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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, | briefly outline the key components of the

innate and adaptive immune system, while | 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



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 Agren, 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

2



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 Iytic 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 (Belizario 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).



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 naive T
cells to proliferate and differentiate into different subsets (Sun et al., 2023). These
subsets include CD8+ T cells (restricted to MHC | molecules), which kill infected target
cells bearing the same antigen on their cell surface, as well as helper T cells (restricted
to MHC Il 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.



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, ETl 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 ETl is the secretion of the HSV-1 protein infected cell protein 0 (ICPO0),
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 MORCS is targeted for degradation,
the expression of interferon-f 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).



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 | 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 Ca?" ions. However, some CLRs can bind
carbohydrates independently of Ca?" and are called C-type lectin-like receptors
(CTLRs) (Chiffoleau, 2018). One example is the receptor Dectin-1 that recognizes f3-
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-kB (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; Pichimair et al., 2006), melanoma differentiation-associated
protein 5 (MDAS), sensing long dsRNA (del Toro Duany et al., 2015), and laboratory
of genetics and physiology 2 (LGP2). RIG-I and MDAS5 signal via binding to the adaptor
molecule mitochondrial antiviral-signaling protein (MAVS) to ultimately activate the
transcription factors IRF3, IRF7, and NF-kB (Rehwinkel and Gack, 2020). LGP2 lacks



the essential MAVS binding domain, but it has been shown to play a regulatory role for
RIG-I1 and MDAS5 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-kB 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 (cCGAS)
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-kB (Balka et al., 2020; Murthy et al., 2020).



1.2.2 Consequences of non-self-recognition

As described above, many PRRs activate the transcription factor NF-kB, 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-kB
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 IxB kinase (IKK) complex, composed of
IKKa, IKKB, and IKKy (also called NEMO) (Ninomiya-Tsuiji et al., 1999; Wang et al.,
2001b). Activation of the IKK complex leads to phosphorylation of the NF-«kB inhibitory
protein IkBa, which is subsequently degraded by the proteasome. The degradation of
IkBa allows NF-kB 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 | 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 | interferons (Liu
et al., 2015a). Additionally, STING and MAVS recruit the kinase IKKe, which also
phosphorylates both the adaptor proteins and IkBa, 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-xB and IRF activation downstream of PRR signaling. PRR
signaling converges into activation of TAK1, which subsequently phosphorylates the IKK
complex. Activated IKK complex phosphorylates lkBa, 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 | interferon expression. In parallel, STING
and MAVS recruit IKKe, which phosphorylates the adaptor proteins and IkBa to promote pro-
inflammatory cytokine production.

Pro-inflammatory cytokines expressed downstream of NF-kB activation include
members of the interleukin (IL) family, such as IL-6, and members of the tumor necrosis
factor (TNF) superfamily, like TNF-a, 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)-f3, is essential for differentiating Th17 cells from
naive CD4* T cells (Tanaka et al., 2014). TNF-a further enhances inflammatory

signaling and triggers apoptosis or necroptosis (Jang et al., 2021).
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The induction of type | interferons (IFN), like IFN-a 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 (elF2a),
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 | 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
COPIl-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 |
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-
KB 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-«xB 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 | 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 | 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).
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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 TLRS3 further recruit the adaptor molecule TRIF, leading to IRF3 activation and the
expression of type | interferons. TLR7, TLR8, and TLR9 additionally signal via the adaptor
molecule TASL, thereby activating the transcription factor IRF5.



1.3.1 Nucleic acid recognition by TLR7, TLR8 and TLR9

TLR7, TLR8, and TLRO 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; Taniji
etal., 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 Il 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 ssSRNA. 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).
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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 (Taniji 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
TLRS, 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 Karikd 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 2’0O-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 (W), 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 Q Q
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edge, has been shown to significantly enhance

RNA stability when incorporated (Kierzek et al., OH OH OH OH
2014). Figure 4 Chemical structures of
In human cells, two distinct mechanisms introduce (l::':r':t';e (left) and Pseudouridine

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 W 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).
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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-a 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 (Karik6 et al., 2008).
Mechanistically, this could be explained by the observation that in vitro transcribed
mMRNA 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 elF-2a, 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

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

HO Ok\C’&O stimulatory potential for TLR3 compared to pseudouridine in several

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

. free translation systems, it was demonstrated that N1-
Figure 5

Chemical methylpseudouridine enhances ribosome pausing and increases

structure of N1- ) . . .
methylpseudo- ribosome density on the transcript, ultimately leading to elevated

uridine protein expression levels (Svitkin et al., 2017). The findings that
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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 Karik6 and Drew Weissman. Although it has been well established that
pseudouridine or N1-methylpseudouridine RNA lacks immune-stimulatory potential for
TLR7 and TLRS8, 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 (Maclntosh,
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
(Lubke 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
arole 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 a-helices and eight B-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).
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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).
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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; Libke 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
etal., 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 (RS3).
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 Il transmembrane proteins that, as mentioned
above, localize to the endosomal compartment of the cell (Gonzalez et al., 2018; Lubke
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 moitif, 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 (Unc93b1393d) 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 TIrgcrG11/CeG11 x PId3 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).

25



While the absence of PLD3 and PLD4 enhanced TLR9 responses (Gavin et al., 2018),
TLR7 stimulation in dendritic cells from TIrgCepG11/CeG11 x PId3" 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
TIrgerG11/CoG11y PId3x Pld4’- mice further exhibited increased sensitivity toward the
TLR13 ligand Sa19, suggesting that PLD3 and PLD4 also negatively regulate this
receptor in mice.

Since Unc93b1343d x Pld3"-xPld4’- animals still displayed an elevated type | interferon
signature, the involvement of the cytoplasmic STING pathway was assessed. To this
end, STING-deficient quadrupole mutant mice (Tmem?1738stx Unc93b 134/3dx Pld3"-
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 Il. 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.
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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.

30



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 (W) and N1-methylpseudouridine (m'W)-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 TLRS8, 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 W or m1W, 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 W is a weak ligand for TLR8 pocket 1
and that W-RNA is not recognized as a pocket 2 ligand by TLR7. Interestingly, m1W,
which escapes cleavage by RNase T2 and PLD exonucleases, could bind and activate

TLR8, suggesting that miW-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.
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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, W and W-containing RNA fail to engage distinct binding pockets of TLR7 and
TLR8, while m1W could bind to TLRS if released from ssRNA.
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3 Zusammenfassung

3.1 RNA-Prozessierung fiir 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 fiur ihre Aktivierung notwendig
sind. Obwohl genetische Deletionsstudien eine regulatorische Rolle der Endonuklease
RNase T2 sowie der Exonukleasen PLD3 und PLD4 far 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 fir TLR7-
Bindungstasche 1 freisetzen. Zuerst schneidet RNase T2 die RNA vor, um 2’,3’-cGMP-
terminierte Fragmente zu erzeugen, die anschlieBend von PLDs zu Einzelnukleotiden
abgebaut werden, was letztlich zur Freisetzung von 2’,3’-cGMP flhrt.

