1RF7, IFIT2 and viperin, were induced independently of SARM. 
Further it was established that PRRs upregulated CCL5 in the primary pathway and not in 
a secondary response via secreted type I IFNs. Thus, SARM acted downstream of both 
PRR and IFN pathways to mediate CCL5 induction.

However the activation of MAP kinases and the main transcription factors implicated 
in CCL5 induction, including NF-kB, 1RF3, IFN-stimulated STATl and the upregulation 
of IRFl and IRF8 were normal in the absence of SARM. Thus SARM was likely to 
function downstream of transcription factor activation by regulating transcriptional 
initiation at the Ccl5 promoter or a posttranscriptional event, such as RNA splicing. In light 
of the pivotal role of CCL5 in immune responses by recruiting various immune cells to 
sites of infected tissue, but also its implication in autoimmune diseases and cancer, it is 
most relevant to elucidate the exact mechanism of its regulation. This may also lead to the 
design of new therapies to selectively modulate CCL5 expression.
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Chapter 1 - Introduction

1 Introduction

1.1 The Immune system

Constantly surrounded by microbes, multicellular organisms like plants and animals 

developed a remarkable diversity of innate defence mechanisms to protect themselves 

against invading pathogens. This ancient form of host defence is evolutionarily conserved 

throughout the animal kingdom and referred to as the innate immune system. However, in 

vertebrates, a secondary, more sophisticated arm of defence has evolved; the adaptive 

immune system. This complementary arm is activated and directed by the innate part to 

cooperate and successfully eliminate any potential pathogen or toxin (I, 2).

The innate immune system is the first line of defence to protect the body against the 

invasion of microbes. The entry of microorganisms into the host system is generally 

inhibited by physical barriers, such as the skin and internal ciliated or mucosal epithelia, 

and secreted chemicals like destructive enzymes and acids. In addition, the normal 

population of epithelia with commensal bacteria inhibits the growth and invasion of 

pathogenic microbes. However, once a microbe has overcome these barriers, it will 

immediately be recognised by germline-encoded secreted or cell-associated pattern- 

recognition receptors (PRRs) that bind to distinct microbial structures of bacteria, viruses, 

parasites and fungi (3). The detected motifs are known as pathogen-associated molecular 

patterns (PAMPs), even though they are not unique to pathogens, but instead expressed 

within a given class of microbes; therefore the term microbe-associated molecular pattern 

(MAMP) was proposed but has not been established yet. The PRR-mediated detection of 

PAMPs is well suited for the initial discrimination of infectious non-self (pathogens) from 

non-infectious self and with it the decision to respond or not to respond to a particular 

ligand, because PAMPs differ from host molecules and are highly conserved and not 

vulnerable to mutations due to their requirement for microbial survival. One of the main 

innate effector mechanisms upon microbial recognition is phagocytosis, where the innate 

immune eell engulfs the pathogen and degrades it in internal vesicles; a process first 

described by Metchnikoff in 1883. Tissue-residing phagocytes, such as macrophages and 

dendritic cells (DCs), as well as endothelial cells and fibroblasts harbour signal-generating 

PRRs that lead to gene expression of various antimicrobial peptides, cytokines (e.g. TNF- 

a) and chemokines (e.g. CCL5/RANTES) to initiate a rapid inflammatory response 

characteristie of the innate immune system. This involves recruitment and activation of

-15-



Chapter 1 - Introduction

other innate effector cells like monocytes, neutrophils, eosinophils, basophils and natural 

killer (NK) cells from the bloodstream into the infected tissue; cells, which also exhibit 

various PRRs and strategies to destroy the pathogen. Furthermore, an increase of vascular 

permeability allows plasma proteins like the complement system to enter the site of 

infection. These events cause the typical signs of inflammation, such as swelling, redness, 

heat, pain and loss of function. Finally, the inflammatory response also initiates the healing 

of the damaged tissue. It is noteworthy, that PRRs are also activated by endogenous, non- 

infectious components released from dying cells or degraded extracellular matrix caused 

by infection or trauma. These stress signals, known as danger-associated molecular 

patterns (DAMPs), induce inflammatory responses and tissue repair, but are unable to 

trigger an adaptive immune response, thus preventing autoimmunity (4). However, during 

infection the simultaneous recognition of PAMPs and DAMPs probably alerts the host 

immune system of the invasion of viable, harmful pathogens to subsequently trigger a 

more robust immune response. Five immune checkpoints were recently proposed to 

evaluate the microbial threat during microbial encounter and to adjust the immune 

response to minimise tissue damage (5). First, the innate immune cell discriminates 

between soluble or particulate PAMPs. A whole microorganism exhibits various PAMPs, 

which stimulate several PRRs that subsequently integrate the signal. Another important 

checkpoint is to distinguish live from dead microbes and specific vita-PAMPs have been 

described that are only associated with live organisms, like bacterial mRNA. The 

importance of vita-PAMPs to trigger an effective adaptive immune response was also 

shown for the more successful live vaccines compared to inactivated vaccines. Third, by 

detecting the activity of specific virulence factors, such as bacterial secretion systems and 

toxins, the host can measure the pathogenic potential of an invading microorganism. 

Furthermore, discrimination between microbial colonisation and invasion exists that goes 

beyond the physical separation of the host from microbes by epithelial barriers and might 

depend on microbial features that are less understood. Finally, regulation of the immune 

response is specific to the tissue and its associated immune cells that come into contact 

with the invading microbe.

In parallel to the immediate inflammatory response, the innate immune system 

activates a second arm of defence, named the adaptive/acquired immune response. This 

response is delayed by 3 to 5 days, but due to its specificity is very effective in eliminating 

the pathogen. It relies mainly on T and B lymphocytes, which express unique, antigen-
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Chapter 1 - Introduction

specific T and B cell receptors (TCRs, BCRs) that are not encoded in the germ line. Instead 

these receptors are generated in each cell individually by somatic gene rearrangements 

from a limited set of receptor genes during lymphocyte development in the primary 

lympoid organs thymus and bone marrow, respectively. This provides an almost infinite 

diversity to recognise virtually any potential antigen. Mature naive lymphocytes then 

circulate between blood and secondary lymphoid tissues, such as lymph nodes, spleen and 

mucosa-associated lymphoid tissue (MALT), until they encounter their specific antigen. 

The initial activation of T cells is mediated by antigen-presenting DCs that provide the 

essential link between innate and adaptive immunity. Once immature DCs have recognised 

and engulfed a pathogen in peripheral tissue, they get activated, migrate to the draining 

lymph node and acquire a mature phenotype in a process called DC maturation. This is 

characterised by the upregulation of major histocompatibility complex (MHC) class I and 

class II molecules and the costimulatory proteins CD80, CD86 and CD40, which mediate 

the activation of antigen-specific naive T cells. The specific TCRs on lymphocytes 

recognise their specific antigen only presented by a particular MHC molecule; CD8’^ T 

cells are restricted to MHC class 1-presented peptides that usually originate from tbe 

cytosol, whereas CD4^ helper T cells respond to MHC class Il-presented antigen derived 

from the endocytotic compartment. T cells are further stimulated by DC-secreted cytokines 

that instruct the T cell on the pathogen that was originally encountered and directs the 

transition of the naive T cell into an appropriate effector cell. Five main CD4*^ T cell 

subsets have been defined: Ti,!, Tii2, Tiil7, follicular and regulatory T cells (ffh, Trcg), 

whose main function is to regulate other immune cells by secreting selected cytokines. The 

CD8’^ cytotoxic T cells, on the other hand, can directly induce apoptotic cell death of an 

infected cell. In contrast to T lymphocytes and their loeal effector functions against 

intracellular pathogens, B cells fight infection “at a distance” by secreting highly specific 

antibodies into blood and tissue fluids that can bind and initiate elimination of extracellular 

pathogens and toxins. The antigen specificity of the antibodies is identical with the 

individual cell surface BCR. Initially, the specific binding of the BCR to soluble antigen in 

the presence of auxiliary cells and cytokines leads to differentiation of naive B cells into 

antibody-producing plasma cells. In both cases, antigen recognition induces proliferation 

of the specific T and B lymphocytes, thus increasing the number of specific effector cells 

to eliminate the pathogen during infection, a process known as clonal selection. Some of 

these cells are long-lived and establish an immune memory that allows a faster and more
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vigorous response by a second encounter with the same pathogen. Also vaccination uses 

this memory function to protect the body against infection with a particular microbe. 

Although memory was long considered as being a hallmark of adaptive immunity, 

increasing evidence suggests adaptive-like features in innate immune cells, for example in 

NK cells (6, 7). Reciprocally, some lymphocyte subsets, such as B1 cells, yS T cells and 

invariant NKT cells, show innate characteristics and a rapid response to antigen.

1.2 Pattern recognition receptors (PRRs)

In 1989, Janeway proposed that the innate immune system senses microbial infection 

via germline-encoded cellular PRRs that detect evolutionary conserved molecular 

signatures of the pathogen (PAMPs) to subsequently initiate an immune response (3). In 

1996 Jules Hoffmann’s group strongly supported this hypothesis by discovering that fruit 

flies. Drosophila melanogaster, carrying a mutation in the Toll gene were highly 

susceptible to fungal infection due to defective expression of antimicrobial peptides (8). 

Subsequently, its human homologue, now known as TLR4, and its function in innate 

immunity was described (9). Since then, a huge variety of signal-generating PRRs present 

in distinct cellular compartments have been identified. They recognise different but 

overlapping microbial molecules including proteins, lipids, lipoproteins, glycans and 

nucleic acids derived from bacteria, viruses, parasites and fungi. However, it became 

apparent in recent years that the original paradigm of selective “pathogen” recognition 

needs to be revisited, as PRRs also sense commensal microbes and endogenous host 

molecules released from damaged tissue (DAMPs). Upon ligand recognition, PRRs trigger 

a signalling cascade leading to induction of genes involved in immune responses, such as 

inflammatory cytokines, chemokines and antimicrobial peptides. The first identified and 

best characterised family of PRRs are the membrane-bound Toll-like receptors (TLRs), 

that detect PAMPs either on the cell surface or in intracellular vesicles such as endosomes 

and lysosomes. Also localised on the cellular membrane are C-type lectin receptors (CLRs) 

that mainly mediate fungal recognition. Besides these sensors of extracellular pathogens, 

cells exhibit a broad cytosolic detection system for sensing intracellular pathogens, which 

explains their ubiquitous expression in most cell types, while the transmembrane PRRs are 

mainly found in immune cells. Those cytosolic receptors include NOD-like receptors 

(NLRs), RIG-I-like receptors (RLRs) and DNA receptors, including the new family of
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AIM2-like receptors (ALRs). More recently it emerged that other members of the 

DExD/H-box helicase superfamily, apart from RLRs, may play roles in cytosolic RNA- 

and DNA-sensing.

It is important to bear in mind, that pathogens generally contain multiple PAMPs and 

also induce the release of DAMPs that subsequently engage with various PRRs of different 

families that integrate the various signals and initiate together an appropriate immune 

response to successfully eliminate the pathogen. Although PRRs are essential for 

protective immunity against infection, overwhelming responses would cause acute and 

chronic inflammation and autoimmune diseases. Therefore multiple negative regulatory 

systems are in place to control immune responses.

1.2.1 Toll-like receptors (TLRs)

Toll-like receptors (TLRs) are a major family of signal-generating, transmembrane 

PRRs with lO functional members identified in human and 12 in mouse. TLRl to TLR9 

are conserved in both species, while TLRIO is only expressed in human, as the murine 

tlrlO gene is disrupted by a retroviral insertion (10). Instead mice express three TLR 

members that have been lost from the human genome, TLRl 1 to TLR 13. All TLRs are 

type 1 integral membrane proteins with an N-terminai extracellular domain for ligand 

binding, a single transmembrane belix and a C-terminal cytoplasmic Toll/IL-1 receptor 

(TIR) domain initiating downstream signalling via homotypic interaction with TIR 

domain-containing adaptor proteins (11). The ectodomain (LCD) is constructed of 19-25 

consecutive leucine-rich repeats (LRRs) that harbour the conserved “LxxLxLxxN” motif 

and that are each 22-29 residues in length, causing the typical horseshoe-shaped structure 

of this domain. Ligand binding leads to formation of a symmetrical “m”-shaped TLR 

homo- or heterodimer, which often sandwiches the ligand in between and interacts with 

each other at the membrane proximal region of the LCD (12). This causes dimerisation of 

the cytoplasmic TIR domains, creating a scaffold for the recruitment of TIR adaptors that 

subsequently activate downstream signalling.

TLRs can be divided into two groups due to their subcellular localisation. TLRl, 2, 4, 5 

and 6 are found on the plasma membrane, where they recognise surface molecules of 

extracellular pathogens such as lipids, proteins and lipoproteins. TLR3, 7, 8 and 9, on the 

other hand, are exclusively expressed in endocytic compartments to sense nucleic acids
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derived from bacteria and viruses following their endosomal degradation. Thus, the 

localisation of TLRs is important for accessibility of the specific ligand, but also for 

initiation of a particular signalling cascade and immunological response appropriate to the 

infecting microbe (described later). The strict location of the nucleic acid-sensing TLRs to 

the endosome is also a strategy to avoid recognition of self and to maintain tolerance. The 

innate immune system’s ability to detect nucleic acids allows protective immune responses 

to a wide range of pathogens, especially viruses, which have not many other features 

suitable for detection. This bears the risk of self recognition, as nucleic acids, unlike most 

other PAMPs, are highly abundant in the host. Therefore, PRR compartmentalisation is 

one mechanism to circumvent unwanted detection of self and thus autoimmune and 

autoinflammatory diseases (13). The location of TLRs is regulated by several chaperones. 

In resting cells, nucleic acid-sensing TLRs are retained in the endoplasmic reticulum (ER) 

and are transported to endolysosomes upon stimulation, regulated by the ER-protein 

UNC93B1 (14). A similar mechanism applies to the murine endosomal receptors TLRll 

and TLR13 (15, 16). Another ER-chaperone, PRAT4A, is additionally involved in 

regulating the traffic of TLR9, but also of the surface TLRs, TLRl, 2 and 4 (17); while 

gp96 appears to be a more general chaperone for TLRs (18). As another mechanism to 

prevent self-DNA recognition, TLR9 is kept non-functional until it is cleaved by 

cathepsins in the endolysosomal compartment (19).

Each TLR recognises a selective set of PAMPs (see Table 1.1). The founding member 

of the TLR family is TLR4, which detects lipopolysaccharide (LPS), an essential 

component of the outer membrane of gram-negative bacteria and a main cause of septic 

shock (20). LPS interacts with a complex of TLR4 and its associated coreceptor MD-2 to 

which it is delivered by the soluble LPS-binding protein (LBP) and the membrane- 

anchored CD 14 protein (21). Besides bacterial LPS, TLR4 also responds to virus surface 

proteins such as respiratory syncytial virus (RSV) fusion protein or the envelope protein of 

mouse mammary tumor virus (MMTV). TLR2, another receptor on the plasma membrane, 

recognises a huge variety of bacterial PAMPs, as well as other components from viruses, 

fungi and parasites. TLR2 forms a heterodimer with TLRl or TLR6, which selectively 

detect triacylated lipopetides from gram-negative bacteria (e.g. Pam3CSK4) or diacylated 

lipopeptides from gram-positive bacteria (e.g. MALP-2), respectively. TLR2/6 is also 

important for the immune response to RSV. Additionally, the coreceptors CD36 and CD 14 

have been reported to participate in ligand recognition of TLR2 heterodimer (22, 23). The
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last member of cell surface TLRs is TLR5, which senses the protein flagellin of the 

bacterial flagella. TLR5 is proposed to have major immune functions in the small intestine, 

where it is highly expressed in lamina propria DCs (24). The expression of nucleic acid

sensing TLRs is restricted to membranes of the endosomal compartment, where they 

sample the lumen for ligands mostly derived from phagocytosed pathogens or infected 

apoptotic cells. Here, TLR3 specifically recognises viral double-stranded RNA (dsRNA), 

such as the genomic dsRNA from reoviruses or dsRNA generated during replication of 

single-stranded (ss) RNA viruses like RSV, encephalomyocarditis virus (EMCV), Semliki 

Forest virus (SFV) and West Nile virus (WNV) and some DNA viruses. The recognition of 

dsRNA is largely sequence independent, but requires a minimum length of 40 base pairs 

(bp) (25). TLRS also detects certain small interfering RNAs (siRNAs) and the synthetic 

dsRNA analog polyinosinic-polycytidylic acid (Poly(l:C)). TLR7 and 8, on the other hand, 

sense guanosine/uridine-rich ssRNA of RNA viruses, such as vesicular stomatitis virus 

(VSV), influenza A virus and human immunodeficiency virus-1 (HlV-1) (26). Synthetic 

ligands that activate TLR7 are imidazoquinoline derivates, like imiquimod and resiquimod 

(R848), Poly(U) RNA and some siRNAs. In contrast to human, the function of murine 
TLR8 is still debatable (27). TLR9 is the only DNA-sensing TLR and specifically binds 

nonmethylated cytosine-guanosine (CpG)-containing DNA motifs present in bacteria and 

DNA viruses, but rare in the mammalian genome (28). Among the detected viruses are 

murine cytomegalovirus (MCMV), herpes simplex virus 1/2 (HSVl/2), human papilloma 

virus (HPV) and adenovirus. Additionally, TLR9 senses hemozoin, a byproduct formed 

during digestion of host hemoglobin by the parasite Plasmodium falciparum. The function 

of human TLR 10 is still unknown, but phylogenetic analysis revealed that it is most related 

to TLRl and TLR6 (29). Human TLR 10 was shown to dimerise with TLR2, detected 

similar agonists as the TLR 1/2 dimer and recruited MyD88, however the activated 

signalling pathway is still unknown and most likely differs from the typical TLR2-induced 

signalling cascade. The murine endosomal TLRll detects the profilin-like protein of 

protozoan parasites like Toxoplasma gondii (30), while the role of murine TLR 12 is still 

enigmatic. Murine endosomal TLR 13 was recently identified as the receptor for bacterial 

RNA, detecting a specific, conserved sequence in bacterial 23S ribosomal RNA (31, 32). 

(reviewed in (33)).
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TLR Major ligand

TLRl/2 Triacylated lipopeptides from gram-negative bacteria and mycobacteria

TLR2
Lipopeptides (Pam3CSK4, MALP2) from bacteria, peptidoglycan and lipoteichoic acid from 
gram-positive bacteria, lipoarabinomannan from mycobacteria, mycoplasma, 
phospholipomannan from fungi, tGPI-mucin from Trypanosoma cruzi, hemagglutinin protein 
from measles virus

TLR3 Viral dsRNA of reoviruses, RSV, EMCV, SFV, WNV; synthetic Poly(I:C), siRNAs

TLR4 LPS from gram-negative bacteria, mannan from Candida albicans, glycoinositolphospholipids 
from Trypanosoma, viral envelope proteins from RSV and MMTV

TLRS Bacterial flagellin

TLR6/2 Diacylated lipopeptides from gram-positive bacteria, RSV, zymosan from fungi

TLR7 Viral ssRNA from VSV, influenza A virus, HIV; synthetic imiquimod and resiquimod (R848), 
Poly(U) RNA, siRNAs

TLRS Viral ssRNA; synthetic resiquimod (R848)

TLR9 Nonmethylated CpG DNA from bacteria and DNA viruses (e.g. MCMV, HSVl/2, HPV); 
hemozoin

hTLRlO Unknown (potentially senses triacylated lipopeptides in cooperation with TLR2)

itiTLRll Profilin of T. gondii, uropathogenic E. coli

mTLR12 Unknown

mTLR13 Bacterial 23S rRNA, VSV

Table 1.1: TLR receptors and their major ligands

Specific ligand binding leads to TLR dimerisation and formation of a signalling 

platform at the receptor cytosolic face, which subsequently recruits distinct TIR adaptor 

proteins that initiate downstream signalling (Figure 1.1). To date, five TIR domain- 

containing adaptor proteins have been identified (34). The first identified member was 

myeloid differentiation factor-88 (MyD88), which was shown to be involved in IL-1 

receptor I signalling and subsequently implicated in signalling by all TLRs, except TLR3. 

TLR3 solely uses the adaptor TIR domain-containing adaptor inducing IFN-P (TRIF) to 

signal. TRIF also mediates the MyD88-independent pathway of TLR4 (35). TLR4 is 

specific in that it also requires two “bridging” TIR adaptors, MyD88-adaptor like protein 

(MAL) and TRIF-related adaptor molecule (TRAM), to recruit the cytosolic MyD88 and 

TRIF to the receptor, respectively. The bridging adaptors MAL and TRAM exhibit 

localisation motifs at their N-termini, namely a phosphatidyl-inositol-4,5-bisphosphate
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(PlP2)-binding motif and a myristoylation site to target them preferentially either to the 

plasma membrane or the early endosomes, respectively (36, 37). This leads in the case of 

TLR4 also to separation of two signalling events, with activation of the MAL/MyD88- 

dependent pathway at the plasma membrane, followed by TLR4 internalisation and 

subsequent TRAM/TRIF signalling from endolysosomes (38). Furthermore, the bridging 

adaptors provide an additional control mechanism for TLR4 due to their tight regulation by 

modifications. MAL for example gets phosphorylated by Bruton’s tyrosine kinase (Btk) or 

IRAKl/4 leading to its degradation (39-41), while TRAM is phosphorylated by protein 

kinase C 8 (42). MAL is also involved in bridging MyD88 to TLR2, whereas the other 

TLRs, like TLR 5, 7, 8 and 9, recruit MyD88 directly. The selective and combinatorial 

adaptor usage of TLRs provides specificity of response to various pathogens. However, 

signalling variability is restricted as it is either controlled by the MyD88- or the TRIF- 

dependent pathway. While the former pathway leads mainly to activation of mitogen- 

activated protein kinases (MAPKs) and the transcription factor NF-kB to induce 

inflammatory cytokines and chemokines, the latter additionally activates the transcription 

factor IFN-regulatory factor 3 (IRF3) to induce expression of type I interferons, like IFN-p. 

The fifth, most evolutionary conserved member of the TIR adaptor family is sterile a and 

HEAT/Armadillo motif containing protein (SARM), which is unique among the adaptors 

as it does not activate the transcription factors NF-kB or 1RF3, when overexpressed (43). 

Instead, SARM was shown to negatively regulate TRIF-dependent TLR signalling (44), 

besides its more recently discovered functions in the nervous system (described in 1.4).
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TLBS TLB2/1 TLB4

Figure 1.1: Subcellular localisation of TLRs and their seiective usage of TIK adaptors

While TLRl, 2, 4, 5 and 6 are found on the plasma membrane, the nucleic acid-sensing TLR3, 7, 8 and 9 are 

exclusively expressed in endocytic compartments. After ligand binding, TLRs dimerise and engage with 

different I’lR adaptor proteins to initiate signalling cascades that lead to activation of transcription factors, 

such as AP-1, NF-kB and IRFs, and expression of proinflammatory cytokines, chemokines and type 1 IFNs. 

MyD88 is the key signalling adaptor used by all TLRs, except TLR3, that uses TRIF instead. While most 
TLRs recruit MyD88 directly, TLR2 and TLR4 require MAL as a bridging TIR adaptor. TLR4 is specific in 

that, after initiating the MyD88-dependent pathway from the plasma membrane, it gets internalised and 

recruits TRIF to the endosomal membrane via the bridging adaptor TRAM.

Following pathogen recognition, MyD88 signalling is initiated by homotypic binding 

of MyD88-TIR domain to the TIR domain interface of the TLR receptor dimer or the 

bridging adaptor MAL in the case of TLR2 and TLR4. This releases the N-terminal death 

domain (DD) of MyD88, leading to the recruitment of DD-containing IL-1 receptor 

associated kinase (IRAK) family members (45). A multiprotein signalling complex is 

formed, and by using the death domains the crystal structure has recently been resolved 

and demonstrated the sequential assembly of DDs of 6 MyD88, 4 IRAK4 and 4 IRAK2 

into a stable superhelical structure, called the Myddosome (46). The specific and stable 

assembly is mediated by molecular complementarity and electrostatic interactions and its 

importance for signal transduction was illustrated by the analysis of single nucleotide 

polymorphisms (SNPs) in human MyD88. Two natural occurring SNPs in the DD of 

MyD88, S34Y and R98C, showed highly impaired NF-kB activation due to instability of
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the homotypic MyD88 and heterotypic MyD88-lRAK4 interactions (47). Those mutations 

affected MyD88-dependent responses differently depending on the TLR, indicating that 

TLRs might have maintained receptor-specific signalling via the formation of distinct 

Myddosome complexes. Before the Myddosome structure was resolved it was well 

established that IRAK4 was essential in the MyD88-dependent pathways (48), but the 

exact role of IRAK2 was less clear and it was thought to have a redundant role with 

IRAKI (49). Upon recruitment to the receptor, IRAK4 most likely phosphorylates both, 

IRAKI and IRAK2, initiating their auto- and cross-phosphorylation. IRAKI is further 

modulated by Pellino-mediated K63-ubiquitination (50). Both IRAKs subsequently 

interact with the E3 ligase TNF receptor-associated factor 6 (TRAF6), where IRAK2 

promotes TRAF6 polyubiquitination (51). The crucial role of IRAK2 is also indicated by 

its targeting by a poxviral protein A52 and by recent studies in human cells showing its 

requirement in proinflammatory gene expression by regulating transcriptional and 

posttranscriptional events (52, 53). Activated TRAF6 in conjunction with the E2 ubiquitin- 

conjugating enzymes Ubcl3 and UevlA synthesises K63-polyubiquitin chains, which 

subsequently recruit the regulatory factors TAK binding proteins 2 and 3 (TAB2/3), 

leading to autophosphorylation and activation of TGF-P-activated kinase 1 (TAKl) (54, 

55). It was recently shown that this activation process is mediated by unanchored, free 

polyubiquitin chains that are not conjugated to any protein (56). Similarly, the IkB kinase 

(IKK) complex consisting of IKKy/NEMO, IKKa and IKKp gets recruited to polyubiquitin 

chains via NF-kB essential modulator (NEMO). These polyubiquitin chains are also most 

likely unanchored and generated by TRAF6 and the E2 enzyme UbcFI5c (56). The close 

proximity of both complexes allows phosphorylation of IKK(3 by TAKl, which then 

phosphorylates the inhibitor of NF-kB (IkB) leading to its ubiquitination and proteasomal 

degradation (57, 58). This allows the transcription factor NF-kB to translocate to the 

nucleus. The MARK pathway is also initiated downstream of MyD88. TAKl activates the 

MARK kinases MKK3/6 and MKK4/7, which subsequently phosphorylate p38 and JNK 

MARKS, respectively (57). The MARKs extracellular signal-regulated kinases 1 and 2 

(ERKl/2), on the other hand, are activated via the IKK complex, which phosphorylates 

pi05, a negative regulator of tumor progression locus 2 (Tpl2) (59). Released Tpl2 then 

activates MKKl/2, the upstream kinases of ERKl/2. Finally, these MARKs lead to 

activation of transcription factors, such as activator protein 1 (AR-1) and cAMR response 

element-binding (CREB) (60). These transcription factors together with NF-kB
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subsequently induce the expression of inflammatory cytokines and chemokines. In contrast 

to the cell surface MyD88-dependent TLRs, endosomal TLR7 and 9, which are also 

restricted to MyD88, additionally trigger the expression of type I IFNs, mainly IFN-a. In 

this case, MyD88 forms a complex with IRAK4, TRAF6, TRAF3, IRAKI and IKKa, 

where the latter two kinases phosphorylate the transcription factor IRF7, causing its 

nuclear translocation (61-63). Similar to the other TLRs, NF-kB and AP-1 are activated by 

the MyD88/IRAK4/TRAF6 signalling axis. IRF5 was also shown to be implicated in 

inflammatory gene induction downstream of MyD88 and TRAF6 (64).

The TRIF pathway used by TLR3 and TLR4 differs from the MyD88 pathway in 

signalling molecules that are initially recruited to activate NF-kB and MAPKs, and TRIF 

activates an additional signalling arm to induce IFN-P expression through the transcription 

factor IRF3. Interestingly, TRIF initiates two separate pathways to activate TAKl. On the 

one hand, TRIF recruits TRAF6 directly via its N-terminal TRAF6-binding motif, which 

activates TAKl and subsequently NF-kB and MAPKs by a similar mechanism as 

described for the MyD88-dependent pathway. On the other hand, TAKl activation is 

mediated by receptor-interacting protein 1 (RIPl), whieh is recruited to the C-terminus of 

TRIF through a RIP homotypic interaction motif (RHIM) (65). This activation requires 

K63-polyubiquitination of RIPl, which involves the adaptor TNF-receptor 1-associated 

death domain (TRADD) and the E3 ligase Pellino-1 (66-68). For aetivating the IRF3 

pathway, TRIF initially recruits TRAF3, which activates the noncanonical IKKs, TBKl 

and IKKe (IKKi), leading to phosphorylation and nuclear translocation of IRF3 (69). 

(reviewed in (70))

-26-



Chapter 1 - Introduction

Figure 1.2: Overview of TLR signalling pathways

After the recruitment of MyD88 to the TIR domain interface of the receptor, 1RAK4, 1 and 2 get recruited 

and subsequently activate TRAF6, which synthesises K63-polyubiquitin chains. TAB2/3 in complex with 

TAKl and NEMO in complex with IKKa and IKKP get recruited to most likely free ubiquitin chains, 

followed by activation of the IKKs by TAKl. IKKs then induce phosphorylation and degradation of IkB, 

which releases NF-kB to translocate into the nucleus and induce proinflammatory cytokines. TAKl also 

activates p38 and JNK MAPKs via MKK3/6 and MKK4/7, respectively. The MAPKs ERKl/2 are aetivated 

by the IKK complex via TPL2 and MKKl/2. MAPKs then activate the transcription factors AP-1 and CREB. 

Besides the common TRAF6-mediated TAKl activation, the TRIF-pathway can activate TAKl also via 

ubiquitinated RIP 1. Specific to endosomal TLRs is the ability to initiate IRF pathways and the expression of 

type 1 IFNs. This involves TRAF3, which in the case of TRIF-dependent TLR3 and TLR4 activates the 

noncanonieal kinases TBKl and IKKe to activate IRF3 and IRF7, or in the MyD88-dependent TLR7, 8 and 9 

signalling activates IRF7 by IRAKI - and IKKa-mediated phosphorylation.

A general theme has emerged, that besides the selective PAMP/TLR and TLR/TIR 

adaptor interaction, the subcellular localisation of TLRs also determines the specific 

signalling cascade that is initiated (71). Endolysosomal compartments in particular seem to 

provide a specific platform for signalling to IRF transcription factors to induce the 

expression of type I IFNs. At the same time cell surface TLRs are unable to transduce a
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signal for IFN expression. Only the internalisation of plasma membrane-associated TLR4 

allows its signalling to IRF3 via the TRAIV1/TRIF-TRAF3 pathway (38). The current 

explanation for this phenomenon is the restricted accessibility of TRAF3 at endosomal 

compartments and not at the plasma membrane. A similar mechanism seems to apply for 

TLR2, which was recently described to secrete low amounts of IFN-P after internalisation 

and signalling via the MyD88-IRFl/7 pathway (72).

Even though TLRs are widely expressed among immune cells, there is some cell type 

specificity. Endosomal TLRs in particular are differently expressed among DC subsets; 

plasmacytoid DCs (pDCs), for example, express TLR7 and 9, but not TLR3 or 8, and 

produce high amounts of type I IFNs upon activation, which is related to their important 

role in antiviral immunity (73). Interestingly, TLR7 and TLR9 activation in conventional 

DCs and macrophages favours the induction of inflammatory cytokines, rather than type I 

IFNs, which relies on the spatiotemporal signalling from endolysosomal compartments 

(74).

1.2.2 C-type lectin receptors (CLRs)

The C-type lectin receptors (CLRs) are a group of PRRs also found on the plasma 

membrane, which belong to a superfamily of proteins containing the characteristic C-type 

lectin-like domain (CTLD) (75). The C-type lectin domain was originally described in 

Ca -dependent (C-type), carbohydrate-binding (lectin) proteins; however a similar domain 

structure was soon identified in proteins that recognised other ligands, such as proteins and 

lipids. According to domain architecture and phylogeny the superfamily was soon divided 

into 17 groups, with members performing highly diverse functions as soluble and 

transmembrane proteins. Some signal-generating, type II transmembrane CLRs emerged to 

have important roles in innate and adaptive immunity. In response to specific pathogens 

they activate signalling pathways leading either to gene expression directly or to 

modulation of other PRR-induced responses (76). These CLRs are predominantly 

expressed on myeloid cells and specialised to sense fungal infection, but also have a role in 

detecting viruses, mycobacteria and helminths. Most of the recognised PAMPs are 

carbohydrates, such as mannose, glucan and fucose. Some receptors also sense endogenous 

ligands and are implicated in homeostasis (77).
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The CLRs which are able to induce gene expression independently of other PRRs 

signal via specific cytoplasmic immunoreceptor tyrosine-based activation motifs (ITAMs) 

that consist of dual YxxL sequences to recruit the adaptor spleen tyrosine kinase (Syk). 

Most of these CLRs, like DC-associated C-type lectin 2 (Dectin2), macrophage-inducible 

C-type lectin (Mincle) and myeloid DAP 12-associating lectin-1 (MDL-1), lack their own 

cytoplasmic signalling domain and instead associate with ITAM-containing adaptor 

proteins, like the Fc receptor y (FcRy) chain and DNAX-activating protein (DAPlO/12). 

Upon ligand recognition, the ITAM gets phosphorylated at two tyrosines by Src kinases, 

which creates a docking platform for Syk. In contrast, the CLR Dectinl itself contains a 

single tyrosine ITAM-like motif in its cytoplasmic tail, referred to as hemITAM. In this 

case, Syk likely binds to a dimer of two monophosphorylated Dectinl proteins (78). 

Different signalling pathways are activated downstream of Syk, which vary depending on 

the receptor and the cell type.

Nevertheless, Dectinl signalling has become a paradigm for Syk-coupled CLRs 

(Figure 1.3). Dectinl specifically recognises P-l,3-linked glucans of fungal cell walls, as 

well as mycobacteria (79, 80). One major pathway downstream of Syk leads to activation 

of canonical NF-kB via a complex containing caspase recruitment domain-containing 

protein 9 (CARD9), B cell lymphoma 10 (Bel 10) and mucosa-associated lymphoid tissue 

lymphoma translocation protein 1 (Maltl) (81). This complex subsequently activates the 

IKK complex, which leads to IkB phosphorylation and release of NF-kB. Syk also initiates 

a noncanonical NF-kB pathway independently of CARD9 via NF-KB-inducing kinase 

(NIK) and IKKa to induce RelB-p52 dimer nuclear translocation (82). This RelB-p52 

dimer inhibits transcription of certain cytokines, such as ILl-p. In addition, Syk mediates 

the activation of MAPKs, phosphoinositide 3-kinase (PI3K) and nuclear factor of activated 

T cells (NFAT) (83-85), and is implicated in reactive oxygen species (ROS) production 

that also activates the NLRP3 inflammasome (86). Finally, Dectinl couples to a Syk- 

independent pathway through the kinase Raf-1 to modulate NF-kB activity. Raf-1 leads to 

Ser276-phosphorylation of the Syk-activated NF-kB subunit p65, which promotes binding 

of the acetyltransferases CREB-binding protein (CBP) and p300 followed by acetylation of 

p65 and enhanced transcriptional activity. P65 also forms a dimer with RelB, which cannot 

bind DNA, hence sequesters RelB from the functional RelB-p52 complex. Overall, this 

modulates Syk-dependent cytokines expression and shapes Thl/Thl7 adaptive immune 

responses (82, 87). In fact, Syk-coupled CLRs, such as Dectinl and Dectin2, were shown
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to be non-redundant for the induction of Thl7 responses to fungal infections like Candida, 

which has emerged to be an essential response for antifungal immunity (85, 88, 89). But 

they also induce Thl responses and in cooperation with other PRRs (e.g. TLRs) lead to 

effective clearance of the pathogen.

NALF3 influnnusoine

BCHOXMALTl

I
(NEM^

<^A1^ /MAPKs/

Figure 1.3: Dectinl signalling

Upon ligand recognition, Dectinl forms homodimers and gets monophosphorylated at its hemITAM motif, 

which recruits the kinase Syk that subsequently activates a complex of CARD9, BCL-10 and MALTl. This 

leads to activation of the IKK complex NEMO/lKKa/lKKp, followed by phosphorylation and degradation of 

IkB and the release of NF-kB to the nucleus to induce proinflammatory cytokines. In parallel Syk activates a 

noncanonical NF-tcB pathway, where NIK and IKKa induce processing of pi00 to p52, forming a p52-RelB 

dimer that inhibits the transcription of some cytokines. Syk is also implicated in the activation of the NALP3 

inflammasome via the induction of ROS. A Syk-independent, Ras/Rafl-dependent pathway leads to Ser276- 

phosphorylation of active p65, which enhances its transcriptional activity and impairs RelB activity by 

interacting with it.

A different group of signal-generating CLRs is unable to induce gene expression by 

themselves, but rather modulates the responses of other PRRs. These CLRs include DC- 

specific ICAMS-grabbing non-integrin (DC-SIGN), DC immunoreceptor (DCIR), myeloid 

C-type lectin-like receptor (MICL) and blood DC antigen 2 protein (BDCA2), which
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mostly initiate a Syk-independent signalling cascade directly through their cytoplasmic 

domain. The exception is BDCA2, which similar to Dectin2 and Mincle couples to the 

FcRy chain and Syk and causes inhibition of TLR-induced cytokines possibly via a 

mechanism involving Ca /calcineurin (90). DC-SIGN was shown to modulate TLR4- 

induced immune responses via the Rafl/p65 axis, as described for Dectinl. In this case, 

Rafl activation was mediated by small GTPase proteins and various kinases (91). The two 

CLRs DCIR and MICL contain a specific inhibitory cytoplasmic domain, immunoreceptor 

tyrosine-based inhibitory motif (ITIM), which gets phosphorylated after ligand binding to 

recruit the phosphatases SH2-domain-containg protein tyrosine phosphatase 1 or 2 

(SHPl/2). This subsequently inhibits other PRR-induced cytokine responses (92, 93).

CLR Signalling motif Major ligand

CLRs, that directly induce gene expression (Syk-dependent)

Dectinl hemITAM P-l,3-glucan; fungi, mycobacteria

DectinZ ITAM (FcRy) High mannose, u-mannans: fungi, mycobacteria, house dust mite 
allergen, helminth S', mansonii egg extract

Mincle ITAM (FcRy) u-manno$e (fungi), glycolipid trehalose-6,6-dimycolate (mycobacteria), 
endogenous ribonucleoprotein SAP 130 (dead cells)

MDL-1 ITAM (DAPIO/12) Dengue virus

CLRs, that modulate immune responses of other PRRs

DCIR ITIM Mannose, fucose; virus HlV-1

MICL ITIM ?

DC-
SIGN

?
High mannose, fucose: fungi, mycobacteria, virus (HIV-1, measles 
virus, dengue virus, SARS coronavirus, filoviruses), helminth S. 
mansonii egg antigen, peanut allergen Ara h 1, Tick saliva protein
SalplS

BDCA-2 ITAM (FcRy) Mannose, fucose

Table 1.2: Selection of signal-generating CLRs relevant in innate and adaptive immunity

Another important function of CLRs is the induction of phagocytosis and effective 

antigen presentation. The selective expression of CLRs by DC subsets and their ability to 

dictate MHC class I and class 11 presentation and adaptive immune responses makes them 

interesting targets for vaccination strategies (94, 95).
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1.2.3 RIG-l-like receptors (RLRs)

Since almost all cell types can potentially be infected by intracellular pathogens like 

viruses and bacteria that enter the cytosol and use the host cell machinery for their 

replication, cells have also evolved a broad cytosolic detection system. A family of 

cytosolic receptors, that specifically recognises microbial RNA, are the RlG-I-like 

receptors (RLRs). They are mostly activated during viral infection hence they are potent 

inducers of antiviral immune responses via the expression of type I IFNs. The RLR family 

consists of three members; retinoic acid-inducible gene I (RIG-I), melanoma 

differentiation-associated gene 5 (MDA5) and laboratory of genetics and physiology 2 

(LGP2) (96). They are ubiquitously expressed and also further inducible by IFNs. RIG-l 

and 1VIDA5 share a similar domain structure, composed of two N-terminal caspase 

activation and recruitment domains (CARDs) required for downstream signalling, a central 

DExD/H-box RNA helicase domain with the capacity to hydrolyse ATP and a C-terminal 

domain (CTD). LGP2, however, lacks the CARD domains and therefore the signalling 

function.

Unlike nucleic acid-sensing TLRs, which are sequestered in the endosomal 

compartment, RLRs are cytosolic and surrounded by various host RNAs, which raises the 

question how RLRs discriminate between self- and nonself-RNA. Intense studies revealed 

that RlG-I and MDA5 indeed sense specific molecular features of nonself, microbial RNA 

that are usually absent in host RNA. Both receptors exhibit ligand specificity and 

complement each other by sensing a distinct set of RNA viruses, besides some overlap. 

RlG-I was initially identified due to its IFN response to cytosolic Poly(I:C), however later 

studies found that MDA5 was more responsive to Poly(I;C) (97, 98). This was later 

explained by the fact that both receptors respond to dsRNA, such as Poly(I:C), but with 

different dependency on length (99). While MDA5 recognises long dsRNA molecules, 

RIG-1 detects small dsRNA fragments preferential blunt-ended and as short as 23bp (100). 

This preference might also explain the specificities in ssRNA virus detection. MDA5, for 

example, senses picomaviruses like EMCV, Mengo virus and Theiler’s virus, whereas 

RIG-I detects members of the Paramyxoviridae (e.g. Sendai virus, RSV), Rhabdoviridae 

(e.g. VSV), Orthomyxoviridae (influenza A/B) and many others. However, a subset of 

viruses is sensed by both, like the Flaviviruses dengue virus, WNV and Japanese
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encephalitis virus (JEV) and reovirus. Short, uncapped 5’-triphosphate (5’ppp) ssRNA 

with small regions of base pairing present in some viruses and in vitro-transcribed RNA 

serves as a potent RIG-I ligand. This provides self/nonself discrimination, as host 

transcripts are usually “capped” with a 7-methyl-guanosine group at the 5’end (101-103). 

Also some sequence compositions, like PolyU-rich motifs, probably mark the viral RNA as 

nonself (104). During infection, further RIG-1 ligands are generated by RNA polymerase 

III (Pol III), which converts intracellular pathogenic AT-rich dsDNA into 5’ppp dsRNA 

(105, 106), and by endoribonuclease RNase L, which cleaves microbial and endogenous 

RNA to trigger MDA5 and RIG-1 (107). The third member, LGP2, is also able to bind 

RNA however the functional consequences are still not fully understood. While LGP2 was 

originally thought to negatively regulate RLR signalling by sequestering viral dsRNA or 

inhibiting RIG-1 multimerisation (108, 109), it was later demonstrated that LGP2 

facilitated viral RNA recognition by RIG-1 and MDA5 through its ATPase domain, while 

it was dispensable for the detection of synthetic RNA ligands, such as Poly(l:C) (110). A 

different role for LGP2 was recently described in promoting antigen-specific CDS’^ T cell 

survival during RNA virus infection (111).

It was long unclear how RLRs bind their ligands, as none of the helicases contain a 

classical RNA-binding motif The CTD was shown to be involved in RNA reeognition, 

and in the case of RIG-1 a large, positively charged cleft in the CTD was required for 5’ppp 

dsRNA-binding (112, 113). Recent structural analysis provided detailed insights on the 

ligand-binding and activation mechanism of RIG-1 (114). In the absence of a RNA ligand, 

RlG-I is held in an autorepressed conformation with the CARDs sequestered by the 

helicase subdomains and not available for signalling. Initial binding of RNA to CTD is 

followed by cooperative tight binding of ATP and RNA to the helicase domain, which 

leads to a conformational change pushing the CARDs out of the complex, allowing 

subsequent modifications and downstream signalling. It was previously shown that the 

ATPase activity of RIG-I was dependent on dsRNA-binding (115). The now accessible 

CARDs are subsequently modified by K63-linked polyubiquitin chains via the E3-ligase 

tripartite motif-containing 25 (TR1M25), and free ubiquitin chains were required for RlG-1 

activity and the recruitment of the signalling adaptor mitochondrial antiviral signalling 

(MAYS, also known as IPS-1, VISA, Cardif), leading to homotypic CARD-CARD 

interaction with the RLR (116, 117). The protein 14-3-3e is also involved in the stable 

R1G-I-TR1M25 interaction and the redistribution to the mitochondrial membrane (118).
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Although the overall regulatory mechanism of MDA5 might differ and probably involve 

LGP2, it was recently shown that unanchored K63 polyubiquitin chains also played a role 

in 1VIDA5 activation (112, 119). This study also demonstrated that the ubiquitin chains 

induced oligomerisation of RIG-1, which might mediate the aggregation of MAYS at the 

mitochondrial membrane (120).

