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1 Introduction  
1.1 The immune system 

 

All living organisms encode for a broad array of mechanisms that are meant to protect 

them from infectious agents, such as viruses, bacteria, fungi, and parasites. This 

system, commonly referred to immune system, requires the fundamental feature to 

distinguish self from non-self. Once a potentially harmful agent is recognized as 

foreign, it mounts a response to eliminate or neutralize the threat. In higher multicellular 

organisms, the immune system also serves additional, homeostatic roles beyond 

pathogen defense, which include the elimination of aberrant cells or the facilitation of 

tissue repair. 

Generally, the immune system is divided into the innate and adaptive. The innate 

immune system is evolutionarily ancient, with innate-like defense mechanisms found 

across all domains of life. Its molecular components are encoded in the genome and 

passed down through successive generations (e.g., germ-line encoded), making them 

broadly conserved and relatively invariant. It forms the first line of defense and acts 

rapidly, within minutes post infection. Adaptive immunity, as it is present in vertebrates, 

relies on a large repertoire of rearranging receptors that are created de novo and 

distributed in a clonal fashion. Therefore, and in contrast to the innate immune system, 

it typically responds in a delayed fashion, but it can provide highly specific, long-lasting 

protection and generates immunological memory. Although adaptive immunity is 

traditionally considered restricted to vertebrates, bacteria also possess an adaptive-

like defense system in the form of CRISPR-Cas, which allows them to “remember” 

prior viral infections (Barrangou and Marraffini, 2014; Chaplin, 2010; Murphy and 

Weaver, 2017). In the following paragraph, I briefly outline the key components of the 

innate and adaptive immune system, while I focus on vertebrate immunity. 

 

1.1.1 The innate immune system  
 

The primordial function of the innate immune system is to eliminate threats and prevent 

their spread. It involves both humoral and cell-mediated responses. Traditionally, the 
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innate immune system is categorized into three layers: physical/chemical barriers, 

humoral components, and cellular components. Physical and chemical barriers, such 

as the skin and mucosal surfaces, are considered to be the first layer of the innate 

immune system. The skin acts as a physical barrier that prevents most pathogens from 

entering the body, and mucosal surfaces produce antimicrobial proteins and peptides, 

such as lysozymes, which degrade bacterial cell walls and cause lysis (Murphy and 

Weaver, 2017; Primo et al., 2018).  

The second layer, the humoral component, relies on soluble proteins that are 

circulating in body fluids, most of which are produced by the liver. A core element is 

the complement system, consisting of about 30 plasma proteins, which can directly 

lyse pathogens or opsonize them to enhance phagocyte uptake and elimination. Acute-

phase proteins, such as C-reactive protein (CRP) and serum amyloid A (SAA), are also 

components of the humoral innate immune response that bind to microbial or altered 

host molecules and promote immune activation, either by triggering complement 

activation or by recruiting immune cells to the site of infection (Eklund et al., 2012; Mold 

et al., 1999; Sarma and Ward, 2011). Additionally, the coagulation system bears innate 

immune-like functions, beyond its role in blood clotting. For instance, complex 

extracellular networks, formed by the protein fibrin, entrap pathogens, restrict their 

dissemination, and provide a physical scaffold that mobilizes immune cells (Almskog 

and Ågren, 2025; Sozmen and Akassoglou, 2021).  

The third layer of the innate immune system relies on cells that can carry out effector 

functions in various ways, such as phagocytosis, mediating cell death, or releasing 

inflammatory mediators.  

Phagocytosis is a key cell-mediated response of the innate immune system that 

directly eliminates pathogens. Cells of the innate immune system that can engulf and 

destroy marked pathogens or other pathogen-infected cells primarily arise from the 

myeloid compartment in the bone marrow. These include blood-circulating monocytes, 

neutrophils, dendritic cells, and tissue-resident macrophages (Murphy and Weaver, 

2017). Destruction by phagocytes is mediated by endolysosomal proteolytic enzymes 

and the production of antimicrobial chemicals by the phagocyte, such as reactive 

oxygen species (ROS) and nitric oxide (NO) (Fang, 2004).  

In addition to killing microorganisms through phagocytosis, pathogen-infected cells can 

trigger their own, cell-autonomous death, as this often goes along with eliminating the 
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invading pathogen. Generally, immune cells can undergo different types of 

programmed host cell death. These include apoptosis, an immunologically silent form 

of cell death, as well as pyroptosis and necroptosis, both of which are highly 

inflammatory forms of lytic cell death (Labbé and Saleh, 2008).  

Nevertheless, innate immune responses are not confined to cells that are being 

infected or detect the infection, but can also spread systemically. By releasing 

inflammatory mediators such as cytokines and chemokines, innate immune cells also 

amplify immune responses by recruiting additional cells or effector molecules. 

Examples of this are the release of the chemotactic cytokines CXCL8 (Cambier et al., 

2023) and CXCL10 (Tighe et al., 2011) by macrophages, which recruit neutrophils, a 

type of blood-circulating phagocyte (Cambier et al., 2023), and natural killer (NK) cells 

(Lodoen and Lanier, 2006).  

NK cells play an important role in eliminating infected cells, as they can, in contrast to 

the self-driven forms, extrinsically mediate cell death. Their activation is tightly 

controlled by activating and inhibitory receptors on their cell surface. These receptors 

are specialized to detect changes in the expression of surface molecules on the target 

cell. An example of this is the expression of the cell surface molecule MHC, which 

serves as a marker to inhibit NK cell activation. Because some viruses and other 

pathogens can induce downregulation of MHC class molecules to avoid recognition by 

adaptive immune cells (see below), NK cells can sense these changes as a “missing 

self” signal (Murphy and Weaver, 2017). Upon their activation, NK cells induce 

apoptosis by releasing a cocktail of apoptosis-inducing cytokines or cytotoxic granules, 

containing perforins and granzymes (Belizário et al., 2018).  

However, while certain infections can be contained by the innate immune system 

alone, in many cases, it is not sufficient. In such situations, the innate immune system 

plays a crucial role in activating and shaping the adaptive immune response, with 

dendritic cells (DCs) serving as the key bridge between the two systems. Although 

these cells are classified as phagocytes, it is not their primary role to directly kill 

microorganisms, but to process engulfed peptide antigens and present them to specific 

lymphocytes, which are part of the adaptive immune system, leading to their activation 

(Cabeza-Cabrerizo et al., 2021; Ngo et al., 2024). 
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1.1.2 The adaptive immune system 
 
Cells of the adaptive immune system derive from a common lymphoid progenitor in the 

bone marrow and include B and T cells. These cells recognize pathogenic molecular 

structures, known as antigens, through distinct antigen receptors generated by somatic 

rearrangement of specific gene segments. Upon their activation, B cells mature into 

plasma cells that secrete antibodies. Antibodies help protect against extracellular 

pathogens primarily through two mechanisms. First, by directly binding to pathogens 

or their products, such as bacterial toxins, they can block these agents from entering 

and infecting host cells. This process is known as neutralization. While neutralization 

prevents viruses or bacterial toxins from infecting cells, it is generally less effective 

against whole bacteria. In such cases, antibodies aid in pathogen elimination by 

opsonizing bacteria and, simultaneously, help to activate the complement system to 

enhance pathogen recognition by phagocytic cells (Murphy and Weaver, 2017). 

T cells recognize peptide antigens that are presented by antigen-presenting cells, such 

as dendritic cells, in MHC molecules on their cell surface. The delivery of a cognate 

antigen (signal 1), and the simultaneous provision of co-stimulatory molecules (signal 

2) and the presence of specific cytokines (signal 3), provides a crucial link between 

innate immune recognition and the induction of adaptive immunity, enabling naïve T 

cells to proliferate and differentiate into different subsets (Sun et al., 2023). These 

subsets include CD8+ T cells (restricted to MHC I molecules), which kill infected target 

cells bearing the same antigen on their cell surface, as well as helper T cells (restricted 

to MHC II molecules) that secrete cytokines and express surface molecules to regulate 

tailored immune responses. These include, e.g., the activation of macrophages to 

enhance phagocytosis or the activation of B cells to induce antibody production (Sun 

et al., 2023). Additionally, regulatory T cells inhibit other lymphocytes, thereby 

preventing harmful and excessive immune reactions (Vignali et al., 2008). Crucially, 

certain B and T cells develop into memory cells, establishing immunological memory 

that enables a rapid response upon re-exposure to the same pathogen (Murphy and 

Weaver, 2017).  

In summary, the immune system uses multiple, finely tuned strategies to defend 

against infection. These involve an integrated response from innate and adaptive 

immune systems to efficiently remove foreign threats.  
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1.2 Paradigms of non-self-sensing by the innate 
immune system 

 

To recognize non-self, innate immune cells are equipped with germline-encoded 

pattern recognition receptors (PRRs). These receptors detect microbial signatures, 

known as pathogen-associated molecular patterns (PAMPs). PAMPs are highly 

conserved structures, found in many pathogens of a given class, such as 

lipopolysaccharide (LPS) in Gram-negative bacteria. Because PAMPs are essential for 

microbial survival, they cannot easily be altered, making them reliable signals for 

immune recognition (Mogensen, 2009; Takeuchi and Akira, 2010).  

Beyond this classical view of pattern-triggered immunity (PTI), another paradigm of 

non-self-recognition, termed effector-triggered immunity (ETI), has been proposed as 

a mechanism of innate immune sensing. Unlike PTI, ETI is not triggered by conserved 

microbial patterns but by activities carried out by the pathogen, while infecting the host. 

For example, many pathogens release specialized proteins, called effectors or 

virulence factors, that disrupt host cellular functions to facilitate the replication and 

spread of the pathogen. The host can sense such activities through various 

mechanisms, triggering an immune response (Remick et al., 2023). 

One example of ETI is the secretion of the HSV-1 protein infected cell protein 0 (ICP0), 

an E3 ligase that targets many host proteins that restrict viral replication. One of its 

targets is the protein microrchidia family CW-type zinc finger 3 (MORC3), a repressor 

of interferon beta 1 (IFNB1). Consequently, when MORC3 is targeted for degradation, 

the expression of interferon-b is potently induced (Gaidt et al., 2021).  

Additionally, the innate immune system also responds to endogenous molecules and 

signals that are released upon cell stress, cell death, or tissue damage. Often, these 

signals are referred to as damage-associated molecular patterns (DAMPs) in analogy 

to the PAMP nomenclature. Examples of DAMPs are ATP, uric acid crystals, or host 

DNA that act as danger signals to alert the innate immune system, even in the absence 

of pathogen infection. Nevertheless, recognizing DAMPs is believed to be detrimental 

to the host rather than protective, as these patterns can trigger or worsen sterile 

inflammatory diseases (Hornung and Gaidt, 2024; Remick et al., 2023).  

 



  

   6 

1.2.1 Pattern recognition receptors  
 

Upon activation, PRRs initiate signaling cascades that activate transcription factors to 

induce the expression of numerous genes, including those encoding chemokines, pro-

inflammatory cytokines, type I interferons, or antimicrobial proteins. These molecules 

can recruit additional immune cells to amplify the immune response or trigger 

downstream pathways that can, e.g., lead to programmed host cell death, metabolic 

changes to promote the production of reactive oxygen species for pathogen killing, or 

systemic inflammation such as fever. 