Wahrend die TLR7 Aktivierung in RNase T2-defizienten Zellen durch Stimulation mit
2',3-cGMP vollstéandig wiederhergestellt werden konnte, blieb der Rezeptor in PLD-
Knockout-Zellen unerwarteterweise weiterhin inaktiv. Dies deutete auf eine zusatzliche
regulatorische Rolle der PLD-Enzyme bei der Generierung von Liganden fur die zweite
Bindungstasche. Die detaillierte Untersuchung des RNA-Abbaus durch PLD3 und
PLD4 ergab, dass diese Enzyme eine Préferenz nur fur bestimmte Nukleotide
aufweisen, was darauf hindeutet, dass nicht alle RNA-Substrate zu Einzelnukleotiden
abgebaut werden. Dadurch verbleiben kurze Fragmente, die als Liganden fur
Bindungstasche 2 fungieren kénnen. Letztlich konnte die gleichzeitige Stimulation mit
einem kurzen Oligoribonukleotid und 2°,3’-cGMP die PLD-Defizienz kompensieren.
Die Aufreinigung von PLD3 und PLD4 und anschlieBende strukturelle Analysen

zeigen, dass diese Proteine Dimere mit zwei aktiven Zentren an gegenuberliegenden
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Seiten bilden. Die Dimerisierung ist sowohl fur die katalytische Aktivitat als auch fur 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 Erklarung wie RNA-Fragmente fur 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 auslésen. Diese Rezeptoren unterscheiden zwischen koérperfremder
RNA von Krankheitserregern und kdrpereigener RNA, gegentber der sie tolerant sind.
Uber 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 (W) oder N1-Methylpseudouridin (m1W)
ersetzt wurde, zeigt keine immunstimulatorische Aktivitat gegentber TLR7 und TLR8.
Obwonhl 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 Grinden nicht von TLRs
erkannt werden konnte: 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 flr 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 W- und mi1W-modifizierte RNA nur unzureichend

abbauen. Dies fuhrte zu einer verminderten Bildung TLR8-agonistischer Liganden,
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sowie zum vollstandigen Ausbleiben der Freisetzung von 2’,3’-cGMP, dem endogenen
Liganden fur 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 Ligandenbindedomane von TLR8, sowie zellbasierte
Studien zur TLR7-Aktivierung zeigten darlber hinaus, dass W ein schwacher Ligand
fr die erste Bindetasche von TLR8 ist und das W enthaltende Fragmente nicht als
Liganden der zweiten Bindetasche von TLR7 erkannt werden. Interessanterweise
konnte m1W, welches dem Abbau durch RNase T2 und PLD-Exonukleasen entgeht,
an TLR8 binden und aktivieren. Das deutet darauf hin, dass m1W-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 Erklarung daftr, wie

pseudouridinmodifizierte RNA der Erkennung durch lysosomale TLRs entgeht.
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SUMMARY

Toll-like receptor 7 (TLR7) is essential for recognition of RNA viruses and initiation of antiviral immunity. TLR7
contains two ligand-binding pockets that recognize different RNA degradation products: pocket 1 recog-
nizes guanosine, while pocket 2 coordinates pyrimidine-rich RNA fragments. We found that the endonu-
clease RNase T2, along with 5 exonucleases PLD3 and PLD4, collaboratively generate the ligands for
TLR?7. Specifically, RNase T2 generated guanosine 2',3'-cyclic monophosphate-terminated RNA fragments.
PLD exonuclease activity further released the terminal 2/,3'-cyclic guanosine monophosphate (2’,3’-cGMP)
to engage pocket 1 and was also needed to generate RNA fragments for pocket 2. Loss-of-function studies
in cell lines and primary cells confirmed the critical requirement for PLD activity. Biochemical and structural
studies showed that PLD enzymes form homodimers with two ligand-binding sites important for activity. Pre-
viously identified disease-associated PLD mutants failed to form stable dimers. Together, our data provide a

mechanistic basis for the detection of RNA fragments by TLR7.

INTRODUCTION

Toll-like receptor 7 (TLR7) is a key sentinel of the innate immune
system that plays a critical role in detecting non-self RNA,"? pri-
marily from viral sources.® At the same time, TLR7 can also be
erroneously activated by endogenous RNA, which has been
implicated in the pathogenesis of several autoimmune dis-
eases.’ Indeed, TLR7 activation must be tightly balanced, and
much progress has been made in understanding the regulation
of TLR7 responses at the level of the receptor and also its sub-
cellular compartment, which plays animportant role in regulating
its activity.®” However, the exact process by which RNA is made
“visible” to TLR7 remains unclear. TLR7 is highly expressed
in plasmacytoid dendritic cells (pDCs), positioning these cells
as central players in RNA-mediated immune surveillance
and response.® TLR7 and its homolog TLR8 are positioned as
homodimers in the endolysosomal compartment according to
a rotational symmetry axis, while their leucine-rich repeat (LRR)
ligand-binding domains face the lumen. Structural studies have
identified two distinct bindings pockets that engage with distinct
types of RNA molecules. TLR7 binds to guanosine with its first
binding pocket, whereas the second binding pocket engages
with pyrimidine-rich oligoribonucleotides (ORNSs) that preferably

contain two consecutive uridine nucleotides.®'® TLR8, on
the other hand, binds to uridine with the first binding pocket,
yet detects purine-terminated ORN fragments with the second
binding pocket.'’ The engagement of the second binding
pocket allosterically increases the affinity of the first binding
pocket toward its ligand. The first binding pocket lies within the
dimerization interface of these TLRs, and agonistic ligands within
this pocket bridge the two TLR molecules. In the case of TLR7,
this event results in the stable dimerization of this receptor and
thereby results in the formation of a signaling-competent state.
Interestingly, biochemical studies have shown that guanosine
2',3'-cyclic monophosphate (2°,3’-cGMP) is a high-affinity ligand
for the first pocket of TLR7,'® suggesting that it may be an
endogenous agonist for TLR7.

We and others have found that the endolysosomal nuclease
RNase T2 is indispensable for TLR8 activation.'>'> RNase T2
cleaves single-stranded RNA (ssRNA) with a preference for pu-
rine-uridine motifs, thereby generating fragments that are termi-
nated with a purine 2/,3'-cyclic phosphate and initiated with a 5
hydroxyl uridine. Thereby, RNase T2 activity contributes to two
critical steps: on the one hand, RNase T2 generates purine
2',3'-cyclic phosphate-terminated fragments that engage
pocket 2 and on the other hand it results in the increase of

Immunity 57, 1-15, July 9, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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uridine, while the latter mechanism is not fully explored. Interest-
ingly, loss-of-function studies have shown that RNase T2 also
plays a role upstream of TLR7."* However, despite its genetically
proven involvement, the precise mechanistic role of RNase T2 in
relation to TLR7 remains unclear, which prompted the initiation
of this study.

RESULTS

RNase T2 is required for TLR7 activation

To study TLR7 signaling in a physiologically relevant setting, we
used the CAL-1 cell line, a human pDC line derived from a male
patient with a blastic plasmacytoid DC neoplasm.’® CAL-1 cells
express a similar repertoire of PRRs as primary pDCs, in partic-
ular TLR7 and TLR9, and respond to ssRNA and CpG DNA with
the production of antiviral and pro-inflammatory cytokines. We
stimulated wild-type (WT) or TLR7™” CAL-1 cells with the
RNA-based TLR7 agonists RNA40® and RNA9.2s.'® RNA40
was delivered as a phosphodiester version (RNA40°) as well
as a stabilized phosphorothioate version (RNA40%) (Figures 1A
and 1B). The small molecule TLR7 agonists, R848 and
2/,3'-cGMP, and CpG DNA—either phosphodiester (CpG®) or
phosphorothioate (PTO)-stabilized (CpG®) engaging TLR9—
were used as controls. The ORNs triggered a robust type | inter-
feron (IFN) response, albeit at a lower magnitude compared with
R848, 2/,3'-cGMP, and CpG DNA (Figure 1A). At the concentra-
tion tested, the phosphorothioate-stabilized version RNA40°
was completely inactive in CAL-1 cells. As expected, ablation
of TLR7 resulted in a complete loss of cytokine production for
ORNs as well as for the small molecule TLR7 agonists. CpG
DNA triggered IFN responses in both WT and TLR7-deficient
CAL-1 cells, yet only when the phosphorothioate-stabilized
ODNSs were used (Figure 1A). Similar results were obtained in pri-
mary pDCs that responded to phosphodiester RNA40 as well as
RNAO9.2s, but not to the phosphorothioate-stabilized version of
RNA40. R848 and 2/,3'-cGMP also triggered TLR7 activation,
with R848 being a more potent activator compared with
2',3'-cGMP (Figure 1C). Addressing the role of RNase T2 in this
context revealed that the ORNs were indeed completely depen-
dent on this enzyme for their immune-stimulatory activity, while
its requirement could be bypassed by using R848 or 2/,3'-cGMP
as direct pocket 1 agonists (Figure 1D). In light of the notion that
RNase T2 generates 2',3'-cGMP-terminated RNAs and the fact
that 2/,3'-cGMP levels are strongly decreased in RNASET2™/~
cells (Greulich et al.'? and below), we addressed whether RNase
T2 could liberate 2/,3'-cGMP from ssRNA in vitro. To address
this, we designed an ORN in which an RNase T2 cleavage site
(GU) was positioned directly at the 5’ end, while we also gener-
ated ORNs in which this dinucleotide motif was stepwise moved
to the 3’ end of the ORN (Figure 1E). Testing these ORNs using
recombinant RNase T2 revealed that RNase T2 required at least
two nucleotides 5’ to its recognition motif to cleave. These re-
sults suggested that RNase T2 on its own was not able to release
2/,3'-cGMP within the endolysosomal compartment, but rather
additional enzyme activities were required for this.