The adaptor protein MAYS is anchored with its C-terminus to the outer membrane of 

mitochondria and peroxisomes, while the N-terminal CARD domain is accessible for the 

recruitment of activated RLRs (121, 122). Similar to endosomal TLRs, the location 

provides a platform for the accumulation of distinct signalling molecules leading to 

formation of the “MAYS signalosome”. Binding of RIG-I or MDA5 to mitochondrial 

MAYS initiates different signalling pathways that, similar to TLRs, activate the key 

transcription factors NF-kB and IRFs to induce cytokines, chemokines and type I IFNs 

(Figure 1.4). A recent study suggested that particularly the mitochondrial MAYS is 

essential for establishing an antiviral state by inducing a strong type I IFN response, while 

the peroxisomal MAYS specifically functions in the early expression of IFN-independent 

viral defence genes, possibly involving the transcription factor IRFl (122). Signalling of 

mitochondrial MAYS involves the adaptor TNF receptor 1-associated death domain 

protein (TRADD). TRADD initiates the IRFS pathway by recruiting TRAF3 to activate 

TBKl- and IKKc-containing complexes, which consist also of the adaptor proteins TRAF 

family member-associated NF-kB activator (TANK), NF-KB-activating kinase-associated 

protein 1 (NAPl), similar to NAPl TBKl adaptor (SINTBAD) and DEAD box protein 3 

(DDX3) to finally activate IRFS and 1RF7 and the expression of type I IFNs (123, 124). 

Only recently it was shown that NEMO is involved in recruiting TBKl to MAYS via 

binding to K63 polyubiquitin associated with TBKl (125). TRADD, alongside with 

TRAFs like TRAF6, 2 and 5, also initiate the proinflammatory NF-kB pathway by 

assembling Fas-associated death domain protein (FADD) and RIPl, leading to activation 

of the IKK complex, consisting of NEMO, IKKa and IKKp and subsequent nuclear 

translocation of NF-kB due to phosphorylation and degradation of the inhibitor IkB. 

Further signalling modules were described to be involved in NF-kB activation, such as a 

complex formed of FADD and caspase-8/10 and a signalling axis mediated by MAYS- 

CARD9-BcllO (126, 127). Recently, several membrane-associated regulators of RLR 

signalling were identified. Among them, the transmembrane protein stimulator of IFN 

genes (STING, also known as MPYS, MITA) was shown to interact with RIG-
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I/MAVS/IRF3 and to be important in the RIG-I pathway, while it was dispensable for 

MDA5-mediated responses (128). STING is preferentially expressed in the ER membrane, 

but its exact subcellular location is controversial and STING may also be present at the 

outer mitochondrial membrane. Also the mitochondrial membrane protein translocase of 

outer membrane 70 (TOM70) was reported to link TBKl and IKKs to MAYS (129). 

Finally, it is worth mentioning, that RNA virus-activated RlG-I is also able to form an 

inflammasome with apoptosis-associated speck-like protein containing a CARD (ASC) to 

activate casapase-1-dependent maturation of the cytokines IL-ip and IL-18, thus triggering 

an important pathway of the inflammatory response (see 1.2.5 for details) (127).

Figure 1.4: RLR signalling

Upon ligand recognition, RIG-I and MDA5 bind via homotypic CARD-CARD interaction to MAYS 

localised at the outer mitochondrial membrane. This induces the recruitment of TRADD and initiates the NF- 

kB pathway via TRAP proteins, including TRAF6, to subsequently activate the IKK complex and NF-kB 

translocation. The transcription factors IRF3 and IRF7 are activated via the TRAF3-dependent TBKI/IKKe- 

axis. The RlG-I-induced 1RF3 pathway also requires the ER protein STING. RIG-I is also able to form an 

inflammasome to initiate a robust inflammatory response.

Other cytosolic dsRNA-binding proteins have also been implicated in type-I IFN 

production, but their role as true receptors is questionable, as they might possess more
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auxiliary functions in RLR-mediated responses. The dsRNA-dependent protein kinase 

(PKR) amplifies IFN-P expression during viral infection, but it is not clear whether this is 

mediated via the RlG-I-MAVS-dependent complex (130). It was recently revealed that 

PKR enhanced NF-kB activity indirectly by phosphorylating eukaryotic translation 

initiation factor eIF-2a, which subsequently inhibits translation and thus resynthesis of the 

NF-kB inhibitor IkB (131). Members of the DExD/H-box family were also implicated in 

cytosolic responses to dsRNA in myeloid DCs. DHX9 was shown to bind Poly(I:C) and 

mediated downstream signalling via MAYS (75), while a complex composed of DDXl, 

DDX21 and DHX36 was demonstrated to initiate type I IFN expression via the adaptor 

TRIF (132). Their role in relation to RLRs needs to be defined, but as they are 

constitutively expressed it is possible that they mediate the initial IFN production, before 

the IFN-induced RLRs come into play.

1.2.4 Cytosolic DNA receptors

Alongside the above described cytosolic RNA receptors, many immune and non- 

immune cells also express a complementary system of DNA sensing molecules in the 

cytosol. Both types of nucleic acid sensors are particularly important to recognise infection 

with RNA and DNA viruses and to establish an effective antiviral defence programme 

mainly via expression of type I IFNs and subsequent induction of IFN-stimulated genes 

(ISGs). But they also mount proinflammatory immune responses and are involved in 

detecting intracellular bacteria. In immune cells, this cytosolic nucleic acid detection 

system exists in parallel to the endosomal TLRs, although the expression of the proposed 

DNA sensors varies depending on the cell type. It has long been known that cytosolic 

delivery of dsDNA can trigger immune responses, independent of the endosomal TLR9 

(133, 134). Flowever, only recently these cytosolic DNA sensors are being identified. Up 

to now, several cytosolic DNA receptors have been implicated in triggering type I IFN 

production (see Figure 1.5): DNA-dependent activator of IRFs (DAI, ZBPl), RNA 

Polymerase III (Pol III), leucine-rich repeat flightless-interacting protein 1 (LRRFIPl), the 

ALRs IFNy-inducible protein 16 (IFI16) and the related murine protein p204, Ku70 and 

proteins of the DExD/H-box helicase superfamily, including DHX9, DHX36 and DDX41 

(135). On the other hand, two members of the ALR family are involved in DNA-mediated 

inflammasome activation, absent in melanoma 2 (AIM2) and IFI16 (136). In contrast to
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RLRs, DNA sensors seem to be less selective regarding the type of DNA and mainly 

require a certain length of the dsDNA molecule. But they are expressed in a cell type- 

specific manner, where they activate distinct pathways and responses, and not all are 

directly involved in gene expression. Before identification of the first DNA sensor, it was 

shown that most cytosolic DNA-induced type 1 IFN responses required TBKl and 1RF3 

(134, 137). Later the endoplasmic reticulum-resident, transmembrane protein STING was 

identified as a crucial adaptor in the cytosolic DNA response upstream of the TBK1-IRF3 

axis (128). In addition to its adaptor function, STING was recently found to directly sense 

and respond to cyclic diguanylate monophosphate (c-di-GMP), which is a second 

messenger molecule specific to bacteria (138). The first identified DNA receptor upstream 

of STING was DAI, which mediated IFN-P gene expression in L929 cells following 

dsDNA detection via its Z-DNA and putative B-DNA binding domains (139). DAI was 

found to interact with TBKl and IRF3 and recruited RIP 1/3 via additional RHIM domains 

to activate NF-kB (140, 141). Flowever, Do/-knockout mice and knockout cells, such as 

mouse embryonic fibroblasts (MEFs) and macrophages, responded normally to DNA, 

which suggested a redundant and possibly cell type-specific function of DAI (142). 1F116 

and its related mouse protein p204 were discovered as critical DNA receptors for induction 

of IFN-P in response to viral DNA and HSV-1 infection in human and murine immune 

cells (143). 1F116 is a member of the PYHIN protein family, containing a pyrin and two 

HIN domains. The HIN domain was shown to directly bind viral DNA via non-sequence- 

specific, electrostatic interactions (143, 144). IFI16 colocalised with transfected 70bp- 

dsDNA from vaccinia virus in the cytosol, recruited STING and initiated 1RF3 and NF-kB 

nuclear translocation and gene induction. However, during HSV-1 infection the mainly 

nuclear protein IFI16 detected pathogenic DNA in the nucleus, and it was shown that IFI16 

eellular distribution is controlled by acetylation of its nuclear localisation signal (145). 

Two members of the DExD/H-box helicase family, DHX9 and DHX36, were also 

proposed as cytosolic DNA sensors which mediated NF-kB and IRF7 activation, 

respectively, in response to CpG DNA in plasmacytoid DCs (pDCs) (146). Both receptors 

initiated downstream signalling through interaction with the TIR domain of MyD88, which 

was consistent with the previous observation that DNA responses in pDCs were entirely 

MyD88-dependent, including the endosomal TLR9. DDX41 was recently identified as 

another member of the DExD/H-box helicase family that played a role in cytosolic DNA 

detection and gene induction in myeloid DCs and human monocytes (147). Similar to
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1FI16, DDX41 induced NF-kB and IRF3 transcription factors via the adaptor STING. The 

constitutively expressed DDX41 may regulate the early burst of type I IFN expression, but 

requires amplification by IFN-induced IFI16 later on in the response. A different pathway 

is activated following DNA detection by Ku70, which activates the transcription factors 

IRFl and IRF7 leading to induction of type III IFN (IFN->tl), rather than type I IFNs (148). 

Two other cytosolic DNA-sensing molecules were found to be more indirectly involved in 

gene expression. LRRFIPl contributed to IFN-P gene induction in response to cytosolic 

dsDNA and dsRNA by initiating a P-catenin-dependent coactivator pathway (149). 

LRRFIPl was not required for NF-kB and IRF3 activation, but triggered p-catenin 

phosphorylation, which subsequently recruited p300 to the IFN-p enhanceosome via IRF3. 

Furthermore, the DNA-sensing molecule Pol III did not directly initiate downstream 

signalling, but rather generated a ligand for RIG-I by converting AT-rich dsDNA, such as 

Poly(dA:dT), into 5’-triphosphate-containing dsRNA (105, 106). This explains why the 

adaptor MAVS was found to be involved in some DNA responses, as observed for 

Poly(dA;dT)-stimulated human embryonic kidney (HEK) 293 cells (134). It was noted that 

besides the transcriptional response, dsDNA also triggered maturation of the inflammatory 

cytokines IL-ip and lL-18, which is known to be mediated by caspase-1-dependent 

inflammasomes (150) (described in 1.2.5). AIM2 was identified as the DNA sensor that 

subsequently interacted with the adaptor ASC followed by caspase-1 recruitment to form 

an “AIM2 inflammasome” (151-154). AIM2 belongs like IFI16 and p204 to the PYHIN 

protein family. Crystallographic studies recently proposed that A1M2 forms an 

autoinhibitory complex between its pyrin and HIN domain in tbe basal state, which gets 

released after dsDNA-binding to the HIN domain, facilitating homotypic interaction of the 

pyrin domain with ASC (144). Also the DNA receptor IFI16, which mediates cytokine and 

type I IFN gene expression (as described above) was shown to have the potential of 

forming an inflammasome. IFI16 interacted with ASC and caspase-1 after detecting DNA 

of Kaposi’s sarcoma-associated herpesvirus (KSHV) in the nucleus of endothelial cells 

(155). The “IFI16 inflammasome” was initially detected in the nucleus, but relocated to the 

perinuclear area later on in the response. The DNA-sensing PYHIN proteins, including 

AIM2, IFI16 and p204, form a new family of PRRs, termed AlM2-like receptors (ALRs) 

(135).
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Figure 1.5: Overview of cytosolic DNA receptors and their signalling pathways

The expression profile of DNA sensors is highly cell type-specific. Upon DNA recognition, DAI, IFl 16 and 

the mouse protein p204 and DDX41 signal via STING to trigger TBKl/IRF3-dependent type I IFNs. They 

also induce a proinflammatory response through the transcription factor NF-kB, which in the case of DAI is 

mediated via RIP 1/3. In pDCs, cytosolic DNA is sensed by DF1X9 and DHX36, which subsequently signal 

via MyD88 to activate NF-kB and 1RF7, respectively. The coactivator pathway LRRFIPl enhances type I 

IFN responses by activating [I-catenin and facilitating p300 recruitment to IRF3. Ku70 selectively drives 

IFN-^1 expression via activation of IRFl and IRF7. Pol III does not directly induce signalling, but converts 

AT-rich dsDNA into 5’-triphosphate dsRNA, which signals through RIG-I to activate TBKl and NF-kB. 

Cytosolic, DNA-activated AIM2, on the other hand, forms an inflammasome with ASC and caspase-1 to 

convert inactive pro-lLl-p and pro-IL-18 into their bioactive forms. IFl 16 is also implicated in 

inflammasome formation in the nucleus.

It is worth mentioning, that unlike most other PRRs which are selectively activated by 

microbial ligands, cytosolic DNA sensors potentially respond to self and non-self DNA. 

Compartmentalisation is probably one mechanism to avoid autoimmune reactions, as the 

cytoplasm is usually DNA-free and only infection or tissue damage would result in the 

appearance of cytosolic DNA and initiate a response. Thus cytosolic DNA receptors are 

probably more sensors of “danger” (any mislocated, naked DNA) rather than “stranger”
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(microbial DNA) (135). As IFI16 also responds to foreign DNA in the nucleus, it is likely 

that specific control mechanisms prevent detection of genomic DNA, such as the formation 

of DNA-protein complexes in chromatin. A second mechanism is provided by 

deoxyribonucleases (DNases), which are present at various locations to avoid 

accumulation of DNA from apoptotic and necrotic cells. DNase I, for example, is found in 

the extracellular space and serum, while DNase II degrades DNA in lysosomes and thus 

has an important role in clearance of engulfed DNA in macrophage phagosomes. A 

cytosolic ER-associated DNase III, termed three prime repair exonuclease 1 (TREXl), was 

shown to be important to digest reverse-transcribed ssDNA intermediates from endogenous 

retroelements (156). Mutations in these enzymes are linked to autoimmune diseases, such 

as systemic lupus erythematosis (SEE) and Aicardi-Goutieres syndrome (AGS), which are 

driven by self-DNA recognition and massive type IIFN production (157-159).

1.2.5 NOD-like receptors (NLRs)

The nucleotide-binding-and-oligomerisation domain (NOD)-like receptors (NLRs) are 

a family of cytosolic proteins that drive inflammation in response to various microbial 

molecules (PAMPs) or endogenous danger signals following tissue damage (DAMPs) (see 

Table 1.3). Therefore, they are also implicated in various human inflammatory disorders. 

Up to now, 22 NLR genes have been identified in the human genome and at least 34 in 

mouse (160). They display a tripartite domain structure with a C-terminal LRR domain, a 

central nucleotide binding domain (NBD) consisting of a NACHT and a NACHT- 

associated domain (NAD) and an N-terminal effector domain (161). The LRRs are 

believed to bind directly to specific ligands, which would justify the term “receptor”; 

however, so far no receptor-ligand interaction has been shown for any NLR. Furthermore 

some NLRs, like NLRP3 (described below), are activated by such a broad spectrum of 

stimuli that activation is more likely mediated by an intermediate signalling molecule 

rather than the specific PAMP or DAMP directly. Engagement of an NLR with its ligand 

probably induces a conformational change and oligomerisation via the NBD in conjunction 

with ATP hydrolysis (162). Downstream signalling molecules are then recruited by the N- 

terminal domain, which differs among NLRs dividing them in subfamilies: NLRAs contain 

an N-terminal acidic activation domain (AD), NLRBs a baculovirus inhibitor repeat (BIR) 

domain, NLRCs a CARD and NLRPs a pyrin domain (PYD); with the latter two
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representing most NLRs. Also there are some NLRs with an undefined domain, grouped in 

the NLRX subfamily.

Some NLRs were intensely studied due to their role in the posttranslational 

inflammatory response (163). NLRPl, NLRP3 and NLRC4 form a large protein complex, 

known as the “inflammasome”, into which inactive pro-caspase-1 is recruited via 

homotypic CARD-CARD interaction and activated by proximity-induced autoproteolytic 

cleavage. NLRPl contains a CARD in addition to its PYD, thus NLRPl and NLRC4 are 

able to activate caspase-1 directly. Other inflammasome initiators with a PYD use the 

adaptor molecule ASC, which consists of a PYD and a CARD domain, to recmit pro- 

caspase-1. This includes the recently described non-NLRs, PYD-eontaining proteins AIM2 

and in certain cases also IFI16, which form an inflammasome following dsDNA detection 

(see 1.2.4). Also the RNA sensor RIG-1, which belongs to the RLR family, was shown to 

assemble an inflammasome, which required ASC even though RIG-I has N-terminal 

CARD domains (see 1.2.3). The inflammasome-induced active caspase-1 then processes 

the precursor cytokines pro-IL-ip and pro-IL-18 into their active forms, which are 

subsequently secreted by a nonclassical pathway that is not completely understood. IL-ip 

expression requires a priming step, where the pro-form is transcriptionally induced by NF- 

kB downstream of a different PRR or cytokine pathway. Thus, this two-step activation 

process allows a tight control of IL-ip secretion to avoid accidental release of the very 

potent inflammatory mediator, which activates lymphocytes, endothelial cells and recruits 

immune cells into tissue. Pro-IL-18, on the other hand, is constitutively expressed and its 

mature form mainly activates NK cells to produce IFN-y (164). Some inflammasomes 

require additional NLR proteins. The NLR NOD2 for example was shown to interact with 

the NLRPl inflammasome and was required for the response to bacterial muramyl 

dipeptide (MDP) and lethal toxin of Bacillus anthracis in vivo (165). Naip proteins on the 

other hand were shown to provide a link between bacterial PAMPs with a type III or IV 

secretion system and NLRC4 activation (166). Naip5 for example binds flagellin of 

Legionella pneumophila and mediates the formation of the NLRC4 inflammasome (167). 

Many studies focused on the NLRP3 (also known as NALP3) inflammasome due to a 

broad range of activating stimuli, including many DAMPs, and its role in adjuvanticity. 

High extracellular ATP concentrations released from dying cells function as a potent 

endogenous DAMP, which bind to pannexin-1 channel-associated receptor P2X7 leading 

to potassium (K^)-efflux and NLRP3 activation (168). K^-efflux might also mediate the

-41-



Chapter 1 - Introduction

sensing of microbes with pore-forming toxins or influenza A virus M2 ion channel (169). 

Also nonmicrobial, crystalline materials were found to activate NLRP3 resulting in 

inflammatory diseases, such as monosodium uric acid (MSU) crystals in gout, asbestos 

fibers causing asbestosis and amyloid-beta sensing in Alzheimer’s (170-172). Here, 

crystals probably lead to lysosomal disintegration and cytosolic entry of potential NALP3 

activators like cathepsins (173). Also the vaccine adjuvant aluminium hydroxide (alum) is 

now known to activate NALP3, but as it also increases antigen uptake by DCs, the exact 

mechanism of promoting adaptive immunity is still under investigation (174). Reactive 

oxygen species (ROS) were specifically discussed as a common signalling intermediate in 

NALP3 activation, but this requires further investigation (175). It became apparent that a 

crucial step prior to NALP3 activation by cellular stress or damage is the NF-kB- 

dependent transcriptional upregulation of NALP3 in a priming process initiated by 

receptors, such as TLRs, RLRs, NLRs and cytokine receptors (176). This incorporates an 

additional control mechanism of IL-ip release.

Figure 1.6: Activation process of the NLRP3 inflammasome

The upregulation of NLRP3 in an initial priming step mediated by PRR-induced NF-kB is crucial for its 

function. This priming also induces the expression of the inactive proinflammatory cytokine pro-IL-ip. 

NALP3 is activated by various stimuli, such as K'^^-efflux caused by high concentration of extracellular ATP 

or pore-forming toxins, lysosomal disintegration followed by the release of cathepsins and the presence of
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ROS. Activated NALP3 oligomerises and recruits the adaptor ASC, which subsequently binds pro-caspase-1, 

leading to its cleavage and activation. Active caspase-1 catalyses the processing of pro-lL-l(3 and pro-IL-18 

into their bioactive forms that are subsequently secreted.

Besides the posttranscriptional inflammasome activity of some NLRs, other NLRs 

perform immune functions hy inducing gene expression directly. This group includes the 

NODI and NOD2 proteins, which formally belong to the CARD-containing subfamily 

NLRCs (177). Early after their identification, mutations in NOD2 were associated with 

familial cases of Crohn’s disease and Blau syndrome (178). NODI and NOD2 respond to 

the bacterial peptidoglycan components meso-diaminopimelic acid (DAP) and MDP, 

respectively, but similar to other NLRs no direct ligand-binding could be demonstrated so 

far. Both induce a signalling cascade leading to NF-kB and MAPKs activation and 

subsequent expression of cytokines, chemokines and antimicrobial peptides, such as a/p- 

defensins (179). Upon stimulation, NODI and NOD2 oligomerise and localise to the 

plasma membrane, where they engage with receptor interacting protein-2 (RIP2) via 

homotypic CARD-CARD interaction. The subsequent K63-linked polyubiquitination of 

R1P2 by the E3 ubiquitin ligases inhibitor of apoptosis (lAP) clAPl and cIAP2 allows the 

recruitment of the TAK1-TAB2/3 complex and activation of NF-kB via the IKK complex 

(180, 181). CARD9 was found to be required for MAPK p38 and JNK activation 

downstream of NOD2 (182). Also an interaction of NOD2 with the RLR adaptor MAYS 

was demonstrated, as well as binding to 2’-5’-oligoadenylate synthase type 2 (OAS2), 

which triggers generation of RIG-I RNA ligands via RNaseL (183, 184). Thus, NOD2 

possibly participates in antiviral immune responses via various pathways. NODI was also 

shown to induce type I IFNs in a mouse model of Helicobacter pylori infection (185). In 

contrast, the mitochondria-associated NLRXI was proposed as a negative regulator of viral 

RNA-induced IFN responses by interacting with MAYS and preventing RIG-I-binding 

(186). Another report described a role for NLRXI in mitochondrial ROS production and 

amplification of NF-kB and MAPK responses (187).
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Figure 1.7: NODI and NOD2 signalling

After ligand recognition, NODI and NOD2 translocate to the plasma membrane, where they engage with 

RIP2. The E3 ubiquitin ligases clAPl and cIAP2 get recruited leading to K63-polyubiquitination of RIP2 and 

subsequent activation of the IKK complex, followed by phosphorylation and degradation of IkB and the 

release of NF-tcB to the nucleus. CARD9 was found to be involved in p38 and JNK MAPK activation 

downstream of NOD2. NOD2 was also involved in antiviral immune responses by interacting with MAYS 

and OAS2. The latter interaction possibly triggers RIG-I signalling indirectly by generating RNA ligands 

through activation of RNaseL. In contrast, the mitochondrial NLRXl binds MAYS to inhibit binding ofRlG- 

I and subsequent signal transduction. Also a role for NLRXl in ROS production was proposed.

Sensor Stimulus

Inflammasome-forming NLRs

NLRPl Peptidoglycan component MDP from bacteria, anthrax lethal toxin of Bacillus anthracis

NLRP3
Pore-forming agents (e.g. streptolysin), ion channel (e.g. ATP-binding to P2X7, Influenza virus 
M2 channel), phagocytosed crystals/particles/protein aggregates (e.g. MSU, hemozoin and 
cholesterol crystals, asbestos fibers, aluminium salts, amyloid-beta)

NLRC4 Flagellin, components of the type III secretion system (T3SS) of bacteria

Other inflammasome-forming receptors

AIM2 dsDNA (bacterial, viral, mammalian, synthetic) in the cytosol
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iFn6 dsDNA (during KSHV infection) in the nucleus

RIG-1 5’-triphosphate RNA, RNA viruses

Non-inflammasome NLRs

NODI Peptidoglycan component DAP from bacteria

NOD2 Peptidoglycan component MDP from bacteria (also mycobacteria and actinomycetes)

Table 1.3: Inflammasome-forming receptors and a selection of non-inflammasome NLRs

1.3 The IFN system

An important arm of PRR-induced immune responses is mediated by the induction of 

interferons (IFNs) and their subsequent signalling via IFN receptors, leading to the 

expression of a wide range of IFN-stimulated genes (ISGs) with immunomodulatory 

potential. IFN was the first cytokine identified in 1957 by Isaacs and Lindenmann as the 

secreted factor responsible for the long known phenomenon of “viral interference” (188). 

Apart from their potent antiviral role, IFNs have also various immunomodulatory functions 

on the adaptive immune system, on apoptosis and on cell cycle and on many other 

physiological processes (189). IFNs are divided into three classes: type I IFNs (12 IFN-a 

subtypes, IFN-P, IFN-c/k/cd), type II IFN (IFN-y) and type III IFNs (IFN->d, -X2, -A.3), 

which signal via different receptors each composed of two subunits, namely the IFNAR 

(IFNARl and 1FNAR2), the IFNGR (IFNGRl and IFNGR2) and the IFNLR (IFNLRl, IL- 

10R2), respectively. Type I IFNs are induced by most virally infected cells mainly through 

nucleic acid-sensing PRRs and modulate many processes via the broadly expressed 

IFNAR. IFN-y, on the other hand, is primarily induced by activated T cells and NK cells 

and activates macrophages to effectively respond to intracellular microbes, but also 

modulates T cell development. Type Ill IFNs are a relatively new family that emerged to 

be functionally related to type I IFNs (190). They are upregulated in a similar manner by 

TLR agonists and viruses involving the transcription factors IRF3 and IRF7 and induce the 

same signalling pathways and ISGs. However, the expression of the IFNLR is mainly 

restricted to epithelial cell types; hence the IFN-X-mediated responses are not separately 

discussed here. IFN receptors signal mainly via JAK-STAT pathways, but several STAT-
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independent signalling pathways have been described in recent years (ref (191), Figure

1.8).

Upon IFN-binding, the receptor dimerises, which initiates autophosphorylation and 

activation of the receptor-associated Janus activated kinases (JAKs). JAKs subsequently 

phosphorylate signal transducer and activator of transcription (STAT) proteins that once 

activated form homo- and heterodimers, translocate to the nucleus and selectively induce 

ISGs by binding to distinct promoter elements. The main transcriptional complex formed 

downstream of the IFNAR is composed of STATl, STAT2 and 1RF9, also termed the 

ISGF3 complex, which specifically binds to IFN-stimulated response elements (ISRE) in 

the promoter. The IFNGR mainly activates STATl homodimers, known as IFN-y-activated 

factor (GAF), which target IFN-y-activated site (GAS) elements to initiate transcription. 

The JAK-mediated tyrosine phosphorylation of STATs, such as tyrosine 701-STATl, is 

crucial for dimer formation, but also other modifications are required for optimal gene 

expression. In this regard. Serine 727-phosphorylation of STATl was shown to be 

important for type I and type II IFN-induced responses due to the recruitment of p300 and 

CBP coactivators, which regulate chromatin remodelling. Various kinases have been 

implicated in Ser727-phosphorylation, such as protein kinase C (PKC) isoforms and 
calcium/calmodulin-dependent protein kinase II (CaMKII). IFN receptors also induce the 

formation of other STAT-dimers, involving STATl to STAT6, which mainly bind (GAS) 

elements. Apart from the JAK-STAT pathways, other signalling cascades were shown to 

be required for optimal IFN responses, such as MAPK and phosphatidyl-inositol 3-kinase 

(PI3K) cascades (191). The p38 MAPK cascade mainly regulates IFNAR-mediated ISG 

expression, independent of STAT activation (192). The IFNAR activates p38 likely via the 

GTPase RACl and the MAPK kinases MKK3/6, which might initiate downstream 

effectors such as MAPK-activated protein kinase 2 (MK2) and mitogen- and stress- 

activated kinase 1 (MSKl), implicated in transcriptional and posttranscriptional regulation. 

The role of p38 in IFNGR signalling is controversial, but the receptor was shown to engage 

with MyD88 to mediate Tnf-a and IP-10 mRNA stability via the MLK3-MKK3-p38-MK2 

axis (193). In contrast the ERK MAPKs were activated by different pathways in response 

to IFN-y, and also IFN-a/p. They play a role in IFN-y-dependent transcription by CCAAT- 

enhancer binding protein-P (C/EBP-P) and c-Jun/AP-1 (194), and also regulate ISG 

translation (195). Also the PI3K-AKT-mTOR pathway regulates ISG mRNA translation 

downstream of the IFNAR and IFNGR. Furthermore PI3K-dependent activation of PKC
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isoforms, particularly PKC-6, leads to Ser727-phosphorylation of STATl. Also activation 

of the NF-kB pathway has been reported in response to type I and type II IFNs, and 

implicated the PI3K-AKT-axis in classical p65/p50 NF-kB activation and TRAF2/NIK to 

activate the alternative NF-kB p65/p52 (196). However, the exact role of NF-kB in ISG 

expression is less clear and was shown to be partially inhibitory (197). IFNGR signalling 

also leads to the expression of transcription factors such as IRFl and IRF8, which 

subsequently cooperate with STATl to upregulate a subset of IFNy-stimulated genes 

(194). IRF8 often cooperates with the transcription factors PU.l and IRFl. It emerges that 

the combination of multiple STAT-dependent and -independent pathways possibly defines 

the selective expression of ISGs in response to a distinct type of IFN.

It is important to mention, that cells constitutively express and secrete low amounts of 

type I IFNs, which induce weak signalling of the IFNAR and therefore prime the cell for 

many processes partially by establishing a specific transcriptional profile (198). The IFN 

priming is also essential for an effective immune response following microbial stimulation, 

as it ensures the basal expression of signalling molecules, such as IRF7 (199-201).

Figure 1.8: Type I and type 11 IFN signalling

The binding of type 1 IFNs, i.e. IFN-a and IFN-p, to the IFNAR initiates receptor dimerisation and activation 

of JAKs, leading to tyrosine phosphorylation of STATl and STAT2 that subsequently form a transcriptional 

complex with IRF9, known as the ISGF3 complex. ISGF3 translocates to the nucleus and binds to ISRE
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promoter elements to initiate transcription of certain ISGs. The type IIIFN, IFN-y, on the other hand signals 

via the IFNGR, which mainly leads to the formation of STATl homodimer formation and the induction of 

genes containing GAS elements. Both IFN pathways also induce other STAT homo- and heterodimers that 

mostly bind GAS elements. Besides this classical JAK-STAT pathway, IFNs activate alternative STAT- 

independent pathways including MAPKs, PI3K and NF-kB.

1.4 SARM

SARM (sterile a and HEAT/Armadillo motif containing protein) was identified by 

Mink et al. in 2001 as the fifth member of the mammalian TIR domain-containing adaptor 

protein family, which also includes MyD88, MAL, TRIP and TRAM (described in 1.2.1) 

(34, 202). SARM is the most evolutionary conserved member of the family, as it is found 

in lower organisms such as nematodes (Caenorhabditis elegans) and arthropods 

{Drosophila melanogaster), and is preserved in chordates like amphioxus, fish {Danio 

rerio) and mammals (203, 204). Apart from the characteristic C-terminal TIR domain, 

SARM additionally exhibits two central sterile a motif (SAM) domains and 

HEAT/Armadillo repeats at its N-terminus (Figure 1.9). This unique combination of 
protein-protein interaction motifs may allow SARM to perform distinct functions 

compared to the other TIR adaptors (205, 206). SARM is also the only TIR adaptor protein 

that is mainly localised at the mitochondria due to its N-terminal 27 amino acids (aa) 

hydrophobic and polybasic signal sequence (207). Two main isoforms of human SARM 

have been described, a 690aa and a 724aa form, which vary at their N-terminus, hence only 

the longer version contains the mitochondria target sequence. The 724aa SARM is also 

present in mouse with 94% amino acid identity to its human counterpart, including the 

highly conserved leader sequence. In addition, a 764aa mouse SARM has been reported 

that harbours an extended region between the second SAM domain and the C-terminal TIR 

domain.

-48-



Chapter 1 - Introduction

I I DP ID TIR

TIR bd

MtDSS

MAL

ai.W TIR RHlM I THIF

TRAMTIR

S27 HEAT/ARM SAM SAM TIR SARM

Figure 1.9; Schematic of protein domains and motifs found in the human TIR adaptor family

All TIR adaptor proteins consist of the characteristic TIR domain at their C-tenninus. MyD88 also contains a 

N-terminal death domain (DD) and an intermediary domain (ID). MAL and TRIP both harbour a putative 

TRAF6-binding motif (T6B) and TRIP additionally exhibits a RIP homotypic interaction motif (RHIM). 

MAL and TRAM are targeted to the membrane by a PIP2-binding motif or myristoylation, respectively. 

SARM contains additionally to the characteristic TIR domain two central SAM domains and 

HEAT/Armadillo repeats at the N-terminus, including a 27aa leader sequence that targets 724aa SARM to 

mitochondria. Adapted from (33).

It was surprising that unlike the other TIR adaptors, SARM overexpression did not lead 

to activation of NF-kB- and IRF3-dependent reporter gene constructs (43, 44). First reports 

on a function of SARM came from studies in C. elegans, where the homologous TIR-1 

mediated immune responses to pathogenic bacteria and fungi independent of the sole TLR 

homologue, TOL-1 (43, 208). TIR-1 is the only cytosolic TIR domain-containing protein 

in worms, but five isoforms are known that differ at the N-terminus. It was demonstrated 

that TIR-1 functions upstream of the conserved NSY-l-SEK-l-PMK-1 MAPK caseade, 

which is orthologous to the mammalian ASKl-MKK3/6-p38 MAPK pathway (209). 

Following exposure to pathogens, PMK-1 leads to upregulation of various antimierobial 

peptides partially by aetivating the conserved transcription factor ATF-7, the orthologue of 

mammalian ATF-2 (208, 210, 211). The receptor upstream of TIR-1 remains unknown, but 

different signalling molecules have been implieated in TIR-1 aetivation, sueh as the protein 

kinase C-6 homologue TPA-1 (ref. in (212)). Interestingly, the TIR-l-NSY-l-SEK-1 axis 

is also functional in the nervous system. In chemosensory neurons the TIR-1-mediated 

MAPK cascade (independent of PMK-1) leads either to aversive behaviour in response to
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pathogenic bacteria or stimulates reproductive egg laying after sensing nutrient-providing 

microbes (213). Furthermore, this pathway is operational in the postsynapse of olfactory 

neurons in C. elegans, where TIR-1 regulates the asymmetric expression of odorant 

receptors during development (214). TIR-1 functioned downstream of a voltage-gated 

calcium channel and interacted with UNC-43, a homologue of human calcium-calmodulin- 

dependent protein kinase II (CaMKII).

The first report on a function of mammalian SARM was published by Carty et al. from 

my laboratory in 2006 (44). SARM inhibited TRIF-dependent TLR3 and TLR4 signalling 

when overexpressed in HEK293 cells via direct interaction with TRIF. And knockdown of 

endogenous SARM using siRNA enhanced LPS-induced TNF-a production in human 

peripheral blood mononuclear cells (PBMCs). Another study of human SARM showed 

inhibition of TRIF- and MyD88-induced AP-1-regulated reporter genes, and suppression 

of basal p38 phosphorylation (215). The inhibitory role of SARM was subsequently 

reported for several other SARM homologues mainly by overexpression in HEK293 cells, 

including SARM of the ancient horseshoe crab, amphioxus and porcine SARM (216-218). 

Amphioxus is devoid of TRIF and IRF orthologues, but amphioxus SARM could interact 

with MyD88 and TRAF6 and inhibit tbe activation of NF-xB-dependent reporter genes. 

Interestingly in adult amphioxus, SARM was predominantly expressed in the digestive 

system, which is a primary line of defence, while during embryogenesis it was found in 

neural cells, thus highlighting its possible dual function in immunity and neural 

development as seen in C. elegans. The inhibitory function was also demonstrated for 

endogenous SARM in the murine cell line RAWs, where the intracellular bacterium 

Burkholderia pseudomallei circumvented host defense mechanism by upregulating SARM, 

which suppressed IFN-(3 and iNOS expression and IkB degradation, while TNF-a 

induction was mostly unaffected (219).

However, recent studies on S’orw-knockout mice questioned the TLR-inhibitory 

function of SARM. The analysis of SARM-deficient bone marrow-derived macrophages 

(BMDMs) showed normal cytokine (TNF-a) and chemokine (MCP-1) production in 

response to various TLRs, including TLR3 and TLR4 (220). It was also demonstrated that 

murine and human myeloid cells expressed very low levels of SARM compared to a high 

abundance in the brain. The brain-restrieted tissue expression profile of murine SARM was 

subsequently confirmed by two other reports (221, 222), whereas the initial study on 

human tissue detected SARM predominantly in liver and kidney (202). Since then.
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different functions have been assigned to SARM in the nervous system. Kim et al. 

demonstrated that SARM localised to mitochondria and recruited JNK3 to mediate 

neuronal cell death after oxygen and glucose deprivation, presumably via an apoptotic 

pathway (220). Also in C. elegans, anoxic conditions were shown to activate the TIR-1- 

dependent MAPK cascade leading to anoxic death (171). Furthermore, SARM is currently 

discussed to mediate apoptosis in T lymphocytes (Panneerselvam (207), unpublished). 

More recently it was discovered that Drosophila and murine SARM function in a new 

death pathway that actively promotes axon destruction following injury, previously known 

as Wallerian degeneration (223). Interestingly, C. elegans TIR-1 and SEK-1 were also 

implicated in a nonapoptotic cell death pathway in a linker cell during male gonad 

development (224). Apart from the role in cell death, murine SARM was found to regulate 

neuronal morphology. SARM interacted with transmembrane syndecan-2 (Sdc2) at 

synapses and controlled dendritic aborisation via the MKK4-JNK pathway (222). SARM 

also mediated dendritic and axonal outgrowth independently of Sdc2 by stabilising 

microtubules through tubulin acetylation. This indicated that the SARM-MAPKs module 

described for olfactory neurons in C. elegans might also be operational at mammalian 

synapses. Another study found SARM in a membrane-associated complex with 

rctinoschisin and Na/K ATPase in photoreceptors and bipolar cells of retina tissue and 

postulated a role for SARM in maintaining the photoreceptor-bipolar synaptic structure 

(225). The first and so far only report of an immune function of SARM in the brain was 

given by Szretter et al. in 2009 (221). ^arm-knockout mice showed enhanced mortality 

after infection with neurotropic WNV, which was associated with increased neuronal cell 

death and viral replication in the brainstem, and linked to reduced microglia activation and 

TNF-a production in this specific brain region.

Regarding the role of SARM in immune responses it became apparent that SARM 

activity might be controlled via its expression level, as SARM mRNA and protein were up- 

and/or downregulated following microbial stimulation. While some studies showed 

enhanced SARM mRNA and/or protein levels in response to immune stimulation (44, 219, 

226), others reported a decrease in Sarm mRNA (218, 227). Also a bidirectional regulation 

was described with an increase of Sarm mRNA early after stimulation, followed by 

suppression at later times (215-217).

Overall, these studies demonstrated that SARM exhibits multiple functions depending 

on the cell type and the model system used, with emerging roles in immunity and the
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nervous system; two areas in which SARM function is preserved from C elegans to 

humans (Figure 1.10). However, particularly for mammalian SARM, data had been 

conflicting and more work is needed to understand the exact function and mechanism in 

the different systems.

Immune system Nervous system

Antibacteiial & antifungal 
mtirntne response, 
antimicrobial peptides

avoidance and egg laying 

Anoxic death

degenerationIFN-P/iNOS I Stress-induced
expression, ' neuronal cell

IkB degradation Restriction of WNV death 
pathogenesis in the 

biainstem

Figure 1.10; Overview of SARM functions in C. elegans and mammals

To date, SARM functions have been described in the immune and the nervous system and emerged to be 

highly cell type-specific. In C. elegans TIR-1 functions upstream of a MARK cascade consisting of NSY-1- 

SEK-l-PMK-1 and is essential for host defence to pathogenic bacteria and fungi. Part of this cascade is also 

operational in neurons mediating behavioral responses to bacteria or the development of olfactory neurons. 

The C. elegans MARK cassette is evolutionary conserved in mammals represented by the ortho logons ASKl- 

MlCK3/6-p38 MARK cascade, but an upstream role of SARM in this exact pathway has not been reported so
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far. However, mammalian SARM is implicated in activating MAPKs (indicated by blue boxes), particularly 

in the central nervous system, where it is highly expressed and has roles in neuronal development, 

homeostasis and cell death. In contrast to C. elegans, the functions of mammalian SARM in immunity are 

less understood, and depending on the system SARM positively or negatively regulated immune responses. 

Refer to the text for further details. Double boxes indicate the known interaction partners of SARM/TIR-1.
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1.5 Aims

The immune functions of mammalian SARM are still poorly understood, and 

conflicting data emerged from studies of human and murine SARM (described in 1.4). 

SARM was found to negatively regulate TRIF-dependent TLR signalling in human cells, 

including PBMCs, but murine SARM-deficient BMDMs showed normal cytokine 

responses to a range of TLR agonists (44, 220). Furthermore it was demonstrated that 

human and murine myeloid cells expressed very low levels of SARM compared to its high 

expression in the brain, where it performed non-immune functions in regulating neuronal 

cell death after oxygen and glucose deprivation. Due to these discrepancies, I sought to 

explore the immune function of murine SARM in more detail.

• First, I wanted to investigate the mRNA and protein expression of SARM in 

primary immune cells, such as human PBMCs and murine BMDMs. Additionally I 

assessed if SARM expression in these cells was modulated by TLR stimulation, as 

this would indicate a role for SARM in TLR-dependent immune responses. 

Furthermore, I performed a direct comparison of SARM expression in various 

murine tissues and BMDMs.

• In the second part of this project, I characterised the cytokine profile of murine 

wild-type and SARM-deficient BMDMs and BMDCs in more detail, with a 

particular focus on TNF-a and CCL5/RANTES expression. As TNF-a is mainly 

induced by the transcription factor NF-kB, while CCL5 induction additionally 

requires IRF3 activation. In the TLR4 response both genes are selectively regulated 

by the MyD88- and TRIF-dependent pathway, which is interesting in light of the 

known SARM-TRIF interaction. Furthermore, I investigated a role for SARM in 

other TRIF-dependent immune functions, such as endotoxin tolerance and DC 

maturation.

SARM is the most ancient member of the TIR adaptor family with a key immune 

function in host defence in C. elegans, in addition to its role in the nervous system. The 

conservation of SARM throughout the animal kingdom up to mammals highlights its 

important functions, such as its role in immunity, which requires further investigations and 

might lead to novel therapies for immune-related diseases.
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2 Materials & Methods

2.1 Materials

Cell culture plastics were from Corning Life Sciences and Greiner bio-one supplied by 

Fisher Scientific (Ireland). All generic laboratory chemicals were purchased from Sigma- 

Aldrich (Ireland) unless stated otherwise.