Based on structural similarities and localization, PRRs are typically divided into 

different families. These include the class of membrane-associated Toll-like receptors 

(TLRs) and C-type lectin receptors (CLRs), as well as the cytosolic sensors retinoic 

acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs) 

(Takeuchi and Akira, 2010), as well as the cGAS-STING axis. 

Because TLRs are central to this thesis project, they will be discussed in a dedicated 

chapter (see Chapter 1.3), while the following paragraph briefly summarizes key 

components of the remaining receptor classes. 

CLRs are characterized by their unique carbohydrate recognition domain that functions 

to recognize a variety of glycan moieties on pathogens. A classical feature of CLR 

recognition is its dependence on Ca²⁺ ions. However, some CLRs can bind 

carbohydrates independently of Ca²⁺ and are called C-type lectin-like receptors 

(CTLRs) (Chiffoleau, 2018). One example is the receptor Dectin-1 that recognizes b-

glucans, carbohydrates found in many cell walls of fungi (Huysamen and Brown, 2009). 

Activation of CLRs typically leads to the stimulation of a signaling pathway that 

culminates in the activation of the transcription factor NF-κB (Chiffoleau, 2018). 

The family members of RLRs are double-stranded (ds)RNA sensors that comprise 

three members in humans. These include RIG-I, detecting 5’phosphorylated dsRNA 

(Hornung et al., 2006; Pichlmair et al., 2006), melanoma differentiation-associated 

protein 5 (MDA5), sensing long dsRNA (del Toro Duany et al., 2015), and laboratory 

of genetics and physiology 2 (LGP2). RIG-I and MDA5 signal via binding to the adaptor 

molecule mitochondrial antiviral-signaling protein (MAVS) to ultimately activate the 

transcription factors IRF3, IRF7, and NF-κB (Rehwinkel and Gack, 2020). LGP2 lacks 
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the essential MAVS binding domain, but it has been shown to play a regulatory role for 

RIG-I and MDA5 activation (Bruns et al., 2014; Rothenfusser et al., 2005). 

Nucleotide-binding domain and leucine-rich repeat-containing receptors (NLRs) 

comprise at least 23 members in the human system. All of these share a central 

NACHT domain, which mediates oligomerization, and a C-terminal leucine-rich repeat 

(LRR) domain, often involved in ligand sensing (Sundaram et al., 2024). Activation of 

NLRs extends beyond classical PAMP-PRR recognition, as some NLRs can also be 

activated in an indirect fashion. One example is NLRP3, which senses cellular 

membrane perturbations (Gaidt and Hornung, 2018). In contrast, other NLRs are 

triggered by direct ligand interactions. As such, NOD1 and NOD2 detect bacterial 

peptidoglycan fragments (Girardin et al., 2003; Laroui et al., 2011). Upon activation, 

some NLRs can form large multiprotein complexes known as inflammasomes that 

induce pyroptosis (Shi et al., 2015). Additionally, some NLRs, like NOD1 and NOD2, 

also activate NF-κB and MAPK signaling pathways, leading to the release of pro-

inflammatory cytokines and chemokines upon their activation (Heim et al., 2019). 

In addition to the four classical PRR families, the cGAS/STING axis plays a crucial role 

in the detection of pathogens that either contain DNA or produce it during their life cycle 

(Zhang et al., 2020). Specifically, the sensor cyclic GMP-AMP synthase (cGAS) 

recognizes cytosolic dsDNA. Upon DNA binding, cGAS produces the second 

messenger cyclic GMP-AMP (cGAMP) from ATP and GTP (Ablasser et al., 2013; Diner 

et al., 2013), which subsequently binds to Stimulator of interferon genes (STING). 

STING is a dimeric protein that, under steady state, is located at the endoplasmic 

reticulum (ER). Upon cGAMP binding to STING, the receptor translocates to the Golgi 

via endoplasmic reticulum-Golgi intermediate compartment (ERGIC) (Zhang et al., 

2020). At the Golgi, STING recruits the kinase TBK1 and IKKe to activate IRF3 and 

NF-κB (Balka et al., 2020; Murthy et al., 2020). 
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1.2.2 Consequences of non-self-recognition 
 

As described above, many PRRs activate the transcription factor NF-κB, a central 

regulator of inflammation that controls the expression of pro-inflammatory cytokines 

and chemokines that coordinate immune cell recruitment. A key step in NF-κB 

signaling is the activation of transforming growth factor beta-activated kinase 1 (TAK1). 

TAK1 associates with two regulatory subunits, TAB1 and TAB2, with TAB2 binding 

polyubiquitin chains, an essential step for TAK1 activation (Liu et al., 2017). Activated 

TAK1 then phosphorylates the downstream IkB kinase (IKK) complex, composed of 

IKKα, IKKβ, and IKKγ (also called NEMO) (Ninomiya-Tsuji et al., 1999; Wang et al., 

2001b). Activation of the IKK complex leads to phosphorylation of the NF-κB inhibitory 

protein IκBα, which is subsequently degraded by the proteasome. The degradation of 

IκBα allows NF-κB to translocate to the nucleus, where it induces the expression of 

numerous pro-inflammatory genes (Liu et al., 2017) (see Fig. 1, right panel). 

The activation of IRFs, which is essential for producing type I interferon, requires the 

activity of TANK-binding kinase 1 (TBK1). TBK1 is recruited by the adaptor proteins 

STING, MAVS, and TRIF downstream of cGAS, RLR, and TLR activation. Each 

adaptor protein contains a conserved pLxIS motif, which is phosphorylated at a serine 

residue by TBK1. This phosphorylation creates a binding site for IRF proteins, which 

TBK1 subsequently phosphorylates. Phosphorylated IRFs dissociate, dimerize, and 

translocate to the nucleus, where they induce the expression of type I interferons (Liu 

et al., 2015a). Additionally, STING and MAVS recruit the kinase IKKε, which also 

phosphorylates both the adaptor proteins and IκBα, thereby promoting the production 

of pro-inflammatory cytokines downstream of cGAS/STING and RLR signaling (Balka 

et al., 2020; Rehwinkel and Gack, 2020) (see Fig. 1, left panel). 
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Figure 1 Overview of NF-kB and IRF activation downstream of PRR signaling. PRR 
signaling converges into activation of TAK1, which subsequently phosphorylates the IKK 
complex. Activated IKK complex phosphorylates IkBa, leading to its degradation by the 
proteasome and enabling NF-kB to translocate to the nucleus, where it drives the expression 
of pro-inflammatory cytokines. TBK1 is recruited by adaptor proteins MAVS, STING, and TRIF 
to phosphorylate their conserved pLxIS motifs, enabling IRF binding, phosphorylation, 
dimerization, and nuclear translocation to drive type I interferon expression. In parallel, STING 
and MAVS recruit IKKε, which phosphorylates the adaptor proteins and IκBα to promote pro-
inflammatory cytokine production.   

 

Pro-inflammatory cytokines expressed downstream of NF-κB activation include 

members of the interleukin (IL) family, such as IL-6, and members of the tumor necrosis 

factor (TNF) superfamily, like TNF-α, both of which were used as readouts to study 

TLR activation in this thesis. These cytokines can induce fever. IL-6 additionally 

promotes the synthesis of acute-phase proteins in the liver and, together with 

transforming growth factor (TGF)-β, is essential for differentiating Th17 cells from 

naïve CD4⁺ T cells (Tanaka et al., 2014). TNF-α further enhances inflammatory 

signaling and triggers apoptosis or necroptosis (Jang et al., 2021). 

Nucleus Nucleus

proteasomal
degradation

type I Interferonspro-inflammatory cytokines

TAB2

TAB1
TAK1

TBK1

TBK1

IKKε
IKKγ

IKKα IKKβ

PRR RLR

M
AV
S

cGAS

S
TI
N
G

A
da
pt
or

TR
IF

TLR

p
x I SL p

x I SL

p
x I SL

p
x I SL

NF-kB activation IRF activation

NFκB

NFκB

IRF

IRF
P P

IRF

IRF
P P

NFκB

IRF

Ub Ub Ub Ub Ub Ub Ub Ub Ub

TAB2

TAB1
TAK1

Ub Ub Ub Ub Ub Ub Ub Ub Ub

IκBα
P

P

P

P

P PP



  

   10 

The induction of type I interferons (IFN), like IFN-α or IFN-b, is particularly important 

when it comes to battling virus infections (Cabeza-Cabrerizo et al., 2021; Ngo et al., 

2024). By promoting the expression of many interferon-stimulated genes (ISGs) such 

as the enzyme oligoadenylate synthase (OAS) or the double-stranded (ds)RNA-

dependent protein kinase (PKR), IFNs are critical to inhibit viral replication (Yang and 

Li, 2020). Specifically, OAS proteins are cytosolic sensors that are activated by viral 

dsRNA. Upon their activation, these enzymes synthesize 2’-5’-linked oligomers from 

ATP. Binding of 2’-5’-oligoadenylates to the endoribonuclease RNase L promotes its 

dimerization and activation. RNase L degrades viral RNA and cellular ribosomal RNA, 

decreasing viral replication (Drappier and Michiels, 2015). PKR, a serine-threonine 

kinase, phosphorylates the alpha subunit of the eukaryotic initiation factor 2 (eIF2a), 

thereby suppressing protein translation and contributing to the inhibition of viral 

replication (Saelens et al., 2001). Additionally, PKR activation triggers apoptosis 

(Balachandran et al., 1998). 
 

1.3 Toll-like receptors 
 
Toll-like receptors (TLRs) were the first PRRs to be identified. Initially discovered in 

1996 in Drosophila melanogaster (Lemaitre et al., 1996), the human homologue TLR4 

was characterized shortly thereafter as the first member of the TLR family in humans 

(Medzhitov et al., 1997). Subsequently, TLR4 was reported to recognize LPS, a 

component of the outer membrane of Gram-negative bacteria (Poltorak et al., 1998).  

All TLRs are type I transmembrane proteins that share a similar domain architecture. 

An N-terminal ectodomain with a horseshoe-shaped structure for ligand binding, 

consisting of leucine-rich repeats (LRR), followed by a transmembrane domain and a 

C-terminal cytosolic Toll/interleukin-1(TIR) domain. In humans, the TLR family consists 

of 10 members (TLR1-TLR10), while mice express 12 members. Based on their 

localization and ligand sensing, TLRs can be roughly divided into two major subgroups 

(Fitzgerald and Kagan, 2020). TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are 

plasma membrane-associated TLRs that sense microbial membrane components. 

TLR2 forms heterodimers with either TLR1 or TLR6 to sense bacterial lipoproteins and 

lipopeptides (Farhat et al., 2008; Kang et al., 2009), TLR4 recognizes LPS with the 

help of the protein MD-2 (Poltorak et al., 1998; Shimazu et al., 1999), and TLR5 senses 
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bacterial flagellin (Hayashi et al., 2001). TLR10 is considered an orphan receptor for 

which the exact ligand is still unknown (Fitzgerald and Kagan, 2020). The second 

subgroup includes the endosomal TLRs, TLR3, TLR7, TLR8, and TLR9, which 

recognize nucleic acids. Specifically, TLR3 senses viral dsRNA (Alexopoulou et al., 

2001), TLR7 and TLR8 detect single-stranded (ss)RNA (Diebold et al., 2004; Heil et 

al., 2004), and TLR9 is activated by unmethylated CpG-motif-containing ssDNA 

(Hemmi et al., 2000).  