A role for PLD exonuclease activity upstream of TLR7
Because RNase T2 was unable to release the TLR7 first bind-
ing pocket ligand by itself, we therefore turned our attention to
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possible exonucleases of the secretory pathway. Here, phos-
pholipase 3 and 4 (PLD3 and PLD4) operate within the lyso-
somal compartment.’”"'® Mining publicly available bulk (Fig-
ure 2A) and single-cell RNA sequencing (RNA-seq) datasets
(Figure 2B) indicated that PLD3 was broadly expressed in
myeloid cells, whereas PLD4 was largely confined to pDCs.
In the absence of suitable antibodies to detect PLD3 or
PLD4 protein expression at the endogenous level, we used
quantitative mass spectrometry to study the expression of
PLD3 and PLD4 in CAL-1 cells, pDCs, and CD14* monocytes.
Both enzymes were detected, yet PLD4 was far more abun-
dant than PLD3 in both pDCs and CAL-1 cells. As such,
PLD4 levels exceeded PLD3 levels in primary pDC by
78-fold and about 20-fold in CAL-1 cells. Monocytes, on the
other hand, displayed intermediate expression levels for both
enzymes (Figure 2C). Ablating PLD3 and PLD4 revealed that
CAL-1 cells deficient for both enzymes displayed a completely
blunted response toward RNA oligonucleotides, similar to
RNase T2-deficient cells. Conversely, CpG-DNA-mediated
activation of CAL-1 cells was dramatically enhanced for phos-
phodiester DNA,'” while backbone-stabilized PTO ODNs even
showed a reduced response in these cells (Figure 2D). When
we studied CAL-1 cells deficient in either PLD3 or PLD4, we
observed that PLD3 deficiency on its own dramatically
boosted responses toward phosphodiester CpG DNA, while
this was not observed when knocking out PLD4 (Figure S1A).
On the other hand, PLD4~~ cell clones showed a greatly
blunted RNA response yet showed the same low response to-
ward CpG DNA as WT cells. These results suggest that PLD3
primarily degraded DNA, thereby preventing TLR9 activation,
whereas PLD4-mediated degradation of RNA played a posi-
tive regulatory role upstream of TLR7. However, screening a
larger panel of several PLD4-deficient clones also recovered
some PLD4~'~ CAL-1 cells that were still responding to ssSRNA
(Figure S1A). In light of the reported redundancy of PLD3 and
PLD4 processing DNA and RNA ('"'® and see below), we
ascribe the phenotype in these PLD4~’~ cell clones to a
compensatory increase in PLD3 activity. Indeed, reconstitut-
ing PLD3™~ x PLD47~'~ cells with PLD3 (Figure S1B) partially
recovered the RNA response, indicating that PLD3 can
compensate for the pro-TLR7 activity in the absence of
PLD4 (Figure S1C). To avoid such redundancies, we therefore
conducted all subsequent experiments addressing the func-
tional relevance of PLD3 and PLD4 in PLD3™'~ x PLD4~'~
CAL-1 cells.

To further corroborate the role of PLDs upstream of TLR7, we
additionally ablated PLD3 or PLD3 and PLD4 in primary human
monocytes using CRISPR/Cas ribonucleoprotein particles and
differentiated these cells into macrophages. After 8 days, we
stimulated those cells with ssRNA40° in the presence of
the selective TLR8 inhibitor CU-CPT9a®' to monitor solely
TLR7 activation. R848 and lipopolysaccharide (LPS) were
further used as controls. Like in CAL-1 cells, we observed a
largely blunted TLR7 response in the absence of PLD3 and
PLD4 upon stimulation with ssRNA. Lack of PLD3 alone already
attenuated TLR7 activation in these primary macrophages, indi-
cating that PLD3 constitutes the functionally predominant PLD
exonuclease in these cells (Figure 2E). Lastly, we made use of
the myeloid cell line BLaER1, which is similar to primary human
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Figure 1. RNase T2 acts upstream of TLR7

(A) Unmodified CAL-1 cells (WT) or two independent TLR7 Y CAL-1 clones were unstimulated or stimulated with pR, RNA40S, RNA40°, RNA9.2s°, R848,
2/,3'-cGMP (++=1mM, + = 0.5 mM), CpG®, or CpGS. After 16 h, IFN-B release was measured by enzyme-linked immunosorbent assay (ELISA). Data are depicted
as mean + SEM of n = 3 independent experiments. Statistical analysis was conducted by two-way ANOVA with Dunnett’s multiple comparison tests.

(B) TLR7 expression in CAL-1 WT and TLR7 " CAL-1 clones by immunoblot. One representative blot of three independent experiments is shown.

(C) Isolated primary plasmacytoid dendritic cells were unstimulated or stimulated with pR, RNA40S, RNA40°, RNA9.2s°, R848, 2/,3'-cGMP (++ = 1 mM, + =
0.5 mM), and CpGP. After 24 h, IFN-a2 release was measured by ELISA. Data are depicted as mean + SEM of n = 3 independent donors.

(D) Unmodified CAL-1 cells (WT) or two independent RNASET2~/~ CAL-1 clones were stimulated as in (A) and IFN-B release was measured. Data are depicted as
mean + SEM of n = 3 independent experiments. Statistical analysis was conducted by two-way ANOVA with Dunnett’s multiple comparison tests.

(E) Urea gel of indicated substrates digested with RNase T2 (0.37 nM). One representative gel of three independent experiments is shown.

monocytes functional for both TLR7 and TLR8.'? BLaER1 cells
responded to phosphodiester ORNs with a mixed TLR7 and
TLR8 response, with the TLR7 component being more pro-
nounced at high ORN concentrations (Figure S1D). In the
absence of TLR8, the TLR7 response triggered by ORNs was
completely dependent on PLD3 and PLD4, mirroring the results
obtained with CAL-1 cells and primary human macrophages
(Figure S1E). Altogether, these results indicated that PLD
exonuclease activity negatively regulated the recognition of
CpG DNA via TLR9, while it was critically required to process
RNA for it to exert TLR7 agonism.

PLD3 and 4 liberate the pocket 1 ligand guanosine
2',3'-cyclic monophosphate from RNase T2-

digested RNA

PLD3 and PLD4 exert 5' exonuclease activity and primarily
release 3'monophosphate nucleosides from their sub-
strates.'”'® We expressed and purified PLD3 and PLD4 (Fig-
ure S2A) and studied their nucleolytic activity toward phospho-
diester RNA oligonucleotide substrates that exert a fluorescent
signal upon exonucleolytic degradation of the 5’ terminus.?? In
line with previous reports, we found that PLD3 exerted far higher
catalytic activity toward RNA (Figures 3A and 3B). As such, the
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Figure 2. PLD3 and PLD4 act upstream of TLR7
(A) mRNA expression levels of PLD3, PLD4, RNase T2, TLR7, and TLR8 in indicated cell types are plotted.
(B) Single-cell RNA-seq data of human PBMCs from Hao et al

19

were visualized using the UCSC Cell Browser”° for the transcripts PLD3 and PLD4. Color coding

represents the range of gene expression. The insert in the upper left corner specifically highlights the pDC population. Annotations for relevant cell populations
were retrieved as annotated.