2.1.1 Cells and cell culture reagents

Cell type Description Medium

PBMCs
• primary human cells
• peripheral blood 

mononuclear cells

• RPMl
• 10% FCS (v/v)
• 2mM L-Glutamine
• Gentamycin [50pg/ml]

pBMDCs 
(wt, Sarm''')

• primary murine cells
• bone marrow-derived 

dendritic cells

• RPMl
• 10% FCS (v/v)
• 2mM L-Glutamine
• Pen/Strep [50pg/ml] 
(GM-CSF [20ng/ml])

pBMDMs 
(wt, Sarm'')

• primary murine cells
• bone marrow-derived 

macrophages

• DMEM
• 10% FCS (v/v)
• Ciprofloxacin [lOpg/ml] 
(10-20% M-CSF (v/v))

iBMDMs
(various knockouts)

• immortalised murine cells
• bone marrow-derived 

macrophages
• a gift from K. Fitzgerald 

(173)

• DMEM
• 10% ECS (v/v)
• Ciprofloxacin [lOpg/ml]

MEFs
(wt, Sarrn'')

• mouse embryonic 
fibroblasts

• a gift from MS. Diamond 
(221)

• DMEM
• 10% FCS (v/v)
• Ciprofloxacin [lOpg/ml]

N1H3T3 • mouse embryonic 
fibroblast cell line

• DMEM
• 10% FCS (v/v)
• Ciprofloxacin [lOpg/ml]
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L929
• murine fibroblast cell line
• a gift from K. Fitzgerald

• RPMl
• 10% FCS (v/v)
• 2mM L-Glutamine
• Ciprofloxacin [lOpg/ml]

J558

• plasmacytoma cell line
• containing a GM-CSF 

expression vector
• a gift from E. Lavelle

• RPMl
• 10% FCS (v/v)
• 2mM L-Glutamine
• Ciprofloxacin [lOpg/ml]

HEK293T

• human embryonic kidney 
cell line

• expressing SV40 large T- 
antigen

• DMEM
• 10% FCS (v/v)
• Ciprofloxacin [lOpg/ml]

HEK293-TLR4

• human embryonic kidney 
cell line

• expressing TLR4, MD2, 
CD14

• DMEM
• 10% FCS (v/v)
• Ciprofloxacin [lOpg/ml]
• HygroGold [50pg/ml]
• Normocin [lOOpg/ml]
• Blasticidin [lOpg/ml]

Table 2.1: Cell types

Cell culture reagent Company

Dulbecco’s Modified Eagle Medium (DMEM GlutaMAX) Gibco Invitrogen

RPMl-1640 medium (R0883) Sigma-Aldrich

Foetal Bovine Serum (FBS, FCS) Biosera

L-Glutamine [200mM], #G7513 Sigma-Aldrich

Penicillin/Streptomycin [5000pg/ml] Invitrogen

Ciprofloxacin Sigma-Aldrich

Gentamycin [50mg/ml] Sigma-Aldrich

HygroGold [lOOmg/ml] InvivoGen

Normocin [50mg/ml] Sigma-Aldrich

Blastocidin [lOmg/ml] Sigma-Aldrich

Trypsin/EDTA Solution lOx, #T4174 Sigma-Aldrich

EDTA 0.02% Solution, #E8008 Sigma-Aldrich
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Dulbecco’s phosphate buffered saline (PBS) Sigma-Aldrich

Trypan Blue Solution (0.4%) Sigma-Aldrich

Lipofectamine 2000 Transfection Reagent Invitrogen

Red Blood Cell Lysis Solution (lOx) Miltenyi Biotec

HyClone HyPure Cell Culture water Thermo Scientific

Dimethyl sulfoxide (DMSO) Fisher Scientific

Lymphoprep Axis-Shield

Actinomycin D [5mg/rnl], #9415 Sigma-Aldrich

Cycloheximide (CHX) Sigma-Aldrich

Anti-mouse IFNARl antibody, MAR 1-5A3, #16-5945 eBioscience

Table 2.2: Cell culture reagents

2.1.2 Cell receptor ligands and siRNA

Receptor ligand Description Company

LPS • Lipopolysaccharide from E. coli Serotype 
EH 100 Alexis Biochemicals

Poly(I;C) • Polyinosinic-polycytidylic acid, #P0913 Sigma-Aldrich

CL075 • thiazoloquinoline compound InvivoGen

dsVOmer

• from VACV
5 ’CCATCAGAAAGAGGTTTAATATTTTTGTG 
AGACCATCGAAGAGAGAAAGAGATAAAAC 
TTTTTTACGACT-3’

• complementary strands were annealed by 
boiling for 5min at 98°C and slow cooling 
at RT

Eurofms MWG
Operon

SeV
• Sendai virus
• a gift from 1. Julkunen (University of Aarhus, Denmark)

IFN-a
• recombinant murine IFN-a, #130093131
• some as a gift from C. O’Farrelly (TCD)

Miltenyi Biotec

IFN-y • recombinant murine IFN-y, #12343536 ImmunoTools

Table 2.3: Cell receptor ligands
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siRNA Target sequence Company

Control siRNA 5 ’-A ATTCTCCG A ACGTGTC ACGT-3 ’ Qiagen

SARM SI 5 A ACGCCTGGTTTCCTACTCTA-3 ’ Qiagen

SARM S2 5’-AAGGCAAGACCAAGGTGTTCA-3’ Qiagen

Table 2.4: siRNA

2.1.3 Antibodies

Antibody (anti-) Company

P-actin Sigma-Aldrich

SARM, rabbit [1 mg/ml], #3295 ProSci

SARM (C-20), rabbit, #sc-130620 Santa Cruz

SARM, chicken, unpurified, a gift from A. Ding (USA) (220)

FLAG, mouse [1 mg/ml] Sigma-Aldrich

IkBo, mouse, a gift from Ron Hay (Dundee University, UK)

p-38, rabbit, #9212 CellSignaling

p-p38 (Tyrl80/182), rabbit, #9211 CellSignaling

JNK, rabbit, #9252 CellSignaling

p-JNK (Tyrl83/185), rabbit, #44-682G Biosource

p44/42 MARK (Erkl/2), mouse, #4696 CellSignaling

Phospho-p44/42 MARK (Erkl/2), rabbit, #4377S CellSignaling

1RF3, rabbit, #51-3200 invitrogen

P-1RF3 (Ser396), rabbit, #07-582 upstate

NF-kB p65, mouse, #sc-8008 Santa Cruz

STAT1,#9172 CellSignaling

p-STATl (Tyr701), #9171S CellSignaling

viperin, mouse, a gift from K. Fitzgerald (UMass, USA)

IRFl (M-20), rabbit [2mg/ml], #sc-640x Santa Cruz

IRF8/ICSBP (C-19), goat [2mg/ml], #sc-6058x Santa Cruz

Pol 11 (N-20), rabbit [2mg/ml], #sc-899x Santa Cruz

IgG, rabbit polyclonal serum [12.5mg/ml] Sigma-Aldrich
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IRDye® 680LT anti-mouse secondary antibody for Odyssey Imag. LI-COR

IRDye® 800CW anti-rabbit secondary antibody for Odyssey Imag. LI-COR

IRDye® 680/800 anti-goat secondary antibody for Odyssey Imag. Ll-COR

Anti-rabbit Alexa 488 secondary antibody [2mg/ml] invitrogen

Anti-mouse Alexa 647 secondary antibody [2mg/ml] invitrogen

Anti-mouse CD80-FITC BD Pharmingen

Anti-mouse CD86-PE BD Pharmingen

Anti-mouse CD40-FITC BD Pharmingen

Anti-mouse I-A/I-E (MHCIl)-PE BD Pharmingen

Anti-mouse CD I Ic-APC BD Pharmingen

Anti-mouse IFNARI antibody, MAR I-5 A3, #16-5945 eBioscience

Table 2.5: Antibodies

2.1.4 Primers

Primer Forward primer Reverse primer

• mRNA (quantitative real-time PCR)

P-actin (h) 5’-CGCGAGAAGATGACCCAGATC-3’ 5’-GCCAGAGGCGTACAGGGATA-3’

SARM{\\) 5 ’-GGGTGCATAAGG AGATTGTGAC-3 ’ 5 ’ -GTGGG ACC ACTTG AT ACCGTT-3 ’

CCL5 (h) 5’-CCCATATTCCTCGGACACCA-3’ 5’-GGTGACAAAGACGACTGCTG-3’

IFN-p (h) 5 ’-CTGC ATTACCTG A AGGCC A AG-3 ’ 5 ’-TTG A AGC A ATTGTCC AGTCCC-3 ’

P-actin (m) 5 ’-TCCAGCCTTCCTTCTTGGGT-3 ’ 5 ’-GC ACTGTGTTGGC AT AG AGGTC-3 ’

Sarm (m) 5 ’-GGTGCAC A AGG AG ATTGTG AC-3 ’ 5 ’-C ATGGG ACCATTTGATGCCGTT-3 ’

Tnf-a (m) 5 ’-TCCCCA A AGGG ATGAG AAGTT-3 ’ 5 ’-GTTTGCTACGACGTGGGCTAC-3 ’

Ccl5 (m) 5 ’-CTCACC ATATGGCTCGG ACA-3 ’ 5 ’-ACA AAC ACG ACTGCAAG ATTGG-3 ’

Ifn-p (m) 5 ’-ATGGTGGTCCGAGC AG AG AT-3 ’ 5 ’-CC ACCACTCATTCTG AGGCA-3 ’

Ifitl (m) 5 ’-GACTTAG AGGTGCTGC AC AG-3 ’ 5 ’-CTCGTTGTACTC ATG ACTGCTG-3 ’

IrfS (m) 5 ’-TGAGTTTGTG ACTCCAGGGG-3 ’ 5 ’-GTAGGTTTTCCTGGGAGTGAG-3 ’

/r/7(m) 5 ’-TTGG ATCTACTGTGGGCCC A-3 ’ 5 ’-CTTGCCAG A A ATG ATCCTGGG-3 ’

• genomic DNA {Sarm'' genotyping) (m)

wt E3-I4 5 ’-ACGCCTGGTTTCTTACTCTACG A-3 ’ 5’-GCTGGGGCCTCCTTACCTCTT-3’
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Neo 5 ’-C AGGTAGCCGGATC A AGCGTATGC- 
3’

5 ’-CCTGTCCGGTGCCCTGAATGA ACT- 
3’

• genomic DNA (sequencing the 927bp 5'-Ccl5 gene region) (m)

Ccl5-
927bp 5 ’-GGG A ATCAGG ATTACCTGGC-3 ’ 5 ’-GGC ACCAGTTC ACAATAAGG AG-3 ’

• genomic DNA (ChIP assay) (m)

Cc/J-prom. 5’-GCAGTTAGAGGCAGAGTCATAC-3’ 5’-CCAGGGTAGCAGAGGAAGTG-3’

P-actin-
prom. 5’-GGAGGGGAGAGGGGGTAAA-3’ 5 ’-CACTCG AGCCATAAAAGGC A AC-3 ’

• Cloning (m)

mSARM-
C-Flag

5’GACTAGTATGGTCCTGACGCTGCTCT 
TCTCCGCCTAC A A ACTGTG-3 ’

5 ’GCTCG AGTTACTTATCGTCGTCATCC 
TTGTA ATC AGGC AGACCC ATTGGCG-3 ’

Cc/5-luc.
(+190/-57)

5 ’GCTCGAGCAGTTAGAGGCAGAGTCA 
TAC-3’

5 ACC ATGGTACCCGCGGC AG AGGCT- 
3’

Cc/5-luc.
(+120/-57)

5’GCTCGAGTGACAGCAACAAGTGTTT
GGT-3’

5’-ACCATGGTACCCGCGGCAGAGGCT-
3’

Table 2.6: Primer pairs

The primer pairs were directed against human (h) or murine (m) gene sequences, and were 

purchased from Eurofms MWG Operon.

2.1.5 Method-specific materials

PCR (conventional) Company

Herculase II Fusion Enzyme with dNTPs Combo, #600677 Agilent Technologies

5x Green GoTaq Flexi Buffer, #M89l A Promega

GoTaq DNA Polymerase, #M830B Promega

Deoxynucleotide Mix [lOmM] Sigma-Aldrich

MgCb [25mM],#A351H Promega

2-Log DNA Ladder (O.l-lO.Okb), #N3200L NewEngland
BioLabs

Real-time PCR (quantitative) Company

RNeasy Mini Kit Qiagen

High Pure RNA Isolation Kit, #11828665001 Rocbe
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Random Hexamer Eurofms MWG
Operon

dATP, dTTP, dCTP, dGTP, each [lOOmM] NewEngland
BioLabs

M-MLV RT 5x Buffer Promega

M-MLV Reverse Transcriptase, #M1705 Promega

RNase Out Recombinant Ribonuclease Inhibitor Invitrogen

GoTaq® qPCR Master Mix, #A6001 Promega

ELISA Company

Murine TNF-a, #DY410E R&D systems

Murine CCL5/RANTES, #DY478 R&D systems

Human CCL5/RANTES, #DY278 R&D systems

• Murine IFN-(3 Coating Antibody, rat, #sc-57201
• Murine recombinant IFN-P
• Murine IFN-p Detection Antibody, rabbit, #32400-1
• anti-rabbit HRP

• Santa Cruz
• Alpha

Technologies
• PBL

InterferonSource
• Sigma-Aldrich

Murine M-CSF, #DY416 R&D systems

Murine GM-CSF,#DY415 R&D systems

TMB Substrate Reagent Set, #555214 BD Biosciences

Western Blotting Company

Protogel (30% Acrylamide : 0.8% Bis-acrylamide) Stock 37.5:1 Biosciences

NTetramethylethylenediamine (TEMED), #T7024 Sigma-Aldrich

Prestained Protein Marker, Broad Range, #7708 NewEngland
BioLabs

Immobilon PVDF Membranes, 0.2pm Fisher Scientific

Bovine Serum Albumin (BSA), #A8022 Fisher Scientific

Chip Company

Formaldehyde solution, 36.5-38%, #8775 Sigma-Aldrich

Salmon Sperm DNA Solution, [lOmg/ml], #15632-011 invitrogen

Proteinase K, #19131 Qiagen

Protein A-Sepharose 4B, #P9424 Sigma-Aldrich
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Chelex 100 Resin Bio-Rad

Cloning

NovaBlue Singles™ Competent Cells, #70181-3 Clontech

LB BROTH, LB AGAR (pronadisa) Chromatrin Ltd.

Novagen Clonables™ Ligation/Transformation Kit, #70526 Clontech

QuickLyse Miniprep Kit, #27406 Qiagen

EndoFree Plasmid Maxi Kit, #12362 Qiagen

Agarose GelExtract Mini Kit, #2300510 5 Prime

QIAquick PCR Purification Kit Qiagen

Restriction Enzymes and lOx NEB Buffers (1-4) New England
BioLabs

Table 2.7: Method-specific materials

2.1.6 Buffers

Buffer Composition

lOx PBS
1.45M NaCI 
39mM NaH2P04 

227mM Na2HP04

lOxTBS
250mM Tris 
1.37M NaCl 
27mM KCl

WB Lysis buffer

50mM Tris pH 7.4 
l50mM NaCl 
30mM NaF 
5rnM EDTA 
10% Glycerol (v/v)
40mM p-Glycerophosphate 
1% Triton XI00 
store at 4°C, add fresh:
0.1 mM PMSF
ImM Sodium Orthovanadate (Na3V04) 
5p.l/ml Aprotonin
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3x WB Sample buffer

• 187mM TrispH 6.8
• 30% Glycerol (v/v)
• 6% SDS (w/v)
• 0.3% Bromophenol Blue (w/v)

^ add fresh: 150mM DTT

lOx WB Running buffer
• 250mM Tris
• 1,9M Glycine
• 10% SDS (w/v)

lOx WB Transfer buffer
• 250itiM Tris
• 1,9M Glycine

lx WB Transfer buffer
• 10% lOx WB Transfer buffer (v/v)
• 20% Methanol (v/v)

-> store at 4°C

5x RT buffer

• 250 mM Tris-HCl (pH 8.3)
• 375mM KCl
• 15mM MgCl2

-> prepare RNase-free, autoclave, then add
• 50mM DTT (RNase-free) 

store aliquots at -20°C

Carbonate buffer
• lOmM NaHCOj
• 3.4mM Na2C03 

pH 9.4-9.6

Luciferase assay mix

• 20rnM Tricine
• 1.07mM (MgC03)4Mg(0H2)-5H20
• 2.67mM MgS04
• O.IM EDTA
• 33.3mM DTT
• 270mM coenzyme A
• 470mM Luciferin (Biosynth)
• 530mM ATP
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Chip Lysis buffer

• 50mM Tris-HCl (pH 7.5)
• 150mM NaCI
• 5mM EDTA
• 0.5% NP-40 (v/v)
• 1% Triton X-100 (v/v)

-> store at 4°C, add fresh:
• O.lmM PMSF
• ImM Sodium Orthovanadate (Na3V04)
• 5p.l/ml Aprotonin

Table 2.8: Buffers
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2.2 Methods

2.2.1 Cell handling

Cells were handled under aseptic conditions in a sterile laminar flow hood or a 

microbiological safety cabinet and all materials and reagents were sterile.

2.2.1.1 Resuscitation of frozen cell lines

The frozen cells in cryovials were taken from the liquid nitrogen storage and quickly 

thawed in a 37°C water bath until only small ice crystals remained. The cell suspension 

was transferred into a 50ml Falcon tube containing 10ml prewarmed medium 

supplemented with the appropriate constituents (complete medium, c.medium, see 2.1.1). 

Cells were centrifuged at 260g for 5min and cell pellet was resuspended in c.medium and 

transferred into a 75cm“ tlask. Cells were cultured in a humidified incubator at 37°C with 

5% CO2 until reaching 80% confluency and subcultured using the appropriate method. 

After two passages, cells were used for experiments.

2.2.1.2 Cell culture

Cells were cultured in a humidified incubator at 37°C with 5% CO2 in 75cm or 

I75cm^ flasks with l7-20ml or 25-30ml, respectively, of the appropriate c.medium (see 

2.1.1). Cells were subcultured every three to four days, when they reached around 80% 

confluency.

To subculture the adherent immortalised BMDMs (iBMDMs) and HEK293-TLR4 

cells, cells were directly scraped into the medium, transferred to a 50ml Falcon tube and 

centrifuged at I80g for 5min. After the supernatant was discarded, the cell pellet was 

resuspended in 10ml prewarmed c.medium (37°C) and 0.5-1 ml cell suspension was 

transferred to a new 75cm^ flask containing c.medium (l:l0-l:20 v/v). The adherent 

HEIC293TS, NIH3T3 and MEFs were split by trypsinisation. Medium was removed and the 

cell layer was washed with 10ml prewarmed lx PBS, that was subsequently discarded. 

Then 5ml prewarmed lx Trypsin solution in PBS was added to the cell layer and incubated 

for approximately 2min until cells detached. The reaction was terminated by adding 10ml 

prewarmed c.medium and cells were centrifuged and reseeded as described above. The 

generation and culture conditions of the primary cells are described in 2.2.4 for pBMDMs 

and pBMDCs and in 2.2.6 for PBMCs. The generation of iBMDMs is described in 2.2.5.

-67-



Chapter 2 - Materials & Methods

The excess of cells was used for experiments. Cells were counted using a 

hemocytometer under a light microscope. To exclude dead cells, the cell suspension was 

diluted 1:10 in Trypan Blue solution and 9pl were transferred to the hemocytometer. 

Depending on the experiment, cells were seeded at densities ranging from 1-5x10^ cells/ml 

in c.medium, except PBMCs, which were seeded at 1.5x10^ cells/ml. Cells were incubated 

over night and treated as required the next day.

96 well plates at 200pl/well (for ELISA)

24 well plates at 500pl/well (for quantitative real-time PCR, confocal) 

12 well plates at 1 ml/well (for quantitative real-time PCR of PBMCs) 

6 well plates at 2ml/well (for Western Blotting)

10cm dishes at lOml/dish (for Western Blotting)

15cm dishes at 30ml/dish (for ChIP)

All ligands for cell stimulation were diluted in serum-free medium (SFM) before 

adding to the cells. The infection with SeV was performed at a dilution of 1:200-1:1000, 

which was determined to potently induce IFN-P expression while not affecting cell 

viability. The cytoplasmic delivery of Poly(I:C) and dsTOmer was achieved using 

Lipofectamine 2000 transfection (see 2.2.2.3).

2.2.1.3 Freezing cells

A cell pellet was reconstituted in PCS containing 10% DMSO (v/v) to obtain a cell 

suspension of 1x10^ cells/ml. 1ml cell suspension was immediately transferred to a 

cryovial and placed in a freezing container Nalgene® “Mr. Frosty” and kept at -SO^C 

overnight before permanent storage in liquid nitrogen.

2.2.2 Cell transfection using Lipofectamine 2000

Cells were seeded the day before in the appropriate tissue culture plate. The protocol is 

given for each well of cells seeded in 500pl c.medium in 24 well plates, but was adjusted 

depending on the volume of the tissue culture dish. Two mixtures were prepared. Mix A 

contained the plasmid or oligonucleotide in 25pl SFM. Mix B was prepared in a separate 

tube and was composed of 0.6pl Lipofectamine diluted in 24.4pl SFM and incubated for
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5inin at RT. Both solutions were mixed, incubated for 20inin at RT and 50pl were added to 

each well of the 24 well plates.

2.2.2.1 Plasmid transfection

For confocal microscopy, NIH3T3 cells were seeded at IxlO^ cells/ml on coverslips in 

24 well plates. The next day, each well was transfected with 0.5pg plasmid DNA using 

0.8pl Lipofectamine according to the protocol described above (2.2.2). 50pl of total mix 

was added to the cell and cells were placed in the incubator for 48h before harvesting.

2.2.2.2 siRNA transfection

Cells were usually seeded at IxlO^ cells/ml in 24 well plates. On two consecutive days, 

cells of each well were transfected with l2.5-50pmol siRNA using 0.6pl Lipofectamine 

according to the protocol described above (2.2.2). 24h after the last transfection, cells were 

stimulated with the appropriate ligands depending on the experiment.

2.2.2.3 Oligonucleotide transfection

Cells were seeded at 3-5x10^ cells/ml in 24 well plates. The next day, the ligands 

Poly(l:C) and ds70mer were transfected for cytoplasmic delivery according to the protocol 

described above (2.2.2) and incubated for 6h before harvesting for quantitative real-time 

PCR analysis.

2.2.3 Generation of M-CSF- and GM-CSF-conditioned medium

2.2.3.1 M-CSF-conditioned medium

To generate macrophage colony-stimulating factor (M-CSF)-containing medium, L929 

cells were seeded in 175cm flasks at 2xl0 cells/40ml c.medium/flask and cultured for 7 

days without changing the medium. Then the supernatant was transferred to a 50ml Falcon 

tube, centrifuged at 260g for lOmin and filtered into a new Falcon tube using a 0.45pM 

filter. The L929 supernantant was stored at -80°C. The presence of M-CSF was analysed 

by ELISA (optional), although exact quantification was not required, as the activity was 

tested in BMDM cultures using various amounts of L929 supernatant (5, lO, 15, 20%). 

Medium supplemented with 10-20% L929 supernatant was found to be efficient for 

generating BMDMs.
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2.2.3.2 GM-CSF-conditioned medium

Granulocyte-macrophage colony-stimulating factor (GM-CSF)-containing medium was 

generated using J558 cells stably transfected with a GM-CSF expression vector. Cells were 

cultured for 2 passages in selection medium using 1 mg/ml G418 in c.medium and seeded 

at 1x10^ cells/ml. To generate the J558-conditioned supernatant, cells were washed twice 
in c.medium and cultured in c.medium without G418. First, cells were plated at 1x10^ 

cells/ml and grown until they reached 50% confluency, then cells were seeded at 0.25x10^ 

cells/ml for further passages (maximum 9 passages). Supernatants were harvested, 

centrifuged and stored at -20°C. The supernatants were not filtered as this would affect 

activity. GM-CSF concentration was quantified by ELISA and used at 20ng/ml in BMDC 

cultures.

2.2.4 Generation of pBMDMs and pBMDCs

Wt and Sarrn'' hind legs were obtained from our collaborator A. Ding (Weill Cornell 

Medical College, USA) and later also from K. Fitzgerald (University of Massachusetts 

Medical School, USA) shipped in c.medium in 50ml Falcon tubes on cold packs. At day 0, 

the femur and tibiae were cleaned from the surrounding muscles using a dissection kit, 

previously sterilised with 70% ethanol. The bones were separated and the ends were cut 

open with scissors. The bone marrow (BM) was flushed with c.medium without growth 

factors (see 2.1.1) into a sterile petri dish using a 20ml syringe with a 27G needle attached 

(BRAUN). Aggregates within the BM suspension were disintegrated by passing the cells 

through a 20ml syringe with a 19G needle attached. The cell suspension was then 

transferred into a 50ml Falcon tube and centrifuged at 260g for 5min. The pellet was 

resuspended in 5ml lx RBL buffer and incubated for 3-4min at RT to lyse the red blood 

cells. Then 15ml c.medium were added to stop the reaction and the cells were centrifuged. 

The pellet was resuspended in 10ml c.medium for counting.

2.2.4.1 Generation of pBMDMs

To generate primary BMDMs (pBMDMs), cells were seeded in 10cm dishes at a 
density of 5-7x10^ cells/ml in 10ml of c.medium supplemented with 15-20% L929 

supernatant (containing M-CSF, see 2.2.3.1). On day 3, 1ml prewarmed L929 supernatant 

was added per dish. On day 5, medium was replaced with fresh 10ml prewarmed c.medium
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containing 10-15% L929 supernatant. If cells were already 100% confluent on day 5, they 

were split in 15cm dishes by trypsinisation (described below). At day 7-9, the 

differentiated cells were harvested by trypsinisation and plated for experiments. First the 

medium was removed, the adherent cells were washed gently with 6ml prewarmed lx PBS 

and then incubated with 5ml prewarmed lx Trypsin solution in PBS for 3 minutes at 37°C. 

The cells were flushed in the Trypsin solution using a 5 or 10ml pipette and immediately 

transferred into a 50ml Falcon tube containing 10ml c.medium to stop the reaction. After 

centrifugation at 260g for 5min the cell pellet was resuspended in 10ml c.medium, cells 

were counted and seeded for the experiments at 4-5x10^ cells/ml in c.medium without 

growth factors.

2.2.4.2 Generation of pBMDCs

To generate primary BMDCs (pBMDCs), BM cells were seeded in 10cm dishes at 

4x10^ cells/ml in 10ml of c.medium containing 20ng/ml GM-CSF (J558 supernatant, see 

2.2.3.2). On day 3, 10ml prewarmed c.medium with 20ng/ml GM-CSF were added per 

dish. On day 6, 10ml medium were removed and replaced with fresh 10ml prewarmed 

c.medium with 20ng/ml GM-CSF. On day 8-10, the cells were harvested by resuspending 

the loosely-adherent pBMDCs in the medium that the cells were grown in. The cell 

suspension was transferred to a 50ml Falcon tube and centrifuged at 260g for 5min. Cell 

pellets were resuspended in 10ml c.medium, counted and seeded for experiments at a 

density of 5x10^ cells/ml in c.medium containing lOng/ml GM-CSF.

Another protocol used to generate pBMDCs was performed in 175cm flasks. Here, the 

cells were seeded at 4x10^ cells/ml (C57BL/6) in 30-38ml c.medium containing 20ng/ml 

GM-CSF. On day 3, 30ml of prewarmed c.medium with 20ng/ml GM-CSF were added per 

flask. On day 6, the loosely-adherent pBMDCs were separated from the granulocytes and 

macrophages. First, the supernatant containing the non-adherent granulocytes was gently 

removed by pipetting and discarded. Then 30ml prewarmed lx PBS were added to each 

flask and the loosely-adherent pBMDCs were resuspended by pipetting the PBS solution 

gently against the cells. The suspension was transferred in a 50ml Falcon tube containing 

10ml of c.medium. Then 30ml of prewarmed EDTA 0.02% solution was added to each 

flask and incubated at 37°C for lOmin. The cells were flushed in the solution and 

transferred into a 50ml Falcon tube containing 10ml of c.medium. Cells were centrifuged 

at 260g for 5min and resuspended in lOmI of c.medium for counting. The cells were 

seeded at 4x10^ cells/ml in 30-38ml c.medium with 20ng/ml GM-CSF in 175cm' flasks.
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On day 8, 30ml of prewarmed c.medium with 20ng/ml GM-CSF was added per flask. On 

day 10, the loosely-adherent cells were collected by resuspending them in the medium that 

the cells were grown in and transferred to a 50ml Falcon tube. After centrifugation and 

resuspension in 10ml of c.medium, the cells were counted and plated in 96 well plates at a 

density of 6.2x10^ cells/ml in c.medium containing lOng/ml GM-CSF.

2.2.5 Generation of iBMDMs

The immortalised BMDM cell lines (iBMDMs) were generated by K. Fitzgerald 

(University of Massachusetts Medical School, USA) using a J2 recombinant retrovirus 

carrying v-myc and v-raf/mil oncogenes (173, 228). Primary BM cells were cultured for 3- 

4 days in L929-conditioned medium (similar to the protocol described in 2.2.4.1). 

Subsequently the cells were infected with J2 recombinant retrovirus and cultured for 3-6 

months with reducing concentrations of L929-supematant until the immortalised BMDMs 

were growing without L929-conditioned medium. The maintenance of the iBMDM cell 

line is described in 2.2.1.2.

2.2.6 Isolation of human PBMCs

Human PBMCs were isolated from buffy coats of heparinised blood provided by the 

Irish blood transfusion service at St. James’s Hospital (Dublin). The buffy coat was diluted 

1:7 with lx PBS and 35ml were slowly layered over 15ml lymphoprep in a 50ml Falcon 

tube. The tubes were centrifuged at 350g for 30min at RT in a swing-out rotor with the 

break off. After centrifugation the PBMCs were collected from the lymphoprep/serum 

interface using a transfer pipette and transferred to a 50ml Falcon tube containing 15ml 

c.medium. The cells were centrifuged at 350g for 8min, washed again in c.medium, 

centrifuged and resupended in 8ml lx RBL solution and incubated for 8min at RT to lyse 

the red blood cells. After incubation the Falcon tube was filled up with c.medium, 

centrifuged and the cell pellet was resuspended in an appropriate volume of c.medium for 
counting. The PBMCs were plated at 1.5x10^ cells/ml for experiments.
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2.2.7 Murine tissue RNA and protein preparation

Mice were sacrificed by cervical dislocation and the organs were immediately 

removed, transferred into a zipper-top poly bag (Sigma) and snap-frozen in liquid nitrogen 

and stored at -80°C until processed for RNA and protein analysis.

2.2.7.1 Tissue RNA extraction

Tissue RNA extraction was performed using the RNeasy Mini Kit. Approximately 

42mg frozen tissue were transferred into a 7ml tube containing I ml ice-cold Qiagen RLT 

lysis buffer supplemented with 20pl 2M DTT (on ice). The tissue was disrupted and 

homogenised in the buffer at l5000-30000rpm using a rotor-stator homogeniser (Polytron 

PT1600E, Kinematica AG) and lysates were stored at -80°C until RNA isolation. The 

frozen lysates were thawed at 37°C in a water bath, centrifuged for 3min at I5700g and 

600pl lysate (corresponding to 25mg tissue) were transferred to a new eppendorf tube for 

processing, while the rest was stored at -80°C. The RNA was purified according to the 

manufacturer’s protocol. Briefly, 600pl of 70% ethanol were added to the lysate before it 

was applied to a column, where the total RNA bound to a membrane. After several 

washing steps the RNA was eluted in 40|,il RNase-free water.

2.2.7.2 Tissue protein extraction

For tissue protein analysis using Western Blotting, approximately 50mg frozen tissue 

was placed in a 7ml tube containing I ml of lx PBS (on ice). The tissue was disrupted at 

5000-l0000rpm using the rotor-stator homogeniser. The cell suspension was transferred 

into an eppendorf tube and centrifuged at 800g for 7min. The pellet was lysed in 200pl 3x 

WB Sample buffer, boiled for 8min at 99°C and stored at -20°C until analysed by Western 

Blotting.

2.2.8 Quantitative real-time PCR

2.2.8.1 RNA isoiation

To quantify target mRNA expression via real-time PCR analysis, RNA was first 

isolated from the cells using the High Pure RNA Isolation Kit. The medium was removed 

from the adherent cells that were usually grown in 24 well plates and 200pl of lysis buffer 

and lOOpl of lx PBS were added directly into the well. The plates were stored at -80°C
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until further processed for RNA isolation according to the manufacturer’s protocol. 

Briefly, the RNA was bound to the membrane, the genomic DNA was removed by on- 

column digestion using DNase and after several washes the RNA was eluted into an 

eppendorf tube with 50pl elution buffer and stored at -80°C until used for cDNA synthesis.

2.2.8.2 cDNA synthesis

Complementary DNA (cDNA) was synthesised from isolated RNA in a reaction 

catalysed by the enzyme reverse transcriptase (from M-MLV). A negative control sample 

was also prepared by replacing the reverse transcriptase with water to control for any 

remaining genomic DNA amplified in the real-time PCR reaction. The reactions were 

prepared on ice and also the RNA samples were kept on ice. 5pl RNA (approximately 0.5- 

Ipg RNA) were mixed with Spl cDNA reaction mix (Table 2.9) in tubes of 8-tube PCR 

strips, mixed and centrifuged at 240g for lOsec to remove air bubbles. The reaction was 

applied to a Thermo Hybaid PxE 0.2 thermal cycler using the thermal protocol described in 

Table 2.9. The cDNA was later diluted 1:2 by adding lOpl water and stored at -20°C until 

real-time PCR analysis.

cDNA reaction mix Volume [pi] Temperature ["Cj Time [min]

Random hexamer [Ipg/pl] 0.5 25 10

Home-made 5x RT buffer 2 42 50-60

dNTPs [2.5mM each] 2 95 3

RNase Out 0.25 4 hold

Reverse Transcriptase M-MLV 0.25

Table 2.9: cDNA synthesis protocol

2.2.8.3 Real-time PCR

Real-time PCR was performed using the GoTaq® qPCR Master Mix and the 7500 Fast 

Real-time PCR System (Applied Biosystems), which allowed detection and quantification 

of amplified DNA in “real time”. 9pl of real-time PCR reaction mix containing the specific 

primers of the target gene (Table 2.6) were added per well of a Thermo-Fast 96 well PCR 

plate and Ipl cDNA sample was added (or to reduce the pipetting error, 8pl of PCR 

reaction mix were added per well and 2pl diluted cDNA sample was added). In a separate 

well, each sample was also analysed for expression of the housekeeping gene P-actin. The
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plate was sealed with adhesive film (Thermo Scientific) and centrifuged 240g for lOsec to 

remove air bubbles. The plate was applied to the 7500 Fast Real-time PCR machine 

(Applied Biosystems) using the following PCR cycle conditions (Table 2.10).

Real-time PCR 
reaction mix Volume [^1| Temperature

[“Cl
Time
[sec]

Cycle
number

Forward primer [5pmol/pl] 0.5 95 120 1

Reverse primer [5pmol/pl] 0.5 95 3
40

GoTaq qPCR Master Mix 2.5 60 30

Mol.biol. water 5.5

ROX dye 1 ;200 of total mix

Table 2.10: Real-time PCR protocol

Relative quantification (RQ) was performed using the Applied Biosystems 7500 Fast 

System Software v. 1.3.1 and the comparative Ci method. Calculations are based on 

comparing the cycle numbers, where fluorescence crossed a certain threshold (Ct). Low Ct 

values represent a high expression of target niRNA. To eliminate variations in cDNA input 

sample concentration, each target sample was normalised to the reference gene f^-actin as 

an internal control using the following equation;

ACt = Cxtarget - C\Ji-actin

Next, the expression of the target gene was determined relative to the mean of the control 

sample (e.g. unstimulated cells);

ACtinean control = (ACtControll + ACtControl2 + ACtControB) /3 

AACt = ACi - ACtinean control

RQ = 2 ■AACt

The mean RQ values were calculated from three biological replicates and presented as fold 

induction relative to the control sample (set to 1). The standard deviation was displayed by 

the error bar and was calculated by the GraphPad Prism 5 software.
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2.2.9 Genomic DNA extraction

2x10^ cells were harvested in an eppendorf tube and centrifuged at 800g for 5min at 

4°C. The cell pellet was resuspended in lOOpl QuickExtract Solution (epicentre), vortexed 

for ISsec and incubated at 65°C for 6min. The sample was vortexed again and incubated at 

98°C for 2min. 2-4pl DNA solution were used in PCR reactions. DNA was stored at - 

20°C.

2.2.10 Genotyping of Sarm'' cells

Genomic DNA was isolated from cells using the protocol described in 2.2.9. The wild- 

type Sarm locus was analysed using a primer pair binding to Exon 3 and Intron 4 of the 

Sarm gene (wt E3-I4, Table 2.6), which were absent from the mutated Sarm locus (see 

Figure 2.1), generating an approximately 500bp PCR product. The mutated Sarm locus 

was identified with primers directed against the neomycin cassette (Neo, Table 2.6), 

amplifying an approximately 200bp DNA-fragment. The primer sequences were kindly 

provided by K. Fitzgerald. The PCR was performed according to the protocol described in 

Table2.l I.

MyD88-5 locus
sp- 11kb .sp

1 2 89

Figure 2.1: Schematic of the mutated Sarm locus in Sarm ' mice (by A. Ding)

The schematic shows the strategy for homologous recombination used by Kim et al. (A. Ding) to generate the 

S'arw-knockout mouse (220). The top schematic illustrates the 9 exons of the wild-type Sarm gene (termed 

MyD88-5 locus), while the bottom displays the mutated Sarm locus, where Exon 3-7 were replaced with a 

neomycin resistance gene in reverse orientation. The remaining gene parts are out of frame, precluding 

expression of a truncated SARM protein.
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PCR reaction mix [20pl] Volume Ipl] Temperature
[”C]

Time
[sec]

Cycle
number

mol. biol. H2O 10.1 95 120 1

5x Green GoTaq Buffer 4 95 20

MgCh [25mM] 2 62 20 35

dNTPs [lOmM] 0.4 72 30

Forward primer [5pM] 1.2 72 300 1

Reverse primer [5pM] 1.2 4 hold

GoTaq DNA Polymerase 0.1

DNA template

Table 2.11: PCR protocol for Sann

1

genotyping

2.2.11 PCR for sequencing the 5’-Cc/5 gene locus

Primers were designed (Table 2.6) to PCR amplify a 927bp DNA-fragment from 

genomic DNA isolated as described in 2.2.9. The PCR was performed as shown in Table 

2.12 using the Herculase 11 Fusion Enzyme PCR K.it. The PCR product was controlled by 

resolving lOpl on a 1% agarose gel together with a DNA ladder. The DNA was visualised 

by ethidium bromide staining and UV illumination. The remaining 40pl of PCR product 

were purified using the QIAquick PCR Purification Kit and sent for sequence analysis to 

Source BioScience.

PCR reaction mix [50pl] Volume [plj Temperature
rc]

Time
[sec]

Cycle
number

mol. biol. H2O 30 95 120 1

5x Reaction Buffer 10 95 20

dNTPs [25mM each] 0.5 55 20 35

Forward primer [5pM] 2.5 72 30

Reverse primer [5pM] 2.5 72 300 1

DNA Polymerase 0.5 4 hold

DNA template 4

Table 2.12: PCR protocol to amplify a 5'-Cci5 gene DNA-fragment for sequencing
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2.2.12 Enzyme-linked immunosorbent assay (ELISA)

Cells were stimulated in 96 well plates and cell-free supernatants were harvested by 

centrifuging the plate at 240g for 2min and transferring the supernatant into a new 96 well 

plate. The plate was stored at -20°C until cytokine analysis was performed using ELISA.

2.2.12.1 TNF-a and CCL5 ELISA

The antibodies were reconstituted according to the manufacturer’s protocol (R&D 

ELISA kits), but only half the amount of recommended antibody was used for each step of 

the protocol. High-binding 96 well plates (Greiner bio-one) were coated with 50pl capture 

antibody diluted in lx PBS and incubated at 4°C over night. Then the plates were washed 4 

times with lx PBS/0.05%Tween 20 and blocked for 2h at RT with 200pl 1% BSA in PBS. 

The blocking solution was removed and 1:2 serial dilutions of the respective standard in 

triplicates were applied starting at 4 or 8ng/ml using 40pl/well diluted in 1% BSA/PBS. 

Also 40pl sample supernatant diluted approximately 1:4 for TNF-a and 1:5-l :20 for CCL5 

were added to each well and incubated at 4°C over night. The following day the plates 

were washed 4 times in PBS/0.05%Tween 20 and incubated for 2h at RT with SOpl/well of 

detection antibody diluted in 1% BSA/PBS. After washing again 4 times, the plates were 

incubated for 30min with 50pl/well of Streptavidin-HRP diluted 1:200 in 1% BSA/PBS. 

The plates were washed again 4 times and incubated with SOpl/well of TMB Substrate 

(solution A mixed 1:2 with solution B). The reaction was stopped by adding 25pl IN 

H2SO4 to each well and the optical density (absorbance) was measured at 450nm (540nm 

subtracted) using the VersaMax ELISA microplate reader (Molecular Devices). The 

cytokine concentrations of the samples were interpolated from the standard curve using 

SoftMax Pro4.8 Software.

2.2.12.2 IFN-p ELISA

The high-binding 96 well plates were coated with SOpl capture antibody diluted 1:1000 

in Carbonate buffer and incubated at 4°C over night. The plates were washed as described 

above and blocked for 2h at 37°C with 200pl 10% FCS/PBS. The blocking solution was 

removed and 40pl of recombinant IFN-P standard in triplicates and 1:2 serial dilutions in 

10% FCS/PBS starting at 20U/ml was applied to the plate. 40pl sample supernatant 

(undiluted or diluted 1:2 with 10% FCS/PBS) were added to each well and incubated at 

4°C over night. The following day the plates were washed and incubated over night with 

SOpl/well of detection antibody diluted 1:2000 in 10% FCS/PBS. After washing, the plates
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were incubated for 2h with 50pl/well of anti-rabbit HRP diluted 1:2000 in 10% FCS/PBS. 

The plates were washed again and developed with TMB Substrate as described above.

2.2.13 Western Blotting

For protein analysis using Western Blotting, cells were mostly grown in 6 well plates. 

Adherent cells were harvested by removing the medium, washing the cell layer gently with 

lx ice-cold PBS and after the PBS was removed completely, the cells were freeze-thawed 

by incubating the plate for at least Ih at -80°C. After thawing, cells were scraped into 

80pl/well WB Lysis buffer, transferred to an eppendorf tube and incubated for 45min on 

ice with intermitting vortexing. Cell debris were removed by centrifugating for lOmin at 

15700g at 4°C. Lysates were transferred to a new eppendorf tube and mixed with the 

appropriate Sample buffer either for SDS- or Native-PAGE.

2.2.13.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

80|il lysates were mixed with 40pl 3x WB Sample buffer and boiled for lOmin at 99°C. 

WB samples were stored at -20°C until Western Blot analysis. Samples were reboiled 

before 15-20pl sample were applied to a 10% SDS polyacrylamide gel. During SDS-PAGE 

the proteins were separated according to their molecular weight using lOOV for 2-.3h, the 

Mini-Protean Tetra cell system (Bio-Rad) and lx Running buffer. In addition 7pl 

prestained protein marker were loaded to determine the molecular weight of the proteins of 

interest. The 10% SDS gels were made up one day before use and stored at 4°C in wet 

tissue. They consist of a stacking gel that was casted over a resolving gel (Table 2.13).

2x 10% SDS gels (1.5mm) 6ml Stacking gel [pi] 15ml Resolving gel [pi]

Protogel 1000 5000

Tris-HCl 750 (1M, pH 6.8) 3800(L5M,pH 8.8)

10% SDS 60 150

10% APS 60 150

Water 4100 5900

TEMED 6 6

Table 2.13: Composition of 10% SDS gels
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2.2.13.2 Native-PAGE

Native gels were used for the IRF3 dimerisation assay. Cell lysates were mixed gently 

with native 3x WB Sample buffer (without SDS and DTT) and the samples were not 

boiled. Samples were stored at -20°C. 8% native gels were prepared the day before use. 

They had a similar composition as the SDS gels, but without SDS (Table 2.14). The gel 

chamber was put on ice. 2 gels were pre-run for 30min in pre-cooled lx Native Running 

buffer (similar to lx Transfer buffer, but without methanol) at 40mA (25mA for one gel). 

Then l% deoxycholate (DOC) was added to the upper chamber (approximately I4ml of 

10% DOC) and pre-run for another 30min. 20pl sample were loaded and run for Ih at 

40mA. Transfer and immunoblotting for total IRF3 was performed as for SDS gels.

2x 8% native gels (1.5mm) 8ml Stacking gel |^l| ISml Resolving gel [nl]

Protogel 1300 4000

Tris-HCl 1000 (IM, pH 6.8) 3800(1.5M,pH 8.8)

10% APS 80 150

Water 5500 7000

TEMED 8 9

Table 2.14: Composition of 8% native gels

2.2.13.3 Transfer

The transfer of the separated proteins from the gel to a PVDF membrane was done by 

electroblotting using the Semi-Dry apparatus (Biometra). The membrane was first 

activated in methanol and then immersed in lx Transfer buffer. Three sheets of whatman 

paper soaked in lx Transfer buffer were placed on the semidry blotter and the membrane 

was placed on top. The gel was placed on top of the membrane and covered by 3 sheets of 

soaked whatman paper. Air bubbles were removed by rolling a 10ml pipette over the 

transfer sandwich. After blotting for 2h at 75mA/membrane, the membrane was washed in 

lxTBS/0.05%Tween.