TLRs are synthesized and folded in the endoplasmic reticulum (ER) and are 

subsequently targeted to the plasma or endosomal membrane (Fitzgerald and Kagan, 

2020; Randow and Seed, 2001). Trafficking of TLR1, TLR2, TLR4, TLR7, and TLR9 is 

regulated by the protein associated with TLR4 (PRAT4A) (Takahashi  et al., 2007; 

Wakabayashi et al., 2006), and except for TLR3, folding of all TLRs depends on the 

chaperone gp96 (Yang et al., 2007). Transport of endosomal TLR3, TLR7, TLR8, and 

TLR9 and cell surface TLR5 additionally requires the chaperone Unc93B1 (Huh et al., 

2014; Kim et al., 2008). Once these TLRs are folded, Unc93B1 stays associated to 

maintain their stability (Pelka et al., 2018) and further promotes their incorporation into 

COPII-coated vesicles to leave the ER. While TLR3, TLR7, and TLR8 are directly 

transported to the endosome, TLR9 is first delivered to the plasma membrane and later 

endocytosed in an AP-2-dependent manner (Lee et al., 2013).  

Upon ligand sensing, TLRs homo- or heterodimerize and initiate the activation of 

downstream signaling pathways that result in the activation of transcription factors like 

NF-kBs and IRFs, leading to the production of pro-inflammatory cytokines and type I 

interferons (Fitzgerald and Kagan, 2020). TLR signaling is enabled by the recruitment 

of a large assembly of cytosolic proteins, leading to the formation of two distinct 

signaling hubs: the myddosome (Lin et al., 2010; Motshwene et al., 2009) and the 

triffosome (Fitzgerald and Kagan, 2020). Signaling hubs are not present in resting cells 

but are rapidly induced after TLR dimerization (Bonham et al., 2014). Myddosome 

formation is mediated by the recruitment of the adaptor molecule MyD88 to the 

cytosolic TLR TIR domains. Except for TLR3, MyD88 is recruited to all TLRs upon their 

engagement (Kawai and Akira, 2006). TLR2, TLR4, TLR7, and TLR9 additionally 

require the adaptor molecule TIRAP/MAL to recruit MyD88 (Bonham et al., 2014; 

Fitzgerald et al., 2001; Horng et al., 2001; Nagpal et al., 2009; Piao et al., 2015). Once 

MyD88 is associated with the TLR TIR domain, it recruits IRAK kinases via its death 
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domain (Cao et al., 1996a). By solving the structure of the myddosome complex, it was 

discovered that the myddosome is a helical oligomer composed of six MyD88, four 

IRAK4, and four IRAK2 molecules. Myddosome assembly brings the IRAK kinase 

domains into close proximity, leading to their phosphorylation and auto-activation (Lin 

et al., 2010). Activation of IRAK kinases further results in the recruitment of the E3 

RING ligase TNF receptor-associated factor 6 (TRAF6) (Cao et al., 1996b). TRAF6, 

along with the ubiquitin-conjugation enzymes UBC13 and UEV1A, facilitates its own 

ubiquitin-K63 linkage, thereby creating a scaffold for TAK1 (Deng et al., 2000; Wang 

et al., 2001a). TAK1 in complex with the adaptor proteins TAB1/TAB2 or TAB1/TAB3 

further activates two distinct pathways (Cheung et al., 2004; Shibuya et al., 1996; 

Takaesu et al., 2000). The first involves activation of the IKK complex, leading to NF-

κB activation and the induction of pro-inflammatory cytokines as described in detail 

above (see Fig. 1). Additionally, TAK1 can activate MAPK members such as ERK1/2, 

p38, and JNK, leading to the activation of the transcription factor AP-1 (Fitzgerald and 

Kagan, 2020) (see Fig. 2).  

The second signaling hub that can be formed downstream of TLR3 and TLR4 is the 

triffosome. Here, the adaptor molecule TRIF is directly recruited to TLR3 and indirectly 

recruited to TLR4 via the adaptor molecule TRAM (Fitzgerald et al., 2003b; Yamamoto 

et al., 2003). Like MyD88, TRIF can recruit the E3 ligase TRAF6, which in turn recruits 

the kinase receptor-interacting serine/threonine-protein kinase 1 (RIPK1). RIPK1 then 

phosphorylates and activates the kinase TAK1, activating the NF-kB and MAPK 

signaling pathway (Kawasaki and Kawai, 2014) (see Fig. 2).  

Additionally, TRIF can activate an alternative signaling pathway that leads to IRF3 

activation, ultimately inducing the expression of type I interferons downstream of TLR3 

and TLR4 activations. Upon binding to the TIR domain, TRIF recruits the E3 ligase 

TRAF3 and maybe other TRAFs, which, upon activation, undergo self-ubiquitination. 

This creates a scaffold for the recruitment of TBK1, which in turn phosphorylates the 

pLxIS motif of TRIF, resulting in the activation of IRF3 as described earlier (see Fig. 1) 

(Fitzgerald et al., 2003a; Liu et al., 2015b).  

Signaling of TLR7, TLR8, and TLR9 also leads to the expression of type I interferons, 

but independent of TRIF. These TLRs signal via the adaptor protein “TLR adaptor 

interacting with SLC15A4 on the lysosome” (TASL), which interacts with the 

endolysosomal transporter SLC15A4, a lysosomal transmembrane protein known to 
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shuttle oligopeptides across the lysosomal membrane. TASL contains the same pLxIS 

motif as TRIF, MAVS, and STING, which enables the activation of IRF5 (Heinz et al., 

2020) (see Fig. 2). 

 

 
Figure 2 Toll-like receptor signaling pathways: The TLR family is divided into plasma 
membrane-resident TLRs that sense microbial membrane components and endosomal nucleic 
acid-sensing TLRs. Except for TLR3, the adaptor molecule MyD88 is recruited to all TLRs 
upon ligand binding. MyD88 recruitment initiates a signaling cascade that ultimately leads to 
NF-kB and AP-1 activation and consequently the expression of pro-inflammatory cytokines. 
TLR4 and TLR3 further recruit the adaptor molecule TRIF, leading to IRF3 activation and the 
expression of type I interferons. TLR7, TLR8, and TLR9 additionally signal via the adaptor 
molecule TASL, thereby activating the transcription factor IRF5.   
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1.3.1 Nucleic acid recognition by TLR7, TLR8 and TLR9 
 
TLR7, TLR8, and TLR9 differ in their expression profile. While high levels of TLR7 and 

TLR9 are predominantly found in plasmacytoid dendritic cells and B cells, TLR8 is not 

found in pDCs but is highly abundant in monocytes, macrophages, and monocyte-

derived DCs (mDCs) (Hornung et al., 2002).  

In addition to the common TLR architecture, these receptors contain a Z loop in their 

LRR domain. Cleavage of the Z loop is essential to obtain mature and functional 

receptors (Maeda and Akira, 2016; Ohto et al., 2015; Tanji et al., 2015; Zhang et al., 

2016) and is mediated by cathepsins or asparagine endopeptidase (Ewald et al., 

2011). Upon cleavage of the Z loop, the two LRR domains stay non covalently 

associated and form a functional unit that senses nucleic acids (Ohto et al., 2015; Tanji 

et al., 2015; Zhang et al., 2016). The crystal structure of the TLR9 ectodomain revealed 

that the immune receptor senses two types of ssDNA using two distinct binding 

pockets. Pocket 1 recognizes a 5’-xCx motif, with x indicating any nucleoside, and 

pocket 2 engages unmethylated CpG DNA motifs. Moreover, it was found that 

occupation of both binding sites is required to promote receptor dimerization and 

activation (Ohto et al., 2018; Ohto et al., 2015). Fragments for TLR9 are generated by 

the enzyme DNase II in the lysosomal compartment by cutting 20-mer DNA fragments 

into smaller 11-12-mers (Chan et al., 2015). TLR9-dependent DNA responses were 

further demonstrated to be regulated by the lysosomal exonucleases PLD3 and PLD4, 

which are discussed in more detail below (see Chapter 1.6) (Gavin et al., 2018).  

TLR7 and TLR8 are closely related TLRs that both sense guanosine and uridine-rich 

ssRNA (Heil et al., 2004) derived from a wide range of pathogens, e.g., influenza A 

virus (Wang et al., 2008). Similar to TLR9, crystal structure analysis of TLR7 and TLR8 

ectodomains showed that these receptors also contain two distinct ligand-binding 

pockets to sense degradation products of ssRNA. The structure of hTLR8 ectodomain 

was solved first, revealing that the nucleoside uridine engages the first binding pocket 

of TLR8, located at the dimerization interface. The second pocket, located at the 

concave surface of TLR8, shows high affinity for UG-terminated short oligonucleotides 

(Tanji et al., 2015). TLR7 also senses a single nucleoside in its first pocket, recognizing 

guanosine instead of uridine, while its second pocket binds short uridine-containing 

fragments (Zhang et al., 2016). A follow-up study examining the exact binding site 
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fragments revealed that a specific phosphorylation at the ribose of guanosine, namely 

2’,3’-cyclic guanosine monophosphate (2’,3’-cGMP), is favored over unphosphorylated 

guanosine (see Fig. 3, right). 

Both ligands engage TLR7 through partly the same non-covalent interactions, whereas 

the cyclic phosphate of 2’,3’-cGMP forms three additional hydrogen bonds in the first 

binding pocket. Specifically, hydrogen bonds are formed with the main-chain and side-

chain nitrogen atoms of amino acid Q354 and with the side-chain OH-group of amino 

acid Y264 (see Fig. 3, left). Consistent with this observation, isothermal titration 

calorimetry (ITC) binding assays revealed that 2′,3′-cGMP binds with approximately 

sixfold higher affinity to TLR7 than guanosine. Additionally, 2’,3’-cGMP induced 

stronger TLR7 activation in cells compared to guanosine. Consequently, it was 

proposed that 2’,3’-cGMP serves as the endogenous ligand of TLR7 pocket 1 (Zhang 

et al., 2018).  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 2‘,3‘-cGMP binding to TLR7 pocket 1: Chemical structures of guanosine and 2‘,3‘-
cyclic guanosine monophosphate (2’,3’-cGMP) (left) and 2‘,3‘-cGMP binding to TLR7 pocket 1 
(right) are depicted. Nitrogen atoms are marked in blue and oxygen atoms are marked in red. 
2’,3’-cGMP forms hydrogen bonds (black dashed lines) with amino acids D555, T586, Y264, 
and Q354 in TLR7 pocket 1(PDB: 6IF5 (Zhang et al., 2018), image generated with PyMOL).  
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In the absence of ligands, TLR7 exists as a monomeric protein. Engagement of a short 

oligonucleotide in pocket 2 leads to structural changes in the receptor, thereby 

enhancing the binding affinity of the first pocket ligand, resulting in its dimerization and 

activation (Zhang et al., 2016). TLR8, on the other hand, is proposed to exist as a 

preformed inactive dimer after Z loop cleavage that transforms into an active dimer 

upon agonist binding (Tanji et al., 2016; Tanji et al., 2013; Tanji et al., 2015).  