(C) Quantification of PLD3 and PLD4 protein expression in CAL-1 cells, primary plasmacytoid dendritic cells, and primary monocytes. Data are presented as box
and whiskers of n = 4-5 independent experiments, statistics indicate a paired two-tailed Student’s t test.

(D) Unmodified CAL-1 cells (WT) or two independent PLD3~/~ x PLD4~/~ CAL-1 clones were unstimulated or stimulated with pR, RNA40S, RNA40°, RNA9.2s°,
CpG®, or CpGS. After 16 h, IFN-p release was measured by ELISA. Data are depicted as mean + SEM of n = 3 independent experiments. Statistical analysis was
conducted by two-way ANOVA with Dunnett’s multiple comparison tests.

(E) Indicated knockouts of primary human monocytes were unstimulated or stimulated with ssRNA40° in the presence of CU-CPT9a, R848, and LPS. After 16 h,
IL-6 release was measured by ELISA. Each replicate of 3 independent donors is depicted. For statistical analysis, the data of each donor was normalized to
WTNTC and two-way ANOVA was conducted on log-transformed data with Dunnett’s multiple comparison test.
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calculated specific activity of PLD3 exceeded PLD4 by approx-
imately 17-fold under these conditions. Analyzing RNA degrada-
tion at different enzyme concentrations using gel electrophoresis
corroborated the notion of PLD3 being more processive
than PLD4 (Figures S2B and S2C). Moreover, PLD3 was also
far more processive toward a DNA substrate compared with
PLD4 (Figure S2D)."” Studying PLD3 and PLD4 RNA cleavage
products using mass spectrometry, we found that both PLD3
and PLD4 released 3'- nucleoside monophosphates (NMPs),"”
while only trace amounts of 2/,3'-cNMP were detected (e.g.,
for 2/,3'-cGMP 0.1%-0,2% of all guanosines) (Figures 3C, 3D,
and S2E). On the other hand, 5'-NMPs were not found at all.
Comparing the potency of different guanine nucleotides howev-
er revealed that only 2/,3'-cGMP exerted potent TLR7 activation
(effective concentration [ECso] = 0.54 mM) with a similar efficacy
as R848 (Figures 3E and 3F). 3'-GMP at concentrations 32x
higher than the ECsq of 2/,3'-cGMP were needed to exert a
measurable response, while 5-GMP was completely inactive
in CAL-1 cells (Figure 3G). Similar results were obtained from iso-
lated primary pDCs, showing a robust TLR7 response induced
by 2/,3'-cGMP, while 3'-GMP elicited weaker activation and
5-GMP failed to induce TLR7 activation at all (Figure S2F).
Together, these results suggest that 2/,3'-cGMP constitutes
the natural pocket 1 ligand for TLR7 and that PLD exonuclease
activity toward RNA substrates was not sufficient to generate
this agonist. Given the substrate specificity of RNase T2 gener-
ating purine 2',3'-cyclic phosphate-terminated fragments, we
hypothesized that the combined activity of PLD exonuclease ac-
tivity and RNase T2 endonuclease activity might be required for
the production of 2/,3'-cGMP (Figure 3H). To address this possi-
bility, we studied the production of 2/,3’-cGMP when processing
RNA with PLD3 or PLD4 alone and with or without RNase T2
in vitro. Only the combination of PLD3 or PLD4 and RNase T2,
but not the single enzymes, were able to generate substantial
amounts of 2/,3'-cGMP when processing an ssRNA molecule
(Figure 3I). At the same PLD enzyme concentrations, PLD3
released greater levels of 2/,3'-cGMP from ssRNA in vitro due
to its stronger catalytic activity (Figure 3I). However, we found
that PLD4 protein levels exceed those of PLD3 in primary
pDCs by 78-fold and by 20-fold in CAL-1 cells (Figure 2C). There-
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fore, studying 2/,3'-cGMP release under adjusted enzyme con-
centrations using a 20-fold lower concentration of PLD3 re-
vealed a comparable release of the nucleotide by PLD3 and
PLD4, suggesting that both proteins equally contribute to the
release of 2/,3'-cGMP in CAL-1 cells (Figure 3J). However, at a
concentration 78-fold higher than that of PLD3, mimicking the
condition in primary pDCs, PLD4 produced greater levels of
2/,3'-cGMP in vitro, implying that PLD4 serves as the main
enzyme producing 2/,3'-cGMP in conjunction with RNase T2 in
primary pDCs (Figure 3K). We also used recombinantly ex-
pressed RNase 1, RNase 2, and RNase 6 —RNase A family endo-
nucleases known to cleave after pyrimidines—as controls (Fig-
ure 3L). However, none of these enzymes were able to release
nearly as much 2/,3'-cGMP as RNase T2 when combined with
PLD8. In line with this notion, cells deficient in either RNase T2
or PLD3 and PLD4 displayed absent or strongly reduced
2/,3'-cGMP levels when stimulated with ssRNA (Figure 3M). Alto-
gether, these results showed that PLD activity together with
RNase T2 was required to generate the pocket 1 ligand
2',3'-cGMP for TLR7.

PLD exonucleases are required for pocket 2 ligands

We hypothesized that PLD3~~ x PLD4~'~ cells could be
rescued with 2/,3'-cGMP, as it was the case for RNASET2~/~
cells (Figure 1D). However, when treating PLD3~/~ x PLD4~/~
cells with 2/,3'-cGMP, we observed a complete lack of an im-
mune response. R848 also exerted diminished activity in
CAL-1 monoclones, CAL-1 PLD3X® x PLD4*® pool knockout
cells, and BLaER1 monocytes (Figures 4A, S3A, and S3B). We
also investigated the impact of PLD deficiency on tumor necrosis
factor alpha (TNF-a) and interleukin-6 (IL-6) release after stimula-
tion of PLD3™'~ x PLD4~'~ monoclones. Similar to the effects
seen for IFN-B release, we observed blunted responses upon
transfection of ssRNA and upon stimulation with 2/,3'-cGMP.
Also, R848 displayed reduced activity in PLD3~/~ x PLD4~/~
clones, yet only when using concentrations near or below its
ECs5, value (Figures S3C and S3D). We further generated J774
mouse macrophages lacking PLD3. In line with previous work,
we observed diminished TLR7 responses upon stimulation
with ssRNA40 (Figure S3E). Stimulation of those cells with

Figure 3. RNase T2 and PLD enzymes release 2',3'-cyclic GMP

(A and B) Fluorescence intensity signal of FAM-RNA40-BMN-Q530 over time, incubated with indicated concentrations of (A) PLD3 or (B) PLD4. Data are depicted
as mean of n = 3 independent experiments.

(C) Overlay of extracted ion chromatograms (EIC) of 5'-GMP, 3'-GMP, and 2’,3'-cyclic GMP. Top: standards used as reference. Middle: in vitro digests of RNA9.2s
with PLD3 (250 nM). Bottom: PLD4 (250 nM).

(D) Normalized signal areas of EIC from released 5'-NMPs, 3'-NMPs, and 2',3'-cNMPs by PLD3 (250 nM) and PLD4 (250 nM) after degradation of RNA9.2s° in %.
(E and F) CAL-1 WT cells (300,000 cells/well) were stimulated with increasing concentrations of R848 and 2/,3'-cGMP. After 16 h, IFN-p release was determined
by ELISA. Each replicate of n = 2 (E) or n = 3 (F) independent experiments is depicted. A four-parameter dose-response curve was fitted to calculate half-maximal
effective concentration (ECsg).

(G) CAL-1 cells (300,000 cells/well) of indicated genotypes were unstimulated or stimulated with indicated concentrations of 2/,3’-cGMP and 3'-GMP. Data are
depicted as mean + SEM of three independent experiments.

(H) Schematic view of the in vitro digestion assay.

(1) RNA40° was digested with RNase T2 (370 nM), PLD3 (250 nM), and PLD4 (250 nM) or in combinations of RNase T2 (370 nM) with either PLD3 (250 nM) or PLD4
(250 nM) for 20 min, and the release of 2’,3'-cGMP was analyzed by LC-MS.