2.2.13.4 Immunoblotting

The membrane was first incubated in 3% BSA in TBS/0.05%Tween for Ih at RT to 

block nonspecific binding sites. Then the membrane was incubated overnight at 4°C in a 

Falcon tube with the primary antibody diluted 1:1000 in 4.5ml 3% BSA in
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TBS/0.05%Tween. The next day, the membrane was washed 6 times for 5-lOmin in 

TBS/0.05%Tween before incubating for Ih with the fluorescent-labeled secondary 

antibody anti-rabbit 800CW (1:7000) or anti-mouse 680LT (1:10000) (Ll-COR) in 4.5ml 

3% BSA in TBS/0.05%Tween covered with tin foil. After 6 washes, the proteins were 

detected using the Odyssey Imaging system (LI-COR Biosciences).

2.2.14 Luciferase reporter gene assay

HEK293, HEK293-TLR4 and NIH3T3 cells were seeded at 1.5x10^, 2x10^ and 1x10^ 

cells/ml, respectively, in 96 well plates. The next day, plasmid DNA was transfected using 

GeneJuice Transfection Reagent. Each treatment was performed in triplicate (x3.5 wells). 

Per well, 60ng firefly luciferase reporter plasmid (pGL3-Cc/5 promoter luc.) and 20ng 

Renilla luciferase plasmid (pRL-TK., Promega) were added to a V-bottomed 96 well plate. 

A GeneJuice transfection mixture was prepared by mixing 0.8pl GeneJuice with 9.2pl 

SFM per well. The mixture was vortexed and incubated for 5min at RT before adding to 

the DNA. The GeneJuice/DNA mixture was incubated for 15min at RT and lOpl/well were 

added to tbe cells. Approximately 19h after transfection, cells were stimulated and then 

harvested 12h later.

The supernatant was completely removed by pipetting and 50pl lx Passive Lysis 

Buffer (made up in H2O from 5x, Promega) were added per well and the plate was 

incubated for 20min at RT with vigorous shaking. 20pl of the lysates were transferred into 

two different white 96 well plates. The plates were analysed for either firefly or Renilla 

luciferase activity by adding 40pl Luciferase assay mix or 40pl coelenterazine (2pg/ml in 

lx PBS) as a substrate, respectively. The samples were analysed spectrophotometrically 

using a microplate luminometer (Luminoskan, Thermo Scientific) and Ascent Software 

v2.6. Firefly luciferase activities were normalised to Renilla activities to account for 

differences in transfection efficiency and data were presented as fold induction compared 

to an untreated control.
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2.2.15 Chromatin immunoprecipitation (ChIP) assay

2.2.15.1 Cell preparation -ChIP

1.5-2 xlO^ cells (BMDMs) were seeded in 30ml c.medium in 15cm dishes. The next 

day, cells were stimulated (e.g. 30min-3h LPS) and harvested. Cross-linking was 

performed by adding 27pl 37% formaldehyde per I ml of medium (8l0pl/30ml) directly to 

the medium of the dish (final cone. l% formaldehyde), while the dish was slowly shaking 

for lOmin at RT under the fume hood. Formaldehyde was quenched by adding I4lpl IM 

glycine per I ml of medium (4.2ml/30mls) incubated for 5min at RT. The dish was placed 

on ice and in the case of adherent cells the supernatant was removed and discarded. 

Adherent cells were washed twice gently with 10ml ice-cold lx PBS, then cells were 

scraped into 5ml PBS and transferred into a I5ml conical tube. The remaining cells were 

transferred with another 5ml PBS. The pooled cell suspension was centrifuged at I500g for 

5min at 4°C. The cell pellet was resuspended in I ml ice-cold PBS, transferred to an 

eppendorf tube and centrifuged. Cell pellets were stored at -80°C, if required. Cells were 
lysed in l-l.5ml ChIP Lysis buffer (ChlP-b.) (optimal IxlO^cells/lml Lysis buffer) by 

resuspending the pellet and pipetting up and down several times. Lysates were centrifuged 

at I2000g for I min at 4°C and supernatants were discarded. The nuclear pellets were 

resuspended and washed with I ml ChlP-b./+inhibitors, followed by centrifugation. For 

sonication, the pellets were resuspended in approximately I ml ChlP-b./+inh. per IxlO^ 

cells. For optimal sonication efficiency the volume per eppendorf tube did not exceed I ml. 

Sonication conditions were determined empirically using the Branson Sonifier 250 with a 

microtip. For BMDMs, lO cycles of I5x I sec pulses with I min rest on ice between each 

cycle was found to generate optimal DNA fragment sizes ranging from 200-l000bp. The 

power output was 3 and 90% duty cycle. During the sonication, the microtip was kept only 

a few millimeters from the bottom of the tube to avoid foaming of the sample. The sheared 

chromatin lysates were cleared by centrifugation at I2000g for lOmin at 4°C and the 

supernatant (sheared chromatin) was transferred to a new eppendorf tube. The sample was 

centrifuged once more and sheared chromatin was transferred to a new tube and stored at - 

80°C or directly applied to immunoprecipitation. A 50pl aliquot was transferred to an extra 

tube and stored at -80°C. This aliquot was used to analyse chromatin shearing efficiency 

on an agarose gel and also served as “Input DNA” control sample in the PCR analysis, 

after cross-links were reversed and DNA purified (described below).
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2.2.15.2 Immunoprecipitation (IP) -ChlP

The following steps were performed on ice. Aliquots of 200)al sheared chromatin were 

used per IP (equivalent of approximately 2x10^ cells/IP) and diluted by adding 100-200)j1 

ChlP-b./+inh.. The relevant antibody was added to the lysate (2pg of Pol II, IRFI or IgG 

and Ipg of IRF3) and the sample was incubated overnight at 4°C while rotating. As mock 

IP served nonimmune IgG from the same species in which the specific antibodies were 

produced (here rabbit). The following day, Protein A-Sepharose beads were prepared by 

washing the beads 3 times with 1ml ChIP-b. with centrifugation at ISOOg for 2min at 4°C. 

Then according to the volume of the 100% bead pellet the same volume of ChIP-b/+inh. 

was added to make a 50% bead slurry. To block nonspecific binding sites, beads were 

incubated with Ipg BSA (from 20mg/ml Stock solution) and 200ng salmon sperm DNA 

(lOmg/ml Stock) per Ipl of 100% bead pellet for 30-40min at RT while rotating. After 

incubation, beads were washed once with ChlP-b. and a 50% bead slurry was aliquoted 

into eppendorf tubes as 40|al bead slurry/ IP. The overnight-incubated chromatin/antibody 

sample was centrifuged at 12000g for lOmin at 4°C and the top 90% of cleared chromatin 

were transferred to the beads and rotated for Ih at 4°C. Beads were washed 5 times with 

1ml ChIP-b. (without inh.) and centrifuged at 1500g for 2min at 4°C.

2.2.15.3 DNA Isolation and PCR -ChlP

lOOpl 10% Chelex slurry (w/v in mol. biol. H2O) were added to the washed bead pellet 

with the tip cut off. Sample was vortexed for lOsec and incubated at 99°C for lOmin, while 

shaking. The sheared chromatin aliquot taken previously as “DNA Input” sample was 

precipitated using 3 volumes of 100% ethanol, centrifuged at 15700g for lOmin at 4°C and 

washed with 70% ethanol. The dried pellet was dissolved in lOOpl 10% Chelex slurry, 

vortexed and boiled similar to the beads. Once the “Input” and IP samples had cooled after 

boiling, Ipl Proteinase K (Stock 20pg/pl) was added, vortexed and incubated at 55°C for 

30-40min, while shaking. Samples were boiled again for lOmin to inactivate Proteinase K 

and centrifuged at 12000g for Imin at 4°C. 70pl supernatant were transferred to a fresh 

eppendorf tube, while avoiding taking any Chelex resin. Then, 70pl mol. biol. H2O were 

added to the beads, vortexed lOsec and centrifuged. The 70pl supernatant was pooled with 

the previous 70pl. The DNA samples were centrifuged for 2min at 15700g at 4°C and 90% 

DNA solution was transferred to a fresh eppendorf tube to clear the sample from any resin
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contamination. DNA was stored at -20°C until PCR analysis. “Input” DNA sample was 

dilute 1:10 or 1 ;20 before use.

Semi-quantitative PCR was performed according to the protocol depicted in Table 2.15 

using primer pairs directed against the Ccl5 promoter and (i-actin promoter (see Table 2.6). 

The PCR products were resolved on a 1.2% agarose gel together with a DNA ladder. The 

DNA was visualised by ethidium bromide staining and UV illumination. The ChIP 

protocol is currently optimised for quantitative real-time PCR detection, which might 

require better DNA quality achieved by using a DNA isolation kit (Wizard® SV Gel and 

PCR Clean-up system, #A9282) instead of the Chelex DNA extraction.

PCR reaction mix I20pl] Volume 1^1] Temperature
["C]

Time
[sec]

Cycle
number

5x Green GoTaq Buffer 4 95 120 1

MgCl2 [25mM] 2 95 30

dNTPs [lOmM] 0.4 59 30 35

Forward primer [5pM] 1.2 72 30

Reverse primer [5pM] 1.2 72 300 1

GoTaq DNA Polymerase 0.1 4 hold

mol. biol. H2O 9.9

DNA template 1.2

Table 2.15: PCR protocol for semi-quantitative ChIP analysis

2.2.16 Fluorescence activated cell sorting (FACS) staining 

2.2.16.1 Intracellular staining

IxlO^ PBMCs were collected in FACS tubes and the cell pellet was resuspended in 

lOOpl lx PBS/5%FCS. Cells were fixed and permeabilised using the IntraStain Kit (Dako). 

First, cells were fixed by diluting the cell suspension l:2 with Reagent A and incubating 

for I5min at RT. After a wash in lx PBS/5%FCS and centrifugation at 260g for 5min, the 

cells were incubated for 7min at 4°C with permeabilising Reagent B diluted 1:2 in lx 

PBS/5%FCS. As a blocking reagent goat serum was used at 1:100 dilution. 16pg/ml 

primary anti-SARM antibody (rabbit) or an isotype control (rabbit IgG) was added and
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incubated for 20iTiin at 4°C. After two washing steps, the sample was incubated for 20iTiin 

with lOpg/ml secondary anti-rabbit 488 antibody. The cells were washed twice and 

resuspended in 500pl lx PBS/3%FCS for analysis on a CyAn flow cytometer (Dako).

2.2.16.2 Cell surface staining

Approximately 0.2x10^cells were resuspended in lOOpl FACS buffer (lx PBS/2%FCS 

with 0.15pM sodium azide) and incubated with 1:200 diluted Fc blocking reagent (purified 

rat anti-mouse CD16/CD32) for lOmin at 4°C. Then 20pl of the fluorescent-labeled 

antibody dilution was added and incubated for 30min at 4°C (Table 2.16). Cells were 

washed twice with FACS buffer, resuspended in 250pl FACS buffer and applied to a CyAn 

flow cytometer (Dako). The analysis was performed using the FlowJo software (TreeStar).

Surface protein Fluorescent label Concentration [mg/ml] Dilution

CD80 FITC 0.5 1:200

CD40 FITC 0.5 1:200

CD86 PE 0.2 1:500

I-A/I-E(MHC11) PE 0.2 1:660

CDllc APC 0.2 1:660

Table 2.16: Fluorescent-labeled antibodies used in DC maturation assay (FACS)

2.2.17 Confocal microscopy

Glass coverslips were immersed in 70% ethanol, air-dried and placed into the wells of a 

24 well plate. NIH3T3 cells and BMDMs were seeded on glass coverslips at IxlO^ or 

3xl0^ cells/ml and treated the next day as required. For harvesting, the plate was placed on 

ice, medium was removed, adherent cells were gently washed with 500pl ice-cold lx PBS 

and fixed in 200pl 4% paraformaldehyde (v/v in PBS) for I2min at RT. After 3 washes 

with PBS, the cells were permeabilised in 0.5% Triton X-lOO in PBS for I5min. 

Coverslips were incubated with 400pl 5% BSA in PBS/0.05%Tween for Ih to block 

nonspecific binding sites. Then cells were stained with primary antibody diluted in I80pl 

blocking solution/coverslip in a humid chamber in 24 well plates overnight at 4°C (Table 

2.17). After 3 washes with ice-cold PBS, coverslips were incubated with 180pl diluted 

seeondary antibody for 3h at RT in a humid chamber in 24 well plates covered with tin
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foil. Coverslips were washed 3 times in PBS and each coverslip was mounted with 3pl 

Mowiol 4-88 (Calbiochem) containing Ipg/ml DAPI. After 30min, the edges of the 

coverslips were sealed using nail polish and dried at least for Ih before images were 

obtained with an Olympus FVIOOO scanning confocal microscope.

Primary antibody Dilution Secondary antibody Dilution

p65 (mouse) 1:200 Anti-mouse Alexa 647 1:500

IRF3 (rabbit) 1:200 Anti-rabbit Alexa 488 1:500

FLAG (mouse) 1:300 Anti-mouse Alexa 647 1:500

Table 2.17: Antibody concentrations used in confocal microscopy

2.2.18 Amplification and purification of plasmid DNA

2.2.18.1 Transformation

NovaBlue Singles"^ Competent Cells E. coli were thawed on ice, mixed gently and 

lOpl were transferred into a new eppendorf tube. Up to SOOng plasmid DNA 

(approximately I pi) was added directly to the cells, mixed and incubated for 5min on ice. 

Tubes were placed for 40sec at 42"C and incubated on ice for another 2mins. 80pl SOC 

medium was added, mixed and the cell suspension was added on LB agar plates containing 

the selective antibiotic, here lOOpg/ml ampicillin. The suspension was streaked over the 

agar plate using a yellow tip and plates were incubated overnight upside down at 37°C in a 

bacterial incubator. The next day, a single bacterial colony was picked to inoculate LB 

medium for Miniprep or Maxiprep purification. The agar plates were stored at 4“C.

2.2.18.2 Miniprep

A single bacterial colony was picked from the agar plate using a yellow tip and 

inoculated with 3-5ml LB medium containing lOOpg/ml ampicillin in a 20ml tube. Bacteria 

were grown at 37°C with vigorous shaking in a bacterial shaker overnight (9-16h). The 

next day, 2ml bacterial culture were centrifuged at SOOOg for 5min and plasmid DNA was 

isolated using the QuickLyse Miniprep Kit according to the manufacturer’s instructions. 

Plasmid DNA was eluted in 50pl Buffer QLE and used for further restriction enzyme 

digestions and sequence analysis and stored at -20°C.
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2.2.18.3 Maxi prep

As a starter culture, a single bacterial colony was inoculated with 3ml LB medium 

containing lOOpg/ml ampicillin in a 20ml tube and incubated for 8h at 37°C with vigorous 

shaking in a bacterial shaker. I ml starter culture was then transferred into an Erlenmeyer 

flask containing 100ml LB medium with lOOpg/ml ampicillin and incubated overnight in 

the bacterial shaker. The next day, the bacterial suspension was transferred into 50ml 

Falcon tubes and centrifuged at 2500g for I5min at 4°C. Plasmid DNA was isolated using 

the EndoFree Plasmid Maxi Kit according to the manufacturer’s protocol. The plasmid 

DNA pellet was redissolved in 500pl TE buffer and DNA concentration was determined 

spectophotometrically at 260nm using the NanoDrop (Thermo Scientific). Plasmid DNA 

was used for cell transfections and cloning and stored at 4°C and -20°C.

2.2.19 Cloning of mSARM-C-Flag into pLV-CMV

The pGWl-CMV vector encoding the 724aa isoform of murine SARM was a gift from Yi-Ping 

Hsueh (Taiwan) (119). The pLV-CMV-GFP was a gift from S. Keating (TCD, Dublin) originally 

obtained from P. Moynagh (Maynooth). Murine SARM was subcloned into pLV-CMV lentiviral 
vector using the restrictrion enzymes Spel and A7iol, as depicted in the vecor map (

Figure 2.2).

To subclone murine SARM into pLV-CMV 

vector, primers were designed with Spe\ and 

Xho\ restriction enzyme sites that hound to the 

5’- and 3’-end of the Sarm gene, respectively 

(see Table 2.6). The reverse primer (3’-end) 

additionally contained a Flag sequence (5’-3’: 

GAT TAG AAG GAT GAG GAG GAT AAG) 

before the stop codon to create the G-terminal 

Flag-tag (DYKDDDDK). The new mSARM-G- 

Flag insert was generated using the Herculase II 

Fusion Enzyme PGR Kit according to the 

following protocol (Table 2.18):

Figure 2.2: pLV-CMV-GFP vector map
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PCR reaction mix [50pl] Volume
m

mol. biol. H2O (to final vol.) X

5x Reaction Buffer 10

dNTPs [25mM each] 0.5

pGWl DNA template 
(50ng) X

Forward primer [5pM] 2.5

Reverse primer [5pM] 2.5

DNA Polymerase 1

Temperature
[“Cl

Time
[sec]

Cycle
number

95 120 1

95 20

3569 20

72 80

72 300 1

4 hold

Table 2.18: PCR protocol to generate the mSARM-C-Flag insert

The expected size of the PCR product was 2213bp, which was controlled by resolving 

lOpl on a 1% agarose gel together with a DNA ladder (Figure 2.3). The DNA was 

visualised by ethidium bromide staining and UV illumination.

[bp]

3000 
2000

Figure 2.3: PCR product mSARM-C-Flag insert

The remaining 40pl PCR product were purified using the QlAquick PCR Purification 

Kit according to the manufacturer’s instructions. The purified PCR product and 1 pg target 

pLV-CMV expression vector were digested in separate tubes overnight at 37°C in the 

bacterial incubator using Spe\ and Xho\ restriction enzymes (Table 2.19).

PCR product digestion mix Volume [pi]

40

Plasmid digestion mix Volume ]pl]

DNA; mSARM-C-Flag
mol. biol. H2O 
(to final 20pl) X

DNA: pLV-CMV(lpg) X

Spel 0.5 Spe\ 0.5

Xho\ 0.5 Xhol 0.5

I0xNEBuffer4 4.5 lOx NEBuffer4 2

lOOx BSA 0.45 lOOxBSA 0.2

Table 2.19: Digestion protocols of mSARM-C-Flag insert and pLV-CMV plasmid
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Digested DNA products were gel purified from a 1% agarose gel using the Agarose 

GelExtract Mini Kit. The digested mSARM-C-Flag insert and pLV-CMV vector were 

ligated using the Clonables^'^ Ligation/Transformation Kit (see Table 2.20). The ligation 

mix was incubated for 15min at 16°C in a PCR machine.

Ligation reaction mix Volume [fill

2x Ligation mix 2.5

Digested vector 0.5

Digested insert 1.5

Table 2.20: Ligation reaction mix

The ligated plasmid (Ipl) was transformed into competent bacteria (lOpl) as described 

in 2.2.18.1. The next day, 9 single colonies were picked and individual bacterial cultures 

were inoculated for miniprep plasmid isolation according to the protocol 2.2.18.2. Then, 

24pl of eluted plasmid were digested with Spe\ and Xho\ similar to the protocol given in 

Table 2.19 and clones were analysed on a 1% agarose gel and compared to an undigested 

control (Ctrl.) (Figure 2.4). Some of the plasmids that contained an insert of expected size 

were sent for sequencing (here clone 1 and 3). The expected mSARM-C-Flag sequence 

was encoded in clone 3, which was used in subsequent experiments. Maxiprep was 

performed to generate a highly pure plasmid preparation for cell transfections (2.2.18.3). 

The protein expression of mSARM-C-Flag was confirmed by analysing lysates of cells 

transfected with either pLV-mSARM-C-Flag or pLV-empty vector control using Western 

Blotting and anti-Flag antibody.

Ctri. 12 34567 89

10000

Figure 2.4: Screening of minipreps for pLV-mSARM-C-Flag following Spe\IXIw\-A\gi%X
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2.2.20 Cloning of murine Cc/5 promoter constructs into pGL3

The pGL3-Control Vector was purchased from Promega (Figure 2.5). It contained the 

SV40 promoter upstream of the firefly luciferase gene. Xho\ and Nco\ restriction enzymes 

were used to clone two different lengths of the murine Ccl5 promoter that also contained 

the 5’UTR (+1/+57) into the pGL3-luciferase vector, replacing the SV40 promoter. The 

longer -190/+57 construct contained the ISRE and NF-kB elements, while the shorter - 

120/+57 construct lacked the ISRE. Forward and reverse primer pairs were designed 

containing ATiol and Nco\ restriction enzyme recognition sites, respectively (see Table 2.6). 

The Ccl5 promoter constructs were PCR amplified from a 927bp-DNA fragment generated 

earlier from wt and Sarnf'' pBMDMs, as described in 2.2.11. Thus, three PCR reactions 

were performed for each construct using either the wt or Sarm'' 927bp-DNA fragment as a 

template and a no-template control, where the DNA template was replaced by water. The 

PCR reagents used were from the Herculase II Fusion Enzyme PCR Kit (Table 2.21).

5
11
15
21
28
32
36

Figure 2.5: pGL3-luciferase vector map

PCR reaction mix |50pl] Volume [pi] Temperature
[”C]

Time
[sec]

Cycle
number

mol. biol. H2O 32 95 120 1

5x Reaction Buffer 10 95 20

dNTPs [25mM each] 0.5 63 20 35

Forward primer [5pM] 2.5 72 30

Reverse primer [5pM] 2.5 72 300 1
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DNA Polymerase 0.5 4 hold

DNA: 927bp-DNA fragment 2

Table 2.21: PCR protocol to generate the Cc/5 promoter constructs

The expected sizes of the -190/+57 and -120/+57 PCR products including the 

restriction sites were 258bp and 189bp, respectively, which was controlled by resolving 

lOpl on a 1% agarose gel together with a DNA ladder (Figure 2.6).

(-190/457) (-120/+57)
wt NTC wt S-' NTC

Figure 2.6: PCR products Ccl5 promoter constructs

The remaining 40pl PCR products were purified using the QIAquick PCR Purification 

Kit according to the manufacturer’s protocol. The purified PCR products and Ipg target 

pGL3-luciferase vector were digested with Xho\ and Nco\ in separate tubes overnight at 

3TC in the bacterial incubator, similar to the protocol given in Table 2.19. Digested DNA 

products were gel purified from a 1% agarose gel using the Agarose GelExtract Mini Kit. 

The digested Ccl5 promoter inserts and pGL3 vector were ligated as described above using 

the Clonables''^ Ligation/Transformation Kit according to Table 2.20. Similar to 2.2.19, 

after bacterial transformation and culture, several minipreps were screened for inserts and 

positive clones were sent for sequeneing. Plasmids that contained the correct sequence of 

the wt and Sarrrf'' Ccl5 promoter fragment were amplified using maxiprep and 

subsequently used for luciferase reporter gene assays (2.2.14).

2.2.21 Statistical analysis

The graphs were generated following data transfer into GraphPad Prism v.5.02 

software. Statistical analysis was performed using the two-tailed unpaired student t test.
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3 SARM expression in human and murine cells and 

implications for immune responses

3.1 Introduction

Shortly after the engagement of a TLR with its specific microbial ligand, the receptor 

selectively recruits TIR domain-containing adaptor proteins to mediate downstream 

signalling. The specific signalling cascade depends on the TIR adaptor used and finally 

leads to selective or combinatorial transcription factor activation, including NF-kB, AP-l 

and IRF3. They in turn induce the gene expression of inflammatory cytokines, chemokines 

and type I interferons (IFNs) to initiate the appropriate immune response. The four TIR 

adaptor proteins MyD88, MAL, TRIF and TRAM are well known for their essential 

positive function in different TLR signalling pathways, shown extensively in 

overexpression and knockout mouse studies. However, the immunological function of the 

fifth, most evolutionarily conserved TIR adaptor SARM is not fully understood. 

Differences from the other family members emerged in overexpression studies, where 

SARM failed to activate transcription factor NF-kB- or IRF3-dependent reporter 

constructs, usually selectively driven by the other TIR adaptors (43). Instead a study by 

Carty et al. from my laboratory demonstrated that human SARM had a negative regulatory 

role in TRlF-dependent TLR signalling (44). Human SARM was shown to directly interact 

with TRIF and inhibit TLR3- and TLR4-mediated gene induction, when overexpressed. 

Likewise knockdown of endogenous SARM using siRNA enhanced LPS-induced TNF-a 

production in human PBMCs. Also an increase in SARM protein was observed almost 

immediately after LPS stimulation, most likely due to stabilisation of the protein by its N- 

terminus. However, studies of SARM knockout mice have recently questioned the 

immunological function of SARM in murine immune cells. Analysing SARM-knockout 

bone marrow-derived macrophages (BMDMs), Kim et al. observed normal cytokine (TNF- 

a) and chemokine (MCP-l) responses to a range of TLR agonists, including the TLR3 and 

TLR4 ligands Poly(I:C) and LPS, respectively (220). They demonstrated that among 

human and mouse immune cells, myeloid cells barely expressed SARM, while it was 

detectable in lymphocytes. However, the highest expression of SARM was found in 

neurons of the brain, where it associated with mitochondria, microtubules and JNK3 and 

mediated stress-induced neuronal cell death following deprivation of oxygen and glucose.

93



Chapter 3 - SARM expression and implications for immune responses

Nevertheless, given the immunological function of SARM in lower organisms such as C. 

elegans (as described in 1.4) and its high degree of conservation among species throughout 

evolution, additional functions for murine SARM in immunity are likely to emerge. The 

hypothesis of an immunological role of SARM in the brain was recently addressed by 

Szretter et al. in a study where they infected SARM knockout mice with neurotrophic 

WNV (221). Mice lacking SARM showed enhanced mortality upon infection. 

Surprisingly, the pathogenic phenotype was mainly restricted to the brainstem, where 

SARM-deficient mice displayed a reduced TNF-a level, decreased microglia activation 

and increased neuronal cell death accompanied by higher viral replication. This 

observation indicated a positive regulatory function of SARM in the immune response in 

mammals, which might have been conserved throughout evolution. However the 

mechanism was not further elucidated in this study. So far, the reported differences 

between the function of SARM in human PBMCs compared to the murine brain may be 

explained by a cell type- and/or species-specific function. But differences also emerged 

regarding the tissue expression profile of human and mouse SARM. An early study 

demonstrated a liver- and kidney-restricted expression of SARM in human tissue, while 

the murine studies revealed a more brain-restricted expression profile (202, 220, 221). 

However Szretter et al. also detected a weak expression of murine SARM in the liver but 

not in tbe kidney. Interestingly, tbe latter study also indicated a weak expression in 

BMDMs. In light of these human-mouse functional discrepancies and the questioned 

SARM expression in myeloid cells, it was reasonable for the first part of the project to 

characterise SARM in human and murine immune cells and murine tissues in more detail. 

Besides evaluating its expression, 1 also gained insights into the subcellular localisation of 

SARM. Furthermore, I investigated a possible modulation of SARM expression by TLR 

stimulation, as this would emphasise its role in immune responses. Then, to follow up on 

the study by Carty et al. and to further investigate the negative role of SARM, I examined 

cytokine responses in human cells after siRNA-mediated reduction of SARM.
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3.2 Results

3.2.1 SARM expression and its downregulation following immune 

stimulation

Conflicting functional data regarding SARM emerged from human and murine studies. 

The TRIF-inhibitory function of SARM was observed in human HEK293 cells and 

PBMCs, including a TLR4-mediated upregulation of SARM protein (44). However a more 

recent study questioned the SARM expression in myeloid cells and the use of the 

commercially available SARM antibody (220). Hence, I sought to investigate SARM 

expression in PBMCs in more detail. Therefore PBMCs were isolated from buffy coats 

using Ficoll density centrifugation and the whole population was stained for intracellular 

SARM protein. SARM was detected using the commercially available antibody raised 

against human SARM (from ProSci), followed by Alexa 488-conjugated secondary 

antibody and analysis by flow cytometry. The dot blot revealed three subpopulations due to 

the different sideward scatter (SSC) representing the granularity/complexity of a cell and 

the strength of autottuorescence detected in the Alexa 488 channel (Figure 3.1 a, top panel). 

In an independent experiment 1 identified the subpopulations of the scatter using cell type- 

specific surface markers (data not shown). The population with the low SSC and the 

absence of autotluorescence represented B and T lymphocytes, while monocytes shifted to 

the right due to their autofluorescence. These cell types are known as the main constituents 

of PBMCs. The third population with a high and elongated SSC represented granulocytes, 

which can appear in the PBMC preparation as contaminants. Analysing SARM 

fluorescence compared to the control, I observed a shift of the whole PBMC population 

(98%), displayed in the histogram (Figure 3.1a, lower panel). The shift was similar in all 

three subpopulations (Figure 3.1a, top panel), indicating equal expression of SARM 

protein in lymphocytes, monocytes and granulocytes. To prove the specificity of the 

SARM antibody and to confirm SARM protein expression in human PBMCs, immunoblot 

analysis was performed. Lysates of PBMCs were resolved on a 10% SDS-Polyacrylamide 

gel followed by Western Blotting using the same SARM antibody. The blot was also 

probed for P-actin as a loading control. To control for antibody specificity, PBMCs treated 

with two different SARM-specific siRNA oligonucleotides, hSl and hS2, to knockdown 

endogenous SARM protein were included in the analysis, as well as a nontargeting control 

siRNA. The immunoblot revealed only one band of the expected molecular weight of 75-
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79kD, which was reduced by the SARM-specific siRNA in a dose-dependent manner, but 

not by control siRNA (Figure 3.1b), confirming the specific detection of SARM in 

PBMCs. Two main isoforms of human SARM have been described, a 690aa and a 724aa 

form with expected molecular weight of 75 and 79kD, respectively. I suspect that the band 

detected in PBMCs represents the 690aa SARM, as it ran at a similar height as 

overexpressed 690aa SARM in HEK293 cells (data not shown).

Previous studies in our laboratory showed that LPS treatment of human PBMCs enhanced 

SARM protein level almost immediately (44). To further elucidate the TLR4-mediated 

regulation of SARM, 1 analysed the effect ofTLR stimulation on 5/i/?MmRNA. Therefore 

human PBMCs were isolated and stimulated with LPS and CL075 for 4 and 24h. The 

TLR7 agonist CL075 was included in the analysis as a control, given that it activated a 

TRIF-independent, MyD88-dependent TLR signalling pathway. Quantitative real-time 

PCR analysis was performed in order to assess 5'.T7?MmRNA expression. The mRNA was 

normalised to the housekeeping gene fi-actin and the results of four donors are presented in 

percentage relative to each untreated control. In contrast to the known stabilising effect of 

LPS on SARM protein, the mRNA expression was significantly reduced following 

stimulation with both TLR ligands (Figure 3.1c). The reduction of SARM mRNA was 

already apparent 4h after TLR stimulation and decreased further at 24h. Surprisingly, 

TLR7 signalling was particularly potent in downregulating SARM mRNA, reflected in a 

85% reduction 24h after CL075 treatment. 24h LPS also reduced the expression by

64%. The opposite TLR-mediated effect on SARM message compared to protein indicated 

a complex regulatory mechanism of SARM expression. Altogether it suggested a role for 

SARM in TLR-dependent responses and that its function might be regulated by its 
expression level.

Nevertheless, the study by Kim et al. using S’ar/w-knockout mice has questioned the 

TLR-related function of SARM, as BMDMs showed normal cytokine and chemokine 

expression in response to a range of TLRs, including TLR4 and TLR7 (220). Also they 

demonstrated that myeloid immune cells expressed low level of SARM compared to its 

high expression in the brain. To address this discrepancy to the human PBMC data, 1 

evaluated SARM expression in primary and immortalised BMDMs (named pBMDMs and 

iBMDMs) and different murine tissues. I obtained femurs of wild-type (wt) and Sarm''' 

mice from A. Ding and later K. Fitzgerald and generated pBMDMs using the growth factor 

M-CSF. The iBMDM cell line of both genotypes were generated and provided by K.
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Fitzgerald. First, I verified the wt and iSorw-knockout genotype of these cells by PCR 

analysis of the genomic Sarm locus. The knockout mouse had Exon 3-7 of the Sarm gene 

replaced with a neomycin resistance gene in reverse orientation to preclude any production 

of truncated proteins (220). Hence the PCR primer pair to detect the mutated Sarm locus 

was directed against the neomycin cassette, which was only present in the knockout 

genotype, and expected to generate a PCR product of approximately 200bp. The wt Sarm 

locus was analysed using primers spanning a 500bp DNA region from Exon 3 to Intron 4, 

which was absent in 5<7rm-knockout genomic DNA. The PCR products amplified in the 

two different PCR reactions were resolved on a 1% agarose gel and visualised by ethidium 

bromide staining and UV illumination. The genomic DNA analysis of wt and Sarm'" 

pBMDMs and iBMDMs confirmed the expected genotypes (Figure 3.2a). Next 1 attempted 

to investigate SARM protein expression in these cells. Lysates of pBMDMs and iBMDMs 

were subjected to immunoblot analysis and different SARM antibodies were used due to 

the concerns regarding antibody specificity, p-actin served as a loading control. The 

SARM antibodies were either purchased from Santa Cruz and ProSci or were a gift from 

A. Ding. The commercially available antibodies were most likely identical, except that the 

Santa Cruz antibody was less concentrated than the one purchased from ProSci. In addition 

to wt cells the analysis also included Trif'' iBMDMs and as a negative control Sarm''' 

p/iBMDMs. Two isoforms of murine SARM are reported. Similar to humans, mice express 

a 724aa SARM with expected molecular weight of 79kD, but also a longer 764aa form 

(84kD) that harbours an additional region between the second SAM domain and the C- 

terminal TIR domain. All SARM antibodies revealed a protein band of the expected 

molecular weight in iBMDMs (Figure 3.2b), which ran at a comparable height to 

overexpressed 724aa murine SARM (data not shown). However, this protein band was also 

present in SARM-deficient iBMDMs, but with significantly reduced intensity compared to 

wt, using the less concentrated Santa Cruz antibody or the non-commercial antibody from 

A. Ding. This demonstrated that besides SARM, the antibodies nonspecifically detected 

another murine protein of the same molecular weight as SARM that was apparent in the 

knockout cells. The nonspecific detection was particularly pronounced using the higher 

concentrated ProSci SARM antibody. Nevertheless, the reduction in the protein band of 

Sarm''' compared with wt iBMDMs was evidence for SARM protein expression in this cell 

type. Of note is, that this protein band was absent in pBMDMs, where also no second 

nonspecific protein was detected (Figure 3.2b). This indicated that SARM protein
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expression in pBMDMs was lower than in iBMDMs and possibly fell below the detection 

limit. Overall, these observations limit the usefulness of the antibody in murine cells and 

with it any reliable SARM protein analysis. As a different approach to assess SARM 

expression in BMDMs, I analysed its mRNA level using quantitative real-time PCR. I was 

able to detect Sarm transcripts in wt pBMDMs and not in SARM-deficient cells, 

confirming the specificity of detection (Figure 3.2c). Given the TLR-mediated modulation 

of SARM expression in human PBMCs (shown in Figure 3.1c), I asked if a similar 

regulatory mechanism was present in murine BMDMs. As the effect in PBMCs was 

observed with TLR ligands independent of TRIP, I decided to include IFN-a as a non-TLR 

agonist, in addition to the TLR4 agonist LPS. IFN-a binds to the type I IFN receptor and 

activates a totally different signalling cascade compared to TLR and other PRR pathways. 

Interestingly, also in pBMDMs I observed a dramatic downregulation of Sarm mRNA 6h 

after LPS treatment, with only 2% remaining on average in three independent experiments 

(Figure 3.2c). Unexpectedly, the TLR-independent stimulus IFN-a also significantly 

reduced Sarm levels. This suggested that SARM may play a role in the immune response 

of human and murine immune cells, as its expression is detectable and modulated by 

immune stimulation in these cells.

Next, I wanted to evaluate SARM expression in immune cells compared to other 

murine tissues, especially because recent studies claimed that its main expression is found 

in the brain (220, 221). Hence I examined SARM mRNA and protein levels in various 

murine tissues and compared them to the level observed in BMDMs. Organs such as liver, 

brain, lung, kidney and intestine were isolated from two mice and processed for 

quantitative real-time PCR and immunoblot analysis. As known from the previous 

experiment, the protein detection using the SARM antibody has to be interpreted with 

caution due to nonspecific reactions. Therefore 1 performed the immunoblot analysis again 

with two SARM antibodies, the commercial SARM antibody from ProSci and the non

commercial antibody from A. Ding. Consistent with published work, I observed the 

highest SARM mRNA and protein expression in the brain (Figure 3.3a, b). Also liver and 

lung expressed some Sarm mRNA, but to a much weaker extent, and the protein was 

barely detectable in these organs. No SARM mRNA and protein were detectable in kidney 

and intestine. Direct comparison of the Sarm mRNA levels in pBMDMs with the brain 

revealed 300-fold higher levels of Sarm in brain tissue (Figure 3.3b, lower panel). The 

comparison of SARM protein level in iBMDMs with the brain was more difficult (Figure

98



Chapter 3 - SARM expression and implications for immune responses

3.3a), because the previous analysis has shown that the detected protein band in wt 

iBMDMs represented SARM, but also another protein nonspecifically detected by the 

SARM antibody. However, the SARM-specific siRNA SI reduced the amount of detected 

protein in iBMDMs, suggesting that a relevant amount of SARM protein is expressed in 

these cells compared to the brain.

In addition to analysing the cell type-specific expression profile, insights into the 

potential function of a protein can also be gained by characterising its subcellular 

localisation. Confocal microscopy is a suitable technique to delineate the localisation of a 

protein within a cell, but the lack of a reliable SARM antibody precluded the analysis of 

endogenous SARM protein. Therefore I generated a construct to overexpress 724aa mouse 

SARM tagged with Flag at its C-terminus to allow detection using an anti-Flag antibody. 

Murine N1H3T3 cells were transiently transfected with mSARM-C-Flag and confocal 

microscopy was performed after staining for Flag. Nuclei were visualised with the DNA- 

intercalating dye DAPl. I found that murine SARM associated with punctuate structures in 

the cytosol (Figure 3.4). The higher magnification revealed a clear circular assembly of 

SARM, as if it covered the outside of a eytosolic structure. This observation coincided well 

with the report by Kim et al., where the punctuate structures were identified as 

mitochondria and SARM appeared to be more located to the outside of these organelles 

(220).

3.2,2 Divergent effects of siRNA-mediated SARM knockdown on 

PRR-induced cytokine responses

After having established that human and murine immune cells expressed SARM and 

regulated SARM expression upon TLR and type I IFN stimulation, I sought to assess its 

potential funetion in TLR and non-TLR pathways. Following up on the study by Carty et 

al., which showed the TRlF-inhibitory role of SARM in TLR3 and TLR4 signalling mainly 

in human HEK293 cells, I choose this eell type for the analysis (44). Most of the reported 

data were based on overexpression studies, but siRNA-mediated knockdown of 

endogenous SARM confirmed the negative function on TLR3-induced CCL5 protein. 

Hence I decided to use CCL5 mRNA expression as readout for SARM function in the 

following experiments, also because it was indueed by a eombination of transcription 

factors, including NF-kB and 1RF3 (229). To first investigate a TRlF-dependent TLR
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pathway, I examined LPS-induced CCL5 expression in HEK293-TLR4 cells treated with 

two different SARM-specific siRNA oligonucleotides, h_Sl and h_S2, to suppress 

endogenous SARM level. Due to the lack of a reliable SARM antibody, 1 evaluated SARM 

knockdown using quantitative real-time PCR. Both siRNAs were effective in 

downregulating SARM mRNA more than 50% (Figure 3.5a). SI was more potent and 

reduced SARM levels by 65%, compared to a 53% reduction with S2, whereas mock- 

transfected or cells transfected with nontargeting control siRNA showed little effect on 

SARM expression. 1 noted that LPS stimulation slightly reduced SARM mRNA levels in 

general, which was in agreement with the previously observed TLR-mediated modulation 

on SARM expression. Analysing CCL5 mRNA and protein following LPS stimulation 

revealed impaired CCL5 production in cells treated with SI siRNA, but not S2 (Figure 

3.5b, c). SI-mediated SARM knockdown reduced CCL5 mRNA and protein expression by 

50% compared to the control, and the effect was even more prominent using a lower 

concentration of siRNA (Figure 3.5c). However, no impairment in CCL5 production was 

observed in S2-treated cells, even though some SARM knockdown was achieved. It is 

possible that the better knockdown with SI reduced the SARM level below a threshold 

necessary to elicit an effect. The result of a potential requirement of SARM in TLR4- 

mediated CCL5 induction was unexpected, as SARM was shown previously to inhibit 

TRlF-dependent pathways, like TLR4, in these cells. To determine if the observed effect 

was TLR- and TRlF-restricted 1 repeated the siRNA experiment in normal HEK293 cells 

lacking TLRs and stimulated CCL5 induction via the cytosolic RLR pathway. Transfected 

Poly(I:C) and Sendai virus served as ligands to activate the cytosolic MDA5 and RIG-1 

receptor, respectively, which signal in a TRIF-and MyD88-independent manner to induce 

genes such as CCL5 and IFN-fi. A successful downregulation of SARM mRNA was 

achieved using both siRNA oligonucleotides (Figure 3.6a). The knockdown was even more 

significant than seen previously, with 77 and 67% reduction after SI and S2 siRNA 

treatment, respectively. Surprisingly, the experiment revealed that the non-TLR-mediated 

CCL5 expression was also impaired in samples treated with SARM-specific siRNA 

compared to control (Figure 3.6b, c). Likewise, the induction of IFN-fi mRNA was 

suppressed in these samples (Figure 3.6d, e). Consistent with the experiment in HEK- 

TLR4 cells, the defective cytokine production was only observed following SI-mediated 

SARM knockdown and not S2, even though S2 was almost as effective as SI in reducing 

SARM mRNA level. As described above, the small difference in SARM expression level
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may account for this divergent effect. Another explanation could be the 

immunostimulatory potential of some siRNAs, which m turn might mask the real effect 

caused by the protein knockdown. This hypothesis was supported by the observation that 

cells treated with nontargeting siRNA showed a slight enhancement of cytokine expression 

compared with mock-transfected cells, also basally (Figure 3.6b-e). To test the 

immunostimulatory potential of the siRNAs used, I treated HEK293 cells with three 

different doses of nontargeting control, SI and S2 siRNA. A similar SARM mRNA 

knockdown was achieved with all three doses, leading to significant 70% reduction using 

SI siRNA and 58% reduction with S2 (Figure 3.7, top graph). Analysing CCL5 induction 

in response to transfected Poly(I:C) exhibited the same S1/S2 siRNA-mediated divergence 

observed previously (Figure 3.7, bottom graph). Interestingly, the SI-dependent CCL5 

inhibition was most significant at the lowest dose of siRNA and gradually became less 

prominent with increasing doses of siRNA, even though 5.47?MmRNA level were equally 

reduced with all three doses. This clearly indicated an immunostimulatory side effect of SI 

siRNA at higher doses. In light of this it was surprising that S2 siRNA did not provoke a 

similar stimulation, as 1 would have predicted from the divergence with SI. Also the 

nontargeting control siRNA was inert in this experiment. This illustrated that the unwanted 

immunostimulatory capacity of siRNAs varies between different oligonueleotides, possibly 

due to differences in the nucleotide sequence and their putative binding to 

immunoreceptors.

In summary, the analysis revealed that human and murine immune eells clearly 

expressed SARM, and that its expression was regulated following immune stimulation. 