Although endolysosomal TLRs have evolved to detect viral and microbial nucleic acids 

from diverse sources, their aberrant activation by self-nucleic acids can contribute to 

the development of autoimmune diseases such as systemic lupus erythematosus 

(SLE) (Celhar et al., 2012; Pelka et al., 2016). Over the past decades, several 

hypotheses have emerged to explain why intracellular TLRs do not recognize self-

nucleic acids under healthy conditions. Among many, it was proposed that the 

localization of TLR7, TLR8, and TLR9 in the endolysosome shields them from self-

RNA and self-DNA that is released from dead or dying cells. By engineering TLR9 

expression to the cell surface instead of the lysosomal compartment, it was 

demonstrated that cell surface TLR9 indeed displayed responses to endogenous DNA, 

which was added to the culture medium. In contrast, lysosomal TLR9 remained 

unresponsive to such DNA (Barton et al., 2006). Although not shown for TLR7 and 

TLR8, it is conceivable that a similar scenario applies for these two receptors. Second, 

it is hypothesized that lysosomal TLRs can tolerate a certain amount of RNA and DNA 

being present without being activated and that a definite immunostimulatory threshold 

- in terms of quantity - must be reached to trigger dimerization and signaling of these 

receptors (Roers et al., 2016). This would explain that pathological conditions 

associated with increased release or supply of endogenous nucleic acids can lead to 

TLR-dependent inflammatory responses. Third, similar to a quantity threshold for RNA 

and DNA, it was demonstrated that the expression of TLRs and their delivery into 

endosomes also regulate their activation. As such, duplication of the TLR7 gene locus 

was shown to exacerbate a lupus-like disease phenotype in mice (Deane et al., 2007), 

and similarly, mice engineered to express high amounts of human TLR8 were 

demonstrated to suffer from multi-organ inflammatory syndrome that mainly arises 

from activation of myeloid cells (Guiducci et al., 2013). Additionally, increased 

trafficking of TLRs into endosomes also enhances their potential to sense endogenous 

nucleic acids. In this context, it was shown that TLR7, TLR8, and TLR9 compete for 
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the chaperone Unc93B1 to reach the endosomal compartment (Fukui et al., 2009) and 

in the absence of TLR8 and TLR9, higher levels of TLR7 are found within endosomes, 

leading to enhanced or even spontaneous TLR7-driven autoimmunity (Christensen et 

al., 2006). Lastly, modifications found in endogenous nucleic acids have been 

proposed to help distinguish between self and non-self. A prominent example is the 

case of TLR9, which has been shown to ignore methylated CG dinucleotides, as it is 

commonly the case in endogenous DNA (Lamphier et al., 2006). Further, in 

vertebrates, endogenous RNAs are post-transcriptionally modified at their nucleobase, 

ribose, or phosphate, and more than 170 of such nucleoside modifications exist 

(Cappannini et al., 2024; Rozenski et al., 1999). In this regard, a pioneer study from 

Katalin Karikó in 2005 demonstrated that certain RNA modifications, like 

pseudouridine, 5-methylcytosine (m5C), 6-methyladenosine (m6A), 5-methyluridine 

(m5U), or 2-thiouridine (s2U) that are present in self-RNA lack immune-stimulatory 

potential for TLR3, TLR7, and TLR8 (Kariko et al., 2005). Additionally, a recent study 

proposed that 2’O-methyl guanosine, which is naturally found in ribosomal RNA, can 

act as a natural inhibitor for TLR7 and TLR8 by occupying a newly identified third 

binding pocket of the receptors, thereby keeping the receptors in an inactive open form 

state (Alharbi et al., 2024).  
 

1.4 Pseudouridine 
 
Pseudouridine (Ψ), first identified in 1951 (Cohn and Volkin, 1951), is the most 

abundant mammalian RNA modification that makes up 9% of the total uridine pool in 

human RNA. It is found in all subtypes of human RNA, including messenger RNA 

(mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA), or small nuclear RNA (snRNA) 

(Borchardt et al., 2020). This nucleobase modification is not exclusively found in 

humans; however, eukaryotes possess four to eight times more pseudouridine than 

bacteria (Ofengand, 2002). Chemically, pseudouridine is an isomer of uridine, in which 

the b-D-ribose is attached to a carbon atom of the uracil base, introducing a carbon-

carbon glycosidic bond (C-C) instead of the conventional nitrogen-carbon (N-C) 

glycosidic bond (see Fig. 4). 
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This small change, introducing an additional 

hydrogen bond donor on the non-Watson-Crick 

edge, has been shown to significantly enhance 

RNA stability when incorporated (Kierzek et al., 

2014).  

In human cells, two distinct mechanisms introduce 

pseudouridine into RNA post-transcriptionally. 

One is carried out by a family of stand-alone enzymes known as pseudouridine 

synthases (PUS). In eukaryotes, this family comprises ten members, which are 

localized in the nucleus, the cytoplasm, or the mitochondria, where they 

pseudouridylate a wide range of RNA substrates. These enzymes either recognize a 

defined nucleotide sequence or a structural RNA motif containing the target uridine 

(Rintala-Dempsey and Kothe, 2017). Examples of this are PUS7, which has been 

shown to specifically pseudouridylate the second uridine within a UGUAR sequence 

motif, and PUS1, which pseudouridylates RU motifs (R for purine base) (Carlile et al., 

2014). Mechanistically, their catalysis is initiated by the deprotonation of the ribose 

sugar, leading to the cleavage of the N–C glycosidic bond, followed by rotation of the 

uracil ring and its reattachment to the ribose (Veerareddygari et al., 2016). In addition 

to the 10 PUS enzymes, Dyskerin (DKC1) catalyzes pseudouridylation in an RNA-

guided manner. Together with non-histone protein 2 (NHP2), nucleolar protein 10 

(NOP10), and glycine-arginine-rich protein 1 (GAR1), DKC1 assembles into 

ribonucleoprotein complexes with small non-coding RNAs that guide the complex to 

specific target sites. In association with box H/ACA small nucleolar RNAs (snoRNAs), 

the complex installs Ψ residues in rRNA, whereas in association with small Cajal body-

specific RNAs (scaRNAs), it modifies small nuclear RNAs (snRNAs).  

The natural incorporation of pseudouridine into endogenous RNA impacts multiple 

cellular processes such as protein translation, protein-RNA interactions, and mRNA 

splicing, and mutations in pseudouridine synthases have been associated with many 

diseases, including cancer (Cerneckis et al., 2022).   

Figure 4 Chemical structures of 
Uridine (left) and Pseudouridine 
(right). 

 
 

Figure 2 Chemical structure of Uridine 
(right panel) and chemical structure of 
Pseudouridine (left panel). 
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Beyond its natural occurrence, substituting uridine with pseudouridine in synthetic and 

in vitro transcribed mRNAs has been shown to modulate the activation of several 

innate immune sensors. Specifically, it was demonstrated that incorporating 

pseudouridine into synthetic RNAs reduces their immune-stimulatory potential for the 

endosomal receptor TLR3 and completely abolishes activation of TLR7 and TLR8 

(Kariko et al., 2005). In addition, it also eliminates RIG-I-dependent IFN-α production 

in human monocytes and primary plasmacytoid dendritic cells (Hornung et al., 2006). 

While pseudouridine-modified RNA can bind to RIG-I, it does not induce the necessary 

conformational changes required for RIG-I activation (Durbin et al., 2016). Apart from 

the lack of immune stimulation, follow-up studies investigating translational capacities 

of pseudouridine mRNA found that protein translation is also dramatically enhanced 

when uridine in the mRNA is substituted with pseudouridine (Karikó et al., 2008). 

Mechanistically, this could be explained by the observation that in vitro transcribed 

mRNA containing pseudouridine binds to and activates RNA-dependent protein kinase 

R (PKR) less efficiently than uridine-containing mRNA. Since PKR phosphorylates and 

activates the translation initiation factor eIF-2α, leading to inhibition of translation, 

reduced PKR activation results in higher translation of pseudouridine-modified mRNA 

(Anderson et al., 2010). Additionally, pseudouridine-substituted mRNA was found to 

limit the activation of 2’-5’-oligoadenylate synthase (OAS) and was suggested to 

enhance resistance to the enzyme RNase L (Anderson et al., 2011). The evidence that 

RNA modifications improve protein translation has prompted a plethora of studies 

investigating different modifications or combinations thereof to further enhance protein 

output from synthetic mRNAs. Thus, it was discovered that N1-methylpseudouridine 

(see Fig. 5), a rare modification with one occurrence in human 18S rRNA at position 

3797 (Taoka et al., 2018), further increases protein synthesis when incorporated into 

mRNA compared to pseudouridine mRNA (Andries et al., 2015). This 

observation was partly attributed to the fact that it reduces immune-

stimulatory potential for TLR3 compared to pseudouridine in several 

cell models and mice (Andries et al., 2015). Additionally, using cell-

free translation systems, it was demonstrated that N1-

methylpseudouridine enhances ribosome pausing and increases 

ribosome density on the transcript, ultimately leading to elevated 

protein expression levels (Svitkin et al., 2017). The findings that 

Figure 5 
Chemical 

structure of N1-
methylpseudo-

uridine 

 
Figure 3 Chemical 
structure of 1-
methylpseudo-
uridine 
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pseudouridine and N1-methylpseudouridine synthetic RNAs reduce immunogenicity 

and, at the same time, increase protein translation were key to the successful 

development of mRNA therapeutics such as the COVID-19 vaccines by Pfizer-

BioNTech (BNT162b2) and Moderna (mRNA-1273). Here, the spike protein encoding 

mRNA was fully substituted with N1-methylpseudouridine (Nance and Meier, 2021). In 

light of the success and lifesaving impact, the discoveries leading to this application 

were consequently awarded the Nobel Prize in Physiology and Medicine in 2023 to 

Katalin Karikó and Drew Weissman. Although it has been well established that 

pseudouridine or N1-methylpseudouridine RNA lacks immune-stimulatory potential for 

TLR7 and TLR8, the molecular mechanism of this immune evasion remained 

unknown.  

 

1.5 Lysosomal nucleases upstream of Toll-like 
receptors 7 and 8 

 
Ribonucleases (RNases) are enzymes that catalyze RNA degradation by hydrolytic 

cleavage of the phosphodiester bond (Berg et al., 2012). They are present across all 

domains of life - archaea, bacteria, and eukaryotes - and participate in essential cellular 

processes like DNA replication (Nishino and Morikawa, 2002), regulation of gene 

expression (Ohyama et al., 2014), or the defense against pathogens (MacIntosh, 

2011). In eukaryotes, RNases are distributed across several cellular compartments. 

They are present in the cytosol and the secretory pathway, from which they can be 

directed either to the extracellular space or endosomal/lysosomal compartments. 

Within the endosome, only a limited number of RNases have been reported. These 

include human RNase T2, belonging to the RNase Rh/T2/S acidic hydrolase subfamily, 

and members of the RNase A family, including RNase 1, RNase 2, and RNase 6 

(Lübke et al., 2009). By degrading RNA within the endolysosomal compartment, 

RNase T2 has been shown to play a non-redundant, positive regulatory role upstream 

of TLR8. Specifically, RNase T2 cleaves ssRNA between a purine base and uridine, 

thereby generating 2’,3’-cyclic purine-terminated fragments that bind to the second 

binding pocket of TLR8 (Greulich et al., 2019). In conjunction with RNase 2, another 

study reported that RNase T2 also contributes to the release of free uridine for the first 

binding pocket of TLR8 (Ostendorf et al., 2020). Additionally, TLR8 activation by 
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bacterial RNA has been demonstrated to depend on the enzyme RNase 6 (Nunes et 

al., 2024). 