(J and K) RNA40° was digested with RNase T2 (370 nM) in combination with either PLD3 (+ = 2.5 nM), PLD4 (+ = 50 nM), or with PLD4 (++ = 195 nM) for 20 min, and
the release of 2/,3'-cGMP was analyzed by LC-MS.

(L) RNA40° was digested with RNase 1 (5.7 nM), RNase 2 (27 nM), RNase 6 (29 nM), or RNase T2 (37 nM) only or in combination with PLD3 (25 nM) for 30 min, and
the release of 2/,3'-cGMP was analyzed by LC-MS. For (l), (J), (K), and (L), data are depicted as mean + SEM of n = 3 independent experiments.

(M) Detection of 2/,3'-cGMP in cell lysates of RNA40°-stimulated WT, RNase T2, or PLD3~'~ x PLD4~'~ CAL-1 cells by LC-HRMS. Data are depicted as mean +
SEM of n = 3 independent experiments. Statistical analysis was conducted by one-way ANOVA with Dunnett’s multiple comparison tests.

6 Immunity 57, 1-15, July 9, 2024

43



Please cite this article in press as: Bérouti et al., Lysosomal endonuclease RNase T2 and PLD exonucleases cooperatively generate RNA ligands for
TLR7 activation, Immunity (2024), https://doi.org/10.1016/.immuni.2024.04.010

Immunity @ CelPress
OPEN ACCESS
A g8
804 CAL1 g g % § 2500 § g Y mwr
= - Ly . "
£ 60 = o E 20004 T - é % [ PLD3* x PLD4
2 H 2 1500 ff 33 S
Z4128 g8 g2 2 vy &s
g Q9 ] o) Z 1000 r—
c g g3 33 g =
20944 &L A4 R
ol . 1
0 - 0 -
¢ $ S 8 ) o )
3 N ] ]
& & & S
& & o
B PLD4 PLD4 C PLD3 PLD3

-+ o+ 4+

Time [h] 3.0 0.5 1.0 1.5 2.0 2.5 3.0

+ o+ o+ i = B S

3005 10 1520 25 3.0

-+ o+ 4+ o+ 4

Time[h] 3.0 0.5 1.01.5 2.0 25 3.0

+ I

3.0 0.5 1.0 1.5 20 25 3.0

25-| - - 25- -
21- i - : 2= -
17'-58----. - |- 7| - ———— -
. - = - = -
y =
) I oS
D RNA9.2s E 100 CCUGUCCUUCAA F PLD4 digest calc.miz  found miz
PLD4 - ++ + —_ AGCUUAACCUGUCCUUCAA 1484 -
=) GCUUAACCUGUCCUUCAA 1401 -
< 80 CUUAACCUGUCCUUCAA 1315 1315
@ N
25- £ 60 ACCUGUCCUUCAA 1004 1004
21- 3 CCUGUCCUUCAA 1229 1229
17- (- 5 CUGUCCUUCAA 127 127
— . 3 40 CUGUCCUUCAA UGUCCUUCAA 1026 1026
© .
— 2 20 CCUUCAA ACCUGUCCUUCAA CCUUCAA 1060 1060
g CuUCAA /\UGUCC,UU CUUAACCUGUCCUUCAA CUUCAA 908 908
110 115 120 125 13.0 135 14.0 145 150
retention time [min]
G H
GGG AAA WU ccC 4- GGGAGCUUAAN, 4 UUUAGCUUAAN, :gfm;’
_ _ _ _ =3 =3 ”
GGGAGCUUAACCUGUCCUY ~ PLDA =+ =+ 4 = b v =t & 22 22 H 3-UMP
i 1 [ 3-CMP
AAAAGCUUAACCUGUCCUU 0
UUUAGCUUAACCUGUCCUU 47 AMMAGCLUAAN, 4 CCCAGCUUAAN,
=3 -
CCCAGCUUAACCUGUCCUU 3 2 2 2
<9 <]
0 0
+2'3’-cGMP
I mwT 888
3 8 PR
CAL B TLR7Y eV EE s 8285
383
500 B PLD3* x PLD4" YT B3 § $338 < = s 0T YR
F 400 £83 tiy 8838 T
) RS e 9% 2 1000
£ 300 T . & o a 2
@ @
zo0{ §8F FEE BEE BQE : z
w S o o S S o S S o S S o L 500
= 2% 2% % R %% 5 RS =
1004 & & & aal a8t aat nﬂ ﬁ
N nsalilsssiilsasiilsss. o P nll ,
! N N N
® & ° & & & g
S A A W& o
w ¥ ¥ O
@) ) ©) O
O ) ) O
0\5 O\) N \)\)
S S ¥ N

Figure 4. PLD enzymes create TLR7 second binding pocket fragments
(A) CAL-1 cells of indicated genotypes were unstimulated or stimulated with pR, RNA40S, RNA40°, RNA9.2s°, R848, 2/,3'-cGMP (0.5 mM), CpG©°, and CpGS.
After 16 h, IFN- release was determined by enzyme-linked immunosorbent assay (ELISA). Data are presented as mean + SEM of n = 3 independent experiments.
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R837 also revealed reduced TLR7 responses when concentra-
tions close to its ECsp value were used (ECso = 2.45 puM)
(Figures S3E and S3F), mirroring the pattern observed for IL-6
and TNF release in CAL-1 cells. Assessing the whole proteome
of PLD3™'~ x PLD4~'~ CAL-1 cells excluded the possibility
that combined PLD3 and PLD4 deficiency resulted in the sec-
ondary perturbation of the proteome, thus potentially affecting
TLR7 activity (e.g., lysosomal proteins) (Table S1). Conse-
quently, these results suggested that PLD activity was not only
required to generate 2’,3'-cGMP in conjunction with RNase T2
but was also involved in generating ligands to engage the second
binding pocket. However, this posed a conundrum, as complete
exonucleolytic decay of lysosomal RNA by PLDs should yield
mononucleotides, not fragments large enough to occupy the
second binding pocket. When we studied RNA degradation by
PLD4 at two different enzyme concentrations over a period of
180 min, PLD4 displayed a distinct fragment patterning, indica-
tive of these enzymes “stalling” at certain sites of their sub-
strates (Figure 4B). Similar results were obtained for PLD3 under
limiting-enzyme concentrations (Figure 4C). LC-HRMS analysis
of PLD4-processed RNA9.2s revealed that largely cytidine-initi-
ated fragments were generated, suggesting that PLD4 prefer-
ably disengaged with its substrate when a 5'-C was reached
(Figures 4D-4F). To further characterize this phenomenon, we
designed substrates with either three consecutive cytidines,
uridines, adenosines, or guanosines and subjected these to
PLD4 processing. Assessing cleavage of these ORNs indicated
that PLD4 showed a preference for degrading substrates
that initiated with U, followed by those starting with G and A,
with C-initiated substrates being degraded least efficiently
(U>G>A>>C) (Figure 4G). LC-HRMS analysis of PLD4-pro-
cessed RNA oligonucleotides corroborated these findings, with
5'-C substrates being processed poorly (Figure 4H). Altogether,
these results suggest that PLD4 and PLD3 may indeed exert dif-
ferential activity on different types of RNA fragments, sparing
certain fragments from exonucleolytic degradation.

We hypothesized that this selective degradation could lead to
the accumulation of ORN fragments as potential pocket 2 li-
gands within the lysosomal compartment. We therefore investi-
gated whether we could bypass the TLR7 activation defect in
PLD3~~ x PLD4~'~ cells by co-delivering 2/,3'-cGMP and short
ORN fragments. We designed different 6-mer ORN molecules
attached to the 5’ end of a 14-mer deoxy oligonucleotide to
ensure efficient lysosomal delivery'? and transfected these oli-
gos into WT, TLR7~%, or PLD3™'~ x PLD4~'~ cells (Figure 4l).
These oligos alone failed to induce immune responses in any
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of these cell types. However, when delivered together with
2',3'-cGMP, they induced a measurable immune response in
WT cells and this was also observed in PLD3~/~ x PLD4~'~ cells.
2/,3'-cGMP, on the other hand, was completely inactive in
PLD3™'~ x PLD4~'~ cells, while being a potent agonist in WT
cells. Collectively, these results indicate that PLDs are not only
required to generate pocket 1 ligands in conjunction with RNase
T2 but that they also process RNA into fragments suitable for
ligand-binding pocket 2, a function for which RNase T2 is not
required.