This indicated a role for SARM in immune responses in myeloid cells, even though its 

predominant expression was found in the brain. Furthermore 1 determined that murine 

SARM was mainly located at punctuate structures in the eytosol. An initial approach to 

further investigate SARM function in human HEK293 cells was inconclusive due to 

divergent effects of the SARM-specific siRNA.
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3.3 Discussion

The function of the fifth, highly conserved TIR-adaptor SARM is still not fully 

understood and conflicting data emerged from studies of human and mouse SARM, as 

described in 1.4. That its function might diverge from the other four TIR adaptors was 

already demonstrated in 2004 by Liberati et al., as it did not activate NF-kB and IRF3 

reporter constructs, when overexpressed (43). Furthermore its unique domain architecture 

and its high conservation during evolution suggested a fundamental, possibly divergent 

role in immunity. A function of mammalian SARM was first discovered by Carty et al. in 

2006, elucidating human SARM as an inhibitor of TRlF-dependent TLR3 and TLR4 

signalling in F1EK293 cells and PBMCs (44). However this function was questioned with 

the generation of SARM-knockout mice. First, murine SARM-deficient BMDMs 

responded normally to a range of TLR agonists, including Poly(I:C) and LPS. Second, 

SARM expression was mainly restricted to the brain, while barely detectable in myeloid 

cells (220). Due to this discrepancy it was important for the first part of the project to 

assess SARM expression in primary human and murine immune cells more rigorously and 

also to evaluate its expression in comparison to murine tissues, such as the brain. The 

characterisation of protein expression in different cells and tissues is often informative and 

might provide some clues regarding its function.

The expression study revealed that murine SARM mRNA and protein was indeed 

predominantly expressed in the brain, compared with other tissues and primary BMDMs, 

which is in agreement with published reports (220, 221). Besides the brain, only liver and 

lung expressed some Sarm mRNA, but much weaker, while it was not detectable in kidney 

and intestine. This concurred with a study by Szretter et al., which showed also a weak 

expression in murine liver, and also data on human SARM, where it was predominantly 

found in liver and kidney (202, 221). On a cautionary note it should be mentioned that all 

Sarm mRNA levels were normalised to the housekeeping gene f^-actin, which may vary 

between different tissue cell types, representing a limitation of the method. However, 

confidence was gained by the fact that the Sarm mRNA data in murine tissues correlated 

with the protein detection. In addition to the pronounced expression in the brain, I was able 

to detect SARM also in immune cells, such as murine BMDMs and human PBMCs. This 

was interesting, as the presence in those cell types was recently questioned by Kim et al. 

(220). They also raised concerns of using the commercially available SARM antibody due
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to detection of a protein at similar molecular weight as SARM in SARM-deficient cells. 

This nonspecific reaction of the SARM antibody was also observed in my study. However 

1 detected a reduction of the putative SARM protein band in iSor/rz-knockout iBMDMs 

compared to wt, as well as in wt iBMDMs treated with SARM-specific siRNA. This was 

revealed by using a more diluted solution of the commercial SARM antibody and the non

commercial antibody provided by A. Ding, and gave evidence for some SARM protein 

expression in those cells. Unfortunately, no SARM protein was detected in pBMDMs. But 

given the presence of Sarm transcript in pBMDMs and the detection of the protein in 

iBMDMs, this was most likely caused by low antibody sensitivity, meaning that the 

SARM protein level in pBMDM probably fell below the detection limit. In contrast to 

iBMDMs, the primary cells and the murine tissues did not display any nonspecific protein 

at the molecular weight of SARM. This suggested the specific detection of SARM in the 

brain, further emphasised by its correlation with the niRNA data. Due to the different 

approaches of SARM detection at the mRNA and protein level, 1 am confident that SARM 

IS expressed in murine BMDMs and the brain. However the nonspecific reaction of the 

SARM antibody in murine cells limits tbe execution of further protein studies. The 

development of a new, more specific SARM antibody has not been successful so far.

With regard to human immune cells 1 was also able to confirm SARM expression. The 

nonspeeificity of the SARM antibody was here less of a concern, as SARM-specific 

siRNA almost completely abrogated SARM protein in PBMCs. FACS analysis of the 

whole PBMC population revealed that SARM was likely expressed to a similar extent in 

the different PBMC subpopulations, including T and B lymphocytes, monocytes and 

granulocytes. This was confirmed in an independent experiment on FACS-separated 

PBMC subpopulations and analysis of SARM mRNA and protein by quantitative real-time 

PCR and immunoblot, respectively (data not shown). The latter experiment gave evidence 

for a slightly elevated expression in lymphocytes compared with monocytes, which 

correlated with published work (220).

After having established that SARM is expressed in human and murine immune cells, 1 

next investigated a potential TLR-mediated impact on SARM expression in these cells, 

which might provide further insights into its function. Previously, Carty et al. had shown 

an increase of SARM protein almost immediately after LPS stimulation in human PBMCs, 

possibly due to stabilisation of its N-terminus (44). Due to the concerns regarding the 

SARM antibody, 1 decided to examine regulation of SARM mRNA. Surprisingly, the
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mRNA analysis revealed a dramatic downregulation of SARM message following TLR4 

and TLR7 stimulation. The reduction of SARM mRNA was already observed 4h after 

stimulation, but became much more significant at 24h. The TLR7 ligand CL075 was 

especially potent in suppressing SARM mRNA expression, which was unexpected given 

the TRlF-independent signalling of this pathway. A similar observation was reported from 

an in vivo study in humans, where SARM mRNA and protein levels in blood leukocytes 

decreased 4-8h after LPS injection and slowly returned to basal level at 24h (227). During 

this time period cells were refractory to restimulation with LPS, but also to other TLR 

ligands that used MyD88-dependent and -independent signalling pathways; a phenomenon 

known as LPS tolerance and cross-tolerance, respectively. This could not be explained in 

light of the TRlF-inhibitory role of SARM. In contrast, another study on endotoxin 

tolerance reported an increase of SARM mRNA 3-20h after LPS treatment in human 

monocytes (226). Thus the TLR-mediated regulation of SARM expression might be quite 

complex. Accordingly, my study and the data from Carty et al. revealed a divergence in 

SARM mRNA and protein regulation (44). While the SARM mRNA level slowly 

decreased, the protein was immediately elevated Ih after LPS treatment and persisted up to 

24h. For the protein expression this suggested a translational or posttranslational 

mechanism, which are often used in immune responses to rapidly modulate gene 

expression, as opposed to the more long term regulation via transcription (230). Control of 

translation is often mediated by proteins binding to the 5’ and 3’ untranslated regions 

(UTRs) of target mRNAs. However, in the case of SARM protein the TLR4-induced 

upregulation was also seen with overexpressed SARM, that lack UTRs, hence the increase 

was most likely caused by stabilisation of the protein itself This was supported by 

analysing an N-terminal truncated form of SARM protein, which was more stable and 

expressed independently of LPS stimulation (44). Thus SARM protein might be inherently 

unstable due to motifs in its N-terminus, which is subsequently reversed by TLR4 

signalling. Preliminary data indicated that basal ubiquitination of the N-terminus might 

target SARM protein for proteasomal degradation (M. Carty personal communication, 

(231)).

As the immune function of SARM was specifically questioned in murine macrophages,

1 was curious to examine pBMDMs for the TLR-mediated modulation of SARM 

expression observed in human PBMCs. Due to the unspecificity of the SARM antibody in 

murine cells, it was not possible to assess SARM protein. However, the mRNA analysis
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revealed, consistently with human immune cells, a dramatic downregulation of Sarm 

following TLR4 activation. In fact, Sarm levels were almost completely abrogated 6h after 

stimulation, exhibiting an even more rapid and pronounced phenotype than observed in 

PBMCs. In PBMCs, this effect was not restricted to TRIF-dependent pathways and also 

elicited by the MyD88-dependent TLR7. Hence, to further specify Sarm regulation, 1 used 

the PRR-independent stimulus IFN-a. IFN-a signals via the type 1 IFN receptor (IFNAR) 

and activates different signalling molecules and transcription factors to finally induce a 

specific set of IFN-stimulated genes (ISGs). Surprisingly, the IFN-a stimulation also led to 

a significant reduction of Sarm message. Given that TLR4 and TLR7 signalling also 

induce the expression of type I IFNs, such as IFN-a and IFN-p, it is possible that SARM 

might be regulated by the type I IFN pathway in a secondary response rather than the TLR 

pathway directly. The mechanism mediating the downregulation of SARM message in 

human and murine immune cells could be either transcriptional suppression or an 

acceleration of mRNA decay. The latter is controlled by various proteins and miRNAs that 

bind the 3’ UTR of target mRNAs (230). Regulation of gene expression by miRNAs is an 

emerging field in immunity and TLR and IFN signalling pathways have been shown to 

induce certain immunoregulatory miRNAs (232, 233). Thus, detailed analysis is required 

to elucidate the mechanism of the complex SARM regulation, including the relation of 

mRNA and protein expression. The fact that SARM mRNA expression is significantly 

downregulated by TLR and probably IFNAR stimulation in human and murine immune 

cells indicated a crucial role for SARM in immune responses in these cells. However, it is 

difficult to explain the modulation in light of the TRIF-inhibitory function of SARM, as 

also TRIF-independent pathways, like TLR7 and IFNAR, were strong mediators of SARM 

suppression. One can speculate that the rapid enhancement of SARM protein is required 

for its immediate function in immunity, while the subsequent decrease of SARM mRNA 

restores homoeostasis later on in the response. Negative regulators of immune signalling 

pathways are generally transcriptionally upregulated in a feedback loop to avoid excessive 

immune responses with detrimental consequences to the host (234). However, the rapid 

stabilisation of SARM protein and the downregulation of the message by TLRs and 

IFNAR might suggest a positive immune function of SARM, maybe independent of TLRs 

and TRIF. This hypothesis is supported by the immune function of SARM in lower 

organism, such as C. elegam, where the SARM homologue TlR-1 exerts a positive role in 

immunity independent of the sole TLR homologue TOL-1 (see 1.4).
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To gain further insights as to where SARM might be functionally active within a cell, I 

next assessed the subcellular localisation of SARM. Due to the concerns regarding the 

SARM antibody, I overexpressed Flag-tagged SARM in murine NIH3T3 cells and 

examined the cellular localisation following staining of Flag and confocal microscopy. The 

analysis clearly revealed an association of SARM with punctate structures in the cytosol. 

This was in agreement with the literature, where the structures were identified as 

mitochondria (220). In line with the data presented by Kim et ah, SARM seemed to 

assemble more at the outside of the cytosolic structure. Also a recent, more detailed study 

on SARM localisation demonstrated the specific targeting of SARM to mitochondria 

(207). The N-terminal 27aa of SARM were identified as a mitochondria-targeting sequence 

with an inherent ability to bind lipids. Furthermore it was suggested that SARM 

translocates into the mitochondria, as observed with EGFP fused to the C-terminus of the 

27aa-leader sequence. The current proposed function at the mitochondria implicates 

SARM in the apoptotic pathway. SARM was shown to recruit JNK3 to mitochondria and 

induce neuronal death after oxygen and glucose deprivation (220). Furthermore, a role in 

apoptosis in T cells is discussed (207). It will be interesting to investigate more direct 

immune functions of SARM from the mitochondria, given that these organelles provide an 

essential and highly diverse platform for various immune responses, including MAYS and 

STING signalling (235).

Following up on the study by Carty et al. (44) and to gain further insights into a 

possible function of SARM in TLR- and TRlF-independent pathways, 1 analysed immune 

responses in HEK293 cells after siRNA-mediated knockdown of SARM. Using two 

different SARM-specific siRNA oligonucleotides, SI and S2, I observed an effect on 

immune responses only with one oligonucleotide, whereas the other was mostly inert. The 

analysis of the TRlF-dependent TLR4 pathway in HEK293-TLR4 cells revealed a 

requirement of SARM for CCL5 mRNA and protein induction using SI siRNA, but this 

was not observed with S2. Apart from the divergence of the two siRNAs, this result was 

unexpected given the reported TRlF-inhibitory function of human SARM (44). A similar 

observation was made investigating the TRIF-independent, RLR-mediated cytokine 

response. Stimulating the MDA5 or RIG-I pathway with transfected Poly(I:C) or Sendai 

virus, respectively, induced CCL5 and IFN-f] expression in HEK293 cells, that were 

impaired in SI-treated cells, while unaffected following S2-mediated knockdown. The 

divergent effect was difficult to explain, as both siRNA oligonucleotides significantly
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downregulated SARM mRNA, with 70 and 60% reduction using SI and S2 siRNA, 

respectively. However it is possible that the slightly better knockdown using S1 reduced 

the SARM level below a threshold necessary to suppress SARM function, which was then 

only revealed by SI and not S2 siRNA. Another explanation could be the known 

immunostimulatory capacity of some siRNAs, which in consequence may affect cytokine 

readouts. Especially the RNA-sensing endosomal TLRs, TLR3, 7 and 8, and the cytosolic 

RLRs, mainly RIG-I, have been implicated in detecting siRNAs depending on the 

sequence and structure of the RNA molecule (reviewed in (236)). Therefore, if S2 siRNA 

was slightly more immunostimulatory than SI in HEK293 cells, which express cytosolic 

RLRs, but lack TLRs, this might have masked the inhibitory effect on CCL5 expression 

seen in SI-treated cells. Some initial experiments showed indeed an enhanced cytokine 

response in cells treated with nontargeting control and S2 SARM-specific siRNA. 

However a detailed siRNA dose response experiment showed an inert phenotype of those 

siRNAs, thus negating this hypothesis. Instead a stimulatory potential was observed with 

high doses of SI, which subsequently diminished the CCL5 inhibitory effect seen with low 

SI siRNA treatment. Thus the reason for the different phenotypes caused by the SARM- 

specific siRNA oligonucleotides remains elusive and questions the reliability of the 

observed impaired CCL5 response seen in SI-treated cells. It is of concern that SI might 

have caused an off-target effect by targeting other unintended transcripts. Hence a siRNA- 

independent approach was required to confirm and further investigate the potential positive 

role of SARM in PRR-mediated CCL5 induction. Given that 5/47?A/mRNA expression was 

regulated in a similar manner in murine BMDMs as it was m human PBMCs, and that a 

i'ar/M-knockout mouse was available, it was feasible to pursue further analysis on SARM 

function in knockout BMDMs (see 4.2).
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Figure 3.1: SARM is expressed in human PBMCs and SARM mRNA is downregulated following TLR 
stimulation

(a) Flow cytometry analysis of human PBMCs stained for intracellular SARM protein using a SARM- 
specific antibody (SARM) or an isotype-control antibody (mock) followed by Alexa Fluor 488-conjugated 
secondary antibody. Dot-blots show sideward scatter (SSC) versus log fluorescence (Alexa 488). The 
histograms display the percentage of PBMCs expressing SARM protein according to their fluorescence, (b) 
Immunoblot analysis of SARM protein in human PBMCs. PBMCs were seeded in 12 well plates at 1.2x10* 
cells/ml and transfected for 24h with control siRNA (C) or two different human SARM-specific siRNA 
oligonucleotides (hSl, hS2) at 20 and lOOpmoFml or mock-transfected (MT). Lysates were subjected to 
SDS-PAGE followed by Western blotting using specific antibodies to detect SARM and P-actin as a loading 
control, (c) Human PBMCs were seeded in 6 well plates at 1.5x10* cells/ml and stimulated for 4 and 24h with 
LPS [lOOng/ml], CL075 [2.5pg/ml] or medium as control (—). i'.^/JMmRNA expression was determined by 
quantitative real-time PCR and normalised to the housekeeping gene fi-actin. Data are presented as the 
percentage of the level in untreated controls of each donor. The open bar represents the average SARM 
mRNA level of all donors. The experiment was performed in four different donors as single treatments. The 
experiments in (a,b) were performed once. Not signifieant (ns), * P<0.05, ** P<0.01, *** P<0.001 compared 
with control (Student’s t-test).
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Figure 3.2: SARM detection in murine BMDMs and the downregulation of Sarm mRNA following 
TLR4 and IFNAR stimulation

(a) PCR analysis verified the wild-type (wt) and Sarm' ' (S'') genotype in immortalised and primary BMDMs 
(iBMDM, pBMDM). Genomic DNA was extracted from cells and the wt and mutated Sarm locus were PCR 
amplified with specific primer pairs generating a 500bp or 200bp PCR product, respectively. PCR products 
were resolved on a 1% agarose gel and visualised by ethidium bromide staining and UV illumination, (b) The 
available SARM antibodies nonspecifically detected a protein of same molecular weight as SARM in Sarm''' 
iBMDMs. Immunoblot analysis of SARM protein in lysates of wt and Sarm' ' (S"' ) i/pBMDMs and Trif " (T‘ 
■) iBMDMs using the commercial anti-SARM antibodies from Santa Cruz (left) and ProSci (middle) or an 
unpurified chicken anti-SARM antibody (right, a gift from A. Ding). P-actin serves as a loading control. Data 
represent one of two or three independent analysis, (c) LPS- and IFN-a-mediated downregulation of Sarm 
mRNA in pBMDMs. wt and Sarm'' pBMDMs were stimulated for 6h with LPS [lOOng/ml], IFN-a 
[lOOOU/ml] or medium as control (—). Sarm mRNA expression was determined by quantitative real-time 
PCR, normalised to the housekeeping gene P-actin and is presented as the percentage of the level in untreated 
controls. Data include three independent experiments (mean ± s.e.m). *** P<0.001 compared with untreated 
control (Student’s t-test).
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Figure 3.3; SARM is predominantly expressed in murine brain compared with other murine tissues 
and BMDMs
(a) Immunoblot analysis of SARM protein in murine tissues and iBMDMs. Lysates of various murine tissues 
and wt iBMDMs treated for 48h with control siRNA (C) or SARM-specific siRNA (SI) at 200pmol/ml were 
subjected to SDS-PAGE. Western Blotting was performed to detect SARM using the commercial anti-SARM 
antibody (ProSci) or an unpurified chicken anti-SARM antibody (a gift from A. Ding). P-actin was used as a 
loading control. The tissue lysates are from one mouse representative of two from one experiment, (b) 
Relative quantification of Sarm mRNA in murine tissues and pBMDMs using real-time PCR. Sarm mRNA 
was normalised to the housekeeping gene P-actin and is presented relative to the average level detected in 
kidney (top graph) or pBMDMs (bottom graph). The data of the murine tissues present the average level 
detected in two mice from one experiment.
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Figure 3.4: Overexpressed mSARM-C-Flag localises to punctate structures in the cytoplasm of murine 
NIH3T3 cells

Confocal microscopy of N1H3T3 cells grown on coverslips and transiently transfected with a pLV-CMV- 
GFP expression plasmid encoding mSARM-C-Flag or mock-transfected with empty vector as control (MT). 
After 48h, cells were fixed and stained for SARM using an anti-Flag antibody followed by Alexa Fluor 647- 
conjugated secondary antibody (red). Nuclei were visualised with the DNA-intercalating dye DAPI (blue). 
The plasmid also expressed GFP as a marker of transfection (green). Merge shows an overlay of the DAPI 
and Flag staining. The magnified image on the right displays the boxed area to illustrate the circular pattern 
of SARM. The scale bar indicates 10pm. Data are from one experiment representative of three.
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Figure 3.5: Effect of SARM siRNA on TLR4-indiiced CCL5 expression in human HEK293-TLR4 cells
(a,b) HEK293-TLR4 cells were seeded in 24 well plates at 2x10^ cells/ml and treated on two consecutive 
days with control siRNA (Ctlr siRNA) or two different human SARM-specific siRNA oligonucleotides 
(h_Sl, h_S2 siRNA) at 50pmol/ml. Mock-transfected cells served as control (MT). 24h after the last siRNA 
transfection, cells were stimulated for 8h with LPS [lOOng/ml] or medium as control (—). SARM and CCL5 
mRNA expression were determined by quantitative real-time PCR, normalised to the housekeeping gene [i- 
actin and are presented relative to the MT eontrol. (c) HEK293-TLR4 cells were seeded in 96 well plates at 
2x10* cells/ml and treated as described in (a) with 25 and 50pmol/ml siRNA, indicated by the filled triangle. 
Medium and mock-transfected (MT) cells served as control. 24h after the last siRNA transfection, cells were 
stimulated for 24h with LPS [lOOng/ml] or medium as control (—). Supernatants were collected and assayed 
for CCL5 protein by ELISA. Data are from one experiment representative of three (a,b) or one (c) (mean ± 
s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with control siRNA (Student’s /-test).

-113-



Chapter 3 - SARM expression and implications for immune responses

HEK293

< t z =

§ S

■ Ctrl siRNA 
^ h_Sl SiRNA 
^ h S2 siRNA

tf P(I;C) ScV

20000-

Z I 15000- of S 
S H

12 S 10000-
2
« 5000-

Zoom
1500

tf P(I:C) SeV tf P(I;C) SeV

tf P(I;C) SeV tf P(I:C) SeV

Figure 3.6: Effect of SARM siRNA on RLR-induced CCL5 expression in human HEK293 cells

HEK293 cells were seeded in 24 well plates at 1x10^ eells/ml and treated on two conseeutive days with 
control siRNA (Ctlr siRNA) or two different human SARM-specific siRNA oligonueleotides (h_Sl, h_S2 
siRNA) at SOpmol/ml. Mock-transfected cells served as eontrol (MT). 24h after the last siRNA transfection, 
cells were stimulated for 8h with transfected Poly(I:C) [2pg/ml], Sendai virus (SeV) or medium as control 
(—). SARM, CCL5 and IFN-fi mRNA expression were determined by quantitative real-time PCR, nomialised 
to the housekeeping gene fi-actin and are presented relative to the MT control. Data are from one experiment 
representative of three (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, eompared with eontrol siRNA 
(Student’s /-test).

-114-



Chapter 3 - SARM expression and implications for immune responses

HEK293

< ■=

E

0!
02

e
©u

MT
Ctrl siRNA 
h_Sl SiRNA 
h S2 siRNA

tf P(I:C)

©

Z §DC u
E H 

C *

600-

400-

© 200>

tf P(I:C)

Figure 3.7: Divergent effects of SARM siRNA on RLR-induced CCL5 expression in human HEK293 

cells

HEK293 cells were seeded in 24 well plates at 1x10^ cells/ml and treated on two consecutive days with 
control siRNA (Ctlr siRNA) or two different human SARM-specific siRNA oligonucleotides (h_Sl, h_S2 
siRNA) with the inereasing concentrations 25, 50, lOOpmol/ml, indicated by the filled triangle. Mock- 
transfected cells served as control (MT). 24h after the last siRNA transfection, cells were stimulated for 8h 
with transfected Poly(I;C) [2pg/ml] or medium as control (—). SARM and CCL5 mRNA expression were 
determined by quantitative real-time PCR, normalised to the housekeeping gene P-actin and are presented 
relative to the MT control. Data are representative of one experiment (mean ± s.d.). * P<0.05, ** P<0.01, *** 
P<0.001, compared with control siRNA (Student’s r-test).
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4 Characterising SARM function in murine BMDCs and 

BMDMs

4.1 Introduction

As described in detail in 1.4, the function of SARM, the most ancient member of the 

TIR adaptor family, is still controversial. Previously my group revealed that human SARM 

negatively regulated TRIF-dependent TLR signalling and knockdown of endogenous 

SARM using siRNA enhanced TLR3- and TLR4-induced CCL5 and TNF-a in human 

HEK293-TLR3 cells and PBMCs, respectively (44). In contrast, a study by Kim et al. on 

murine SARM knockout BMDMs did not confirm this inhibitory role for SARM, as these 

cells showed normal cytokine (TNF-a) and chemokine (MCP-l) responses to a range of 

TLR agonists, such as LPS, Poly(I:C), Pam3Cys and CpG (220). Also they demonstrated 

that myeloid cells expressed relatively low level of SARM compared with its high 

abundance in the brain, which was confirmed in my expression analysis. Nevertheless 

SARM was also detectable in immune cells, including human PBMCs and murine 

BMDMs. Further evidence for an immunological role of SARM in these cell types was 

given by its regulation following immune stimulation. SARM niRNA was dramatically 

downregulated in response to TLR4, TLR7 and also IFNAR signalling, indicating that 

SARM might possess other, TRIF-independent, immune functions. This hypothesis was 

supported by the function of SARM in lower organisms. In C elegans, the homologue of 

mammalian SARM, TIR-1, has a positive antibacterial and antifungal immune role, 

independent of the sole TLR homologue, TOL-l, and independent of any other TIR 

adaptor, as TIR-1 is the only TIR homologue present in worms (43, 208). Several studies 

indicated that TIR-1 functions upstream of the MAPK signalling cascade NSY-l-SEK-l- 

PMK-l, which is conserved in mammals by the orthologous ASKl-MKK3-p38 MAPK 

pathway (209). Also the siRNA-mediated knockdown study of SARM in HEK293 cells 

suggested a potential requirement of SARM in TLR4-, but also non-TLR-induced cytokine 

responses (shown in 3.2.2). The TRIF-independent, cytosolic RLR pathways were 

analysed, which showed impaired CCL5 induction in cells with significantly reduced 

5T./?MmRNA. However, this effect was only observed with one of the two SARM-specific 

siRNAs, raising concern about a potential off-target effect. Hence, it was important to 

further investigate SARM function using a siRNA-independent approach. Given that a
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S'orw-knockout mouse was available and that murine BMDMs showed a similar regulation 

of SARM expression in response to immune stimulation than human PBMCs, BMDMs 

seemed a good cell type to pursue the analysis. Furthermore, studying immune responses 

in BMDMs, the cell type where Kim et al. did not observe any TRIF-inhibitory or TLR- 

regulatory function of SARM would help to elucidate the current discrepancy of SARM in 

the human and murine system. Nevertheless, it is still conceivable that SARM might 

exhibit cell type- and/or species-specific functions. To gain insights into a possible 

immune function of SARM in murine cells, 1 first characterised the cytokine profile of wt 

and SARM-deficient BMDMs. 1 included bone marrow-derived dendritic cells (BMDCs) 

in the study as another important innate immune cell type, also because it was reported 

previously that splenic DCs expressed slightly more SARM protein than macrophages 

(220). The cytokine profile of wt and Sartn'' primary BMDMs (pBMDMs) was 

subsequently compared with that obtained in immortalised BMDMs (iBMDMs) in order to 

establish the latter cell line as a model for more detailed SARM analysis. Given the 

previous result of TLR- and non-TLR-dependent SARM modulation and implication in 

immune responses, 1 expanded the cytokine analysis also to non-TLR, cytosolic receptor 

pathways. The various PRR pathways differ mainly in the upstream usage of adaptor 

proteins, but most of the signalling cascades converge further downstream to aetivate the 

common transcription factors NF-kB, AP-1 and IRFs. To allow discrimination of the 

distinct transcription factor activation pathways during cytokine analysis, I examined 

cytokines differently regulated by the transcription factors. TNF-a is an inflammatory 

cytokine mainly induced by NF-kB, while the expression of CCL5 and IFN-P is 

additionally controlled by IRFs, such as IRFS and 1RF7 (229, 237). In the TLR4 response, 

the analysis of both types of cytokines also distinguishes between the MyD88 and the 

TRIF signalling pathway. While MyD88 mediates the induction of NF-KB-dependent 

genes, TRIF, the known interaction partner of SARM, is required for the IRFS-dependent 

gene induction and late activation of NF-kB (238). Furthermore, the analysis of CCL5 

expression was particularly interesting in light of the previously observed impairment in 

SARM siRNA-treated HEK293 cells.
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4.2 Results

For the study of murine primary immune cells, femurs from wt and Sarm'' mice were 

obtained from A. Ding, who originally generated the S'orw-knockout mouse, and later also 

from K.. Fitzgerald. BMDMs and BMDCs were generated using the growth factors M-CSF 

and GM-CSF, respectively. A source of these growth factors was supernatant from M- 

CSF- or GM-CSF-producing cell lines. After approximately 8 days of culture, the 

differentiated cells were plated at 5x10^ cells/ml in 6, 24 or 96 well plates and stimulated 

with various PAMPs and virus to elicit cytokine responses. To quantify cytokine mRNA 

expression, cells of the 24 well plates were harvested l-6h after stimulation. RNA was 

extracted, reverse transcribed into cDNA and applied to quantitative real-time PCR 

analysis. The mRNA of the target gene was normalised to the housekeeping gene ji-actin 

and expressed relative to the untreated wt control, thus representing the fold induction in 

wt cells following stimulation. Calculating also the values relative to the wt control

allowed a direct comparison of the relative mRNA level between wt and SARM-deficient 

cells. ELISA was performed to analyse protein expression in culture supernatants mostly 

24h after stimulation of cells in 96 well plates. All other analysis are described in detail 

later, where required.

4.2.1 Role for SARM In TLR4-induced CCL5 and IFN-p expression in 

primary BMDCs

Analysing TLR4-mediated cytokine responses in primary BMDCs stimulated with 

LPS, 1 observed that Ccl5 and Ifn-fi mRNA induction were impaired in SARM-deficient 

cells compared to wt (Figure 4.1b, c). The defect in CCL5 expression was also confirmed 

at the protein level (Figure 4.1e), while IFN-P protein was not analysed. In contrast, Tnf-a 

mRNA induction was mostly unaffected in BMDCs lacking SARM (Figure 4.1a). 

Surprisingly, the LPS-induced TNF-a protein was slightly reduced in Sartn'' BMDCs, 

which might suggest a translational role for SARM in TNF-a production (Figure 4.Id). 

Overall the effect on CCL5 and IFN-P expression were more significant, and even though 

this observation was a bit inconsistent throughout the experiments, it suggested a role for 

SARM in optimal induction of these cytokines. Interestingly, TLR4 mediates the 

upregulation of both genes via the TIR adaptor TRIF, the known interaction partner of
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SARM, while the mostly unaffected TNF-a is induced by the MyD88-dependent TLR4 

pathway. To determine if the SARM-mediated effect was restricted to TRIP signalling, 1 

next examined other TRlF-dependent and -independent TLR responses. The endosomal 

TLR3 signals solely via TRIP, while the TLR7 pathway is TRIF-independent and uses 

MyD88 to signal. The activation of those pathways with the corresponding ligands 

Poly(I:C) and CL075, respectively, led to upregulation of TNF-a independently of SARM, 

which was consistent with the previous result (Figure 4.2a). The impact of SARM on Ccl5 

expression was difficult to analyse, as both pathways barely induced the chemokine CCL5. 

In contrast, a requirement for SARM in the TLR7-mediated Ifn-p response was observed, 

while the preliminary data obtained with TLR3 showed no dependency on SARM (Figure 

4.2c). This indicated that the role of SARM in IFN-(3, and possibly CCL5, regulation may 

be TRIF-independent. To further define the pathways regulated by SARM, I investigated 

the Ccl5 and Ifn-P response of TLR-independent, cytosolic receptors that use different 

adaptor proteins to initiate downstream signalling. The cytosolic, RNA-sensitive receptor 

RIG-I signals via the adaptor protein MAYS and was activated by infecting BMDCs with 

Sendai virus. The cytosolic DNA sensors in contrast use the adaptor STING and were 

activated by transfecting dsDNA 70mer. This ligand was originally derived from VACV 

genome and is mainly detected by the DNA receptor p204 in murine cells (143). As 

expected, both pathways induced a significant upregulation of Ifn-P mRNA, whereas Ccl5 

expression was much weaker (Figure 4.2e, f)- However, the induction of Ccl5 and Ifn-P 

were not found to be dependent on SARM following cytosolic receptor stimulation. In 

agreement with a predominant IRF activation, rather than NF-kB, these pathways barely 

induced the inflammatory cytokine Tnf-a (Figure 4.2d). Overall, the cytokine data obtained 

in this study were quite variable; nevertheless I gained evidence for a potential immune 

function of SARM in this cell type (Table 4.1). SARM was found to be required for 

optimal CCL5 and IFN-P induction in the TLR4 response, while it was dispensable for 

Tnf-a mRNA expression. A similar phenotype was observed for TLR7-induced responses, 

albeit less significantly. Furthermore, this regulatory role of SARM was specific to the 

TLR pathway, as cytokine responses of non-TLR, cytosolic receptors were unaffected by 

SARM ablation. In addition, I obtained evidence for a function of SARM in TLR4- 

mediated TNF-a translation.
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4.2.2 SARM has no role in TLR-induced DC maturation and 

endotoxin tolerance

Due to the observation described in 4.2.1 that SARM might particularly promote the 

TLR4-induced IFN-P expression in BMDCs and given the known SARM-TRIF 

interaction, I sought to investigate two processes in dentritic cells (DCs) that were recently 

demonstrated to be mainly TRIF- and IFN-P-dependent. One of them was DC maturation, 

which is a process initiated in antigen-presenting cells, such as DCs, after sensing a 

pathogen via PRRs, especially TLRs. It involves characteristic phenotypical changes 

within the cell, such as the upregulation of costimulatory molecules (e.g. CD40, CD80, 

CD86) and MHC class I and class II proteins (239). The expression of these molecules on 

DCs is essential to activate T lymphocytes and thereby linking innate and adaptive immune 

responses (see l.I). The LPS/TLR4-induced DC maturation was shown to be partly TRIF- 

dependent, mainly due to IFN production and subsequent signalling via the type I IFN 

receptor (IFNAR) (240, 241). Also the MHC class II upregulation was demonstrated to be 

TRlF-dependent following LPS stimulation (242). Hence it was reasonable to examine a 

possible role for SARM in DC maturation. Wt and S'orw-knockout BMDCs were seeded in 

96 well plates and stimulated for 24h with LPS, Poly(l:C) and R848 in order to activate 

TLR4, 3 and 7, respectively, and to induce maturation. The surface expression of CD80, 

CD86, CD40 and MHC class 11 were analysed in the CDllc’ cell population, which 

represented BMDCs, using specific fluorescent-labeled antibodies and flow cytometry. 

The induction of DC maturation was assessed by comparing TLR-stimuIated BMDCs with 

an untreated control. All three TLR agonists enhanced the expression of the costimulatory 

molecules and MHC class II protein indicating successful activation of the maturation 

process (Figure 4.3). Among them, LPS was most potent in inducing DC maturation, and 

in particular the upregulation of CD40 was stronger with LPS compared to other ligands. 

However, no significant differences were observed in the expression profile between wt 

and SARM-deficient cells, which excluded an essential role for SARM in DC maturation. 

Only the LPS-induced CD86 expression was slightly impaired in Sarnf'' BMDCs, which 

was interesting, as the TRlF-pathway was described to be particularly required for the 

sustained upregulation of this molecule (241). However a repeat of this experiment did not 

confirm the result. I also noted a minor difference in MHC class II expression between 

both genotypes, but this effect was not significant and probably caused by interstaining 

variations, rather than a SARM-specific role in this process.
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Another important immune process that was interesting to investigate in BMDCs in 

light of the discovered SARM function in TLR4-induced IFN-P expression and the known 

interaction with TRIP was endotoxin tolerance. Endotoxin tolerance is a phenomenon, 

where exposure to low doses of EPS results in hyporesponsiveness to subsequent EPS 

challenge, mirrored in the repressed expression of proinflammatory cytokines, like TNF-a 

(243). One mechanism to establish the tolerant state of the cell is the upregulation of TER 

inhibitors. Furthermore, the TRIF-pathway was shown to actively promote endotoxin 

tolerance by inducing IFN-P and the subsequent activation of the IFNAR pathway (244). 

Thus I hypothesised that SARM might mediate endotoxin tolerance either via its known 

interaction with TRIP and/or by promoting IFN-P induction, according to the cytokine 

study in BMDCs (4.2.1). Apart from BMDCs, I also included BMDMs in the analysis as a 

cell type critical in mediating endotoxin tolerance and homoeostasis (245). To induce 

tolerance, cells were plated in 96 well plates and pretreated for 24h with increasing 

concentrations of EPS (0.01, 1 and lOOng/ml) or left untreated as control. Then cell 

supernatants were replaced by fresh medium and the cells were challenged with lOOng/ml 

EPS or control medium. 24h later, the supernatant was harvested and assayed for secreted 

TNF-a and CCE5 protein using EEISA. Comparing the cytokine expression of wt and 

5arw-knockout cells, I was able to determine if SARM had a role in tolerising these cells. I 

observed that cells pretreated with EPS produced less TNF-a and CCE5 following EPS 

challenge than cells that were only medium-pretreated (Figure 4.4). The cytokine release 

was suppressed in a dose-dependent manner by EPS pretreatment reflecting tolerisation of 

the cells, especially at 1 and lOOng/ml EPS. Also both cell types, BMDMs and BMDCs, 

were equally tolerisable following EPS pretreatment. In agreement with the literature, 

particularly the secretion of the proinflammatory cytokine TNF-a was strongly inhibited in 

tolerant cells (Figure 4.4a, c). Also CCE5 expression was found to be tolerisable, although 

the reduction was less dramatic than for TNF-a (Figure 4.4b, d). Nonetheless, the degree of 

TNF-a and CCE5 suppression was comparable in wt and SARM-defieient cells, excluding 

a role for SARM in establishing endotoxin tolerance in these cells. However, the difference 

in cytokine expression observed between wt and Sarm''' cells was interesting. In line with 

the previous cytokine study in BMDCs, I observed significantly impaired EPS-induced 

CCE5 protein in S’arw-knockout cells, whereas TNF-a protein was only slightly reduced 

(Figure 4.4). This was independent from the tolerisation state of the cell and the cell type. I 

noted that the requirement for SARM to induce CCE5 protein was even more pronounced
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in primary BMDMs, than BMDCs. This was interesting and gave a first indication that the 

role of SARM in selectively regulating cytokine expression might be even more 

fundamental in BMDMs.

4.2.3 Role for SARM in TLR- and non-TLR-induced CCL5 

expression in primary and immortalised BMDMs

From previous experiments 1 gained several lines of evidence that SARM had an 

immune function in primary BMDMs (pBMDMs). First, pBMDMs expressed SARM and 

significantly downregulated Sarm mRNA following immune stimulation (3.2.1). Second, 

preliminary data revealed a role for SARM in TLR4-induced CCL5 expression in BMDMs 

(4.2.2). Hence I next performed a more detailed cytokine expression analysis in BMDMs. 

The analysis of TLR4 responses in pBMDMs revealed that CCL5 mRNA and protein 

expression were significantly impaired in the absence of SARM with a particular strong 

reduction at the protein level (Figure 4.5b, d). In contrast, the LPS-induced Tnf-a mRNA 

was unaffected by SARM ablation; however a slight reduction was observed at the protein 

level (Figure 4.5a, c). This mirrored the observation made in BMDCs and suggested an 

additional role for SARM in TNF-a translation. I next analysed other TLR and non-TLR 

ligands to define if SARM function was TRIF- and/or TLR-specific. Surprisingly, and 

different from the result in BMDCs, SARM was found to mediate CCL5 expression in 

response to all PRR pathways tested (Figure 4.6b, d). This included the TRIF-dependent 

and -independent TLR pathways TLR3 and TLR7, respectively, as well as the cytosolic 

RNA and DNA receptor pathways MDA5, RIG-I and p204. MDA5 is, like RIG-I, a RNA 

sensitive receptor of the RLR family, that was activated by transfected Poly(I:C). In 

contrast, SARM was not found to be required for TNF-a induction, which was mainly 

upregulated by TLR stimulation and only poorly by cytosolic receptors (Figure 4.6a, c). 

This illustrated again the selective regulatory role of SARM on CCL5 expression, which 

surprisingly was not restricted to TRIF- and TLR-dependent pathways in pBMDMs. 

Furthermore, the data indicated that the potential translational role of SARM on TNF-a 

was restricted to TLR4.

In order to pursue analysis of this newly discovered SARM function it was crucial to 

establish the immortalised wt and Sarrn'' BMDM cell line (iBMDM) as a reliable model 

system and constant source of cell material. The immortalisation of primary Sarm-
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knockout BMDMs was performed by K. Fitzgerald (UMass Medical School/USA) using 

J2 retrovirus containing oncogenes (228). First, 1 characterised the TNF-a and CCL5 

cytokine responses of SARM-deficient iBMDMs in comparison with the wt iBMDM cell 

line previously established in our laboratory. This would evaluate if the effects observed in 

pBMDMs were preserved in the immortalised cell line. Consistent with the pBMDMs, the 

LPS-induced Tnf-a mRNA expression was unaffected by SARM ablation (Figure 4.7a). 

Unexpectedly, the protein expression of TNF-a was enhanced in SARM-deficient 

iBMDMs following LPS stimulation, which was opposed to the slightly reduced level 

observed in pBMDMs (Figure 4.7c). Additionally, I noted elevated basal TNF-a mRNA 

and protein level in Sarm''' iBMDMs, an effect that was not detected in primary cells. 

Analysing the TLR4-mediated CCL5 expression revealed a complete abrogation of CCL5 

mRNA and protein in iBMDMs lacking SARM (Figure 4.7b, d). The effect on CCL5 

coincided with the primary cell data; however the dependency on SARM was much more 

pronounced in the immortalised cell line, as SARM was absolutely required for CCL5 

expression. Next I assessed Tnf-a and Ccl5 mRNA expression following stimulation of 

other TLRs like TLR3 and TLR7 and the cytosolic, TLR-independent receptors MDA5, 

RIG-1 and p204. Consistent with previous observations, the cytosolic receptors elicited 

only low level of Tnf-a, but were able to significantly upregulate Ccl5 mRNA. As in 

primary cells, Tnf-a mRNA induction was unaffected by SARM ablation following 

activation of the various PRRs (Figure 4.8, top graph). In regard to Ccl5, a dependency on 

SARM was observed following the cytosolic receptor pathways, whereas the low Ccl5 

induction following Poly(l:C)- and CL075-activated TLRS and TLR7, respectively, did 

not require SARM (Figure 4.8, bottom graph). Thus the positive role of SARM in PRR- 

induced CCL5 expression was mostly preserved in the iBMDM cell line. However the 

evidence for an additional role of SARM in TLR4-mediated TNF-a translation was not 

sustained in immortalised cells and therefore was not pursued in further analysis of these 

cells.

4.2.4 SARM is additionally required for IFN-p expression in 

immortalised, but not in primary BMDMs

The data reported so far demonstrated a selective role of SARM in gene expression of 

CCL5, but not TNF-a. The fact that SARM mediated CCL5 expression of all receptor
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pathways tested, TLR-dependent and -independent, suggested a more downstream 

regulation in the pathway. In this regard it was interesting that TNF-a and CCL5 use 

different transcription factors for their expression. In addition to NF-kB, which is sufficient 

for TNF-a upregulation, CCL5 is also dependent on the transcription factor IRF3 (229). 

Hence to further define SARM function it was reasonable to analyse another 1RF3- 

dependent gene. IFN-(3 was a good candidate because preliminary data in BMDCs 

indicated a SARM-regulatory function also for IFN-P expression (4.2.1). Activation of 

TLR4, 3 and 7 induced Ifn-P mRNA was slightly reduced in Sarm''' pBMDMs. This was 

also observed at the protein level following TLR4 stimulation (Figure 4.9a-c). However 

this effect was inconsistent and less significant compared to the previously observed CCL5 

regulation. Furthermore, I could exclude a role for SARM in Ifn-P expression induced by 

the non-TLR, RNA-dependent cytosolic receptors MDA5 and RIG-1, which was in line 

with the BMDC data (Figure 4.9c). Only the cytosolic DNA pathway showed an effect on 

Ifn-P expression, reflected in an enhanced level of mRNA in SARM-deficient BMDMs 

(Figure 4.9c). Although this observation was consistent throughout several experiments, it 

did not persist at the protein level (data not shown). Next, I analysed IFN-p responses in 

immortalised BMDMs, which revealed an unexpected, much more dramatic phenotype. 

SARM-deficient iBMDMs had a complete defect in IFN-P expression following all PRR 

ligands tested (Figure 4.9d-f). The absolute requirement for SARM to express IFN-P, even 

basally, differed significantly from the data obtained in primary BMDMs and BMDCs. 

Although primary cells exhibited a slight reduction of TLR-induced IFN-p, it was evident 

that the role of SARM on IFN-P expression was less crucial than in immortalised cells.

Nevertheless, in light of the profound immunomodulatory functions of IFNs, it was 

feasible to assess the potential role of SARM in IFN-P regulation by an independent 

approach. PRR-induced type I IFNs, mainly IFN-a and IFN-P, can subsequently signal via 

the type I IFN receptor (IFNAR) in an autocrine/paracrine manner. This consequently 

activates a signalling cascade that results in the induction of a wide range of IFN- 

stimulated genes (ISGs), as illustrated in the schematic (Figure 4.12, described later). Thus 

as an indirect readout of TLR4-induced type 1 IFN production, I examined the activation of 

the IFN-dependent transcription factor STATl and the induction of the ISGs viperin and 

IRF7 following LPS treatment. One important step in STATl activation is its 

phosphorylation on tyrosine 701, termed p-STATl. I assessed the appearance of p-STATl 

and the induction of viperin using immunoblot analysis. Wt and Sarm''' BMDMs were
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stimulated for various times with LPS, Sendai virus or medium as control. Lysates were 

then resolved on a 10% SDS-Polyacrylamide gel followed by Western Blotting using 

specific antibodies to p-STATl (Tyr701) and viperin. Additionally, the blot was probed for 

P-actin as a loading control. The induction of IrP mRNA was examined using quantitative 

real-time PCR. First I analysed primary BMDMs, where SARM was shown to be mostly 

dispensable for PRR-induced IFN-p. This was confirmed by the immunoblot analysis. 