Although genetic deletion studies of RNase T2 and RNase 6 in primary cells implicated 

a role for these nucleases upstream of TLR7, their mechanistic role in modulating TLR7 

activation has remained unknown (Liu et al., 2021; Tong et al., 2024). Additionally, the 

exonuclease activity of PLD3 and PLD4 was proposed to function upstream of TLR7 

(Gavin et al., 2021), which will be discussed in more detail below (see Chapter 1.6). 

 

1.5.1 RNA cleavage by RNase T2 and RNase A enzymes 
 
Enzymes from the RNase T2 family are transferase-type endoribonucleases that 

generate oligonucleotides with a terminal 3’ phosphate via a 2’,3’-cyclic intermediate.  

Except for archaea, members of the RNase T2 family are present in all other living 

organisms, including bacteria, fungi, plants, and animals. In eukaryotes, RNase T2 is 

particularly well conserved, with at least one gene copy found in every genome, 

indicating that these enzymes carry out essential biological functions that are 

maintained throughout evolution (MacIntosh, 2011).  

Solving the structure of human RNase T2 has revealed that this enzyme crystallizes 

as a monomeric protein. Similar to other T2 family members, the structure of human 

RNase T2 is composed of seven α-helices and eight β-strands, featuring two 

conserved regions crucial for substrate binding, known as the CASI (conserved active 

site segment or B1) and CASII (B2) pockets. Comparison with other RNase T2 

homologs identified the amino acids H65, H113, Q114, K117, and H118 as part of the 

active site. Interestingly, a potential zinc binding site was identified for RNase T2. 

However, the addition of zinc or copper ions inhibited the activity of human RNase T2 

(Thorn et al., 2012). Although the structure of human RNase T2 in complex with a 

ligand has not been solved to date to investigate base specificity, structural 

investigation of the RNase T2 ortholog ribonuclease MC1 of Momordica charantia in 

complex with uridine monophosphate demonstrated a clear substrate preference for 

uridine in the B2 pocket (Suzuki et al., 2000). Additionally, biochemical assays showed 

that human RNase T2 exhibits a base preference for cleaving ssRNA between a purine 

base and uridine, thereby generating 2’,3’-cyclic purine-terminated fragments (Greulich 

et al., 2019). Another study, however, reported a more relaxed substrate specificity 
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with additional cleavage observed between two uridine nucleotides (Ostendorf et al., 

2020).  

The cleavage mechanism of RNase T2 enzymes has mainly been studied in plants 

and fungi (Kawata et al., 1990; Parry et al., 1997). However, based on the similarity of 

the active center (geometry and conserved amino acid residues), these findings can 

most likely be extrapolated to human RNase T2. For RNA cleavage by 

RNase Rhizopus niveus, two histidines, H46 and H109 (correlating to H65 and H113 

for human RNase T2), are crucial for its activity and act in a two-step acid-base-

catalyzed mechanism (see Fig. 6). In the first step, H109 acts as the general base to 

deprotonate the 2’-OH group of the ribose. H46 acts as the general acid, providing a 

proton to the cleaved 5’-OH group, resulting in a 2’,3’-cyclophosphate oligonucleotide 

(see Fig. 6) (MacIntosh, 2011; Ohgi et al., 1992).  

 

 
Figure 6 Mechanism of acid-base catalysis by RNase T2: H109 acts as a general base, 
abstracting a proton from the 2'-hydroxyl group of the ribose in guanosine, thereby facilitating 
nucleophilic attack. Simultaneously, H46 functions as a general acid by donating a proton to 
the leaving 5'-hydroxyl group, leading to the formation of a 2',3'-cyclic phosphate-terminated 
oligonucleotide. 

 
In a subsequent step, reported for other family members of the RNase T2 family, the 

2’,3’-cyclic phosphate intermediate is further hydrolyzed into 3’-phosphate 

oligonucleotides (MacIntosh, 2011). However, this step is most likely not carried out by 

human RNase T2 within the lysosomal compartment, as stable 2',3'-cyclic phosphate-

terminated oligonucleotides are detected by LC-MS following RNase T2-mediated 

cleavage (Greulich et al., 2019). Deprotonation of the 2’-OH group is essential to 

initiate cleavage of RNA by RNase T2. Therefore, it is not surprising that substitution 
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of the 2’-OH group with a 2’-OMe group blunts cleavage by human RNase T2 

(Ostendorf et al., 2020; Tong et al., 2024).  

In contrast to RNase T2, which is present in nearly all living organisms, RNase A family 

enzymes are restricted to vertebrates. These enzymes are believed to have originated 

from a RNase 5-like gene that expanded in mammals in response to functional demand 

(Cho et al., 2005). Nevertheless, recent evidence indicates that RNase A-like enzymes 

may also exist in some bacteria (Cuthbert et al., 2018).  

In humans, the RNase A family comprises 13 members, all located on chromosome 

14. The family members are divided into canonical RNases 1-8 and non-canonical 

RNases 9-13. While canonical RNases possess ribonuclease activity, non-canonical 

RNases do not (Cho et al., 2005). Like for RNase T2, a catalytic triad consisting of one 

lysine and two histidine residues accounts for the endoribonuclease activity of 

canonical RNases. RNase A family members hydrolyze RNA in a similar 

transphosphorylation and hydrolysis fashion as RNase T2, resulting in 2’,3’-cyclic 

phosphate-terminated RNA fragments (Raines, 1998). However, these enzymes 

exhibit a different base specificity than human RNase T2, cleaving RNA specifically 

between a pyrimidine base and any other nucleobase. This specificity arises from a 

conserved threonine residue in their active site, which mediates hydrogen bonding with 

cytidine or uracil bases (Kelemen et al., 2000) (see Fig. 7).  

 

 
Figure 7: Hydrogen bonds formed between threonine (T) in the active site of RNase A 
enzymes with uracil (left) and cytidine (right). 

 

1.6 Phospholipase D3 and Phospholipase D4  
 
In addition to endoribonucleases, two exonucleases have been reported to be found 

inside the lysosomal compartment of a eukaryotic cell, namely Phospholipase D3 

(PLD3) and Phospholipase D4 (PLD4) (Gonzalez et al., 2018; Lübke et al., 2009; Otani 

et al., 2011). Generally, exonucleases do not produce short oligonucleotides like an 
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endonuclease but cut RNA or DNA from the 3’ or 5’ end into single nucleotides (Berg 

et al., 2012).  

PLD3 and PLD4 are members of the Phospholipase D (PLD) protein family, which 

includes six members in mammals characterized by conserved domain structures: 

PLD1 through PLD6. All proteins in this family share a conserved catalytic site 

signature known as the “HKD” motif (HxxKxxxxD, where "x" represents any amino 

acid). Among them, PLD1 and PLD2 are the best characterized enzymes, converting 

phosphatidylcholine into choline and phosphatidic acid (McDermott et al., 2020). 

Hence, the protein family was dubbed phospholipase D, because these enzymes 

cleave the phospholipid between the phosphate and the headgroup (R3). 

Nevertheless, apart from PLD3 and PLD4 – in detail discussed below – PLD5 appears 

to lack phospholipase activity (McDermott et al., 2020). PLD6, on the other hand, has 

been shown to exhibit phospholipase activity (Huang et al., 2011) and ssRNA 

endonuclease activity, producing 5′-monophosphate oligoribonucleotides (Ipsaro et 

al., 2012; Nishimasu et al., 2012).  

PLD3 and PLD4 are glycosylated type II transmembrane proteins that, as mentioned 

above, localize to the endosomal compartment of the cell (Gonzalez et al., 2018; Lübke 

et al., 2009; Otani et al., 2011). Proteolytic cleavage of the transmembrane domain 

after endosomal transport, resulting in a soluble form of the protein, has been reported 

for PLD3 (Gonzalez et al., 2018). Although this has not been experimentally confirmed 

for PLD4, a similar processing mechanism likely also occurs for PLD4. Unlike the other 

PLD family members, PLD3 and PLD4 contain a conserved glutamate to aspartate 

substitution in the second HxKxxxxD motif, resulting in one HKD and one HKE motif. 

While PLD3 is broadly expressed across various tissues, PLD4 shows high expression 

exclusively in myeloid and dendritic cells, with low levels in B cells (information taken 

from the human protein atlas). Although studies linked PLD4 polymorphism to 

rheumatoid arthritis (Chen et al., 2017), systemic sclerosis (Terao et al., 2013), and 

systemic lupus erythematosus (SLE) (Akizuki et al., 2019), and PLD3 polymorphism to 

Alzheimer’s disease (Cruchaga et al., 2014), their function and role remained largely 

unknown.  

In 2018, purification of soluble PLD3 and PLD4 revealed that these proteins exhibit 5’ 

exonuclease activity toward ssDNA, resulting in 3’ phosphorylated mononucleotides. 

The authors further demonstrated that PLD3 and PLD4 require unphosphorylated 5’ 
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ends and are most active at an acidic pH, matching their localization in the endosomal 

compartment. Interestingly, the biochemical properties matched those previously 

attributed to spleen acid exonuclease. Purification of the active fractions from the 

commercially available preparation, followed by peptide mass spectrometry, confirmed 

that spleen acid exonuclease is, in fact, PLD3. In addition to the biochemical 

characterization of PLD3 and PLD4, the characterization of PLD4-deficient mice 

revealed that these animals develop an inflammatory disease and splenomegaly in a 

TLR9-dependent manner. Similarly, macrophages from PLD3-deficient mice displayed 

increased sensitivity to TLR9 ligands, suggesting that both PLD3 and PLD4 act as 

negative regulators of TLR9 activation by degrading its ligands. Mice lacking both 

enzymes developed a lethal hepatic autoinflammatory condition and failed to survive 

past weaning. Notably, bone marrow-derived macrophages expressing both PLD3 and 

PLD4 exhibited heightened responsiveness to TLR9 ligands only when both enzymes 

were absent, but not when either alone was deleted, indicating functional redundancy 

between the two proteins (Gavin et al., 2018). Based on the complete rescue of the 

PLD4-deficient phenotype by TLR9 deletion and the proposed functional redundancy 

between PLD3 and PLD4, a subsequent study investigated whether TLR9 ablation 

could rescue the phenotype of mice lacking both enzymes. Interestingly, while TLR9 

ablation was sufficient to rescue survival of the Pld3-/-xPld4-/- mice, these animals 

continued to exhibit pronounced abnormalities, including splenomegaly, anemia, and 

thrombocytopenia. This observation led to the hypothesis that additional endosomal 

nucleic acid-sensing pathways might contribute to the phenotype observed. 

Subsequently, introducing an UNC93B1 mutation (Unc93b13d/3d), which blocks TLR 

transport to endosomes, thereby preventing sensing through all endosomal TLRs such 

as TLR3, TLR7, TLR9, TLR11, TLR12 and TLR13, mostly normalized the phenotypes 

compared to the Tlr9CpG11/CpG11 x Pld3-/- x Pld4-/- mice. These results indicated that 

endosomal TLR sensing of ssRNA plays a role in the pathology associated with PLD3 

and PLD4 deficiency, implying that these enzymes also target ssRNA for degradation. 