PLD3 and PLD4 form a dimer that forms 2 substrate
binding pockets

To obtain a better mechanistic understanding of how exonucleo-
lytic PLDs process nucleic acids, we used cryoelectron micro-
scopy (cryo-EM) to obtain a structural model of the soluble cat-
alytic domain of human PLD3. We mainly focused on PLD3 due
to its better expression and purification characteristics. During
size exclusion chromatography (SEC) we noted that PLD3 forms
a stable dimer (Figure 5A), which was also substantiated by mass
photometry analysis (Figure 5B). Analogous results were ob-
tained when expressing PLD4 (Figures 5A and 5B). We recorded
datasets of PLD3 as well as PLD3 in complex with ssRNA. Two-
dimensional (2D) classifications of the apoenzyme data yielded
C2 symmetric dimeric PLD3 classes. Three-dimensional (3D)
reconstruction of the dimer using C2 symmetry resulted in a
map with a global resolution of 2.87 ,5\, allowing model building
of residues 79-490 (Figures 5C and S4). Although PLD3 is a
member of the phospholipase family with two HxKxxxxD/E mo-
tifs resulting from internal duplication, it also dimerizes. This
dimerization leads to the formation of two active sites on oppo-
site sides of the dimer (Figure 5C). A structural superposition with
the catalytic domain of human PLD1 (PDB: 6U8Z%°) indicated
that the typical bi-lobal fold is retained in each protomer and
that the conformation of lobe 1 as well as the typical B-sheets
are mostly similar (Figure S5A). Conversely, lobe 2 of hPLD1
shows significant structural differences and large insertions (Fig-
ure S5B). However, the arrangement of the enzymatically critical
HxK motif residues H201 and K203, as well as H416 and K418 in
PLD3, are identical to PLD1 and other PLD family members (Fig-
ure S5C). This suggests that PLD3 cleaves the single-stranded
DNA (ssDNA)/ssRNA substrates utilizing a similar two-step
mechanism, as seen by other DNases of the PLD superfamily,
by forming a phospho-histidine intermediate.?* Most likely histi-
dine 416 acts in the reaction as the nucleophile activated by Glu
229, whereas histidine 201 serves as a general acid to protonate

Statistical analysis was conducted by two-way ANOVA with Dunnett’s multiple comparison tests. Note that the WT data are identical with the ones shown in

Figure 1A.

(B) Urea gels of RNA9.2s® digested with PLD4 (+ = 25 nM, ++ = 250 nM) over time. One representative gel of three independent experiments is shown.
C) Urea gels of RNA9.2s® digested with PLD3 (+ = 0.39 nM, ++ = 1.56 nM) over time. One representative gel of two independent experiments is shown.
D) Urea gel of RNA9.2s° (1 pg) incubated with PLD4 (++ = 250 nM, + = 25 nM) for 2 h. One out of three independent experiments is shown.

F) Calculated and found masses (m/z) of RNA9.2s-derived ORN fragments after digestion with PLD4 (250 nM) for 2 h.

(
(
(E) LC-HRMS total ion current (TIC) chromatogram of RNA9.2s°-derived ORN fragments after digestion with PLD4 (250 nM) for 2 h.
(
(

G) Urea gel of indicated substrates digested with PLD4 (++ = 250 nM, + =25 nM). One out of two independent experiments is shown.

(H) LC-MS/MS analysis of depicted substrates digested with PLD4 (250 nM) for 20 min. Data were normalized to the amount of the different nucleosides presentin
the sequence and are depicted as mean + SEM of n = 3 independent experiments.

(I) CAL-1 cells of indicated genotypes were unstimulated or stimulated with 2/,3'-cGMP (0.5 mM), short ORNs, or ORNs in combination with 2,3'-cGMP (0.5 mM).
Data are depicted as mean + SEM of n = 3 independent experiments. Statistical analysis was conducted by two-way ANOVA (left panel) or one-way ANOVA (right

panel) with Dunnett’s multiple comparison tests.

8 Immunity 57, 1-15, July 9, 2024

45



Please cite this article in press as: Bérouti et al., Lysosomal endonuclease RNase T2 and PLD exonucleases cooperatively generate RNA ligands for
TLR7 activation, Immunity (2024), https://doi.org/10.1016/.immuni.2024.04.010

Immunity

Superdex200

500

absorbance [MAU]

I e e s s N
0 2 4 6 8 1012 14 16 18 20 22 2
volume [ml]

0 60 120 180 240 300

s

homodimer
(alphafold model)

PLD3(R340D)
1000 — PLD3
— PLD3(R340D)

absorbance [MAU]
g

0 2 4 6 810 12 14 16 18 20 22 2
volume [mi]

mass [kDa]

H PLD3 PLD3(R340D) I PLD3 PLD3(R340D)
- — E— - — E—
RNA9.2s CpG
21 - y Ce L] ™ .-
77| - = i— e Fi

oM 25 25 025 oM 25 25 025

the oxygen atom of the leaving group.>® The two adjacent lysine
residues, which have been shown to be involved in the coordina-
tion of the substrate, extend their e-amino group into the catalytic
center. All four residues are located buried in a cleft formed by
mainly hydrophobic and positively charged residues. Apart
from the four active site residues, the substrate binding cleft
largely differs from human PLD1, which is in agreement with
the different substrate types cleaved (Figure S5B). The two
PLD3 protomers assemble into a dimer with C2 symmetry, while
the dimer interface is formed by hydrophobic interactions (resi-
dues F341, F377, and L384)—a salt bridge between residues
R340 and E355—as well as hydrogen bonds between R350
and S380, and Y354 and S373, respectively (Figure 5C). A com-
parison with a PLD4 dimer model calculated by Alphafold®® sug-
gested that the dimer interface is largely conserved in PLD4 (Fig-
ure 5D). To confirm the dimeric PLD4 conformation, a cryo-EM

mass [kDa]

PLD4 2D classes
.
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Figure 5. PLD3 and PLD4 form homodimers
(A) Size exclusion chromatography (SEC) run of
PLD3 superimposed with the SEC run of PLD4.

(B) Mass distribution of PLD3 and PLD4 observed
by mass photometry.

(C) Ribbon representation of the PLD3 dimer shown
together with the cryo-EM density map. The inset
shows a detailed view of the dimer interface, with
the involved residues shown in stick representa-
tions. The mutated residue R340 and active site HxK
motifs are highlighted in pink.

(D) Structural comparison between the PLD3 cryo-
EM structure, colored in turquoise and dark blue,
and the PLD4 model predicted by Alphafold,
colored in beige. The inset illustrates the compari-
son of the PLD3/PLD4 dimer interface, with involved
residues highlighted using stick representations.
(E) Representative 2D classes of PLD4 particles
illustrating the dimeric conformation.

(F) Size exclusion chromatography (SEC) run
of PLD3 superimposed with the SEC run of
PLD3(R340D). Note that the SEC control run of
PLD3 is identical to Figure 5A.

(G) Mass distribution of PLD3 and PLD3(R340D)
observed by mass photometry. Note that the mass
distribution control of PLD3 is identical to Figure 5B.
(H and 1) Urea gels of RNA9.2s° and CpG°-DNA
digested with indicated concentrations of PLD3 and
PLD3(R340D). One out of two independent experi-
ments is shown.

active site
HK motifs

dataset was collected, yielding 2D classes
with a structure similar to the PLD3 dimer
(Figure 5E). However, the preferred orien-
tation of the particles hindered the recon-
struction of a 3D structure.