TLR4 and RIG-1 stimulation triggered STATl phosphorylation 3h and 6h after LPS and 

Sendai virus treatment, respectively (Figure 4.10a). Sarm'' pBMDMs exhibited only a 

minimal reduced pSTATl level 3h after LPS treatment, while Sendai virus-induced p- 

STATl was equal in both genotypes. This coincided with the previous cytokine study, 

which revealed slightly impaired LPS-induced IFN-p in some experiments. P-STATl then 

subsequently decreased at 6h, while the antiviral protein viperin was upregulated at this 

time point to a similar extend in both genotypes. Also the induction of the ISG IrP was 

mostly unaffected by SARM ablation (Figure 4.10c, left graph). Thus the results 

demonstrated indirectly that primary BMDMs were able to upregulate TLR4- and RIG-I- 

induced type 1 IFNs independently of SARM, which was consistent with the cytokine data. 

In contrast the previous cytokine analysis of immortalised BMDMs revealed that SARM 

was absolutely required for IFN-P expression in this cell type. This dramatic defect in IFN- 

P production was also visible when analysing the IFN-dependent responses. While wt 

iBMDMs induced p-STATl and viperin 3h after LPS treatment, these responses were 

completely inhibited in SARM-deficient cells (Figure 4.10b). Even 24h after stimulation, 

viperin was barely expressed in the knockout iBMDMs as opposed to its persistent and 

significant upregulation in the wt cells. The inability of Sarrn'' iBMDMs to induce IFN- 

dependent genes in response to LPS was further demonstrated by the completely abrogated 

IrP expression (Figure 4.10c, right graph). Also basal Irp mRNA level were dramatically 

impaired in the absence of SARM, which was an indication of the defective IFN system 

and the lack of IFN priming. These data confirmed the essential role of SARM in IFN-P 

production in iBMDMs. Together with the cytokine study, these observations clearly 

demonstrated a difference in the requirement for SARM in IFN-P expression in primary 

and immortalised BMDMs (Figure 4.1 lb).
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4.2.5 TLR4-induced CCL5 is a primary response gene in BMDMs

The previous results revealed a consistent regulatory function of SARM in PRR- 

induced CCL5 expression in primary and immortalised BMDMs. PRR stimulation initiates 

a signaling cascade that leads to activation of several transcription factors, including NF- 

kB, AP-1 and IRF3/7 (Figure 4.12). A combination of these factors finally induces the 

upregulation of a set of primary response genes (PRGs) independent of new protein 

synthesis, like the cytokines TNF-a and IFN-P (246). Those upregulated proteins 

themselves mediate further responses and may also induce another set of genes, referred to 

as secondary response genes (SRGs). Particularly type I IFNs induced by the PRR 

pathways are known for their extensive immunomodulatory potential by subsequently 

upregulating numerous IFN-stimulated genes (ISGs) by signalling via the IFNAR. CCL5 

was reported to belong to a class of genes that showed some IFN-dependency (247). Thus 

it was of importance to determine if PRR-stimulated BMDMs induced CCL5 solely as a 

PRG or if its expression was further regulated by IFNs in a secondary response. This 

would on the one hand define the transcription factor complex involved in CCL5 

regulation and also elucidate if a potential SARM modulation of IFN-P expression could 

have affected CCL5 expression indirectly. As an approach to distinguish primary from 

secondary response genes I compared LPS-induced cytokine expression in primary and 

immortalised wt BMDMs (p/iBMDMs) either pretreated for Ih with the protein synthesis 

inhibitor cycloheximide (CHX) or left untreated. The cells were subsequently stimulated 

for 3h with LPS and quantitative real-time PCR was applied to analyse cytokine mRNA 

expression of Ccl5 and several control genes. The analysis of Tnf-a mRNA served as 

control for a classical PRG, which should be unaffected by CHX, while lfit2 was known to 

be also IFN-dependent, hence should show some sensitivity to inhibition of protein 

synthesis (246, 248). As expected, Tnf-a mRNA expression was not impaired in the 

presence of CHX, in fact treatment with the inhibitor caused an enhanced mRNA level in 

p/iBMDMs (Figure 4.13a, b). In contrast the expression of the IFN-dependent gene Ifit2 

was completely abolished in CHX-treated cells, indicating the successful inhibition of 

protein synthesis. Similar to Tnf-a, I observed an accumulation of Ccl5 and Ifn-f mRNA in 

LPS-stimulated p/iBMDMs treated with the inhibitor. This indicated that TLR4-mediated 

Ccl5 upregulation in BMDMs, just as Ifn-f, was directly induced by the primary signal 

transduction pathway and did not require protein synthesis. Nevertheless, it was interesting 

to examine the impact of secreted type I IFNs on LPS-induced Cc/5 expression. Thus the
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IFNA receptor signalling was blocked using a specific antibody against the IFNARl 

subunit. The optimal anti-IFNARl antibody concentration was determined in an initial 

experiment by treating wt iBMDMs overnight with various concentrations of the blocking 

antibody followed by 3h LPS stimulation to elicit IFN-P production. Cell lysates were 

analysed by immunoblot for activation of STATl, a component of the IFN signalling 

pathway. In control cells that were not pretreated with the blocking antibody, LPS induced 

tyrosine 701-phosphorylation of STATl. This was significantly inhibited in cells treated 

with anti-IFNARl antibody, demonstrating the successful neutralisation of the IFNA 

receptor (Figure 4.13c). The suppression of IFN signalling was comparable among all 

antibody concentrations tested, though I decided to use 5pg/ml in the following 

experiment, a concentration which was also described in the literature (249). Using this 

protocol, wt p/iBMDMs were pretreated overnight with the anti-IFNARl antibody or left 

untreated as control. Cells were then stimulated for different times with LPS or medium 

and mRNA of the various cytokines was analysed using quantitative real-time PCR. 

Comparing cytokine induction in the presence or absence of the blocking antibody 

revealed the contribution of secreted IFNs on gene induction. In line with the previous 

experiment, LPS-induced Tnf-a expression was independent of a secondary factor and thus 

unaffected by inhibiting the IFN response in p/iBMDMs (Figure 4.13 d, e). As control for 

IFNAR blocking, I analysed the highly IFN-dependent gene IrP (200). The expression of 

hp mRNA was completely abrogated in anti-IFNARl antibody-treated cells, even basally, 

which confirmed the successful block of the IFN signal. In agreement with the CHX 

experiment, the immediate upregulated Ifn-p expression in iBMDMs was independent of 

secreted IFNs, however at later time points it showed some dependency on subsequent IFN 

signalling (Figure 4.13e IV). In contrast, pBMDMs required an intact IFN pathway already 

for the immediate Ifn-P production even Ih after LPS stimulation (Figure 4.13d IV). This 

was surprising, given that Ifn-P was clearly identified as a PRG in the CHX study, hence 

independent of a newly synthesised factor. This suggested that pBMDMs, in contrast to 

iBMDMs, may require a specific factor for Ifn-P expression that was dependent on basal 

IFN priming. Nevertheless the experiment in pBMDMs needs to be repeated in order to 

confirm the result. Analysing Ccl5,1 observed that its expression was mainly unaffected by 

blocking the secondary IFN pathway in p/iBMDMs (Figure 4.13d, e III). Thus LPS- 

induced CCL5 was a PRG in BMDMs and also independent of IFN signalling.
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4.2.6 SARM is also required for type I and type II IFN-induced CCL5, 
while it is dispensable for most other IFN-dependent 
responses

The previous experiment demonstrated the crucial role of SARM in TLR- and non- 

TLR-induced CCL5 expression. The fact that TLR4-induced CCL5 was upregulated as a 

primary response gene, independent of a secondary induced factor, was evident for a direct 

function of SARM in the PRR pathways. To determine if SARM-mediated regulation was 

restricted to PRR signalling and their specific transcription factors, such as NF-kB, AP-1 

and IRF3/7, 1 sought to assess CCL5 expression of other, PRR-independent pathways. 

CCL5 expression is also known to be induced by type 1 and type II IFNs that signal via the 

IFNAR or IFNGR, respectively, to classically activate the JAK-STAT pathways (Figure 

4.12). IFNAR signalling leads mainly to formation of a transcriptional complex composed 

of STATl, STAT2 and 1RF9, also known as IFN-stimulated gene factor 3 complex 

(1SGF3), whereas IFNGR more strongly activates STATl homodimer formation. Both 

complexes then initiate a specific set of ISGs, controlled either more by ISRE or GAS 

promoter elements, respectively (191). Also in those pathways some responses can be 

more secondary, for example due to upregulated transcription factors such as IRFl or 

1RF8. Given that the signalling molecules and transcription factors involved in the IFN 

pathway differed significantly from the ones used by PRRs, I investigated if SARM would 

also regulate IFN-induced CCL5 expression, and additionally also examined other IFN- 

mediated responses. Wt and Sarm''' p/iBMDMs were directly stimulated with recombinant 

IFN-a or IFN-y in order to activate IFNAR or IFNGR pathways, respectively. To my 

surprise, the analysis of IFN-a-induced CCL5 protein in primary BMDMs revealed a 

strong SARM dependency (Figure 4.14a). To confirm equal activation of the IFN pathway 

and to test for an upstream inhibition by SARM, I performed immunoblot analysis of 

tyrosine 701-phosphorylated STATl (p-STATl), as an indicator for transcription factor 

activation. Total STATl protein and p-actin served as loading control. However, wt and 

Sarm'' pBMDMs showed similar kinetics of STATl activation in response to IFN-a 

treatment, and the induction of the ISG viperin was unaffected by SARM ablation (Figure 

4.14b). Immunoblot analysis of IFN-y-stimulated pBMDMs also excluded a role for 

SARM in IFN-y-mediated p-STATl activation and induction of viperin (Figure 4.14c). A 

similar phenotype was observed in iBMDMs. Analysing several ISGs using quantitative
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real-time PCR, I found that the upregulation of Ccl5 mRNA was significantly impaired in 

SARM-deficient iBMDMs stimulated with IFN-a (Figure 4.15a I,II). This was confirmed 

at the protein level (Figure 4.15b). In contrast, the IFN-a-mediated fold induction of other 

ISGs, such as Ifitl and /r/7, were unaffected by SARM ablation (Figure 4.15a IV,VI). Only 

the relative mRNA level of Irp was reduced in SARM-deficient iBMDMs, probably 

caused by the lack of IFN priming (Figure 4.15a V). As shown earlier, Sarm'' iBMDMs 

had a significant defect in basal IFN-(3 production, which consequently attenuated the 

expression of IFN-dependent genes, in the basal state as well as after stimulation. The 

analysis of fold induction of mRNA, which set the different basal expression levels of both 

genotypes as one, revealed a SARM-dependency only for Ccl5 (as described above). The 

impaired viperin expression in response to IFN-a in iBMDMs, was possibly also an effect 

of the defective IFN-P priming (Figure 4.15c). In agreement with the primary cell data, p- 

STATl activation was comparable between wt and Sarrn'' iBMDMs. Next I assessed 

CCL5 mRNA and protein production in response to IFN-y. Consistent with the type I IFN 

pathway, the IFNGR was unable to upregulate CCL5 in the absence of SARM, although p- 

STATl activation was unaffected (Figure 4.15d-f). Again, viperin induction was 

attenuated in Sarm''' iBMDMs, which was most likely an indirect effect due to defective 

IFN priming. Overall the analysis of type 1 and type II IFN-mediated responses 

demonstrated that SARM had no direct role in the IFN signalling pathways, but rather 

elucidated that the selective regulatory role of SARM in CCL5 induction was not restricted 

to the PRR pathway and also valid for the IFN transduction pathways (Figure 4.16).
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4.3 Discussion

Given the initial observation that SARM was detectable in murine BMDMs and that its 

expression was regulated upon TLR and IFNAR stimulation, it was interesting to perform 

a detailed analysis on the role of SARM in immune responses in these cells. This might 

also help to explain the discrepancy in SARM function that emerged from human and 

murine studies. While human SARM was found to interact with TRIP and negatively 

regulate TRlF-dependent TLR signalling, a study on murine S'arw-knockout BMDMs 

could not confirm a TLR-regulatory function of SARM (44, 220). Here, the cytokine study 

in primary and immortalised BMDMs (p/iBMDMs) revealed that SARM played a 

significant and selective role in promoting CCL5 expression (Figure 4.16). Unexpectedly, 

this function was not restricted to TRlF-dependent TLR pathways, as might have been 

suggested by the SARM-TRIF interaction, and SARM was positively involved as opposed 

to its known inhibitory role in the human system (44). Also the MyD88-dependent TLR 

pathways, like TLR7, required SARM for CCL5 expression. In this regard, an interaction 

of SARM with the TIR adaptor MyD88 had also been observed for amphioxus (217) and 

human SARM (M. Carty, personal communication). However, further analysis revealed 

that SARM also regulated optimal CCL5 expression in TLR-independent pathways. The 

cytosolic RNA- and DNA-sensitive PRR pathways showed a strong dependency on SARM 

for CCL5 induction, even though they signal independently of the TIR adaptors MyD88 

and TRIP. The RNA receptors of the RLR family MDA5 and RIG-I signal via the adaptor 

protein MAYS, whereas the DNA receptors, such as p204, highly depend on STING. 

However, the signalling cascades initiated by the various PRRs converge further 

downstream leading to activation of common transcription factors, including AP-1, NF-kB 

and IRF3/7. Thus SARM might act at this downstream level to regulate CCL5 expression. 

Interestingly, I observed that SARM was dispensable for the mRNA upregulation of the 

NF-KB-dependent gene Tnf-a following all PRR pathways tested. As CCL5 is additionally 

controlled by IRF transcription factors, such as IRF3, this suggested a role for SARM in 

the IRF pathway. However, IFN-P, a gene like CCL5 mainly controlled by NF-kB and IRF 

transcription factors, was mostly unaffected by SARM-deficiency following PRR 

stimulation of primary BMDMs. Only TLR pathways, like TLR4 and TLR7, showed a 

slight dependency on SARM, which was more prominent in BMDCs than BMDMs. A 

more recent experiment suggested that the effect on IFN-p in primary cells was most likely
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caused by a delay in IFN-P expression in the absence of SARM, rather than a profound 

dysfunction (data not shown). Nevertheless, due to the potential function of SARM in 

TLR4-mediated IFN-P expression in primary BMDCs and the known SARM-TRIF 

interaction, 1 investigated if SARM played a role in DC maturation and endotoxin 

tolerance, but found that these processes were independent of SARM. In contrast to the 

subtle IFN-P regulation in primary BMDMs, immortalised BMDMs showed an absolute 

requirement for SARM for IFN-P expression in all PRR pathways tested. The dramatic 

difference in IFN-P expression of Sarm''' primary and immortalised BMDMs was 

confirmed by an independent approach. Instead of directly analysing IFN-p expression 

following LPS stimulation, 1 assessed IFN-dependent responses elicited by secreted IFNs 

and their subsequent signalling via the type 1 IFN receptor (IFNAR). As expected, SARM- 

deficient iBMDMs had a complete defect in activating IFN-dependent STATl or inducing 

the IFN-stimulated genes (ISGs) viperin and Irf7. This coincided with the lack of IFN-p 

production in these cells. Even the basal expression of lrf7 was abrogated in Sarm''' 

iBMDMs, indicating the additional defect of IFN priming. “IFN priming” is usually 

mediated by the constitutive production of low amounts of IFNs and their signalling via the 

IFNAR, which establishes the basal gene expression profile of resting BMDMs and is also 

critical for the unique cytokine response upon stimulation (247). Therefore the lack of IFN 

priming in Sarm''' iBMDMs was likely to have affected many other genes, apart from /r/7, 

which needs to be considered when interpreting the results. On the contrary, the IFN- 

dependent responses in pBMDMs were mostly unaffected by SARM ablation, which 

correlated with the intact IFN-P production in these cells following LPS and Sendai virus 

stimulation. This highlighted again the different requirement for SARM in IFN-P 

expression in primary and immortalised BMDMs. Furthermore it suggested that iBMDMs 

may require SARM for IRF3-dependent genes in general, while in primary cells SARM 

function was more restricted to CCL5 regulation. The iBMDMs were originally generated 

using a J2 retrovirus carrying oncogenes to induce the transformation of the primary cell to 

a “tumor-like” cell line (173, 228). It is conceivable that in the setting of a tumor cell, 

SARM may have acquired different functions, which might explain the divergence 

between the two BMDM cell types (further discussed in 5.3).

Evaluation CCL5 induction in response to type I and type II IFN pathways then further 

defined that SARM-mediated regulation was not restricted to the transcription factors 

activated by PRRs, as IFN receptors mainly initiate the formation of STAT-containing
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transcriptional complexes to upregulate IFN-stimulated genes (ISGs) (191). The ISGF3 

complex composed of STATl, STAT2 and IRF9 is mainly activated by the IFNAR and 

targets genes with ISRE promoter elements, such as Irf7, Ifit2, viperin and potentially Ccl5 

(Figure 4.16). The IFN-y-stimulated type II IFN receptor (IFNGR) on the other hand 

activates mostly STATl homodimer formation to induce genes controlled by GAS 

elements. Many of those genes are transcription factors, such as Irfl and Irf8, which in turn 

participate in the next wave of gene induction. In fact, IFN-y-induced CCL5 expression 

was shown to be mediated by those IRFs (250, 251), while STATl was directly implicated 

in IFNAR-mediated CCL5 induction (252). Most surprisingly, also in the type I and type II 

IFN response, SARM selectively regulated CCL5 mRNA and protein induction, while the 

expression of other ISGs, such as Irf7, Ifit2 and viperin, were mostly independent of 

SARM. Accordingly, no SARM-dependency was observed for the activation of the 

common transcription factor STATl.

It is known that after PRR stimulation a huge number of genes are not directly 

upregulated by the primary pathway, but instead induced in a secondary response by 

secreted type 1 IFNs and their subsequent signalling via the IFNAR (201, 253). For CCL5 

it was reported that IFNs may contribute to its expression (201). Thus to exactly define the 

pathway regulated by SARM, I assessed if PRR-induced CCL5 expression in BMDMs was 

dependent on IFNs or other secondary responses, using an IFNAR blocking antibody and 

the protein synthesis inhibitor cycloheximide (CHX), respectively. The analysis revealed 

that Ccl5, like Tnf-a and Ifn-fi, was a primary response gene (PRG) following TLR4 

activation in primary and immortalised BMDMs. In fact the mRNA of all three genes 

actually accumulated in the presence of the protein synthesis inhibitor. The CHX-mediated 

accumulation of certain mRNAs, also basally, is a well documented phenomenon and most 

likely caused by enhanced mRNA stability (254). The mRNAs of proinflammatory 

molecules, such as Tnf-a, are usually highly unstable in the basal state due to the binding 

of destabilising proteins to AU-rich elements (ARE) in the 3’ untranslated region (UTR) 

(255). The inhibition of protein synthesis might have reduced the abundance of these 

proteins and in turn increased mRNA stability. This also explains why Ccl5 was only 

marginally enhanced in CHX-treated eells, as its mRNA is known to be inherently stable 

and devoid of any ARE sequences (256). Consistent with the induction of Ccl5 as a PRG, 

its expression was mainly independent of a secondary IFN signal. Only at later time points, 

IFNs might slightly contribute to Ccl5 expression, which was overall in agreement with the
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literature (201). Thus, in addition to the IFN pathway, SARM also selectively regulated 

CCL5 expression directly in the PRR pathway in the context of the constitutively 

expressed signalling molecules, transcription factors and coactivators. But the mechanism 

had to differ from the other TLR4-induced PRGs, TNF-a and IFN-P, as they were mostly 

unaffected by SARM-deficiency in pBMDMs. TNF-a regulation clearly differs from 

CCL5, as it is mainly controlled by NF-kB (257). But referring to the literature, the 

transcriptional regulation of CCL5 and IFN-P is more similar, as they both require the 

cooperative assembly of NF-kB, AP-1 and IRF transcription factors at the promoter to 

form an enhanceosome for optimal gene induction (258, 259). Interestingly, the analysis of 

the IFNAR blocking experiment revealed a clear regulatory difference between both genes. 

While TLR4-induced Ccl5 expression was mostly independent of IFNs, the Ifn-fi 

expression showed some dependency on intact IFN signalling. It is well established that 

TLR4-induced IFN-P is initially mainly upregulated by constitutive IRF3, but requires 

IFN-induced IRF7 later on in the response to amplify the expression (237, 260). This 

positive IFN feedback loop was also operational in iBMDMs, where I observed that IFNs 

were dispensable for the initial Ifn-fi peak, but required for the sustained Ifn-f expression at 

later times. Surprisingly, pBMDMs required an intact IFN signal already for the 

immediate-early expression of Ifn-p. This was most likely caused by the complete loss of 

basal IRF7 due to the blocking of the IFNAR and the lack of IFN priming (201). Thus the 

data elucidated a different regulatory mechanism of CCL5 and IFN-p, in that IFN-P was 

more reliant on IRF7 or another IFN-induced factor, while CCL5 expression was 

completely independent of IFN-mediated regulation. Furthermore, I noted that the kinetics 

of Ccl5 expression were delayed compared to the immediate-early upregulation of Ifn-f, 

which suggested that additional control mechanisms were in place to decelerate Ccl5 

induction. More recently, new concepts of the selective transcriptional regulation of gene 

expression have emerged whereby particularly chromatin and its modifications play a key 

role in controlling the accessibility of transcription factor binding sites and the recruitment 

of regulatory proteins to the promoter (261). Further CCL5 was shown to belong to a group 

of PRGs that is tightly controlled by chromatin remodelling processes and even actively 

suppressed at the basal state, which might explain the delayed expression in comparison to 

IFN-P (246, 262-264). IRF molecules in particular, which interact with other transcription 

factors and coactivators, seem to play a crucial role in initiating chromatin remodelling by 

SWl/SNF complexes on selective, tightly regulated genes, including Ccl5 (246).
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Interestingly, all the investigated pathways, namely PRRs, IFNAR and IFNGR, potentially 

use an IRF family member as a central means to upregulate CCL5. The fact that SARM 

selectively regulated CCL5 expression of all these different pathways, suggested a more 

downstream regulatory role of SARM, independent of the different transcription factors of 

the individual pathways. Thus it is intriguing to speculate that SARM might be involved in 

a Cc/5-specific remodelling process at the promoter level. Another possibility may be that 

SARM acts more upstream in an alternative pathway common to PRR and IFN receptors, 

which would function more as a coactivator pathway to enhance the response. This 

hypothesis was particularly attractive in light of the role of SARM in C. elegans, where the 

homologue TlR-1 functioned independent of the TLR pathway upstream of a p38 MAPK 

cascade to mediate immune responses (see 1.4, (212)). As the p38 MAPK pathway was 

also implicated in IFNAR- and IFNGR-mediated gene induction, independent of STATl 

activation, it will be interesting to investigate if SARM regulated CCL5 expression via 

activating this evolutionary conserved pathway (191, 194). Accordingly, SARM might 

play a role in the expression of a specific set of genes, a question which is currently under 
investigation.

Furthermore, 1 noted that the role of SARM in CCL5 expression was more apparent in 

cell types and pathways with an inherent high CCL5 induction capacity. Thus SARM 

played only a minor role in CCL5 expression in BMDCs, which generally induced much 

lower levels of CCL5 compared to BMDMs. A slight dependency on SARM was mainly 

observed in the TLR pathways, while the cytosolic receptors showed no requirement for 

SARM to express CCL5. Explanations for the different potential of BMDCs and BMDMs 

to upregulate CCL5 can be found in more recent studies. The corresponding growth factors 

GM-CSF and M-CSF, respectively, have been shown to polarise monocytic cells towards a 

Ml - and M2-like macrophage phenotype with a specifie cytokine profile (247). GM-CSF- 

treated cells exhibited a more proinflammatory phenotype with stronger activity of the NF- 

kB pathway, in contrast to the more IFN- and IRF-dominated profile present in M-CSF- 

derived BMDMs. This might explain the enhanced CCL5 induction in BMDMs compared 

to BMDCs. The transcription factors 1RF5 and 1RF4 are currently discussed as key 

mediators of the macrophage polarisation process (265, 266). That SARM possessed more 

an enhancing function in CCL5 expression was also indicated by the fact that SARM- 

deficiency attenuated, but did not completely abrogate CCL5 expression.
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During the cytokine study 1 also noted that, even though SARM was dispensable for 

Tnf-a mRNA induction, the TNF-a protein expression was slightly modulated by SARM. 

This would suggest an additional role for SARM in TNF-a translation, but the effects were 

conflictive in primary and immortalised BMDMs. Primary Sarm'' BMDMs and BMDCs 

showed slightly reduced TNF-a protein levels, while immortalised knockout cells 

exhibited elevated basal and stimulated protein levels. The latter phenotype was likely 

caused by the basally enhanced Tnf-a mRNA expression in Sarrn'' iBMDMs. 

Subsequently, I examined if SARM played a role in Tnf-a mRNA stability, but could 

exclude a function for SARM in this process (data not shown). I rather suspect that the 

basally enhanced Tnf-a mRNA levels in immortalised Sarm''' cells were a side effect of the 

defective IFN system, as it was proposed that the lack of IFN priming could cause a more 

NF-xB-related phenotype and lead to elevated levels of proinflammatory cytokines, such 

as TNF-a (247). However a different study showed that constitutive IFN-P was also 

required for the basal expression of TNF-a (201). Thus the cause of the enhanced TNF-a 

mRNA and protein in resting Sarm''' iBMDMs remains elusive and was not further 

investigated due to the divergence to primary cells. On the contrary, in primary BMDMs 

and BMDCs, SARM might play a subtle role in promoting TNF-a translation following 

TLR4 activation. Interestingly, a recent in vivo study on ^arw-knockout mice also revealed 

a dependency on SARM to upregulate TNF-a in response to neurotropic WNV (221). 

However this effect was restricted to the brainstem and included a regulation of Tnf-a 

mRNA, which was unaltered in my study in BMDMs. Thus, SARM-mediated TNF-a 

regulation may depend on the cell type, the environment and the immune stimulus; and 

might be more pronounced in an immune cell type of the brain, where SARM is highly 

expressed. It is well documented that due to the potent proinflammatory functions, TNF-a 

expression is highly controlled at the transcriptional and posttranscriptional level. Proteins 

that bind AREs in the 3’ UTR of Tnf-a mRNA play a major role in regulating its stability 

and translation (267). It is intriguing that particularly the p38 MARK pathway and its 

downstream kinases MNKI and MK2 mediate the TLR4-induced enhanced TNF-a 

translation (268, 269), as there might be several possibilities as to how SARM may 

regulate this process. As the TLR4-induced prolonged activation of MK2 was shown to be 

TRIF-dependent, I examined a role for SARM in this pathway, but preliminary data 

indicated a normal phosphorylation of MK2 in the absence of SARM (data not shown). 

Also interesting was, that tRAK2, a newly identified interaction partner of SARM, was
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involved in MNKl activation and TNF-a translation (270, 271). And as described above, 

the homologue of mammalian SARM in C. elegans, TlR-1, was already shown to function 

upstream of such a MARK cascade to mediate immune responses (see 1.4, (212)). 

However, the effects on TNF-a translation were only subtle and not as significant as the 

role of SARM in CCL5 expression, which was consistent in primary and immortalised 

BMDMs and which will be the focus of the following mechanistic studies.
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Figure 4.1: Role for SARM in TLR4-induced CCL5 and IFN-P expression in primary BMDCs

Analysis of TNF-a, CCL5 and IFN-P mRNA and protein expression in primary wt and Sarm' ' BMDCs. (a-c) 
Cells were seeded in 24 well plates at 5x10^ cells/ml and stimulated for 3 and 6h with LPS [lOOng/ml] or 
medium as control (—). Tnf-a, Ccl5 and Ifn-fi mRNA expression were determined by quantitative real-time 
PCR, normalised to the housekeeping gene P-actin and presented relative to the control of wt BMDCs. {d,e) 
Cells were seeded in 96 well plates at 5x10* cells/ml and stimulated for 24h with the indicated concentrations 
of LPS or medium as control (—). Supernatants were collected and assayed for TNF-a and CCL5 protein by 
ELISA. Data are from one experiment representative of at least three (mean ± s.d.). * P<0.05, ** P<0.0L *** 
P<0.001, compared with wt (Student’s t-test).
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Figure 4.2: SARM is dispensable for non-TLR-induced CCL5 and IFN-p expression in primary 

BMDCs

Analysis of Tnf-a, Ccl5 and Ifn-P mRNA expression in primary wt and Sarm''' BMDCs. Cells were seeded in 
24 well plates at 5x10^ cells/ml and stimulated for 2h with Poly(I:C) [25pg/ml] and CL075 [2.5pg/ml] or for 
6h with Sendai virus (SeV) and transfected ds70mer [Ipg/ml]. Medium-treated cells served as control (—). 
Tnf-a, Ccl5 and Ifn-^ mRNA expression were determined by quantitative real-time PCR, normalised to the 
housekeeping gene P-actin and are presented relative to the wt control. Data are from one experiment 
representative of three (mean ± s.d.). ^ P<0.05, ** P<0.01, compared with wt (Student’s f-test).
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Receptor TLR4 TLR7 TLR3 RIG-I DNA sensor

Ligand LPS CL075 Poly(I:C) SeV tf ds70mer

TNF 0 (0/-) 0 (0/-) 0/n.d. 0 0

CCL5 -/o -/o 0/n.d. 0 0

IFN-p —/o -/o 0 0 0

Sarnt ' BMDCs compared to wt
0 no difference
- < 25% reduction

— 25-49% reduction
— > 50% reduction

n.d. not detectable

Table 4.1: Overview of the effect of SARM-deficiency on TLR- and non-TLR-induced cytokines in 
primary BMDCs

The table summarises the TLR- and non-TLR-induced TNF-a, CCL5 and IFN-(3 expression in Sarm' ' 
primary BMDCs compared to the corresponding wt. The overview is based on the mRNA data of three or 
more individual experiments. The protein data mostly showed a similar trend, except were brackets display a 
divergent effect at the protein level. Slash (/) separates different phenotypes observed to a similar extend in 
the experiments.
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Figure 4.3: SARM is dispensable for TLR-induced maturation of primary BMDCs

Primary wt and Sarm ' BMDCs were seeded in 96 well plates at 6x10^ cells/ml and stimulated for 24h with 
LPS [lOOng/ml], Poly(I:C) [lOpg/ml], R848 [5pg/ml] or medium as control (Ctrl,). Then cells were analysed 
for surface expression of the costimulatory molecules CD80, CD86 and CD40 or MHC class II using 
fluorescent-labeled specific antibodies and flow cytometry. Cells were gated on the CDllc^ population, 
representing BMDCs. The histograms present the changes in surface molecule expression comparing treated 
wt (bold black lines) and treated Sarm '' (dashed blue lines) BMDCs with untreated control (shaded 
histograms). The data are from one experiment representative of three.
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Figure 4.4: SARM has no role in endotoxin tolerance in primary BMDCs and BMDMs

Analysis of endotoxin tolerance in wt and Sarm' ' pBMDCs and pBMDMs. Cells were seeded in 96 well 
plates at 5x10^ cells/inl and pretreated with the indicated concentrations of LPS or medium as control (—) 
(LPS pretr.). After 24h the medium was replaced by fresh medium and l-2h later the cells were treated with 
LPS [lOOng/ml] or medium as control (—) (LPS tr.). After 24h, supernatants were collected and assayed for 
TNF-a and CCL5 protein by ELISA. pBMDC TNF-a and CCL5 data are from one experiment representative 
of three or two, respectively. The experiment in pBMDMs was performed once (mean ± s.d.).
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Figure 4.5: SARM is required for TLR4-induced CCL5 expression in primary BMDMs

Analysis of TNF-a and CCL5 mRNA and protein expression in primary wt and Sarm' ' pBMDMs following 
LPS stimulation. {a,b) Cells were seeded in 24 well plates at 5x10^ cells/ml and stimulated with LPS 
[lOOng/ml] for 1 and 4h or medium as control (—). Tnf-a and Ccl5 mRNA expression were determined by 
quantitative real-time PCR, normalised to the housekeeping gene P-actin and are presented relative to the 
control of wt BMDMs. (c,d) Cells were seeded in 96 well plates at 5x10^ cells/ml and stimulated with 0.01, 1 
and lOOng/ml LPS or medium as control (—). After 24h, supernatants were collected and assayed for TNF-a 
and CCL5 protein by ELISA. Data are from one experiment representative of three (mean ± s.d.). * P<0.05, 
** P<0.01, *** P<0.001, compared with wt (Student’s /-test).
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Figure 4.6: SARM promotes TLR- and non-TLR-induced CCL5 expression in primary BMDMs

Analysis of TNF-a and CCL5 mRNA and protein expression in wt and Sarm ' pBMDMs following 
stimulation with CL075 [5pg/ml], Poly(l:C) [25pg/ml], transfected Poly(l:C) [2pg/ml], transfected ds70mer 
[Ipg/ml] and Sendai virus (SeV). (a,b) Cells were seeded in 24 well plates at 5x10^ cells/ml and stimulated 
for 3h with CL075 and Poly(l:C) or for 6h with tf Poly(l:C), tf ds70mer and SeV. Medium-treated cells 
served as control (—). Tnf-a and Cc/5 mRNA expression were determined by quantitative real-time PCR, 
normalised to the housekeeping gene P-actin and are presented relative to the wt control. (c,d) Cells were 
seeded in 96 well plates at 5x10^ cells/ml and stimulated with the various ligands for lOh or medium as 
control (—). Supernatants were collected and assayed for TNF-a and CCL5 protein by ELISA. Data are from 
one experiment representative of three (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with wt 
(Student’s /-test).
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Figure 4.7: SARM is required for TLR4-induced CCL5 expression in immortalised BMDMs

Analysis of TNF-a and CCL5 mRNA and protein expression in immortalised wt and Sarm '' BMDMs (a,b) 
Cells were seeded in 24 well plates at 5x10'"’ cells/ml and stimulated for 1, 3 and 6h with LPS [lOOng/ml] or 
medium as control (—). Tnf-a and Ccl5 mRNA expression were determined by quantitative real-time PCR, 
normalised to the housekeeping gene p-actin and are presented relative to the wt control. (c,d) Cells were 
seeded in 96 well plates at 5x10^ cells/ml and stimulated for 24h with 1 and lOng/ml LPS or medium as 
control (—). Supernatants were collected and assayed for TNF-a and CCL5 protein by ELISA. Data are from 
one experiment representative of three (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with wt 
(Student’s t-test).
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Figure 4.8: SARM promotes non-TLR-induced CCL5 expression in immortalised BMDMs

Wt and Sarm''' iBMDMs were seeded in 24 well plates at 5x10^ cells/ml and stimulated for 4h with CL075 
[5pg/ml] and Poly(I:C) [25pg/ml] or for 6h with transfected Poly(I:C) [2pg/ml], transfected ds70mer 
[Ipg/ml] and Sendai virus (SeV). Medium-treated cells served as control (—). Tnf-a and Ccl5 mRNA 
expression were determined by quantitative real-time PCR, normalised to the housekeeping gene p-adin and 
are presented relative to the wt control. The TLR- and PRR-stimulated cells are from independent 
experiments, shown with the corresponding control. Data are from one experiment representative of three 
(mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with wt (Student’s /-test).
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Figure 4.9: SARM is required for TLR- and non-TLR-induced IFN-P expression in immortalised, but 
not in primary BMDMs

Comparison of IFN-P mRNA and protein expression in wt and Sarm '' pBMDMs and iBMDMs. (a,c,d,f) 
Quantitative real-time PCR analysis of Ifn-ji mRNA expression. Cells were seeded in 24 well plates at 5x10^ 
cells/ml and stimulated for the indicated time points with LPS [lOOng/ml], for 3h (c) or 4h (f) with CL075 
[5pg/ml] and Poly(l:C) [25pg/ml] or for 6h with transfected Poly(I:C) [2pg/ml], transfected ds70mer 
[Ipg/ml] and Sendai virus (SeV). Medium-treated cells served as control (—). Ifn-P mRNA was normalised to 
the housekeeping gene P-actin and is presented relative to the wt control. Data are from one experiment 
representative of three (mean ± s.d.). (b,e) Cells were seeded in 96 well plates at 5x10^ cells/ml and 
stimulated for 24h with the indicated concentrations of LPS or medium as control (—). Supernatants were 
collected and assayed for IFN-P protein by ELISA. The experiment was performed once (but (b) was 
repeated with 6h LPS stimulation) (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with wt 
(Student’s /-test).
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a
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Figure 4.10: SARM is required for TLR4-mediated IFN-dependent responses in immortalised, but not 

in primary BMDMs

Immunoblot analysis of phosphorylated STATl and viperin induction in wt and Sarm '' pBMDMs (a) and 
iBMDMs (b). Cells were seeded in 6 well plates at 5x10^ cells/ml and stimulated with LPS [lOOng/ml] (a,b) 
and SeV (a) for the indicated time points or medium as control (—). Lysates were subjected to SDS-PAGE 
followed by Western Blotting using specific antibodies to detect tyrosine 701-phosphorylated STATl (p- 
STATl), viperin and (3-actin as a loading control. The open arrowhead indicates the detection of viperin on 
the P-actin blot again, (c) Analysis of lrf7 mRlSIA expression in wt and Sarm ' pBMDMs (left) and iBMDMs 
(right). Cells were seeded in 24 well plates at 5x10^ cells/ml and stimulated with LPS [lOOng/ml] for the 
indicated time points or medium as control (—). IrP mRNA was determined by quantitative real-time PCR, 
normalised to the housekeeping gene p-actin and is presented relative to wt control (mean ± s.d.). Data are 
from one experiment representative of one or three for pBMDMs and iBMDMs, respectively. * P<0.05, ** 
P<0.01, *** P<0.001, compared with wt (Student’s /-test).
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Figure 4.11: Overview of the effect of SARM-deficiency on TLR- and non-TLR-induced cytokines in 

primary and immortalised BMDMs

(a) The table summarises the TLR- and non-TLR-induced TNF-a, CCL5 and IFN-P expression in Sarm '' 
primary and immortalised BMDMs (p/iBMDMs) compared with the corresponding wt. The overview is 
based on the mRNA data of all experiments performed, which mostly correlated with the protein level, 
except where brackets indicate a stronger or divergent effect seen at the protein level. Slash (/) separates two 
effects seen to a similar extend in all experiments. The conclusions are based on three or more individual 
experiments, (b) The simplified cartoon highlights the genes that were positively regulated by SARM in 
response to PRR stimulation in pBMDMs and iBMDMs.
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Figure 4.12: Signalling pathways potentially involved in PRR-mediated CCL5 expression

Schematic illustration of the signalling pathways possibly involved in pattern recognition receptors (PRR)- 
induced CCL5 expression in BMDMs. Stimulation of PRRs, such as TLRs, RLRs and DNA receptors, leads 
to activation of the transcription factors AP-1, NF-kB and 1RF3/7, resulting in the upregulation of a set of 
primary response genes, including TNF-a and IFN-(3. Once secreted, IFN-P can act in an autocrine/paracrine 
manner to induce numerous IFN-stimulated genes (ISGs) by signalling via the type 1IFN receptor (IFNAR). 
The main transcription factor complex activated by the IFNAR pathway is composed of STATl, STAT2 and 
1RF9, also known as ISG factor 3 (1SGF3) complex. Also STATl homodimers are known to upregulate a 
subset of ISGs following IFNAR stimulation. The latter transcriptional complex is typically involved in the 
type 11 IFN receptor (IFNGR) pathway that is activated by exogenous IFN-y stimulation. The following 
investigations analyse immune responses of these three signalling pathways to further define the role of 
SARM in CCL5 expression.
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Figure 4.13: TLR4-induced TNF-a, CCL5 and IFN-p are primary response genes in BMDMs

(a,b) The protein synthesis inhibitor cycloheximide (CHX) was used to distinguish primary from secondary 
response genes, wt pBMDMs (a) and iBMDMs (b) were seeded in 24 well plates at 5x10^ cells/ml and treated 
with CHX [5pg/nil] or medium (-) Ih before stimulation with LPS [lOOng/ml] or medium (-) for 3h. Tnf-a, 
Ifil2, Ccl5 and Ifn-fi mRNA were determined by quantitative real-time PCR, normalised to the housekeeping 
gene P-actin and are presented relative to the medium-treated control, (c) Immunoblot analysis to control the 
blocking of the type I IFN receptor using the IFNARl antibody (IFNARl Ab). wt iBMDMs were seeded in 
12 well plates and incubated overnight with the indicated concentrations of IFNARl Ab. The next day, cells 
were stimulated for 3h with LPS [lOOng/ml] and lysates were subjected to SDS-PAGE followed by Western 
Blotting using specific antibodies to detect tyrosine 701-phosphorylated-STATl and P-actin as a loading 
control. (d,e) The IFNARl Ab was used to distinguish LPS-induced IFN-dependent from IFN-independent 
gene expression, wt pBMDMs (d) and iBMDMs (e) were seeded as described in (a) and incubated overnight 
with IFNARl Ab [5pg/ml] or medium as control. Then cells were stimulated with LPS [lOOng/ml] for the 
indicated time points or medium as control (—). Tnf-a, Irfl, Ccl5 and Ifn-P mRNA expression were 
determined as in (a). The data are from one experiment representative of one or two for pBMDMs or 
iBMDMs, respectively (mean ± s.d.). ns = not significant, * P<0.05, ** P<0.01, *** P<0.001, compared with 
each control (Student’s r-test).
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Figure 4.14: SARM is required for IFNAR-induced CCL5 expression, but dispensable for other IFN- 

mediated responses in primary BMDMs

(a) Analysis of CCL5 protein expression in wt and Sarnf'' pBMDMs. Cells were seeded in 24 well plates at 
5x10^ cells/ml and stimulated with IFN-a [lOOOU/ml] for 6 and 9h or medium as control (—). Supernatants 
were eollected and assayed for CCL5 protein by ELISA (mean ± s.d.). (b,e) Immunoblot analysis of the 
induction of p-STATl and viperin in wt and Sarm ' pBMDMs. Cells were seeded in 6 well plates at 5x10^ 
cells/ml and stimulated with IFN-a [lOOOU/ml] (b) and IFN-y [lOng/ml] (c) for the indicated time points or 
medium as control (—). Lysates were subjected to SDS-PAGE followed by Western Blotting using specific 
antibodies to detect tyrosine 701-phosphorylated STATl (p-STATl), t-STATl, viperin (filled arrowhead) 
and P-actin as a loading control. The open arrowhead in (c) indicates the detection of P-actin on the viperin 
blot. Data are from one experiment representative of one (a.c) or two (b). * P<0.05, ** P<0.01, *** P<0.001, 
compared with wt (Student’s r-test).
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Figure 4.15: SARM is required for IFNAR- and IFNGR-induced CCL5 expression, but mostly 

dispensable for other IFN-mediated responses in immortalised BMDMs

(a) Quantitative real-time PCR analysis of Ccl5, IfitI and Irp mRNA expression in wt and Sarm " iBMDMs. 
Cells were seeded in 24 well plates and stimulated with IFN-a [lOOOU/ml] for the indicated time points or 
medium as control (—). mRNA level were normalised to the housekeeping gene P-actin and are presented 
relative to wt control (left) or as fold induction relative to each wt or Sartn ' control (right). (b,e) Analysis of 
CCL5 protein expression in wt and Sarm " iBMDMs. Cells were seeded in 96 well plates and stimulated for 
24h with the indicated concentrations of IFN-a (b) or IFN-y (e). Medium-treated cells served as control (—). 
Supernatants were collected and assayed for CCL5 protein by ELISA. (e,f) Immunoblot analysis ofp-STATl 
and viperin induction in wt and Sarm ' iBMDMs. Cells were seeded in 6 well plates and stimulated with 
IFN-a [lOOOU/ml] (c) and IFN-y [lOng/ml] (f) for the indicated time points or medium as control (—). 
Lysates were subjected to SDS-PAGE followed by Western Blotting using specific antibodies to detect 
tyrosine 701-phosphorylated STATl (p-STATl), t-STATl, viperin and P-actin as a loading control, (d) 
Quantitative real-time PCR analysis of wt and Sarm' ' iBMDMs treated with the indicated concentrations of 
IFN-y for 6 and 9h or medium as control (—). Ccl5 mRNA level were normalised to the housekeeping gene 
P-actin and are presented relative to wt control. Data are from one experiment representative of three (b, c, e), 
two (a) or one (d, f) (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with wt (Student’s t-test).
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Figure 4.16: Signalling pathways showing SARM-dependent CCL5 expression in BMDMs

Schematic illustration of the various signalling pathways that showed a requirement for SARM for CCL5 
expression in primary and immortalised BMDMs. After ligand binding, the various receptors engage with 
their specific adaptor proteins to initiate a signalling cascade that leads to transcription factor activation, 
nuclear translocation and selective gene induction. While the TLRs, RLRs and DNA receptors mainly 
activate the transcription factors AP-1, NF-kB and IRF3/7, the IFNAR and IFNGR induce the activation of 
STAT-containing transcriptional complexes. Thus, the different pathways upregulate CCL5 gene expression 
through different transcriptional activators, suggesting more a downstream regulatory role of SARM in CCL5 
induction. Refer to text for a detailed description of the transcription factor complexes involved in induction 
of the various genes.
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5 Investigating the CCL5-regulatory mechanism of 
SARM in murine BMDMs

5.1 Introduction

The analysis of the cytokine profile of murine wt and Sartn'' BMDMs and BMDCs 

revealed a new function of SARM in positively regulating Ccl5 gene expression in 

macrophages. In primary and immortalised BMDMs, SARM was consistently required for 

optimal CCL5 mRNA and protein expression following stimulation of TLR and non-TLR 

pathways, while it was dispensable for Tnf-a mRNA induction. Furthermore I obtained 

evidence that SARM might additionally promote IFN-P gene expression, however this 

observation was less consistent. In particular the immortalised BMDM cell line showed a 

strong dependency on SARM to express IFN-P, while the effects in primary cells were less 

significant. Due to this observation, experiments were performed to exclude an indirect, 

IFN-dependent modulation of CCL5 expression. This confirmed CCL5 as a primary 

response gene following TLR4 activation. Its expression was independent of a secondary 

produced factor and not modulated by IFN signalling or priming. Also the transcription 

factor 1RF7 had no role in CCL5 expression. Thus SARM was regulating CCL5 directly in 

the primary transduction pathway. The main transcription factors activated by TLRs and 

the cytosolic PRRs are AP-l, NF-kB and IRF3/7; and CCL5 is known to be controlled 

synergistically by all of them, but with a particularly strong dependency on IRFs (259). 