Supporting this, PLD3 and PLD4 were shown to degrade not only ssDNA but also 

ssRNA, exhibiting similar biochemical characteristics in both cases, including an acidic 

pH optimum, 5' to 3' exonuclease activity, and a preference for unphosphorylated 5' 

ends (Gavin et al., 2021).  
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While the absence of PLD3 and PLD4 enhanced TLR9 responses (Gavin et al., 2018), 

TLR7 stimulation in dendritic cells from Tlr9CpG11/CpG11  x Pld3⁻/⁻ x Pld4⁻/⁻ mice yielded 

highly variable outcomes depending on the RNA ligand used. Specifically, some RNA 

sequences increased TLR7 sensitivity in the absence of PLD3 and PLD4, whereas 

others resulted in reduced activation or no change. These findings suggested that 

PLD3 and PLD4 generally act as negative regulators of TLR7, similar to their role with 

TLR9. However, it was concluded that these proteins also positively regulate TLR7 in 

certain contexts, depending on the RNA sequence. Notably, dendritic cells from 

Tlr9CpG11/CpG11xPld3-/-xPld4-/- mice further exhibited increased sensitivity toward the 

TLR13 ligand Sa19, suggesting that PLD3 and PLD4 also negatively regulate this 

receptor in mice.  

Since Unc93b13d/3d xPld3-/-xPld4-/- animals still displayed an elevated type I interferon 

signature, the involvement of the cytoplasmic STING pathway was assessed. To this 

end, STING-deficient quadrupole mutant mice (Tmem173gt/gtxUnc93b13d/3dxPld3-/-

xPld4-/-) were generated. In these animals, serum cytokine levels were fully 

normalized, supporting the hypothesis that, in the absence of PLD3 and PLD4, 

lysosomal ssDNA accumulates and leaks into the cytoplasm, where it activates the 

cGAS/STING signaling axis (Gavin et al., 2021). Another study, using SH-SY5Y 

neuroblastoma cells, also reported that PLD3 ablation activates the cGAS/STING 

signaling pathway through lysosomal leakage of unprocessed mitochondrial DNA into 

the cytoplasm (Van Acker et al., 2023). In conclusion, by degrading both ssDNA and 

ssRNA, PLD3 and PLD4 are crucial in regulating multiple innate immune sensors, 

including endosomal TLRs and the cytoplasmic cGAS/STING pathway (see Fig. 8).  
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Figure 8: Consequences of non-functional PLD3 and PLD4 in cells: In the presence of 
PLD3 and PLD4 (left side), the enzymes degrade ssDNA (black) that is processed by the 
enzyme DNase II. Thereby, PLD enzymes negatively regulate TLR9 by destroying its ligands. 
PLD3 and PLD4 also degrade ssRNA (red), thus controlling the activation of the immune 
receptor TLR13. In the absence of PLD3 and PLD4 (right side), ssDNA and ssRNA accumulate 
in the endosome, leading to hyperactivation of TLR9 and TLR13. Accumulated endosomal 
DNA further leaks into the cytosol, where it activates the cGAS/STING pathway in the absence 
of PLD enzymes. How PLD3 and PLD4 influence TLR7 signaling is unclear.  

 

In the course of our project, structural studies revealed that PLD3 and PLD4 form 

homodimers (Roske et al., 2023; Yuan et al., 2024). In contrast to other PLD family 

members, such as Nuc from S. typhimurium, whose dimerization results in a single 

active site (Stuckey and Dixon, 1999), PLD3 and PLD4 homodimers exhibit two active 

sites, each formed by two HKD/E motifs from a single monomer, positioned on 

opposing sides of the dimer interface. Since the dimerization interfaces of PLD3 and 

PLD4 are largely conserved, the potential for heterodimerization of the two proteins 

has been suggested, although this hypothesis has not been experimentally confirmed 

(Roske et al., 2023). Co-crystallization of PLD3 with a short ssDNA substrate suggests 
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a DNA cleavage mechanism similar to the endoribonuclease Zucchini, the Drosophila 

homolog of PLD6. Specifically, H428 in PLD4 and H416 in PLD3, located within the 

second HKE motif, are proposed to function as a nucleophile to attack the 

phosphodiester bond of the DNA or RNA, leading to a phospho-histidine intermediate. 

Subsequently, H214 (PLD4) and H201 (PLD3), from the first HKD motif, serve as 

general acids to protonate the 5’-OH leaving group, thereby facilitating cleavage 

(Roske et al., 2023; Yuan et al., 2024).  

Because capturing PLD enzymes bound to 5’-OH ssDNA remains challenging, one 

study aimed to co-crystallize PLD4 with a 5′-phosphorylated (5’-Pi) DNA substrate, as 

such substrates were previously reported not to be cleaved by PLD3 and PLD4 (Gavin 

et al., 2018). Interestingly, the structure revealed that the second histidine of PLD4 

(H428) was phosphorylated, suggesting that the 5’-phosphate group of the DNA 

substrate had been cleaved, thereby explaining the inhibitory effect of this DNA 

molecule. Subsequent biochemical assays confirmed phosphatase activity for PLD3 

and PLD4, yet with >10.000 fold slower kinetics compared to their nuclease activity 

(Yuan et al., 2024).  

Further expanding on their functional repertoire, it was recently shown that PLD3 and 

PLD4 also catalyze the stereoinversion of S,S-BMP (Bis(monoacylglycerol)phosphate) 

from R, S-BMP, a crucial component required for the degradation of lipids, in particular 

gangliosides, in the lysosome. Changes in BMP levels are associated with 

neurodegenerative diseases marked by gangliosidosis and lysosomal abnormalities. 

Consequently, PLD3 and PLD4 are believed to play a role in maintaining brain health 

(Singh et al., 2024). These recent findings suggest that PLD3 and PLD4 are involved 

in both phospholipid metabolism and nucleic acid degradation. However, how they 

distinguish between these two functions remains to be elucidated in future studies.  
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2    Summary  
2.1 RNA processing upstream of Toll-like receptor 7 

 
TLR7 is an innate immune receptor that plays a critical role in initiating an immune 

response upon viral infections. It contains two ligand-binding pockets that sense 

degradation products of ssRNA. Specifically, TLR7 recognizes 2’,3’-cyclic 

guanosine monophosphate (2’,3’-cGMP) in its first binding pocket and short 

pyrimidine-rich oligoribonucleotides (ORNs) in its second binding pocket (Zhang et 

al., 2018). Previous studies on related endosomal nucleic acid-sensing TLRs, such 

as TLR8 and TLR9, have demonstrated that nucleases act upstream of these 

receptors to generate specific RNA or DNA stimulatory fragments necessary for 

their activation (Chan et al., 2015; Greulich et al., 2019; Ostendorf et al., 2020). 

Although genetic deletion studies have implicated a role of the endonuclease 

RNase T2 and the exonucleases PLD3 and PLD4 upstream of TLR7 (Gavin et al., 

2021; Liu et al., 2021), their precise roles in modulating TLR7 activation have 

remained unclear. Using cell-based and in vitro assays with recombinant enzymes, 

we demonstrate that RNase T2 and PLD exonucleases act cooperatively to release 

2’,3’-cGMP for binding to TLR7 pocket 1. Specifically, RNase T2 precuts the RNA 

to generate 2’,3’-cGMP-terminated fragments that are degraded in a subsequent 

step to the single-nucleotide level by PLDs, ultimately leading to the release of 

single 2’,3’-cGMP (see Fig. 9).  

Interestingly and unexpectedly, while the TLR7 response in RNase T2-deficient 

cells could be rescued by stimulation with only 2’,3’-cGMP, TLR7 in PLD knockout 

cells remained unresponsive to such stimulations. This pointed towards an 

additional regulatory role for PLD enzymes in generating pocket 2 ligands. Studying 

RNA degradation by PLD3 and PLD4 under undercutting conditions revealed that 

these enzymes primarily stall at cytidines. This suggests that not all RNA substrates 

are cleaved to the single-nucleotide level, leaving short fragments for pocket 2 

behind (see Fig. 9). Consequently, co-stimulation of a short oligoribonucleotide with 

2’,3’-cGMP finally rescued PLD deficiency.  

Lastly, purification of recombinant PLD3 and PLD4 and subsequent structural 

analysis revealed that these proteins form stable dimers with two active sites on 
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opposite sides of the dimer. Dimerization was required for the catalytic activity and 

to bind to long RNA substrates, and disease-associated mutants failed to form 

stable dimers in vitro.  

In summary, this work provides the first mechanistic explanation of how RNA 

fragments for TLR7 activation are generated in cells. 

 

 
Figure 9: RNA processing upstream of Toll-like receptor 7: RNase T2 and PLD 
exonucleases cooperatively generate 2‘,3‘-cGMP, the endogenous pocket 1 ligand of TLR7. 
PLD exonucleases further contribute to the generation of TLR7’s pocket 2 ligands. PLD3 and 
PLD4 stall at cytidines when encountering them at the 5‘end of the RNA, thereby short 
fragments for pocket 2 remain.  
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2.2 Molecular mechanism by which pseudouridine RNA 
evades detection by Toll-like receptor 7 and 8 

 
Endolysosomal Toll-like receptors 7 and 8 are innate immune sensors that trigger rapid 

immune responses to bacterial and viral infections. These receptors recognize 

exogenous, non-self RNA from pathogens while remaining tolerant to self-RNA (Roers 

et al., 2016). Using two distinct ligand-binding pockets, TLR7 and TLR8 sense RNA 

degradation products, generated by lysosomal nucleases (Berouti et al., 2024; 

Greulich et al., 2019; Ostendorf et al., 2020). Specifically, TLR7 senses 2’,3’-cGMP 

and short uridine-containing oligonucleotides, while TLR8 engages uridine and purine-

terminated fragments (Tanji et al., 2015; Zhang et al., 2018).  

Pseudouridine (Ψ) and N1-methylpseudouridine (m1Ψ)-substituted RNA has been 

shown to lack immune-stimulatory potential for both TLR7 and TLR8 (Kariko et al., 

2005), a finding that was crucial for the successful development of RNA-based drugs. 

Yet, the mechanism by which these RNAs evade detection remained unknown. Given 

the essential role of nucleases acting upstream of both TLR7 and TLR8, we 

hypothesized that pseudouridine-substituted RNA might lack immune-stimulatory 

potential for two reasons: either because endolysosomal nucleases involved in 

generating TLR agonists are unable to cleave the modified RNA into stimulatory 

fragments, or because pseudouridine itself does not function as an agonistic ligand for 

TLR7 pocket 2 and TLR8 pocket 1.  

Studying RNA degradation by all lysosomal nucleases revealed that RNase T2 and 

PLD exonucleases poorly digest RNA when uridine is replaced by Ψ or m1Ψ, leading 

to reduced TLR8 ligand generation and complete loss of 2’,3’-cGMP release, the 

endogenous TLR7 pocket 1 ligand. In contrast, RNase A family enzymes, including 

RNase 1, RNase 2, and RNase 6, degrade modified RNA nearly as efficiently as 

unmodified RNA. 