To prove the structurally determined
interface and to analyze the importance
of dimerization for the nucleolytic activity
of PLD3, we introduced a charge reversal
mutation at residue R340 (R340D), thereby
preventing the formation of the polar inter-
action to E355 of the second protomer.
The mutant PLD3R34%P eluted as a mono-
mer from the size exclusion column and
exhibited monomeric behavior in the mass photometry analysis
(Figures 5F and 5G). The exonucleolytic activity of the R340D
mutant was significantly reduced when using ssRNA9.2s and
CpG ssDNA as substrates (Figures 5H and 5I). Because residue
R340 is far from the active site HxK motif, we concluded that the
dimeric state of PLD3 is important for substrate recognition.
PLD3 mutations are linked to susceptibility to Alzheimer’s dis-
ease”’ (PLD3Y?%2M) and to spinocerebellar ataxia® (PLD3-3%%F),
although their exact role in these diseases is not yet understood.
Neither V232 nor L308 are localized in close proximity to the cat-
alytic center or to the dimerization interface (Figure S5D). V232 is
located in the hydrophobic core of PLD3, and its mutation to
methionine might influence the correct folding of PLD3. On the
other hand, L308 is situated in a helix that is in the vicinity of
the dimer interface. Therefore, a mutation to proline could inter-
rupt the helix formation and influence the folding in this area,
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Figure 6. PLD3 shows high-affinity binding to
long oligonucleotides

(A) Urea gel of RNA9.2s° incubated with PLD3
(250 nM) and PLD3(H201N, H416N) (250 nM). One
out of three independent experiments is shown.

9nt (B and C) Fluorescence anisotropy assays assess-
ing the binding of PLD3(H201N, H416N) at

increasing concentrations to indicated substrates.

active
site &

2D classes PLD3

T T J
60 %0 120

Data are shown as mean + SEM of n = 3 indepen-
dent experiments. Note that the 19-nt RNA9.2s
binding data are identical in (B) and (C).

(D) The electrostatic surface of the PLD3 dimer,
calculated with APBS at pH 5, illustrates the pres-
ence of two positively charged areas. The two
ssRNA segments, colored in gold, have been
modeled using Hdock.

(E) Ribbon representation of PLD3 with highlighted
active site HxK motif colored in pink and residues
presumably involved in substrate recognition shown
as sticks and color coded according to the corre-
sponding protomer, with turquoise or dark blue,
respectively. The inset shows a detailed view of the
comparison between PLD3 (turquoise) and PLD4
(orange) at the active site cleft, illustrating the con-
servation of the highlighted residues.

(F) Cryo-EM density map for PLD3 bound to ssRNA
highlighting the additional density appearing in gold.
(G) Representative 2D classes of PLD3 particles or
PLD3 ssRNA complex particles.

(H-J) Urea gels of RNA9.2s® digested with
decreasing concentrations of PLD3 or with
decreasing concentrations of depicted PLD3 mu-
tants. For all urea gels, one out of two independent
experiments is shown.

PLD3(H201N,H416N) [1M]

2D classes PLD3 ssRNA complex

H PLD3 (H33:II5%39D) 1 PLD3  PLD3(H337D) PLD3(H339D) J PLD3  PLD3(Y411A)
 — E— C — —  — E— conducted fluorescence anisotropy exper-
BhAS 22 Rhpo 25 R 2e iments in which we compared a 19-nt DNA
2- 2- L . and RNA oligonucleotide (Figure 6B). Both
- """ - omw e | - .- DNA and RNA exhibited high-affinity bind-
R 1 . & = ’ - ing, yet with RNA showing slightly higher af-
finity (Figure 6B). Testing RNA oligonucleo-

M 25 25 025 oM 25 25 025

including the dimer interface. Expression of these mutants
showed that PLD3V2%2M had, in part, lost its capacity to form a
dimer, while it appeared to form multimers in SEC, whereas
PLD33%P was fully monomeric (Figures S5E-SH). Consistent
with the relevance of dimer formation, the catalytic activity of
PLD3-%%" was completely blunted, whereas the activity of
PLD3V2%2M was diminished (Figures S5I and S5K). Altogether,
these results indicated that PLD3 and PLD4 form dimeric
enzyme complexes and that dimer formation was required to
exert catalytic activity.

A model for PLD3 interacting with an RNA substrate

To assess substrate binding in more detail, we generated a PLD3
mutant in which both catalytically relevant histidines were
exchanged for asparagines (PLD3"201N:H416N) ‘Ag expected, re-
combinant PLD3"201N:H416N \a5 no longer able to process RNA
(Figure 6A). To explore nucleic acid binding of this mutant, we
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tides that were successively shortened by
2-nt each revealed that at least 13 nt were
required for binding (Figure 6C). In fact, an
11-nt ORN showed no PLD3 binding. Conducting comparable
assays with shortened DNA oligonucleotides confirmed that at
least 13 nt were required for binding (Figures S6A and S6B). To
pinpoint essential residues involved in nucleic acid substrate
recognition, we performed calculations of the electrostatic sur-
face potential of the PLD3 dimer at pH 5. The surface indicated
two positively charged areas, one close to the active site cavity
and a second area in the dimer interface (Figure 6D). Prediction
of ssRNA binding to PLD3 using the Hdock server®® confirmed
the possible involvement of both these areas in nucleic acid
recognition (Figure 6D). Closer inspection of the active site cleft
and the transition region between both positively charged areas
pointed us to two clusters of histidine residues (H337/H339 and
H388/H390). In the dimer, H337/H339 from the PLD3, protomer
and H388/H390 from the PLD3g protomer formed a positively
charged patch on each side of the dimerization interface (Fig-
ure 6E). A structural overlay of the PLD3 cryo-EM structure with
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the PLD4 Alphafold model verified that H337—and also the
positively charged residue R340—were conserved and might
play a role in nucleic acid binding in both proteins (Figure 6E,
inset). Indeed, testing the binding affinity of the corresponding
PLD3H201N,H416N,H337D and PLD3H201 N,H416N,R340D mutants
compared with PLD3H201NH416N 1y, f0rescence anisotropy re-
vealed diminished binding of the PLD3"201N:H416N.HSSTD m jpant
to a 19-nt RNA substrate and nearly abolished binding of the
PLD3"201NH416N.R340D 1y ant (Figure S6C). To further confirm
the predicted binding positions, we collected several cryo-EM
datasets of PLD3 with different phosphorothioate-containing
substrates, e.g., 20 bases ssRNA and 20 bases ssDNA. Although
some of the datasets showed a clear additional signal in the 2D
classes (Figures 6F and 6G), the quality of the model was not suf-
ficient to build an atomic model of the ssSRNA/-DNA, respectively.
However, the cryo-EM density validated the involvement of the
positively charged cleft, residue H337, and presumably R340 in
substrate recognition (Figure 6F). Indeed, mutation of H337/
H339 revealed that this cluster was relevant for the catalytic ac-
tivity of PLD3, with an approximate 10-fold reduction in enzy-
matic activity (Figure 6H). Single mutants of either H337 or
H339 showed that H337 was especially necessary for the exonu-
cleolytic activity of PLD3 (Figure 6l), which was also in line with its
conservation in PLD4 (Figure 6E). Mutagenesis of the second
patch (H388/H390) revealed a minor contribution of this site
(Figures S6D and S6E), with respective single mutants behaving
like the WT enzyme. Moreover, activity assays using DNA as a
substrate confirmed these findings (Figures S6F and S6G).

A second site that caught our attention was tyrosine 411
(Y411)—phenylalanine in PLD4 (F423)—that is positioned above
the active site (Figure 6E). Because these residues are capable of
T-stacking interactions with ssRNA/-DNA, commonly seen in
nucleotide binding sites and protein-DNA interactions, we also
tested a PLD3 mutant for this residue (PLD3Y4'"). Indeed, in
line with this hypothesis, PLD3"4"'A exerted considerably lower
exonucleolytic activity toward RNA (Figure 6J) and DNA (Fig-
ure S6H). Taken together, these results indicate that PLD3 re-
quires a minimum footprint of 13 nt for nucleic acid binding, a
size that is well in agreement with the proposed nucleotide bind-
ing model and the necessity of the PLD3 dimer. In addition, the
cryo-EM and biophysical properties were used to identify resi-
dues relevant to enzyme function.