The fact that SARM was dispensable for the mRNA induction of the NF-KB-regulated 

gene Tnf-a suggested that SARM might play a role in activating the IRF pathway. Further 

experiments determined that SARM was also selectively required for the IFNAR- and 

IFNGR-mediated upregulate of CCL5. Both pathways mainly initiate the formation of 

STATI-containing transcriptional complexes, which differ significantly from the PRR- 

induced transcription factors. Flowever STAT I activation and the induction of other IFN- 

stimulated genes, such as IrP, Ifit2 and viperin, were not found to be dependent on SARM. 

Thus, the data suggested so far that SARM may control an alternative pathway with a 

particular strong role in CCL5 induction that is common to PRRs and IFN receptors. In this 

regard it was interesting to investigate the activation of the evolutionary conserved p38 

MAPK, given that in C. elegans the homologue of mammalian SARM was shown to 

initiate this pathway to mediate immune responses. But SARM might also promote the
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activation of IRF transcription factors, as they play a key role in PRR- and IFN receptor- 

induced CCL5 induction, although the type of IRF may vary between the pathways. PRR- 

induced CCL5 expression was shown to be mainly IRF3-dependent (259), while IRFl and 

IRF8 were required for IFNGR-mediated CCL5 (250, 251). Furthermore, IRF9 is a 

component of the ISGF3 complex activated downstream of the IFNAR (191).

Thus, to elucidate the mechanism whereby SARM regulates CCL5 expression, I performed 

a detailed analysis of the activation of various transcription factors in wt and Sarrrf'' 

BMDMs. Most of the studies were performed in primary and immortalised BMDMs, as 

this might also help to elucidate the cause of the different IFN-P profile between both cell 

types. The TLR4 pathway seemed appropriate to investigate the activation of MAPKs and 

the main transcription factors NF-kB and 1RF3, as TLR4 was a potent inducer of all three 

pathways. Furthermore, TLR4 selectively activates those transcription factors via distinct 

TIR adaptors. The MyD88-dependent pathway mainly activates MAPKs and NF-kB, 

whereas the TRIF pathway is essential for IRF3 activation, and late-phase NF-kB and 

MAPKs (238, 272). Hence, TLR4-induced CCL5 and IFN-p are mainly controlled by the 

TRIF pathway, which was also interesting in light of the known SARM-TRIF interaction 

(44), even though the SARM-mediated CCL5 regulation was shown not to be restricted to 

TRIF. The other IRF family members, IRFl and IRF8, are mainly controlled by their 

expression level, which is upregulated in response to type I and type II IFN receptor 

signalling (273). Whether SARM played a role in the expression of those transcription 

factors, which subsequently may participate in CCL5 induction, was also investigated in 
the following experiments.
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5.2 Results

5.2.1 SARM is not required for the activation of MAPKs and the 

transcription factors NF-kB and IRF3

To investigate the mechanism by which SARM promoted CCL5 expression in 

BMDMs, I first examined if SARM-deficiency affected the activation of MAPKs and the 

transcription factors NF-kB and IRF3. All three pathways are important components of 

PRR-mediated gene induction, and were shown to cooperate for full CCL5 expression 

(259). Thus wt and Sarm'' primary and immortalised BMDMs (p/iBMDMs) were 

stimulated for various times with LPS to trigger the TLR4 signalling cascade and 

subsequently the activation of MAPKs and transcription factors. Medium-treated cells 

served as negative control. The cell lysates were resolved on a 10% SDS-Polyacrylamide 

gel followed by Western Blotting using specific antibodies to detect the various signalling 

molecules and transcription factors. The activation of the three main MAPKs, p38, JNKl/2 

and ERKl/2, were determined by detecting their phosphorylated form, while NF-kB 

activation was assessed indirectly by measuring the induced degradation of the NF-kB 

inhibitor IkB. At the same time, the blot was probed for the total protein levels of the 

MAPKs and the housekeeping gene p-actin as a loading control. In p/iBMDMs, I observed 

peak phosphorylation of all three MAPKs I5min after LPS stimulation, which decreased at 

30min and returned to basal levels at Ih (Figure 5.1a, b). Also the degradation of IkB 

showed similar kinetics, with a complete abrogation of the protein observed 15min after 

LPS, which was restored to basal levels at Ih. I noted that pBMDMs had a slightly delayed 

IkB resynthesis compared to iBMDMs, whereby it took up to 3h to restore basal protein 

levels. However, 1 observed a similar degree of MAPKs and NF-kB activation in SARM- 

deficient p/iBMDMs in comparison with the corresponding wt. This excluded a role for 

SARM in TLR4 signalling pathways upstream of MAPKs and NF-kB activation. The 

normal activation of NF-kB was not surprising, as Tnf-a mRNA production was unaffected 

by SARM-deficiency. The fact that SARM was found to be specifically required for Ccl5 

and partially Ifn-fi gene expression suggested a function in 1RF3 activation. Several 

phosphorylation events have been described to be important for IRF3 activation, dimer 

formation, nuclear translocation and transcriptional activity (274). In particular Serine 396- 

phosphorylation of IRF3 was demonstrated to play a key role in the activation process 

(275), hence I decided to assess if SARM-deficiency would affect this phosphorylation
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event. Wt and Sarrn'' p/iBMDMs were stimulated with LPS for various times and lysates 

were resolved on a SDS-Polyacrylamide gel. Immunoblot analysis was performed using 

specific antibodies to detect p396-IRF3 or total IRF3 protein and P-actin was used as a 

loading control. I noted that IRF3 was predominantly present as two forms, which was in 

agreement with published reports (276). The lower band most likely represented 

unphosphorylated IRF3 (form I), while the upper band was basally phosphorylated IRF3 

(form II). In pBMDMs, both forms were equally detectable and it was the upper band that 

showed Ser 396-phosphorylation after LPS treatment (Figure 5.2a). In contrast, in 

iBMDMs the total IRF3 antibody detected mainly form I (Figure 5.2b). However, the 

phospho-specific antibody revealed both forms of IRF3 also in iBMDMs, with a more 

pronounced LPS-mediated Ser 396-phosphorylation of IRF3 form II. The IRF3 

phosphorylation was mainly observed Ih after LPS stimulation, but could further 

accumulate at later times, as seen in some experiments of iBMDMs. However, SARM- 

deficiency did not cause alteration of TLR4-induced Ser 396-phosphorylation in 

p/iBMDMs. As a subsequent step in IRF3 activation, I assessed 1RF3 dimer formation, 

which was additionally controlled by other phosphorylation events (277). Lysates of LPS- 

stimulated iBMDMs were resolved on a native gel, followed by immunoblotting against 

total IRF3 protein. But SARM was also not required for IRF3 dimerisation, indicated by 

the IRF3 dimer detected Ih after LPS in wt and SARM-deficient iBMDMs (Figure 5.2c). 

The blot was again probed for Ser 396-phospborylated IRF3 and p-actin as a loading 

control.
Even though the initial activation of the transcription factors was found to be 

independent of SARM, it was still possible that SARM regulated another process required 

for full transcription factor activation. In particular 1RF3 is known to be controlled by a 

multiplicity of activation events (274). As a subsequent step after successful activation, the 

transcription factor translocates from the cytosol to the nucleus to finally bind to specific 

DNA promoter elements and induce gene expression. Hence I decided to evaluate a 

requirement for SARM in the nuclear translocation of NF-kB and IRF3. Wt and Sarm'' 

BMDMs were seeded on glass coverslips and treated with LPS and Sendai virus to trigger 

TLR4- and RIG-I-mediated transcription factor activation. Medium-treated cells served as 

control. Then the cells were fixed and intracellularly stained for the NF-kB subunit p65 

and total IRF3 using specific antibodies followed by distinct fluorescent-labeled secondary 

antibodies. Nuclei were visualised using the DNA-intercalating dye DAPI. The confocal
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microscopy analysis revealed a clear p65 and IRF3 nuclear translocation in pBMDMs 

treated with LPS and Sendai virus (Figure 5.3a, b). Following LPS stimulation, p65 

translocated earlier and more pronounced than IRF3, but finally both transcription factors 

were detectable in the nucleus in almost every cell (Figure 5.3a). This was different to 

Sendai virus-activated cells, which showed the nuclear translocation, particularly of IRF3, 

only in a subset of cells, but then much stronger than the LPS-induced IRF3 translocation 

(Figure 5.3b). Overall, the stimulus-induced nuclear accumulation of p65 and IRF3 was 

comparable in wt and SARM-deficient pBMDMs. Consistently, SARM was also 

dispensable for the TLR4-induced translocation of both transcription factors in the 

immortalised cell line (Figure 5.3c). Of general note was that the Sarm''' immortalised cells 

exhibited a different morphology compared to the corresponding wt iBMDMs. The cells 

were on average bigger and grew semi-adherent, while the wt cells were small and 

adherent. This can be seen to some extent in the confocal images, where less knockout 

cells adhered to the coverslip (Figure 5.3c). However, this phenotypical difference between 

wt and Sarm''' iBMDMs was not observed in pBMDMs, and thus might not be related to 

SARM function. Together, the data demonstrated that SARM was neither required to 

activate the three main MAPKs, p38, JNK and ERK, nor did it control the activation and 

nuclear translocation of NF-kB and 1RF3. This was surprising, as the divergent SARM- 

dependency on TNF-a versus CCL5 would have suggested a potential impairment of 1RF3 

activation; especially in iBMDMs, where SARM was absolutely required to upregulate 

both lRF3-dependent genes CCL5 and IFN-p. However during the immunoblot analysis of 

IRF3 I noted that SARM-deficient iBMDMs expressed lower level of total IRF3 protein 

than the corresponding wt, which will be addressed in the following experiments (see 

5.2.2).

5.2.2 SARM has a role in enhancing basal IRF3 expression in 

immortalised BMDMs

From the previous study on IRF3 activation (see 5.2.1) it became evident that SARM 

might be required for IRF3 protein expression especially in iBMDMs, while this effect was 

less prominent in pBMDMs. As this could mechanistically explain, how SARM might 

regulate the IRF3-dependent genes Ccl5 and Ifn-P, I decided to examine IRF3 expression 

and its regulation in these cells in more detail. First, I performed further immunoblot
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analysis to directly compare IRF3 protein expression in primary and immortalised wt and 

SARM-deficient BMDMs, and also primary BMDCs. 1RF3 protein was detected as 

described in 5.2.1 and P-actin was used as a loading control. Consistent with the previous 

observation (Figure 5.2b), the amount of 1RF3 protein detected in Sarrn'' iBMDMs was 

only about half compared to the corresponding wt (Figure 5.4a, middle, arrows). In 

contrast in pBMDMs and pBMDCs, the lack of SARM did not affect IRF3 protein 

expression (Figure 5.4a, left, right). Consistent with the previous experiment, two main 

forms of IRF3 were detected, which most likely represented unphosphorylated (form I) and 

hyper-phosphorylated IRF3 (form II). While both forms were equally present in primary 

cells, iBMDMs mainly expressed form I, and the expression of this form was significantly 

elevated in iBMDMs compared to primary cells. As a side observation I noted that IRF3 

protein levels were not found to be modulated by LPS stimulation within Ih or even up to 

24h (Figure 5.4a, 5.2b). This was in agreement with the literature showing that IRF3 

expression was constitutive and stimulus-independent (200). However, the different basal 

IRF3 expression between primary and immortalised BMDMs was surprising; hence I 

decided to assess 1RF3 protein levels in other iBMDM cell lines. The immunoblot analysis 

revealed a similar enhanced basal 1RF3 level in all other TIR adaptor knockout iBMDMs, 
Trif'\ Tram''', Myd88''' and Mai'', with comparable amounts to wt iBMDMs (Figure 5.4b). 

Thus the elevated IRF3 expression was a general phenotype of iBMDMs and only 

suppressed in immortalised cells lacking SARM. To define at which step SARM was 

regulating IRF3 expression in iBMDMs, I next examined IrfS mRNA level in wt and Sarm' 

'' cells using quantitative real-time PCR. In correlation with the protein data I observed 

approximately 50% reduced basal IrfS mRNA in SARM-deficient iBMDMs compared to 

the corresponding wt, whereas the lrf3 mRNA levels in pBMDMs were almost equal 

between both genotypes (Figure 5.4c, left graph). This demonstrated that SARM regulated 

IRF3 expression in iBMDMs at the mRNA level. Furthermore, the protein analysis 

revealed a divergence in the amount of basal IRF3 between primary and immortalised 

BMDMs. Therefore I performed a direct comparison of IrfS mRNA expression between 

both cell types. Interestingly, only the wt iBMDMs showed enhanced IrfS mRNA, while 

the level in SARM-deficient iBMDMs correlated with the level in primary cells (Figure 

5.4c, right graph). Thus SARM might be required for the general upregulation of IRF3 in 

immortalised cells. Given that the Sarm''' iBMDMs had a dramatic defect in IFN-p 

production, I wondered if constitutive IFNs were required to enhance basal IRF3
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expression in this cell type. To evaluate the IFN-dependency of IRF3 expression, 1 first 

stimulated wt and Sarm''' iBMDMs for various times with recombinant IFN-a and 

measured Irf3 mRNA expression using quantitative real-time PCR. As a positive control 1 

analysed IrP mRNA, which is known to be highly dependent on type I IFNs (200). In line 

with previous experiments, I observed reduced basal Irf3 mRNA levels in SARM-deficient 

iBMDMs, and also /r/7 mRNA was dramatically impaired most likely due to the defective 

IFN priming in these cells (not visible in the graph since the unstimulated samples in both 

wt and Sartn'' are set to 1). Hence, in order to assess the IFN-inducibility of Irf3 and /r/7, 

disregarding the basal levels, 1 normalised each genotype to its individual control (set to 1) 

and presented the data as “fold induction” as opposed to the relative levels. In agreement 

with the literature (200), Irf3 expression was not affected by IFN-a stimulation, while Irp 

mRNA increased up to 12-fold 6h after IFN treatment (Figure 5.5a, b). The Irp induction 

was similar in wt and SARM-deficient cells, confirming the previous observation that 

SARM was dispensable for the general upregulation of ISGs (see 4.2.6). To fully exclude 

that the defective IFN priming indirectly affected 1RF3 expression in Sann'' iBMDMs, 1 

assessed IrP mRNA levels in wt iBMDMs treated overnight with an antibody specific to 

the IFNAR. This suppressed IFN priming effects usually mediated by basally produced 

and secreted IFNs (201). Cells without antibody treatment served as control. 1 observed 

that blocking the IFN response had no impact on basal IrP mRNA expression, in contrast 

to IrP mRNA, which was completely abrogated in the presence of the anti-IFNARl 

antibody (Figure 5.5c, d). This confirmed that IrP mRNA was regulated independently of 

IFNs and gave evidence for a direct regulatory role of SARM in IRF3 expression. Apart 

from transcriptional regulation, it was possible that the enhanced /r/3 mRNA was elicited 

by an increase in mRNA stability. To investigate if SARM controlled the stability of IRF3 

mRNA, wt and Sarrn'' iBMDMs were treated for up to 3h with actinomycin D to block 

transcription, /r/3 mRNA decay was monitored using quantitative real-time PCR. As a 

positive control for transcriptional inhibition, 1 additionally analysed the decay of the very 

unstable transcript Tnf-a (256). The mRNA levels were normalised to the housekeeping 

gene P-actin and presented as percent remaining compared to the untreated control. While 

Tnf-a mRNA decayed very rapidly with less than 10% remaining Ih after actinomycin D 

treatment, /r/3 mRNA was found to be much more stable (Figure 5.6). No decrease in IrP 

expression was observed Ih after actinomycin D treatment and even 3h later 60% of the 

transcript were still detectable. However, wt and SARM-defcient iBMDMs showed a
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similar decay rate of Irf3, demonstrating that SARM was not required for IrfS mRNA 

stability. This suggested that SARM may directly enhance the transcription of IRF3. But as 

this function was restricted to iBMDMs and not apparent in primary cells, the exact 

mechanism was not further elucidated in this study.

5.2.3 SARM is dispensable for the induced upregulation of the 

transcription factors IRF1 and IRF8

Given that SARM was not found to regulate the activation of MAPKs and the classical 

transcription factors NF-kB and IRF3, I decided to investigate two other transcription 

factors, IRFl and IRF8 that were implicated in mediating Ccl5 gene expression in 

macrophages (250, 251). Both are upregulated by type I and type II IFNs and contribute to 

the induction of several genes in synergism with TLR-activated factors (273, 278). To 

assess if SARM played a role in IRFl and IRF8 protein induction, I stimulated wt and 

Sarm'' p/iBMDMs for various times with LPS, IFN-a and IFN-y to activate TLR4, IFNAR 

and IFNGR signalling, respectively, and subsequently analysed the induction of the 

transcription factors via immunoblot. I observed a low basal expression of IRF8 in 

p/iBMDMs, which was enhanced only in IFN-y-treated cells (Figure 5.7a, b). However, the 

upregulation observed 3 and 6h after IFN-y stimulation was not affected by SARM- 

deficiency. IRFl expression on the other hand was induced by all three stimuli, and an 

increase was detectable Ih after stimulation (Figure 5.7a, b). However IRFl upregulation 

was also found to be independent of SARM, with a comparable level expressed in both 

genotypes. The LPS-mediated immediate-early upregulation of IRFl was equal between 

wt and Sarm''' cells, but showed a dependency for SARM in iBMDMs at the later times 3 

and 6h (Figure 5.7b, top panel). However previous experiments have shown that IFN-P 

production was highly impaired in SARM-deficient iBMDMs (see 4.2.4), which suggests 

that the suppressed IRFl expression at later times was most likely a secondary effect due 

to the lack of IFN-induced IRFl. According to this, the IRFl expression observed at Ih 

was directly induced by the TLR4 pathway and independent of IFNs.
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5.2.4 Sarm'' mice harbour a polymorphism in the Ccl5 gene 

promoter, which did not affect gene expression

The previous experiments have demonstrated that SARM did not regulate any of the 

main transcription factors described to be critical for CCL5 induction. Analysing the 

genomic localisation of the Sarm and Ccl5 gene revealed that both genes were encoded on 

the same chromosome (Chr 11), with approximately 5 million base pair separation. To rule 

out that the targeted deletion of Exon 3-7 of the Sarm gene in Sarm''' mice (220) 

accidentally disrupted the Ccl5 gene, 1 decided to sequence part of the genomic Ccl5 locus 

in BMDMs. Therefore 1 isolated genomic DNA of wt and Sarm''' primary and 

immortalised BMDMs and PCR amplified a 927bp spanning DNA region around the 

transcriptional start site (designated +1) of the Ccl5 gene (Figure 5.8a, b). This DNA 

fragment incorporated the 5’-proximal promoter with essential transcription factor binding 

sites, the first exon and part of intron 1. Sequencing of the PCR product was performed by 

Source BioScience with the same forward primer used to generate the DNA fragment. 

Alignments with the reference sequence (Ensembl release 68, July 2012: gene ID 20304) 

confirmed the expected DNA sequence in wt p/iBMDMs. However, the chromatogram of 

the Sarm''' cells indicated a disruption of the sequencing at position -57 of the Ccl5 gene 

promoter, which was not observed in the wt (Figure 5.8b, middle panel). A more detailed 

analysis revealed that this was caused by a heterozygous G-insertion in the knockout cell 

genome. Compared to the wt, the Sarm''' sequence had at position -57 one G inserted on 

one allele and two G on the other allele, which resulted in a shift bringing both allele 

sequences out of alignment, while the sequence prior to the insertion was in alignment. I 

noted that the mutation was located at a 9G-mononucleotide repeat, and therefore at a 

region that is generally prone to mutations caused by DNA polymerase slippage during 

DNA replication. As the “slippage” can also happen as an error during PCR amplification 

(279), I repeated the sequence analysis several times and could confirm that the 10/1IG 

repeat was only present in the Sarm''' genome, while the wt consistently exhibited 9Gs at 

this position. The observation raised concerns about the role of SARM in CCL5 

expression, as it was unclear if the l-2bp insertion affected Ccl5 promoter activity and 

hence caused the CCL5-defective phenotype artificially in the Sarm''' BMDMs. In order to 

determine if the G-insertion was a mutation specific to the Ccl5 promoter of Sarm''' mice, I 

decided to sequence this DNA region in a range of other knockout iBMDMs from different 

sources. Unexpectedly, the analysis revealed the same 10/1 IG-repeat in two other TIR
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adaptor knockout iBMDMs, Trif'' and Tram''\ while the 9G-wt sequence was present in 

MydSS''' and Mat' iBMDMs (Figure 5.8c). Also other knockout iBMDMs, including 

Irak4''' and caspase-V'', harboured 9Gs concordant with the reference sequence. 

Furthermore, the 9G-repeat was observed in genomic DNA isolated from mouse 

embryonic fibroblasts (MEFs) of an independently generated Sarrrf'' mouse and the 

corresponding wt, kindly provided by Diamond et al. (221). Even though the 9G-repeat 

was most frequent, the analysis indicated that the l-2bp G-insertion was most likely a 

polymorphism among different mouse substrains, as this sequence variation was present in 

Sarm-, Trif- and Tram-knockout iBMDMs and all knockout mice were bred on a C57BL/6 

background. To assess if the observed mutation was already reported in substrains of 

C57BL/6 inbred mice, I consulted the sequencing resources of the Wellcome Trust Sanger 

Institute established in the course of the “Mouse Genomes Project” 

(www.sanger.ac.uk/resources/mouse/genomes/). Figure 5.9 shows the sequence alignment 

of the reverse complement DNA strand of C57BL/6 sequencing data from various sources, 

hence the Poly(G) region is represented by the C-repeat. The analysis revealed that the G- 

insertion at the Poly(G) region of the Ccl5 promoter had not been documented so far, and 

therefore was not a known polymorphism amongst C57BL/6 substrains (Figure 5.9, right 

panel). Interestingly, 1 observed that a mouse strain, namely 129Sl/SvlmJ, whose 

embryonic stem cells are frequently used to generate knockout mice, harboured the l-2bp 

G-insertion (Figure 5.9, left panel). This strain was also initially used to generate the 

targeted disruption of the Sarm gene (220), which suggested that the observed sequence 

variation in ^arm-knockout BMDMs originated from residual genomic DNA of the 

129Sl/SvlmJ strain (further discussed in 5.3).

To directly assess if the l-2bp G-insertion affected Ccl5 promoter activity, I cloned the 

distinct 5’-proximal promoter sequences upstream of the firefly luciferase reporter gene in 

the promoterless pGL3 vector. As shown in Figure 5.10a, two different lengths of the Ccl5 

promoter were chosen according to the regulatory elements present. The longer pGL3 (- 

190/-I-57) construct contained all essential promoter elements, including the ISRE and NF- 

kB elements (251, 280), whereas the shorter pGL3 (-120/-H53) construct was devoid of the 

potent ISRE element. Both fragments were PCR amplified from genomic DNA of wt and 

Sarm''' pBMDMs, resulting in six different versions as they contained either 9, 10 or 1IG 

repeats. The promoter fragments were subsequently inserted into the pGL3 reporter 

plasmid and sequenced to identify the individual G-repeat. A pGL3 vector containing the

168



Chapter 5 - Investigating the CCL5-regulatory mechanism of SARM in murine BMDMs

constitutive SV40 promoter upstream of the luciferase gene served as positive control. As 

another control of the assay, 1 included the human Ccl5 promoter reporter, which was 

successfully used in previous experiments by my colleagues (44). The functionalities of the 

various Ccl5 promoter constructs were examined in human HEK293 and murine NIH3T3 

cells. The cells were transiently transfected with the various firefly luciferase reporter 

constructs and cotransfected with a plasmid encoding renilla luciferase (pRL-TK) to 

normalise for transfection efficiency. The next day, cells were stimulated for lOh with LPS 

and Sendai virus to trigger transcription factor activation and induction of the Ccl5 

promoter. The reporter gene activity was subsequently measured in cell lysates. LPS 

stimulation of HEK293-TLR4 cells induced a potent activation of the long Cc/5 promoter 

construct pGL3-190, which was not impaired by the l-2bp G-insertion (Figure 5.10b). The 

activity of the shorter construct pGL3-120 was approximately 50% reduced compared to 

pGL3-190, indicating that the ISRE element was important for full Ccl5 promoter activity. 

Nevertheless, also in the context of less regulatory elements in the promoter, the reporter 

gene activity was unaltered by the G-insertions. As the set of activated transcription factors 

varies slightly between different PRRs, I decided to additionally examine Ccl5 promoter 

activity in response to a non-TLR, cytosolic receptor and used Sendai virus to trigger the 

RIG-1 pathway. Sendai virus-stimulated HEK293 and N1H3T3 cells induced activity of the 

long pGL3-190 Cc/5 promoter constructs, but were ineffective to activate the shorter 

pGL3-120 constructs (Figure 5.10c, d). This suggested that Sendai virus, in contrast to 

LPS, stimulated Cc/5 promoter activity mainly via the ISRE element, which was in 

agreement with the literature (280). But also in the case of Sendai virus-mediated Cc/5 

promoter activity, the G-insertions did not influence the functionality of the promoter. This 

proved that the impaired CCL5 expression observed in SARM-deficient BMDMs was not 

caused artificially by the G-insertion and indicated a real SARM-mediated regulation of 

CCL5.

Interestingly, the 10/1 IG-repeat was also detected in Trif- and Trow-knockout 

iBMDMs, which allowed evaluation of the impact of the extra Gs on endogenous Cc/5 

promoter activity in comparison to the 9G-wt sequence. Sarrn'' cells, which also harboured 

the 10/1IG polymorphism, were included in the analysis to assess specificity of the 

SARM-dependent CCL5 regulation. TRIF and TRAM are essential adaptor proteins in 

TLR4-mediated CCL5 induction (238). Thus to examine the functionality of the Cc/5 

promoter I used a TIR adaptor-independent stimulus to elicit CCL5 expression. IFN-a
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seemed appropriate, as it triggered the IFNAR signalling cascade which differed 

significantly from PRRs, while LPS-induced CCL5 expression was additionally examined 

to control for the knockout phenotypes. As expected, TLR4-mediated CCL5 mRNA and 

protein expression was completely abrogated in iBMDMs lacking TRIP and TRAM 

(Figure 5.11b, d). And also the Sarrn'' iBMDMs showed dramatically impaired CCL5 

expression in response to TLR4, which was consistent with previous observations (see 

4.2.3). In contrast, the absence of those TIR adaptors did not affect the TLR4-mediated 

upregulation of Tnf-a mRNA, which is mainly regulated by the MyD88-dependent 

pathway, and thus confirmed the intact responsiveness of the cells (Figure 5.11a). The 

analysis of the IFN-a response revealed that Trif- and Traw-deficient iBMDMs were, like 

the wt, equally capable of upregulating CCL5, and that the defect in CCL5 expression was 

specific to cells lacking SARM (Figure 5.1 Ic, e). Thus, I was able to demonstrate by two 

independent approaches that the polymorphism of the Poly(G)-region at position -57 of the 

Ccl5 promoter did not affect gene induction.

5.2.5 Recruitment of RNA Polymerase II and transcription factors to 
the Ccl5 promoter in the absence of SARM

As the previous studies did not reveal a transcription factor whose activity was 

regulated by SARM, I decided to investigate further downstream events, such as the 

binding of transcription factors to the Ccl5 promoter and the subsequent recruitment of 

RNA Polymerase II (Pol II) (281). The Chromatin Immunoprecipitation (ChIP) assay 

allows studying the binding of specific proteins to a genomic DNA region of interest (282). 

First, cells were fixed with formaldehyde to form covalent cross-links between protein and 

DNA. Cell lysates were then sonicated to generate chromatin fragments of an average size 

of 200-1000bp. The sheared chromatin was applied to immunoprecipitation using a 

specific antibody to pull-down the protein-bound DNA fragment. The DNA was 

subsequently isolated from the complex and applied to PCR analysis to assay for the DNA 

region of interest. First, it was important to determine the sonication conditions that gave 

optimal DNA fragment size in BMDMs. To avoid excessive heating of the sample, the 

sonication process was performed in cycles, with each cycle consisting of 15 x Isec pulses 

and a 45sec rest on ice using the Branson Sonifier 250. To evaluate fragment size, the 

DNA was resolved on a 1% agarose gel and visualised by ethidium bromide staining and
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UV illumination. As depicted in Figure 5.12a, DNA fragment size decreased with the 

number of cycles and power 3 was found to be more efficient in shearing the chromatin 

than power 2. The best result was achieved after 10 cycles at power 3, generating 200- 

2000bp DNA fragments. This condition was used in the subsequent experiments. Before 

using the Pol II antibody in ChIP, I confirmed its specificity by immunoblot analysis on 

sheared chromatin lysates that were resolved on 8% SDS-Polyacrylamide gel. Two protein 

bands of expected molecular weight >200kDa were detected, which most likely 

corresponded to hypo- and hyperphosphorylated Pol II, as described in the literature (283). 

The last step of the ChlP analysis is to assay the immunoprecipitated DNA for the specific 

DNA region of interest using PCR. Thus 1 designed a pair of primers specific to the 5’- 

proximal Ccl5 promoter, close to the transcription start site (designated +1), which is a 

region of transcription factor binding and assembly of the transcriptional machinery 

(Figure 5.12c). In addition I designed primers specific to the proximal [i-actin promoter as 

control (region not shown). ChIP analysis was subsequently performed in wt and Sarin'' 

iBMDMs treated for various times with LPS to stimulate transcription factor activation and 

binding to the endogenous Ccl5 promoter. First, 1 determined the recruitment of Pol II, and 

as revealed by semi-quantitative PCR, LPS treatment triggered a significant increase of Pol 

II binding to the Ccl5 promoter (Figure 5.13a). The Pol II recruitment was particularly 

prominent in the wt cells, while the SARM-deficient iBMDMs seemed to accumulate less 

of the protein. Many factors are involved in initiating Pol II recruitment, but given that IRF 

proteins play a crucial role in chromatin remodelling and CCL5 induction, I decided to 

specifically assay IRF3 and IRFl binding to the Cc/5 promoter (246, 250, 259). LPS 

induced the recruitment of both factors to the Ccl5 promoter, albeit the detection was much 

weaker than for Pol 11. However no significant differences were observed between wt and 

Sarm''' cells. As the difference in Pol II detection could also result from variations in the 

chromatin “Inpuf’ sample of each reaction, I additionally measured the abundance of the 

Ccl5 promoter in the Input DNA as a loading control. This did not reveal any major 

differences in DNA loading, but an exact quantification would be required to confirm this 

result using real-time PCR (described later). Furthermore, I confirmed the antibody- 

specific pull-down of the Ccl5 DNA region using an isotype-control antibody (IgG). This 

revealed only a background detection of the Ccl5 promoter and as expected did not lead to 

an LPS-mediated increase. As another negative control I assayed the immunoprecipitated 

DNA additionally for the P-actin promoter fragment (Figure 5.13b). The fact that the 1RF3
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and IRFl antibody did not precipitate any p-actin DNA beyond the background level 

confirmed the specific reaction with the Ccl5 promoter. Also in terms of the Pol 11 

antibody I was able to verify its specific reaction, as Pol II was detected with high 

abundance at the (i-actin promoter, independent of LPS stimulation, which was in 

agreement with the known constitutive transcription of housekeeping genes (264). Even 

though I obtained evidence for a role of SARM in mediating Pol II recruitment to the Ccl5 

promoter, the differences between wt and Sarrn'' BMDMs were quite subtle. Thus to 

perform more quantitative analysis, I next optimised the ChIP protocol for the detection 

using real-time PCR. After having resolved initial detection problems, I am now able to 

quantify the recruitment of a factor to the Ccl5 promoter, as seen here for LPS-induced Pol 

II binding in wt iBMDMs (Figure 5.14). The recovered Ccl5 promoter DNA fragments in 

the Pol Il-immunoprecipitate were expressed as percentage relative to their abundance in 

the Input DNA sample, and thus normalised for sample variations. The successful 

establishment of the ChIP assay and the possibility of exact quantification will be useful 

for future studies in wt and SARM-deficient BMDMs to further elucidate the exact 

mechanism of SARM in regulating CCL5 expression.
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5.3 Discussion

After having established that SARM was consistently required for full CCL5 

expression in primary and immortalised BMDMs (p/iBMDMs), I wanted to gain further 

insights on the regulatory mechanism. The fact that SARM promoted CCL5 expression of 

TLR-dependent and -independent pathways, excluded that this function was mediated via 

its known interaction partner TRIP (44). Furthermore, the SARM-TRIF interaction in the 

human system resulted in inhibition of the TRIP pathway, whereas in murine BMDMs 

SARM was positively involved in selective gene induction. TLRs and the cytosolic RNA 

and DNA receptors use different adaptor proteins to initiate distinct signalling cascades, 

which converge further downstream to activate a similar set of transcription factors, 

including AP-1, NF-kB and IRFs, and induce gene expression. Given that PRR-induced 

CCL5 was induced in the primary response and independent of secreted type 1 IFNs, as 

defined in 4.2.5, SARM was likely to function more downstream in those receptor 

pathways, possibly at the level of transcription factor activation. The fact that SARM was 

dispensable for the NF-KB-dependent gene Tnf-a, but required for optimal CCL5 

induction, suggested a potential regulatory role of SARM in the IRF pathway. Also the 

lRF3-dependent gene showed some dependency on SARM, which further supported 

this hypothesis. However, the effect on IFN-(3 was mainly restricted to iBMDMs and less 

significant in pBMDMs. Due to this discrepancy I performed the mechanistic studies in 

both cell types. Surprisingly, analysing the TLR4-mediated activation of MAPKs and the 

main transcription factors NF-kB and 1RF3 in the absence of SARM did not reveal 

significant differences compared to the corresponding wt in p/iBMDMs. Also the nuclear 

translocations of the NF-xB-subunit p65 and IRF3 were normal in response to LPS and 

Sendai virus. The intact NF-kB activation was consistent with the unaffected Tnf-a mRNA 

induction observed in knockout BMDMs. However given the role of SARM in CCL5 and 

partially IFN-p expression, it was somewhat surprising that all key IRF3 activation events 

measured were intact in SARM-deficient p/iBMDMs, namely Ser 396-phosphorylation, 

IRF3 dimerisation and nuclear translocation. Interestingly, I noted in the immortalised cell 

line that the Sar/w-knockout cells expressed about 50% less IRF3 mRNA and protein 

compared to the corresponding wt. Meanwhile the level in primary BMDMs was almost 

equal between both genotypes. Thus, it was likely that the diminished IRF3 expression in 

Sarm''' iBMDMs caused the dramatic defect on the IRF3-dependent genes Ccl5 and Ifn-f

173 -



Chapter 5 - Investigating the CCL5-regulatory mechanism of SARM in murine BMDMs

in this cell type. Also it explained the discrepancy regarding IFN-p production of SARM- 

deficient primary and immortalised BMDMs. Strangely, a direct comparison of IRF3 

mRNA and protein levels between both cell types revealed, that wt iBMDMs had in fact 

elevated IRF3 levels compared to primary cells. Furthermore the apparently reduced level 

in Sartn''' iBMDMs was actually equal to the IRF3 expression in primary cells. Given that 

in primary BMDMs this amount of IRF3 was sufficient to upregulate normal levels of IFN- 

P, it was unlikely that the defective IFN-p production observed in Sarm''' iBMDMs was 

solely caused by the IRF3 level; unless the sensitivity towards IRF3 had changed in 

immortalised compared to primary cells. Evidence for such a reprogramming in 

immortalised cells was the observation that all other TIR adaptor-knockout iBMDMs also 

showed the elevated basal IRF3 expression similar to wt iBMDMs. Only the SARM- 

deficient iBMDMs exhibited the lower IRF3 level, which indicated that SARM may play a 

role in upregulating basal IRF3 in immortalised cells, but not in primary BMDMs. The 

immortalised BMDM cell line was generated by infecting primary BMDMs with a 

recombinant J2 retrovirus carrying v-myc and v-raf/mil oncogenes (173, 228). It was 

surprising, that these “tumor-like” cells exhibited enhanced IRF3 levels, as IRF3 is 

generally considered as a tumor suppressor. Ectopic expression of 1RF3 in normal and 

cancer cells inhibited cell proliferation, also in vivo, and the loss of IRF3 mediated 

oncogenic transformation in vitro (284-286). So far, the data on 1RF3 in cancer are very 

limited, but a recent report described an aberrant expression of IRF3 in human lung cancer 

cells (287). Thus, in light of the observation in iBMDMs, I speculate that SARM may 

function as a tumor suppressor by increasing IRF3 expression in immortalised cells. Most 

interestingly, SARM was recently found to be associated with a good prognosis in patients 

with colon cancer (E. Ryan, personal communication). Also epigenetic changes of SARM 

are discussed as a biomarker for colorectal cancers (288). Therefore, it would be sensible 

to assess if the link between SARM and human cancers is a putative SARM-mediated 

regulation of IRF3 expression. If so, understanding the mechanism by which SARM 

enhances IRF3 level in cancer cells could become very relevant for cancer research and the 

development of novel therapies. As the Sarm''' iBMDMs were devoid of any basal IFN-P 

production, I wanted to verify that the diminished IRF3 expression was not caused 

indirectly by the lack of IFN priming. But consistent with the literature (200), I observed 

that basal Irf3 mRNA expression was independent of type I IFNs, as neither IFN-a 

treatment nor inhibition of IFNAR signalling affected Irf3 expression in iBMDMs. This
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confirmed that SARM was likely to regulate 1RF3 expression directly. To gain insight into 

the mechanism, I tested if SARM mediated the enhanced IrfS mRNA level by increasing 

its stability. But IrfS mRNA stability was normal in the absence of SARM, which 

suggested a regulation at the transcriptional level. A recent report demonstrated that the 

constitutive expression of IRFS is mediated by SPl and SP3 transcription factors (289), 

while E2F1 negatively regulates its transcription (290, 291). Interestingly, the expression 

of those transcription factors is often enhanced in cancer cells and highly implicated in 

oncogenesis (195, 196). Also c-myc, the oncogene used for transforming the BMDMs, was 

shown to induce E2F1 accumulation (292). Thus, I propose that the elevated IRFS level in 

iBMDMs may be a consequence of enhanced SPl activity and SARM might positively 

regulate 1RF3 expression either via SPl or by inhibiting E2F1 function. A possible 

mechanism of E2F1 inhibition could be via the transcriptional corepressor KAPl, a 

negative regulator of E2F1 and also a potential binding partner of SARM, as recently 

revealed by mass spectrometry analysis in my laboratory ((293), M.Carty personal 

communication).

However, in primary BMDMs, IRFS expression was not affected by SARM depletion 

and SARM more selectively regulated CCL5 induction, while IFN-P expression was 

mostly unaffected. But SARM was not found to regulate the main transcription factors 

required for PRR-induced CCL5 expression, such as NF-kB and IRFS. Also the MAPK 

cascades were found to be intact in the absence of SARM, which was surprising given that 

the SARM homologue TIR-1 functions upstream of the p38 MAPK in C. elegans (see 1.4, 

(212)). Thus, I explored alternative transcription factors implicated in CCL5 induction. In 

this regard it was interesting that SARM was also selectively required for optimal CCL5 

expression in response to IFNAR and IFNGR stimulation, while SARM was dispensable 

for the expression of other IFN-stimulated genes (ISGs), such as Irp, Ifitl and viperin 

(4.2.6). This indicated that also in the IFN pathway the formation of the main 

transcriptional complexes was independent of SARM, which was also demonstrated by the 

intact STATl activation in SARM-deficient BMDMs. Thus SARM may function in an 

alternative pathway activated by both PRR and IFN receptor stimulation. It emerged from 

several reports that IRF family members play a key role in CCL5 induction, thus IRFl and 

1RF8 were two interesting candidates, as they were further upregulated by IFNs and shown 

to participate in CCL5 expression (250, 251). However the analysis in p/iBMDMs revealed 

that the IFNGR-mediated upregulation of both transcription factors, as well as the
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induction of IRFl following IFN-a and LPS stimulation were independent of SARM. Thus 

the data so far suggested a more downstream regulatory function of SARM after 

transcription factor activation and nuclear translocation, possibly at the Ccl5 promoter 

level. During investigations of the Ccl5 promoter I became aware that Sarm and Ccl5 were 

encoded on the same chromosome (Chr 11). Although the genes were separated by over 5 

million base pairs, I wanted to exclude that the genetic disruption of the Sarm gene had 

inadvertently affected regulatory elements of the Ccl5 gene promoter in the 5arm-knockout 

mouse. The sequence analysis of a 5’-region of the Ccl5 gene, which included the proximal 

promoter, the first exon and part of intron 1, revealed indeed a sequence variation in the 

genomic DNA of Sarm''' BMDMs. While the wt completely matched the Ccl5 reference 

sequence (Ensembl release 68, July 2012: gene ID 20304), the Sarm''' DNA exhibited a 

heterozygous l-2bp G-insertion at position -57 of the Ccl5 promoter, and this was 

consistent in primary and immortalised BMDMs. The mutation was located at a 

mononucleotide Poly(G) region, which carried 9Gs in the wt and consequently 10/1 IGs in 

the knockout. Interestingly, further analysis revealed that the 10/1 IG-sequence variation 

was also present in Trif- and Tram-knockout iBMDMs, although the wt sequence was most 

frequent among the tested knockout cell lines. This indicated that the 10/1 IG-repeat was 

most likely a polymorphism of the mouse strain, as all knockout mice were generated on a 

C57BL/6 background. However, the analysis of reported sequences from various sources 

of C57BL/6 mice on the Wellcome Trust Sanger Institute website established in the course 

of the “Mouse Genomes Project” (www.sanger.ac.uk/resources/mouse/genomes/) 

demonstrated that this l-2bp G-insertion at position -57 of the Ccl5 promoter had not been 

documented so far. The generation of a knockout mouse initially involves embryonic stem 

(ES) cells of a different mouse strain to establish the knockout genotype, which then get 

transferred into C57BL/6 blastocytes and after several rounds of systematic breeding leads 

to a knockout mouse on the C57BL/6 background. However, given that the Ccl5 gene was 

in close proximity to the Sarm locus on chromosome 11, I wondered if some genomic 

DNA of the original strain was still present in the C57BL/6 knockout cells. As the ES cells 

used to generate the Sarm''' mouse (220), and most likely other knockout mice, were 

derived from the 129/SvJ mouse strain, I additionally examined the sequencing data 

available for this strain on the Sanger Institute webpage. Most interestingly, this mouse 

strain exhibited a similar l-2bp G-insertion at the Poly(G) region, as I had observed in the 

^arm-knockout, and also Trif- and Tram-knockout genomic DNA. This suggested that the
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10/1 IG-repeat present in some knockout mice was most likely residual genomic DNA of 

the 129/SvJ ES cells.