Biochemical assays using the TLR8 ligand-binding domain and cell-based assays 

studying TLR7 activation further revealed that Ψ is a weak ligand for TLR8 pocket 1 

and that Ψ-RNA is not recognized as a pocket 2 ligand by TLR7. Interestingly, m1Ψ, 

which escapes cleavage by RNase T2 and PLD exonucleases, could bind and activate 

TLR8, suggesting that m1Ψ-substituted RNA primarily evades TLR8 detection 
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because lysosomal nucleases do not process it to the single-nucleotide level (see Fig. 

10).  

In summary, our study provides the first molecular explanation for how pseudouridine-

modified RNA escapes recognition by lysosomal TLRs. 
 

 
Figure 10 Pseudouridine RNA escapes recognition by Toll-like receptors 7 and 8: 
RNase T2 and PLD exonucleases generate TLR agonistic ligands from exogenous unmodified 
RNA. When the RNA is modified, RNase T2 and PLD fail to generate those ligands. 
Additionally, Ψ and Ψ-containing RNA fail to engage distinct binding pockets of TLR7 and 
TLR8, while m1Ψ could bind to TLR8 if released from ssRNA. 
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3 Zusammenfassung 
3.1 RNA-Prozessierung für die Aktivierung von Toll-like 

Rezeptor 7 
 
TLR7 ist ein Rezeptor des angeborenen Immunsystems, der eine wichtige Rolle bei 

der Erkennung von Virusinfektionen spielt. Er besitzt zwei Ligandenbindetaschen, die 

Abbauprodukte von Einzelstrang-RNA erkennen. Spezifisch bindet TLR7 in seiner 

ersten Bindungstasche 2’,3’-zyklisches Guanosinmonophosphat (2’,3’-cGMP) und in 

der zweiten Bindungstasche kurze pyrimidinreiche Oligoribonukleotide. Studien an 

verwandten endosomalen TLRs, wie TLR8 und TLR9, haben gezeigt, dass Nukleasen 

spezifische RNA- oder DNA-Fragmente erzeugen, die für ihre Aktivierung notwendig 

sind. Obwohl genetische Deletionsstudien eine regulatorische Rolle der Endonuklease 

RNase T2 sowie der Exonukleasen PLD3 und PLD4 für TLR7 Aktivierung nahegelegt 

haben, blieb deren genaue Funktion bei der Modulation der TLR7-Aktivierung bisher 

unklar. 

Mit Hilfe von zellbasierten und in vitro Experimenten konnten wir hier zeigen, dass 

RNase T2 und die PLD-Exonukleasen kooperativ 2’,3’-cGMP für TLR7-

Bindungstasche 1 freisetzen. Zuerst schneidet RNase T2 die RNA vor, um 2’,3’-cGMP-

terminierte Fragmente zu erzeugen, die anschließend von PLDs zu Einzelnukleotiden 

abgebaut werden, was letztlich zur Freisetzung von 2’,3’-cGMP führt. 

Während die TLR7 Aktivierung in RNase T2-defizienten Zellen durch Stimulation mit 

2’,3’-cGMP vollständig wiederhergestellt werden konnte, blieb der Rezeptor in PLD-

Knockout-Zellen unerwarteterweise weiterhin inaktiv. Dies deutete auf eine zusätzliche 

regulatorische Rolle der PLD-Enzyme bei der Generierung von Liganden für die zweite 

Bindungstasche. Die detaillierte Untersuchung des RNA-Abbaus durch PLD3 und 

PLD4 ergab, dass diese Enzyme eine Präferenz nur für bestimmte Nukleotide 

aufweisen, was darauf hindeutet, dass nicht alle RNA-Substrate zu Einzelnukleotiden 

abgebaut werden. Dadurch verbleiben kurze Fragmente, die als Liganden für 

Bindungstasche 2 fungieren können. Letztlich konnte die gleichzeitige Stimulation mit 

einem kurzen Oligoribonukleotid und 2’,3’-cGMP die PLD-Defizienz kompensieren. 

Die Aufreinigung von PLD3 und PLD4 und anschließende strukturelle Analysen 

zeigen, dass diese Proteine Dimere mit zwei aktiven Zentren an gegenüberliegenden 
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Seiten bilden. Die Dimerisierung ist sowohl für die katalytische Aktivität als auch für die 

Bindung an lange RNA-Substrate essenziell. Krankheitsassoziierte PLD-Mutanten 

hingegen konnten in vitro keine stabilen Dimere bilden. Zusammenfassend bildet diese 

Arbeit die erste mechanistische Erklärung wie RNA-Fragmente für die TLR7 

Aktivierung in Zellen hergestellt werden.  

 

3.2 Molekularer Mechanismus durch den 
pseudouridinhaltige RNA der Erkennung von Toll-
like-Rezeptoren 7 und 8 entgeht 

 
 
Endolysosomale Toll-like Rezeptoren (TLR) 7 und 8 sind Bestandteile des 

angeborenen Immunsystems, die eine schnelle Immunreaktion auf bakterielle und 

virale Infektionen auslösen. Diese Rezeptoren unterscheiden zwischen körperfremder 

RNA von Krankheitserregern und körpereigener RNA, gegenüber der sie tolerant sind. 

Über zwei Ligandenbindetaschen erkennen TLR7 und TLR8 RNA-Abbauprodukte, die 

von lysosomalen Nukleasen generiert werden. Spezifisch erkennt TLR7 2‘,3‘-cGMP 

und kurze Uridin-haltige Oligoribonukleotide. TLR8 hingegen wird von Uridin, sowie 

purin-terminierten Fragmenten aktiviert.  

RNA, bei der Uridin durch Pseudouridine (Ψ) oder N1-Methylpseudouridin (m1Ψ) 

ersetzt wurde, zeigt keine immunstimulatorische Aktivität gegenüber TLR7 und TLR8. 

Obwohl diese Erkenntnis entscheidend bei der erfolgreichen Entwicklung von mRNA-

Medikamenten war, blieb bislang unklar, wie Pseudouridin- und N1-

Methylpseudouridin-RNA der TLR7 und TLR8 Erkennung entkommen. Angesichts der 

entscheidenden Rolle von Nukleasen bei der RNA Prozessierung stellten wir die 

Hypothese auf, dass pseudouridin-modifizierte RNA aus zwei Gründen nicht von TLRs 

erkannt werden könnte: Entweder, weil endolysosomale Nukleasen nicht in der Lage 

sind diese RNA in TLR-stimulierende Fragmente zu schneiden, oder weil Pseudouridin 

und pseudouridin-enthaltende Fragmente keine Liganden für die erste Bindetasche 

von TLR8 oder die zweite Bindetasche von TLR7 darstellen.  

Untersuchungen zur RNA-Degradation durch lysosomale Nukleasen zeigten, dass 

RNase T2 und PLD-Exonukleasen Ψ- und m1Ψ-modifizierte RNA nur unzureichend 

abbauen. Dies führte zu einer verminderten Bildung TLR8-agonistischer Liganden, 
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sowie zum vollständigen Ausbleiben der Freisetzung von 2’,3’-cGMP, dem endogenen 

Liganden für TLR7 Tasche 1. Die Endonukleasen RNase 1, RNase 2 und RNase 6 

hingegen prozessierten die modifizierte RNA vergleichbar gut wie unmodifizierte RNA. 

Biochemische Tests mit der Ligandenbindedomäne von TLR8, sowie zellbasierte 

Studien zur TLR7-Aktivierung zeigten darüber hinaus, dass Ψ ein schwacher Ligand 

für die erste Bindetasche von TLR8 ist und das Ψ enthaltende Fragmente nicht als 

Liganden der zweiten Bindetasche von TLR7 erkannt werden. Interessanterweise 

konnte m1Ψ, welches dem Abbau durch RNase T2 und PLD-Exonukleasen entgeht, 

an TLR8 binden und aktivieren. Das deutet darauf hin, dass m1Ψ-modifizierte RNA 

der TLR8-Erkennung vor allem deshalb entgeht, weil sie nicht bis auf die Ebene 

einzelner Nukleotide durch lysosomale Nukleasen abgebaut wird. 

Zusammenfassend liefert unsere Studie erstmals eine molekulare Erklärung dafür, wie 

pseudouridinmodifizierte RNA der Erkennung durch lysosomale TLRs entgeht. 
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4 Publications 
4.1 Lysosomal endonuclease RNase T2 and PLD 

exonucleases cooperatively generate RNA ligands 
for TLR7 activation 

 
The following research article was published in Immunity, 2024: 
  
Marleen Bérouti,1 Katja Lammens,1 Matthias Heiss,2 Larissa Hansbauer,1 Stefan 
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through impaired endolysosomal processing and 
TLR engagement 
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Figure�5.�Ψ�is�a�poor�ligand�for�TLR8
(A)�Scheme�of�cell�stimulation�with�high�concentration�of�single�nucleosides.

(B)�Wild-type�and�TLR8�–/–�BLaER1�monocytes�were�stimulated�with�indicated�concentrations�of�U,�Ψ,�or�m�

1�Ψ.�After�14�h,�IL-6�release�was�detected.�Data�are�depicted�

as�mean�±�SEM�of�n�=�3�independent�experiments.�A�four-parameter�dose-response�curve�was�fitted�to�calculate�half-maximal�effective�concentration�(EC�50�).

(C)�Scheme�of�cell�stimulation�with�high�concentration�of�single�nucleosides�in�combination�with�ssRNA40�S�.

(D)�Wild-type�and�TLR8�–/–�BLaER1�monocytes�were�stimulated�with�ssRNA40�S�or�with�ssRNA40�S�in�combination�with�U�(left),�Ψ�(middle),�or�m�

1�Ψ�(right).�After�14�h,�

IL-6�release�was�detected.�Mean�±�SEM�of�n�=�3�independent�experiments.�Please�note�that�the�ssRNA40�S�-only�control�data�for�Ψ�and�m�

1�Ψ�are�identical�and�that�

one�of�the�U�control�replicates�is�also�shared�with�the�Ψ/m�

1�Ψ�control.

(E)�Scheme�of�the�TLR8�ECD�dimerization�assay.

(F)�Mass�distribution�of�hsTLR8�(AA27-827)�observed�by�mass�photometry�after�incubation�with�increasing�concentrations�of�single�nucleosides�and�in�com-�

bination�with�ssRNA40�O�.�

See�also�Figures�S3�and�S4.
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Figure�S2.�Characterization�of�RNA40i�and�RNA9.2s�digested�with�RNase�T2�or�RNase�1,�related�to�Figure�1
(A)�Scheme�of�RNA40,�RNA40i,�and�RNA9.2s�and�their�major�RNase�T2�cut�sites.

(B)�RNA40i�(1�μg)�was�digested�with�RNase�T2�(35�nM)�or�RNase�1�(3�nM)�in�IDTE�buffer�and�analyzed�by�HPLC-HESI-MS.�The�percentage�of�cleavage�at�a�given�

site�for�RNA40i�processed�by�RNase�T2�or�RNase�1�is�indicated.�All�sites�with�>3%�cleavage�are�shown.�Data�from�three�independent�experiments�were�

summarized.

(C)�The�coverage�of�dinucleotide�motifs�as�potential�cleavage�sites�in�RNA40i�is�shown�with�only�internal�sites�being�considered.