Next, I evaluated if the 10/1IG polymorphism had affected Cc/5 promoter activity. 1 

performed a bioinformatic analysis using Matinspector (Genomatix GmbH) to identify if 

the G-repeat was a potential transcription factor binding site (data not shown). The analysis 

revealed that the Poly(G) region was predisposed for binding of SP/KLF family members, 

which have a high affinity for specific GC-rich sequences (294). Particularly SPl and 

KLF13 had been reported previously to regulate Ccl5 expression in human NK cells and T 

lymphocytes, respectively (295, 296). Thus, there was a possibility that the l-2bp G- 

insertion might have affected Ccl5 promoter activity. 1 subsequently performed luciferase 

reporter gene assays using different constructs of the Ccl5 promoter, containing 9, 10 or 

llGs at position -57 of the promoter. Two different length of the Ccl5 promoter were 

investigated; a longer version that included the ISRE and NF-kB element and a shorter 

construct that was devoid of the potent ISRE element and that was more likely to reveal 

small differences in promoter activity caused by the G-insertion. Interestingly, the ligands 

EPS and Sendai virus varied in their potential to activate the different Ccl5 promoter 

constructs, which illustrated the activation of a different set of transcription factors. Sendai 

virus, which signals via the cytosolic RlG-1 receptor, required the ISRE element to induce 

promoter activity, while the TLR4 pathway could also induce the shorter, ISRE-deficient 

Ccl5 promoter, albeit much weaker. Overall, the analysis clearly demonstrated that the G- 

sequence variation did not influence the functionality of the Ccl5 promoter in response to 

both ligands. However, it is known that the endogenous Ccl5 promoter is further controlled 

by chromatin remodelling events that can not be analysed via luciferase reporter gene 

assays (246). Also, the potential binding factors Spl and KEF 13 were implicated in 

recruiting coactivators and chromatin remodelling proteins (297, 298). Thus as an 

independent approach to assess Cc/5 promoter activity in the presence of the 10/1IG- 

repeat, I used the Trif- and Tram-knockout iBMDMs, which similarly to SARM-deficient 

cells carried the polymorphism. Comparing the IFN-a-induced CCL5 expression of those 

cells with wt and Sarnf'' iBMDMs revealed that the polymorphism did not affect the 

functionality of the endogenous Cc/5 promoter; and confirmed that SARM itself played a 

crucial role in CCL5 expression in BMDMs.

As the activation of the key transcription factors was found to be SARM-independent, I 

proposed that SARM may either regulate an alternative factor or mediate the assembly of
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activator proteins at the promoter level. This was reasonable, as Ccl5 is a tightly regulated 

gene, which initially requires the binding of various transcription factors to subsequently 

recruit coactivators and chromatin remodelling proteins, finally leading to formation of the 

transcriptional machinery (246, 259, 261). Accordingly, RNA Polymerase II (Pol II) is 

usually absent from the Ccl5 promoter in the basal state, and its recruitment can be seen as 

a hallmark of prior transcription factor assembly and promoter activation. Thus 1 

established a protocol for ChIP analysis and investigated the LPS-induced recruitment of 

Pol II to the Ccl5 promoter, which was subsequently found to be impaired in SARM- 

deficient iBMDMs. This suggested that SARM might regulate one of the previous steps of 

protein assembly. It was reported that IRF transcription factors activated downstream of 

PRR and IFN receptor pathways play a key role in inducing chromatin remodelling by the 

SWl/SNF complex (246). Therefore, I next examined the binding of IRF3 and IRFl 

molecules to the Ccl5 promoter, but their recruitment was independent of SARM following 

LPS stimulation. However, to better quantify the accumulation of Pol 11 and other factors 

at the Ccl5 promoter, I optimised a ChIP protocol for quantitative real-time PCR analysis 

to replace the semi-quantitative detection method. Using this protocol, future experiments 

in primary BMDMs will assess if SARM is consistently required for Pol II recruitment to 

the Ccl5 promoter and will help to elucidate the exact mechanism of SARM in enhancing 

promoter activity.
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Figure 5.1: SARM is dispensable for TLR4-niediated activation of NF-kB and MAPKs in primary and 

immortalised BMDMs

Wt and Sarm'" pBMDMs (a) and iBMDMs (b) were seeded in 6 well plates at 5x10^ cells/ml and stimulated 
for the indicated times with EPS [lOOng/ml] or medium as control (—). Lysates were subjected to SDS- 
PAGE followed by Western blotting using specific antibodies to detect the degradation of the NF-kB 
inhibitor IkB or the phosphorylation of p38 (p-p38), JNKl/2 (p-JNKl/2) and ERKl/2 (p-ERKl/2). The 
detection of total protein, t-p38, t-JNK, t-ERK and p-actin served as loading control. Data are from one 
experiment representative of three.
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Figure 5.2: SARM is dispensable for TLR4-mediated 1RF3 activation in primary and immortalised 

BMDMs

Immunoblot analysis of IRF3 activation in wt and Sarm ' pBMDMs (a) and iBMDMs (b,c) following LPS 
stimulation. Cells were seeded in 6 well plates at 5x10^ eells/ml and stimulated for the indicated times with 
LPS [lOOng/ml] or medium as control (—). (a,b) Lysates were subjected to SDS-PAGE followed by Western 
blotting using specific antibodies to detect serine 396-phosphorylated IRF3 (p-IRF3), t-IRF3 and P-actin as a 
loading control. The Western Blot revealed two forms of 1RF3, form (I) probably represented 
unphosphorylated IRF3, while form (II) was a higher phosphorylated 1RF3. (c) Lysates were analysed by 
Native-PAGE to detect 1RF3 dimer formation using the antibodies described above. The filled and open 
arrowheads indieate the 1RF3 monomer and dimer, respectively. The black arrows in (a,c) highlight 
phosphorylated 1RF3. Data are from one experiment representative of three.
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Figure 5.3: SARM is dispensable for TLR4- and non-TLR-mediated p65 and IRF3 nuclear 

translocation in primary and immortalised BMDMs

Confocal microscopy of wt and Sarm ’' pBMDMs (a,b) and iBMDMs (c). Cells were seeded on glass 
coverslips in 24 well plates at 3x10^ cells/ml and stimulated for the indicated times with LPS [lOOng/ml] 
(a,c), Sendai virus (SeV) (b) or medium as control (—). Cells were fixed and stained for NF-kB p65 (red) and 
IRF3 (green) using specific antibodies followed by Alexa Fluor 647- and 488-conjugated secondary 
antibodies, respectively. Nuclei were visualised using the DNA-intercalating dye DAPl (blue). The scale bars 
are depicted in the control images and represent 10pm (a,b) or 20pm (c). An overview image (o.v.) is 
included in (b), with a scale bar indicating 30pm. The white arrows in (c) highlight the nuclear translocation 
of IRF3. Data are from one experiment representative of three.
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Figure 5.4: SARM is required for the elevated basal IRF3 expression in immortalised BMDMs, but 

dispensable for the 1RF3 expression in primary BMDMs

Comparison of basal IRF3 niRNA and protein expression in wt and Sarm '' pBMDMs and iBMDMs. (a) 
Immunoblot analysis of 1RF3 protein expression in primary BMDMs and BMDCs compared with iBMDMs. 
Celts were seeded in 6 well plates at 5x10^ cells/ml and stimulated for Ih with LPS [lOOng/ml] or medium as 
control (-). Lysates were subjected to SDS-PAGE followed by Western Blotting using specific antibodies to 
detect t-lRF3 and P-actin as a loading control. Two forms of IRF3 were detected with (1) probably 
representing an unphosphorylated form, while (11) might be a higher phosphorylated 1RF3. The arrows 
indicate the difference in basal 1RF3 protein expression in wt and Sarm''' iBMDMs. The direct comparison 
was performed once, (b) Basal 1RF3 protein expression of all TlR-adaptor knockout iBMDMs. Immunoblot 
analysis was performed as described in (a). Data are from one experiment representative of three, (c) 
Quantitative real-time PCR analysis of basal Irf3 niRNA expression in pBMDMs and iBMDMs. Cells were 
seeded in 24 well plates at 5xl0’ cells/ml and treated with medium only. Irf3 mRNA was normalised to the 
housekeeping gene P-actin and is presented as percentage in Sarm'" to each corresponding wt p/iBMDM (left 
panel) or as percentage of the mean level detected in wt pBMDMs (right panel). The left panel includes three 
(mean ± s.d.) and the right panel four independent experiments. * P<0.05, ** P<0.01, *** P<0.001 (Student’s 
/-test).
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Figure 5.5: IRF3 expression is independent of type I IFNs in iminortalised BMDMs

(a) Quantitative real-time PCR analysis of Irf3 and Irp mRNA expression in wt and Sarm''' iBMDMs. Cells 
were seeded in 24 well plates and stimulated with IFN-a [lOOOU/ml] for the indicated times or medium as 
control (—). mRNA level were normalised to the housekeeping gene P-actin and are presented as fold 
induction relative to each wt or Sarm '' control, (b) wt iBMDMs were seeded as in (a) and incubated 
overnight with anti-IFNARl antibody [5pg/ml] or medium as control. Irf3 and IrP mRNA expression were 
determined by quantitative real-time PCR as described above and are presented relative to control. Data are 
from one experiment representative of two (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with 
wt (a) or control (b) (Student’s /-test).
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Figure 5.6: IRF3 niRNA stability is not regulated by SARM in immortalised BMDMs

To analyse Irfi mRNA stability, wt and Sarni' ' iBMDMs were seeded in 6 well plates at 5x10’ cells/ml and 
treated for the indicated times with the transcriptional inhibitor actinomycin D [5pg/ml] or medium as control 
(—). Irf3 and Tnf-a mRNA were determined by quantitative real-time PCR, normalised to the housekeeping 
gene fi-actin and are presented as the percentage remaining compared with each wt or Sarm' ' control. The 
analysis of Tnf-a mRNA decay served as positive control for the actinomycin D treatment. Data are from one 
experiment representative of two (mean ± s.d.). * P<0.05, ** P<0.01, *** P<0.001, compared with wt 
(Student’s t-test).
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Figure 5.7: SARM is dispensable for TLR4- and IFNAR/IFNGR-mediated upregulation of IRFl and 

IRF8 in primary and immortalised BMDMs

Immunoblot analysis of the induction of phosphorylated STATl and IRFl and IRF8 in wt and Sarm ' 
pBMDMs (a) and iBMDMs (b). Cells were seeded in 6 well plates at 5x10^ cells/ml and stimulated with LPS 
[lOOng/ml], IFN-a [lOOOU/ml] and IFN-y [lOng/ml] for the indicated times or medium as control (—). 
Lysates were subjected to SDS-PAGE followed by Western Blotting using specific antibodies to detect 
tyrosine 701-phosphorylated STATl (p-STATl), IRFl, IRF8 and P-actin as a loading control. The filled 
arrowhead indicates the detection of IRFl below a nonspecific band (open arrowhead). The black arrows in 
(a)-top panel indicate the upregulation of IRF1. Data are from one experiment representative of one (a) or 
two (b).

189-



Chapter 5 - Investigating the CCL5-regulatory meehanism of SARM in murine BMDMs

-600CTCTCAGATCACATGTCACACACTAAGTGTAAGTATGCCTATATCTACCTAGTTATCTGG
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TGGCAGGATCCTCTGAGGAACTTTTCTGTGTCTTCAAAGATGATATTATGAATTCTGCAG
GCACTCCTTATTGTGAACTGGTGCCGGGCTGACCTTTGAAAAATGACTTGCTCATATCTG

+420

1000

iBMDM pBMDM

— 927bp

SARM

wt (al) -76
(a2) -76

SARM (al) -76
(a2) -76

- 190



Chapter 5 - Investigating the CCL5-regulatory mechanism of SARM in murine BMDMs

(I)

MyDSS^
MAL'
TRIF'
TRAM'

-76 TCCTGGGGCTGGGGGGGGG - -CACTTCCTCTGCTACCCTGGC 
-76 TCCTGGGGCTGGGGGGGGG - -CACTTCCTCTGCTACCCTGGC 
-76 TCCTGGGGCTGGGGGGGGGG/GGCACTTCCTCTGCTACCCTGGC 
-76 TCCTGGGGCTGGGGGGGGGG/GGCACTTCCTCTGCTACCCTGGC

(II)

IRAK4'
caspase-1''
gp91pfcoi-/

NLRP8'

-76 TCCTGGGGCTGGGGGGGGG - 
-76 TCCTGGGGCTGGGGGGGGG - 
-76 TCCTGGGGCTGGGGGGGGG - 
-76 TCCTGGGGCTGGGGGGGGG -

-CACTTCCTCTGCTACCCTGGC
-CACTTCCTCTGCTACCCTGGC
-CACTTCCTCTGCTACCCTGGC
-CACTTCCTCTGCTACCCTGGC

(III)

wt -76 TCCTGGGGCTGGGGGGGGG -
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Figure 5.8: Sarnt mice harbour a l-2bp G-insertion in the proximal Ccl5 gene promoter

(a) Nucleotide sequence of the murine Ccl5 gene region (-600 to +420), including the proximal promoter (- 
600/-1), Exon 1 (+1/+133, highlighted in light grey) and part of Intron 1 (+134/+420)
(ENSMUSG00000035042). The pair of PCR primers designed to amplify a 927bp fragment for sequencing is 
highlighted in dark grey. The putative ISRE element, NF-kB element and TATA box are indicated by the 
continuous, double and dotted line, respectively. Also shown are the transcriptional start site (arrow, 
designated +1) and the translational start site ATG (bold). The sequence depicted in (b,c) is highlighted in 
red. (b) A 927bp fragment of the 5’-region of the Ccl5 gene was PCR amplified from genomic DNA of wt 
and Sarm " iBMDMs and pBMDMs. PCR products were visualised on a 1% agarose gel including a no 
template control (NTC) as negative control (top panel). DNA was purified from the PCR reactions and sent 
for sequence analysis using the forward primer. The chromatogram displays a region of the Ccl5 promoter 
which shows a mutation in Sarm ' pBMDMs and iBMDMs compared with the corresponding wt. At position 
-57 of the Ccl5 gene, the Sarm '' genomic DNA has a Ibp G-insertion on one allele (al) and a 2-bp G- 
insertion on the other allele (a2) leading to a 10/1 IG-repeat compared with a 9G-sequence in wt (lower 
panel). The heterozygous insertion caused a shift in the sequence analysis of Sarm '' cells, bringing the two 
allele sequences out of alignment after the insertion (indicated by the red arrows in the chromatogram), (c) 
Sequence analysis of the 5’-Cc/5 gene locus in other knockout iBMDMs revealed the same mutation in the 
genomic DNA of Trif ' and Tram"" cells. Analysed was the 927bp DNA fragment of other TIR adaptor 
knockout iBMDMs (1), other knockout iBMDMs (II) and wt and Sarm " MEFs from an independent 
generated knockout mouse (a gift from MS. Diamond) (III). Data are representative of three (b, wt and Sarm' 
' pBMDM), at least two (cl) or one (cll. III) independent analysis.
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aagtgcccccccccagccccaggacttgggg 
aagtgcccccccccagccccaggacttgggg^ 
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aagtTcccccccccagccccaggacttgggggg,aagtgcccccccccagccccaggacttgggg

caggacttgggg
cccaggacttgggg

aagtgcccccccccagccccaggacttgggg 
aagtgcccccccccagecccaggacttgggg 
aagtg
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aagGg
aagtgcccccccccagcAcAaggGTttgCgg 
aagtgcccccccccagcccca ggacttgggg^

aggacttggggi
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aagtgcccccccccaCccccaCgCACtgCCg 
aagtgcccccccccagccccaggacttgggg 
aagtgcccccccccagcTccaggacttgggg 
aagtguccccccccagccccaggacttgggg 
aa cttgggg
aagtgcccccccccaAccccCCgTGCCngggi 
aagt cccccagccccaggacttgggg
aagtgccccccccAGCcccAGgCCTtGgggCi
aagtgcccAcTcccaCccA
aagtgcccccccccagNcccaggacttgggg
aagtgcccccccccagccc

AAGTCCCCCCCCCCAGCCCCAGGACTTGGGGi
83344100

-53 -83 -53 -83

Figure 5.9: Sequence variations within the Poly(G:C) region of the Ccl5 promoter in different mouse 

strains

Alignments of the 5’-proximal Ccl5 promoter region (-53/-83) from different sequencing data of the 
129Sl/SvImJ and C57BL/6NJ mouse strains, as obtained from the Mouse Genomes Project of the Wellcome 
Trust Sanger Institute website (Sept.2012). Shown is the reverse complement strand of the previously 
described sequence (see Figure 5.8), consequently the 9G-repeat is represented by a 9C-sequence (underlined 
in red). The analysis displays the sequence variations within the respective mouse strain compaired to the 
reference sequence (RefSeq.), indicating mismatches (red characters), insertions (red boxes) and deletions 
(asterisk).
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Figure 5.10: The l-2bp G-insertion in the Ccl5 promoter does not affect its activity

(a) Nucleotide sequence of the murine 5'-Ccl5 gene region (-240 to +60), including the proximal promoter 
and the 5’-UTR (+1/+57, highlighted in light grey). The putative ISRE element, NF-kB element and TATA 
box are indicated by the continuous, double and dotted line, respectively. Also shown are the transcriptional 
start site (designated +1) and the translational start site ATG (bold). The sequence variation found in the G- 
repeat at position -57 as 9G in wt and 10/1IG in Sarm '' is highlighted in red. The two promoter regions 
cloned from wt and Sarm ' genomic DNA into the pGL3-firefly luciferase reporter are indicated. The (- 
190/+57) construct includes the ISRE and NF-kB element, while the shorter (-120/+57) construct contains 
only the NF-kB element, as illustrated in the schematic. The cloning generated three versions of each 
construct with either 9 and 10 or llGs, corresponding to the wt and Sarm' ' genotype, respectively. pGL3- 
SV40 served as control vector with basal activity, containing the SV40 promoter upstream of the luciferase 
reporter gene, (b-d) Analysing the effect of the G-insertions on Ccl5 promoter activity in human and murine 
cells. Human HEK293-TLR4, HEK293 and murine N1H3T3 cells were transiently transfected with the 
pGL3-firefly luciferase reporter constructs described in (a) and a human Ccl5 promoter construct as positive 
control (human). Transfection efficiency was determined by cotransfection with a vector expressing renilla 
luciferase. 24h later, cells were stimulated for lOh with EPS [lOOng/ml], Sendai virus (SeV) or medium as 
control. Firefly and renilla luciferase activity were determined in cell lysates. Firefly luciferase activity was 
normalised to renilla luciferase control and is presented relative to the untreated control of the -190 (9G) 
construct, which represents the longer wt Ccl5 promoter region. Data are from one experiment representative 
of two (mean ± s.d.).
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Figure 5.11: The Poly(G)-sequence variation does not affect endogenous CCL5 expression in Trif- and 

Frn/M-knockout immortalised BMDMs

(a-c) Quantitative real-time PCR analysis of Tnf-a and Ccl5 mRNA expression in wt, Sarni'\ Trif"' and 
Tram'" iBMDMs. Cells were seeded in 24 well plates and stimulated with LPS [lOOng/ml] and IFN-a 
[lOOOU/ml] for 3 and 6h, respectively, or medium as control (—). mRNA level were normalised to the 
housekeeping gene P-actin and are presented relative to wt control. (d,e) Analysis of CCL5 protein 
expression in the different iBMDMs described in (a). Cells were seeded in 96 well plates and stimulated for 
24h with LPS [lOOng/ml], IFN-a at the indicated concentrations or medium as control (—). Supernatants were 
collected and assayed for CCL5 protein by ELISA. LPS-treated cells served as control for the different 
knockout phenotypes. Data are from one experiment representative of two or three (mean ± s.d.). * P<0.05, 
** P<0.01, *** P<0.001, compared with wt (Student’s /-test).
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TGACAGCAACAAGTGTTTGGTGTCTTTTGTGGAAACTCCCCAAGTCCTGGGGCTGGGGGG
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AAGATCTCTGCAGCTGCCCTCACCATCATCCTCACTGCAGCCGCCCTCTGCACCCCCGCA
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Figure 5.12: Optimisations for the Chromatin Immunoprecipitation (ChIP) assay

(a) Determining the optimal sonication conditions to achieve 200-1000bp sheared chromatin fragments 
required for the ChIP assay. Wt iBMDMs were seeded in 15cm dishes at 5x10^ cells/ml. The next day, cells 
were fixed and lysed at IxlO’ cells/ml. 2 to 10 cycles of 15x Isec pulses, with Imin rest on ice between 
cycles, were applied to each 1ml lysate using a Branson Sonifier 250. The power output was 2 or 3 with 90% 
duty cycle. Shearing efficiency was examined on a 1% agarose gel after cross-linking was reversed, DNA 
isolated and treated with RNase. Optimal fragment sizes were obtained with 10 cycles at Power output 3, as 
indicated by the asterisk, (b) Immunoblot analysis confirmed the specific detection of RNA Polymerase 11 
(Pol 11) using the anti-Pol II antibody recommended for ChIP. Sheared chromatin lysates of wt iBMDMs 
stimulated for the indicated times with LPS [lOOng/ml] or medium (—) and prepared as described in (a) were 
subjected to SDS-PAGE followed by Western Blotting using a specific Pol II antibody. Two forms of Pol 11 
were detected, corresponding to hypo- (1) and hyper- (II) phosphoryled Pol II. Data are from one experiment 
representative of two. (c) Nucleotide sequence of the murine Cc/5 promoter region (-240 to +120). 
Highlighted in dark grey is the pair of PCR primers designed to perform ChIP analysis. Light grey highlights 
part of Exon 1, with the arrow indicating the transcriptional start site (designated +1). The putative ISRE 
element, NF-kB element and the TATA box are indicated by the continuous, double and dotted line, 
respectively.
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Figure 5.13: ChIP analysis of RNA Polymerase II and transcription factor binding to the CclS 

promoter in immortalised BMDMs in the presence and absence of SARM

Chromatin immunoprecipitation (ChIP) analysis of RNA Polymerase II (Pol II), IRF3 and IRFl reeruitment 
to the CclS promoter in wt and Sarm '^ iBMDMs. 2xl0’cells were seeded in 15cm dishes and stimulated with 
LPS [lOOng/ml] for the indicated times or medium as control (—). Cells were fixed and the cross-linked, 
sheared chromatin was immunoprecipitated with specific antibodies to Pol II, IRF3 and IRF1 or an isotype- 
control antibody (IgG). Precipitated DNA was isolated and subjected to semi-quantitative PCR using primer 
pairs specific to the CclS promoter (a) or fi-actin promoter as control (b), generating a 153bp or 112bp PCR 
product, respectively. Input DNA served as loading control for ChIP and was analysed in higher (I) and 
lower (II) concentration. The PCR analysis included a no template control (NTC) as negative control. Data 
are from one experiment representative of two.
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Figure 5.14; Optimisation of quantitative ChIP analysis in immortalised wt BMDMs

Quantitative ChIP analysis of RNA Polymerase II (Pol II) recruitment to the Ccl5 promoter in wt iBMDMs 
using real-time PCR. 1.5x10^ cells were seeded in 15cm dishes and stimulated with LPS [lOOng/ml] for the 
indicated times or medium as control (—). Cells were fixed and the cross-linked, sheared chromatin was 
immunoprecipitated with a specific Pol 11 antibody or an isotype-control antibody (IgG). Precipitated DNA 
was isolated and subjected to quantitative real-time PCR using primer pairs specific to the Ccl5 promoter 
(indicated in Figure 5.12c). Input DNA served as loading control for ChIP. Data are presented as percentage 
of the level detected in each corresponding Input sample. Data are from one experiment representative of 
three.
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6 Final discussion
Since the discovery of the TIR adaptor proteins, many of their functions in the TLR 

signalling pathway have been described (34). The four TIR adaptors MyD88, MAL, TRIP 

and TRAM are selectively involved in initiating downstream signalling from TLRs 

following their homotypic TIR-TIR interaction with the receptor complex. However the 

exact function of the fifth, most evolutionary conserved TIR adaptor SARM is still poorly 

understood and different roles have been assigned in the immune and nervous system; both 

in the lower organism C. elegans and in mammals (described in 1.4). Initially SARM was 

identified as a negative regulator of TRlF-dependent TLR pathways in human PBMCs and 

HEK293 cells via direct interaction with TRIP (44). However, studies on murine BMDMs 

from Sartn'' mice could not confirm this TLR-regulatory role, as cells showed normal 

cytokine (TNF-a) and chemokine (MCP-1) expression after a range of TLR agonists (220). 

It was demonstrated that murine and human SARM is most abundantly expressed in the 

brain and only barely detectable in myeloid cells, including BMDMs. Since then several 

functions for SARM have been described in neurons in mediating cell death and neuronal 

morphology. Only one study in Sartn''' mice addressed the immune role of SARM and 

revealed a requirement for SARM to restrict WNV pathogenesis (221). Here, SARM- 

deficiency was linked to reduced activation of CNS inflammatory cells, impaired TNF-a 

production and an increase in viral replication and neuronal death in the brainstem. These 

results were conflictive to the human data; hence the overall immune role of SARM was 

still enigmatic and required further investigations.

In the first part of my project, I performed expression analysis of SARM, which 

confirmed that SARM mRNA and protein were highly expressed in murine brain, 

compared to other tissues and BMDMs. Nevertheless, SARM was also detectable in 

human PBMCs and murine BMDMs and most interestingly, its mRNA expression was 

downregulated following TLR and IFN receptor stimulation. Unfortunately, I could not 

evaluate regulation of the protein level in more detail, as the available SARM antibodies, 

in particular in murine cells, nonspecifically detected another protein of the same 

molecular weight as SARM. Also efforts to generate our own SARM-specific antibody 

were not successful so far. However, in human PBMCs the SARM antibody was more 

reliable and studies by Carty et al. showed that PBMCs immediately increased SARM 

protein after TLR4 activation, which was most likely mediated by stabilisation of the
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proteins N-terminus (44). This suggested that SARM protein might be regulated 

independently of the mRNA following immune stimulation. Overall the modulation of 

SARM expression was evidence for a role of SARM in immune responses in human 

PBMCs and murine BMDMs and indicated that its function might be controlled via its 

expression level.

However an immune function of SARM in murine BMDMs was questioned by Kim et 

al. (220). Thus 1 performed a detailed cytokine study in wt and Sarrn'' murine BMDMs 

and BMDCs, which unexpectedly revealed a crucial role of SARM in CCL5 mRNA and 

protein expression in macrophages. This was consistently observed in primary and 

immortalised BMDMs, and not as significant in BMDCs, which generally expressed much 

lower levels of the chemokine. Surprisingly, the regulatory function was not restricted to 

TRIP, the known interaction partner of SARM. In fact, all receptors tested required SARM 

for optimal CCL5 induction; namely the TLRs, the cytosolic RLRs and DNA sensors, as 

well as the PRR-independent IFNAR and IFNGR (Figure 6.1). These distinct pathways use 

completely unrelated adaptor proteins to mediate downstream signalling, like 

MyD88/TRlF, MAYS, STING and JAK-STAT molecules, respectively. Accordingly, it 

was unlikely that SARM mediated CCL5-regulation via the general TIR-TIR interaction 

mechanism. Strikingly, the expression of other genes was mostly unaffected by SARM- 

deficiency. Following activation of various PRRs, 1 observed normal mRNA induction of 

the NF-KB-dependent gene Tnf-a. Also IFN-P expression was mostly unaltered in primary 

Sarm'' BMDMs, even though its transcriptional regulation was reported to be similar to 

CCL5, with important roles for NF-kB and IRF molecules (258, 259). Despite this similar 

transcription factor usage, it emerged that the regulatory mechanism between both genes 

differed slightly. CCL5 induction was found to be independent of IFNs and IRF7, while 

those in turn were required for optimal IFN-P expression. Also the kinetics of both 

cytokines differed, with an immediate and transient expression of IFN-P, but a delayed and 

consistent upregulation of CCL5. Regarding type I and type II IFN-mediated responses, 

SARM was dispensable for the upregulation of the ISGs IRF7, IFIT2 and viperin. Thus, 

the regulatory function of SARM in BMDMs was stimulus- and receptor-independent and 

most likely restricted to CCL5. To investigate if other genes are affected by SARM- 

deficiency, expression analysis on PRR-stimulated wt and SARM-deficient BMDMs are 

currently underway screening 100 genes simultaneously by using the NanoString 

Technology and the nCounter Analysis System. This will reveal if SARM selectively
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regulates CCL5 or a specific set of genes with characteristic regulatory features or 

promoter organisation, hence specifying the subsequent mechanistic studies.

As PRR-induced type I IFNs subsequently signal via the IFNAR and upregulate ISGs 

in a secondary response, there was a possibility that SARM exclusively modulated the 

IFN-induced CCL5 expression. However 1 determined that PRR-induced CCL5 was 

directly upregulated in the primary pathway, independent of any secondary induced factors 

and also independent of IFN signalling and priming. Thus SARM regulated CCL5 in the 

context of constitutively expressed proteins. It is known that the signalling molecules, 

transcription factors and coactivators differ significantly between the PRR and IFN 

receptors. The various PRR pathways converge further downstream to activate a similar set 

of transcription factors, mainly AP-1, NF-icB and IRF3/7. On the contrary, gene expression 

of IFN receptors is mediated via STAT-containing transcriptional complexes, such as the 

1SGF3 complex composed of STATl, STAT2 and IRF9 or other STAT homo- and 

heterodimers (Figure 6.1). Apart from CCL5, the expression of other genes analysed was 

unaffected, which indicated a downstream regulatory role of SARM, independent of the 

stimulus, the pathway and the distinct transcription factors, possibly acting at the Ccl5 

promoter level. However, as genes are selectively regulated by a specific combination of 

transcription factors, coactivators and chromatin modifications, there was still the 

possibility that SARM might act upstream and regulate the activation of a specific 

transcription factor or function in an alternative coactivator pathway, not required for the 

other genes (Figure 6.1, point 1). Subsequently, a detailed analysis revealed that SARM 

was dispensable for the activation of most transcription factors implicated in CCL5 

induction. Those were NF-kB and IRF3 in response to TLR4, which showed normal 

activation and nuclear translocation in the absence of SARM. SARM-independent was also 

the tyrosine-phosphorylation of STATl, which is essential for ISG expression, as well as 

the upregulation of IRFl and 1RF8, which were shown to play a role in IFN-y-induced 

CCL5 expression. Of particular interest was the analysis of MARK activation, as SARM 

functioned upstream of this evolutionary conserved cascade in C. elegans. Further 

intriguing, the MAPK pathway is stimulated by both, the PRR and IFN receptors, making 

it an attractive potential target of SARM for CCL5 regulation. However, SARM-deficient 

BMDMs showed normal activation of the three MAPKs, p38, JNKl/2 and ERKl/2. Given 

that none of the most relevant transcription factors for CCL5 expression were impaired in
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their initial activation, it was likely that SARM controlled the proper assembly of those 

factors at the Ccl5 promoter.

Ccl5 is a tightly regulated gene, and its promoter assembles into stable nucleosomes in 

the basal state preventing any transcriptional leakage (246). Thus the initiation of 

transcription requires several consecutive events, where transcription factor binding to the 

DNA leads to the recruitment of various proteins, initiating chromatin remodelling by the 

SWI/SNF complex and the formation of the transcriptional machinery, that includes RNA 

Polymerase II (Pol II). This complex regulation was also highlighted by the observed delay 

in TLR4-induced CCL5 expression in comparison to the immediate-early expression of 

genes, such as Tnf-a and TNF-a belonged to a group of primary response genes

(PRGs) that have Pol II preloaded at their promoter, but stalled by the negative elongation 

factor (NELF) complex (299). In contrast, Pol II and NELF are absent from the Ccl5 

promoter in resting cells, and EPS-dependent Pol II recruitment is regarded as the rate- 

limiting step in Ccl5 transcription. Thus, as a hallmark of prior transcription factor binding, 

I assessed EPS-induced Pol II accumulation at the Ccl5 promoter, which was slightly 

reduced in iBMDMs in the absence of SARM, suggesting a defect in one of the previous 

events required for Pol 11 recruitment. Referring to the literature, IRF molecules are key 

activators of CCE5 expression and IRF3 was demonstrated to play an essential role in 

chromatin remodelling at the Ccl5 promoter (246). However, EPS-stimulated binding of 

IRF3 and IRFl to the Ccl5 promoter was mostly intact in SARM-deficient iBMDMs. Next, 

more quantitative experiments are required to exactly define the role of SARM in protein 

assembly at the Ccl5 promoter (Figure 6.1, point 2), which will be addressed using the 

successfully established ChIP protocol for quantitative real-time PCR detection. At 

present, there is still a possibility that the slightly impaired Pol II recruitment in Sarm''' 

cells was caused by an unequal loading of DNA Input in the ChIP assay, which was 

difficult to assess using the semi-quantitative read-out. Also ChIP and overexpressed Flag- 

tagged SARM will be used to directly assess the recruitment of SARM to the endogenous 

Ccl5 promoter. In addition, SARM-mediated regulation of the Ccl5 promoter will be 

investigated using the Ccl5 luciferase reporter gene constructs established during the 

course of this study. These future experiments will distinguish, if SARM regulates a step 

prior to transcriptional initiation or if it controlled Ccl5 mRNA expression at a later stage, 

such as transcriptional elongation, precursor (pre)-mRNA processing and maturation or 

mRNA stability (Figure 6.1, point 3 and 4), all processes are highly controlled by

204



Chapter 6 - Final discussion

multiprotein complexes. A role for SARM in Ccl5 pre-mRNA processing can be evaluated 

by comparing the expression of precursor transcripts to mature, spliced mRNA using 

primer pairs specific to intron-exon or exon-exon sequences, respectively. According to the 

current model, transcriptional elongation and splicing are tightly coupled in both 

directions, meaning that the Pol II elongation complex recruits the splicing machinery, but 

also that pre-mRNAs are not synthesised unless the machinery for its processing is 

properly assembled (300). This may suggest that CcI5 precursor transcripts are difficult to 

detect. However, it was recently proposed by Baltimore et al. that late cytokine mRNA 

expression is controlled by a delay in splicing (301), thus Ccl5 pre-mRNA might be 

induced and accumulate immediately after stimulation. If analysis will reveal SARM- 

independent Pol II recruitment, but a dependency for Ccl5 pre-mRNA production, SARM 

might act at the level of transcriptional initiation to elongation. This could be examined by 

Chip analysis measuring the presence of Serine 2-phosphorylated Pol II at the 3’end of the 

Ccl5 gene, which is a hallmark of productive elongation.

In light of these potential functions of SARM in transcriptional regulation and RNA 

biogenesis it is interesting that SARM was recently found to interact with family members 

of the DExD/H-box RNA helicases, namely DDX3, DDX5, DDX17 and DHX9 (M. Carty 

personal communication). DEAD/DEAH-box proteins (DDX, DHX) are implicated in all 

aspects of RNA metabolism, from transcription to translation and mRNA decay (302). 

They mediate RNA unwinding via a helicase core with ATP- and RNA-binding sites, and 

additionally perform helicase-independent activities and modulate various RNA-protein 

interactions. It emerged more recently, that TIR proteins have the potential to interact with 

DExD/H-box proteins, besides their well known homotypic TIR-TIR interaction, whereby 

they perform functions also in TLR-independent pathways. This has been reported so far 

for a subset of DDXs implicated in cytosolic RNA and DNA sensing, like the TRIE 

interaction of the DDX1-DDX21-DHX36 complex or the MyD88-binding to 

DHX9/DHX36 ((132, 146), see 1.2.3, 1.2.4). The SARM interaction with DDXS and 

DDX 17 was particular intriguing as both proteins have been shown to function as 

transcriptional coactivators and were also part of the splicing machinery (303). Hence their 

adaptor functions were consistent with a model, where transcriptional initiation and 

splicing are closely coupled. DDX5/17 regulated the transcription factors ERa, p53, MyoD 

and Runx2, and they were also recruited to their target promoters. DDXS also interacted 

with CBP, p300 and Pol II (304). Further, DDXS/I7 and recently DHX9 were found in a
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complex with Drosha regulating the processing of a selective set of microRNAs (miRNAs) 

(305, 306). miRNAs control gene expression by targeting specific mRNAs to mediate their 

degradation or translational repression. Interestingly, preliminary data by M. Carty from 

my laboratory indicated a potential SARM-Drosha interaction and also SARM-dependent 

expression of some miRNAs, which is currently further investigated. Thus, it is possible 

that SARM promoted Ccl5 gene expression via modulation of distinct miRNAs. Besides 

miRNAs, the abundance of mRNAs is also regulated by mRNA stability, usually mediated 

via destabilising proteins that bind to AU-rich elements (ARE) in the 3’UTR of the 

mRNA. However, Ccl5 mRNA was shown to be devoid of those elements, was very stable 

and accumulated even hours after stimulation (256). This was in agreement with my own 

preliminary data on Ccl5 mRNA stability (data not shown) and suggested that Ccl5 mRNA 

expression is mainly controlled by its initial transcriptional induction and sustained 

promoter activity. However, another study demonstrated that Ccl5 mRNA was stabilised 

during replication-competent RSV infection by an unknown mechanism involving 

nucleotides 11-389 of the Ccl5 gene (307). Thus, it is tempting to speculate that the 

generally observed stability of Ccl5 mRNA might be mediated by a new, ARE- 

independent mechanism involving SARM. Given that Ccl5 mRNA expression was 

affected, it is unlikely that SARM regulated the translational step of gene expression 

(Figure 6.1, point 5). However, it can not be excluded that SARM might additionally 

slightly enhance the translational machinery, as evident from data on TNF-a expression. 

Future analysis will exactly define if SARM positively regulated the transcriptional or 

posttranscriptional step of Ccl5 gene expression and if DDXs were involved in the 

regulatory process.

At first, the discovered positive role of murine SARM in CCL5 expression was 

unexpected due to the previously described inhibitory functions of various SARM 

homologues in overexpression systems and siRNA-mediated knockdown studies. 

However, there is compelling evidence, also from an evolutionary perspective, that SARM 

was essential for optimal immune responses, which might highly depend on the specific 

cell type and environment. Accordingly, SARM was required for immune defence in C. 

elegans and WNV-infected mice in vivo (described in detail in 1.4). I propose that SARM 

function, either positive or negative, might be adjusted via its expression level, firstly 

because endogenous SARM levels were highly modulated following immune stimulation, 

and secondly because the inhibitory role was mainly observed, when SARM was
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overexpressed. Also interesting was that the CCL5-regulatory role of SARM was not 

restricted to TLRs, similar to the positive, non-TLR immune function in C elegans, and 

therefore might represent the evolutionary conserved immune function of SARM.

CCL5, a member of the C-C chemokine family, is an important mediator of 

inflammatory processes and implicated in many aspects of the innate and adaptive immune 

response, as its chemotactic activity leads to the recruitment of various immune cells, 

including monocytes, eosinophiles, basophiles, NK cells and T lymphocytes. Therefore, it 

is highly relevant to elucidate the exact mechanism of CCL5 regulation in macrophages, 

also in light of inflammatory diseases and cancer. CCL5 also plays a particular role during 

HIV-infection, as its receptor CCR5 serves as binding and entry site for macrophage-tropic 

HIV (R5 virus) (308, 309). CCL5 was first charcterised in T lymphocytes, where it is 

expressed 3-5 days after activation, hence it is also termed RANTES (regulated upon 

activation, normal T cell expressed and secreted). Responsible for the controlled late 

expression of CCL5 in T cells is the simultaneous translational induction of the 

transcriptional regulator Kriippel-like factor 13 (KLF13/RFLAT-1) (296, 310). KLF13 

forms an enhanceosome with NF-kB and AP-1 at the Ccl5 promoter and induces chromatin 

remodelling by recruiting various factors (311), but it is thought that the KLF 13-dependent 

CCL5 regulation is restricted to T cells. Nevertheless it would be worth investigating if 

KLF 13 plays a role in CCL5 induction in macrophages or vice versa if SARM is required 

for CCL5 expression in T cells, given that SARM is expressed in this cell type ((220) and 

data not shown). Interestingly, a microRNA that was found to be enhanced in Sarm''' 

BMDMs, namely miR-125b (M. Carty, personal communication), was reported to 

potentially target KLF13 (312). And according to bioinformatic analysis by M. Carty miR- 

125b might also target SARM, which emphasises a putative function of both molecules in 

the same regulatory network.

In light of the abundant expression of SARM in the brain, I suspect that the SARM- 

mediated regulation of CCL5 is likely to be highly important for various immune 

responses of the central nervous system (CNS). It is well established that during infection 

with neurotropic viruses resident immune cells of the brain, such as microglia and 

astrocytes, secrete chemokines, including CCL5, to initiate leukocyte trafficking into the 

CNS (313). CCL5 and one of its receptors, CCR5, were shown to be particularly important 

for cell infiltration and subsequent control of WNV, which was also evident in patients 

with CCR5-deficiency and their increased risk of symptomatic WNV infection (314). In
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this regard it is compelling that Sarm''' mice also showed increased pathogenesis and 

enhanced mortality following infection with neurotropic WNV (221). It was stated that the 

phenotype was caused by decreased microglia activation, reduced TNF-a production and 

an increase in neuronal cell death. Although CCL5 was not analysed in this study, I 

speculate that a defect in CCL5 production in the absence of SARM might have 

contributed to the inability to control the infection. Furthermore, CCL5 has been 

implicated in pathogenesis of the autoimmune disease multiple sclerosis (MS), which is 

characterised by inflammatory lesions, demyelination and axonal loss in the CNS, 

mediated by recruited autoreactive T cells and innate immune cells (315, 316). CCL5 was 

also shown to participate in the pathophysiology of experimental autoimmune 

encephalomyelitis (EAE), which is the murine disease model for MS (317). It would be 

interesting to investigate the CCL5-regulatory role of SARM in various neuropathogenic 

disease models, such as EAE or pathogenic infection models, using SARM-deficient mice. 

The fact that CCL5 plays crucial roles in many physiologieal and pathological processes 

highlights the importance of elucidating the exact mechanism of CCL5 regulation. And if 

SARM selectively regulates its expression, SARM might become a potential target of new 

therapies.
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TLRs IFNAR/IFNGR

Figure 6.1; Potential mechanisms of SARM-mediated CCL5 regulation in BMDlVls

Schematic of the CCL5-regulatory immune function of SARM in primary and immortalised BMDMs and 
illustration of the potential mechanism. SARM was required for CCL5 mRNA and protein expression 
downstream of TLRs and non-TLRs, including cytosolic RNA- and DNA sensors, as well as the type I and II 
IFN receptors. Following ligand binding, the various receptors engage with their specific adaptor proteins, 
namely TIR adaptors, MAYS, STING and JAKs, respectively, to initiate a signalling cascade leading to 
activation of distinct transcription factors and selective gene induction. SARM was found to be dispensable 
for the main activation events as follows: TLR4-induced activation of MAPKs and the transcription factors 
NF-kB and 1RF3, IFNAR/IFNGR-mediated tyrosine 701-phosphorylation of STATl and the upregulation of 
the transcription factors IRFl and IRF8. Accordingly the expression of most genes was unaffected by 
SARM-deficiency, such as PRR-induced TNF-a and IFN-P or the IFN-induced ISGs IRF7, IFIT2 and 
viperin. Thus SARM-mediated regulation was likely restricted to CCL5 with several possibilities of the 
mechanism: 1. SARM might function in a pathway common to both PRR and IFN receptors to activate a 
specific transcription factor or coactivator, 2. SARM might act at the Ccl5 promoter to mediate 
transcriptional initiation via the assembly of activators, chromatin remodelling and Pol II recruitment, 3. 
SARM might be involved in the RNA maturation process, 4. SARM might stabilise Ccl5 mRNA directly or 
by suppressing the production of specific miRNAs. Flowever SARM is unlikely to function solely at the 
translational step (5.).
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