(D)�Average�cleavage�percentages�for�all�possible�dinucleotide�motifs�of�RNA40i�digested�with�RNase�T2�(35�nM)�or�RNase�1�(3�nM).�Data�from�three�independent�

experiments�were�summarized�and�cleavage�percentages�are�depicted�as�mean�values�(large�letters)�+�SD�(small�letters,�below).

(E)�RNA9.2s�(1�μg)�was�digested�with�RNase�T2�(35�nM)�or�RNase�1�(3�nM)�in�IDTE�buffer�and�analyzed�by�HPLC-HESI-MS.�The�percentage�of�cleavage�at�a�given�

site�for�RNA9.2s�processed�by�RNase�T2�or�RNase�1�is�indicated.�All�sites�with�>4�%�cleavage�are�shown.�Data�from�three�independent�experiments�were�

summarized.

(F)�The�coverage�of�dinucleotide�motifs�as�potential�cleavage�sites�in�RNA9.2s�is�shown�with�only�internal�sites�being�considered.

(G)�Average�cleavage�percentages�for�all�possible�dinucleotide�motifs�of�RNA9.2s�digested�with�RNase�T2�(35�nM)�or�RNase�1�(3�nM).�Data�from�three�independent�

experiments�were�summarized�and�cleavage�percentages�are�depicted�as�mean�values�(large�letters)�+�SD�(small�letters,�below).
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Figure�S3.�2�0�-O-methyluridine�is�not�a�substrate�for�TLR8,�related�to�Figures�4�and�5
(A)�PBMCs�were�stimulated�with�pR,�OVA-U,�OVA-Ψ,�OVA-m�

1�Ψ,�and�LPS�with�or�without�CU-CPT9a.�After�24�h,�IL-6�release�was�measured.�Data�are�depicted�as�

mean�±�SEM�of�n�=�3�independent�donors.

(B)�THP-1�cells�were�stimulated�with�pR,�ssRNA40�S�,�OVA-U,�OVA-Ψ,�OVA-m�

1�Ψ,�and�LPS�in�the�presence�or�absence�of�CU-CPT9a.�After�14�h,�IL-6�release�was�

measured.�Data�are�depicted�as�mean�±�SEM�of�n�=�3�independent�experiments.

(C)�Percentage�of�AZDye488�percentage-positive�BLaER1�monocytes�after�transfection�with�pR�alone�or�pR�complexed�with�OVA�IVT-U,�OVA�IVT-Ψ,�or�OVA�IVT-�

m�

1�Ψ�analyzed�by�FACS.�Data�are�depicted�as�mean�±�SEM�of�n�=�3�independent�experiments.

(D)�PBMCs�were�stimulated�with�indicated�Cas9�IVT�constructs�with�or�without�M5049.�After�24�h,�IFNα2�release�was�measured.�Data�are�depicted�as�mean�±�

SEM�of�n�=�3�independent�donors.�

(E–G)�Urea�gels�of�(dAdC)�7�GAGUAGA�and�(dAdC)�7�GAGUmAGA�digested�with�(E)�RNase�1�(60�nM),�(F)�RNase�2�(55�nM),�or�(G)�RNase�6�(60�nM)�in�assay�buffer.�

One�representative�blot�of�two�independent�experiments�is�shown.�

(H�and�I)�Urea�gels�of�UUUGCUUAACCUGUCCUU�and�UmUmUmGCUUAACCUGUCCUU�digested�with�(H)�PLD4�(250,�25,�and�2.5�nM)�or�(I)�PLD3�(25,�2.5,�and�

0.25�nM)�in�assay�buffer.�One�out�of�two�independent�experiments�is�shown.�

(J�and�K)�BLaER1�monocytes�were�stimulated�with�increasing�concentrations�of�(J)�TL8-506�or�(K)�U.�After�14�h,�IL-6�release�was�measured.�Each�replicate�of�n�=�3�

independent�experiments�is�depicted.�A�four-parameter�dose-response�curve�was�fitted�to�calculate�half-maximal�effective�concentration�(EC�50�).�

(L)�CD14�+�monocytes�were�stimulated�with�increasing�concentrations�of�U,�Ψ,�or�m�

1�Ψ�for�24�h.�Afterward,�IL-6�release�was�detected.�Data�are�depicted�as�mean�±�

SEM�of�n�=�3�independent�donors.�A�four-parameter�dose-response�curve�was�fitted�to�calculate�half-maximal�effective�concentration�(EC�50�).

(legend�continued�on�next�page)
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(M)�Wild-type�and�TLR8�–/–�BLaER1�monocytes�were�stimulated�with�decreasing�concentrations�of�U�or�2�0�-O-methyluridine�as�indicated.�After�14�h,�IL-6�release�

was�detected.�Data�are�depicted�as�mean�±�SEM�of�n�=�3�independent�experiments.

(N)�BLaER1�cells�of�indicated�genotypes�were�stimulated�with�U,�2�0�-O-methyluridine�or�in�combination�with�ssRNA40�S�for�14�h.�IL-6�release�was�subsequently

analyzed.�Data�are�depicted�as�mean�±�SEM�of�n�=�3�independent�experiments.
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Figure�S4.�Ψ�does�not�inhibit�U�binding�to�TLR8,�related�to�Figure�5
(A)�Scheme�of�hsTLR8�(AA27-827)�after�cleavage�of�the�Z-loop�and�Coomassie�gels�of�the�EPEA�bead�purification�of�hsTLR8�(aa27–827)�and�of�hsTLR8�(aa27–�

827)�after�buffer�exchange�by�dialysis.

(B)�Mass�distribution�of�hsTLR8�(aa27–827)�observed�by�mass�photometry.

(C)�Mass�photometry�analysis�of�hsTLR8�(aa27–827)�incubated�with�ssRNA40�O.

(D)�Mass�photometry�analysis�of�hsTLR8�(aa27–827)�incubated�with�5�mM�Um.

(E)�Mass�photometry�analysis�of�hsTLR8�(aa27–827)�incubated�with�5�mM�Um�and�ssRNA40�O�.

(F)�Wild-type�and�TLR8�–/–�BLaER1�monocytes�were�unstimulated�or�stimulated�with�U,�a�combination�of�U�and�Ψ,�TL8-506,�or�LPS.�After�14�h,�IL-6�release�was�

measured.�Data�are�depicted�as�mean�±�SEM�of�n�=�3�independent�experiments.
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6 List of Abbreviations 
 
2’,3’-cGMP 2’,3’-cyclic guanosine monophosphate 

AP-1 Activator protein 1 

AP-2 Adaptor Protein 2 

ATP Adenosine triphosphate 

BMP Bis(monoacylglycerol)phosphate 

cGAMP cyclic GMP-AMP 

cGAS cyclic GMP-AMP synthase 

CLR C-type lectin receptor 

CMP Common myeloid progenitor 

COPII Coat Protein Complex II 

CpG cytosine-phosphate-guanine 

CRISPR Clustered Regularly Interspaced Short 

Palindromic Repeats 

CRP C-reactive protein 

CTLR C-type lectin-like receptor 

CXCL8 

CXCL10 

C-X-C motif chemokine ligand 8 

C-X-C motif chemokine ligand 10 

DAMP damage-associated molecular pattern 

DC dendritic cell 

DC dendritic cell 

DKC Dyskerin 

DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease 

ds double-stranded 

eiF2 eukaryotic initiation factor 2 

ER endoplasmatic reticulum 

ERGIC endoplasmic reticulum-Golgi 

intermediate compartment 

ERK Extracellular signal-related kinase 

ETI Effector-triggered immunity 

GMP Guanosine monophosphate 
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gp41 glycoprotein 41 

gp96 glycoprotein 96 

GTP Guanosine triphosphate 

H Histidine 

HIV Human Immunodeficiency Virus 

HKD Histidine Lysine Aspartic acid 

HSC hematopoietic stem cells 

HSV-1 Herpes simplex virus 1 

IFN Interferons 

IFNB1 Interferon beta 1 

IKKε IκB kinase-ε 

IL Interleukin 

IRAK Interleukin-1 Receptor-Associated 

Kinase 

IRF Interferon regulatory factor  

ISG interferon-stimulated genes 

ITAM immune-receptor tyrosine-based 

activation motif 

ITC Isothermal Titration Calorimetry 

ITIM immune-receptor tyrosine-based 

inhibition motif 

JNK Jun N-terminal kinase 

K Lysine 

LGP2 laboratory of genetics and physiology 2 

LRR Leucine-rich repeat  

m1Ψ N1-methylpseudouridine 

m5C 5-methylcytosine 

m5U 5-methyluridine 

m6A N6-methyladenosine 

MAL MyD88 Adaptor-like 

MAPK mitogen-activated protein kinase 

MAVS mitochondrial antiviral-signaling protein 

MD-2 Myeloid Differentiation Factor 2 
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MDA5 melanoma differentiation-associated 

protein 5 

mDC monocyte-derived dendritic cell 

MHC Major Histocompatibility Complex 

MORC3 Microrchidia family CW-type zinc finger 

3 

MyD88 myeloid differentiation primary response 

88 

m1Ψ N1-Methylpseudouridine 

NF-κB Nuclear Factor kappa-light-chain-

enhancer of activated B cells 

NK natural killer 

NLR Nucleotide-binding domain and leucine-

rich repeat-containing receptor 

NO nitric oxygen 

NOD nucleotide-binding oligomerization 

domain 

OAS oligoadenylate synthase 

PAMP pathogen-associated molecular pattern 

pDC Plasmacytoid dendritic cell 

PKR Protein kinase R 

PLD Phospholipase D 

PRAT4A Protein Associated with Toll-like 

receptor 4A 

PRR pattern recognition receptor 

PTI Pattern-triggered immunity 

PUS Pseudouridine synthase 

Q Glutamine 

RAF-1 rapidly accelerated fibrosarcoma  

RIG Retinoic acid-inducible gene 

RIPK-1 Receptor-interacting serine/threonine-

protein kinase 1 

RLR RIG-I-like receptor 
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RNA Ribonucleic acid 

RNase Ribonuclease 

ROS reactive oxygen species 

S2U 2-thiouridine 

SAA Serum amyloid A 

scaRNA small Cajal body-specific RNA 

SLC15A4 Solute Carrier Family 15 Member 4 

SLE Systemic lupus erythematosus 

snoRNA small nucleolar RNA 

SnRNA Small nuclear RNA 

ss single-stranded 

STING Stimulator of interferon genes 

SYK spleen tyrosine kinase 

TAB TAK1-binding protein 

TAK1 Transforming growth factor-β (TGF-β)-

activated kinase 1 

TASL TLR adaptor interacting with SLC15A4 

on the lysosome 

TBK1 TANK binding kinase 1 

TGF-b Transforming growth factor b 

TIR Toll/interleukin-1 

TIRAP TIR domain-containing adaptor protein 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

TRAF6 TNF receptor-associated factor 6 

TRAM TRIF-related adaptor molecule 

TRIF TIR-domain-containing adapter-inducing 

interferon 

UBC13 Ubiquitin-Conjugating enzyme 13 

UEV1A Ubiquitin-conjugating Enzyme E2 

Variant 1A 

Unc31B1 Unc-93 homolog B1 

Ψ Pseudouridine 
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