DISCUSSION

Here, we showed that RNA recognition via TLR7 required the
concerted activity of the endonuclease RNase T2 together with
the exonucleases PLD3 and PLDA4. In summary our results sug-
gest the following model: complex RNA molecules localized to
the endolysosomal compartment are first processed by endonu-
cleases, which then expose new 5 ends, making these frag-
ments accessible to the 5 exonucleases PLD3 and PLD4. The
critical endonuclease in this context is RNase T2, which gener-
ates fragments that are terminated with a 2/,3'-cGMP. The result-
ing 3'-terminal 2’,3'-cGMP becomes the endogenous pocket 1
ligand for TLR7. The non-redundant role of RNase T2 in this pro-
cess can be attributed to its unique functionality of cleaving after
guanosines, which is not achieved by endonucleases of the
RNase A family of enzymes. However, as an endonuclease,
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RNase T2 cannot process at the termini of an RNA molecule.
As such, this process depends on the activity of an exonuclease
to release the 3'-terminal 2',3'-cGMP. In the endolysosomal
compartment, this function is performed by the PLD exonucle-
ases. While these enzymes primarily release 3'-NMPs from pro-
cessed RNA, preprocessing of RNA by lysosomal endonucle-
ases produces the aforementioned 2/,3'-cNMP-terminated
RNA fragments, and complete processing of such a fragment re-
leases a 2',3'-cNMP as the final nucleotide. Consistent with this
notion, RNase T2-deficient cells lacked 2’,3'-cGMP upon stimu-
lation and their RNA-sensing defect could be overcome by
directly providing 2’,3'-cGMP. PLD-deficient cells also failed to
produce 2',3'-cGMP upon stimulation but, interestingly, they
could not be rescued by direct application of 2/,3'-cGMP. This
raised the question of how PLD activity might be additionally
involved in TLR7 activation and pointed our attention to their
role in generating pocket 2 agonistic RNA fragments. Examina-
tion of RNA oligonucleotide processing at limiting enzyme con-
centrations revealed that PLDs stall at specific sites, preferably
cytosine-rich RNAs. This implies that PLDs do not necessarily
degrade the entire pool of RNA molecules to the single nucleo-
tide level. Consistent with the notion that such fragments are
the missing component for TLR7 activation, provision of such
RNA molecules in trans together with 2/,3'-cGMP complemented
the defect of PLD deficiency. R848 activity, as a hyper-physio-
logical pocket 1 agonist, was also diminished in its stimulatory
activity when PLDs were absent. It is therefore plausible that
PLDs provide a constant level of pocket 2 ligands required for
optimal TLR7 activation.

PLD4 is largely restricted to pDCs, whereas PLD3 is more
broadly expressed, particularly in the myeloid lineage. Like
pDCs, CAL-1 cells also exhibit higher PLD4 expression, but
only to the extent that the higher catalytic activity of PLD3
would be balanced. Indeed, when we compared the release of
2/,3-cGMP at CAL-1-adjusted PLD expression levels, we
observed a similar release of this nucleotide by PLD3 or PLD4.
Therefore, one would expect that PLD3 and PLD4 are redun-
dantly used in these cells. However, by ablating PLD4 only in
CAL-1 cells, we observed a complete loss of TLR7 RNA
response in four of several cell clones tested. Interestingly, the
remaining PLD3 activity in these cells still suppressed the DNA
response, arguing for sufficient DNA exonuclease activity within
the lysosome. Although we have not formally compared the
exonuclease activity of PLD3 and PLD4 toward DNA, our data
suggest that the specific activity of PLD3 toward DNA over
RNA is higher than that of PLD4. Moreover, it is plausible that
there are additional determinants within the lysosomal compart-
ment that are not captured by the in vitro assays (e.g., post-
translational modifications or cofactors) that contribute to a
“DNA preference” of PLD3. Such a scenario could explain why
loss of PLD4 shows a preferential lack of RNA response, while
DNA degradation is still maintained. However, we also identified
two PLD4-deficient clones that exhibited partial or full RNA
response, suggesting that there is a substantial increase in
PLD3 activity that functionally compensates for the absence
of PLD4. Consistent with this, by overexpressing PLD3 in
PLD3~'~ x PLD4~'~ cells, we were able to partially restore the
RNA response in these cells. In general, it appears that the
CAL-1 system operates at the edge where both PLD enzyme
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activities play a role. It is unlikely that such a scenario is relevant
in primary pDC, where PLD4 expression significantly exceeds
PLD3 expression, or in myeloid cells, where the reverse scenario
applies. Indeed, we observed almost completely attenuated
TLR7 responses in the absence of PLD3 in primary human-
monocyte-derived macrophages and in J774 mouse macro-
phages. This indicates that, in myeloid cells, PLD3 is the pre-
dominant exonuclease that also operates to generate TLR7
agonistic ligands.

Notably, previous work on the immunological functions of
PLDs has established that PLDs can negatively regulate immune
responses by limiting nucleic acid ligand availability.'”'®*° Thus,
mice deficient in both PLD3 and PLD4 display a prominent auto-
inflammatory response that can be rescued by ablating the func-
tion of nucleic-acid-sensing TLRs (UNC93B1 deficiency). In this
model, lack of both PLD3 and PLD4 was required to unleash the
inflammatory response, suggesting redundant functions of these
exonucleases in nucleic acid degradation. Moreover, single defi-
ciency of TLR9 was unable to fully rescue the phenotype, '® sug-
gesting an involvement of the RNA-sensing TLR systems. In sup-
port of this notion, mice with a gene dosage increase in TLR7
showed an increased inflammatory response when PLD4 was
ablated. In vitro experiments with RNA oligonucleotides in
part supported the negative regulatory role of PLDs for TLR7
and TLR13 stimulation—but with certain inconsistencies. For
example, while TLR13 responses were generally increased,
certain TLR7-agonistic RNA oligonucleotides showed increased
or unchanged responses in PLD3~'~ x PLD4~'~ cells, and some
responses were even decreased. Nevertheless, in line with the
in vivo experiments, it was concluded that PLDs can either nega-
tively regulate TLR7 responses similarly to TLR9 or positively
regulate TLR7 responses, depending on the substrate. Our
data indicate a requirement for PLD exonuclease activity for
TLR7 activation, which seems to contrast the aforementioned
work. However, it needs to be considered that our work focuses
on the cell-intrinsic role of PLD exonucleases in TLR7 activation
and not on the in vivo role. This is important because, in vivo,
additional mechanisms may be involved that are secondary to
the defect under study. Consistent with this notion, RNase
T2°" or DNase 2°? deficiency induces prominent inflammatory
responses in vivo, whereas these nucleases play a productive
role in the production of TLR7/8'>'® or TLR9*® ligands at the
cell-autonomous level. Another important consideration is that
previous studies have focused on murine macrophages, which
have a different expression pattern of PLDs and nucleic-acid-
sensing TLRs, and that most of the mechanistic studies were
conducted with phosphorothioate oligonucleotides that display
a clear cell type and cell-type specificity.

Our structural and biochemical studies led to the unexpected
finding that both PLD3 and PLD4 form homodimers. Although
homodimer formation is well described for several PLD family
enzymes, these are enzymes that contain only one HxK motif
and require dimerization to form a functional catalytic center.
Because PLD3 and PLD4 contain two HxKxxxxD/E motif-con-
taining lobes by internal domain duplication, dimerization should
not be necessary to achieve enzymatic activity. However, it ap-
pears that dimer formation is needed to create a binding site
involving both PLD protomers. These results are also consistent
with the notion that nucleic acid molecules below 13 nt do not
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bind PLD3, a molecular footprint consistent with the requirement
of two protomers for binding. While this paper was under review,
another structure of PLD3 was reported,® supporting the finding
that PLD3 forms homodimers. In contrast to our findings, binding
of short oligonucleotides (5 nt in length) were reported, yet with
significantly lower binding affinities compared with our long sub-
strates. Subsequently, an alternative oligomer binding site was
proposed that would not rely on the dimerization of PLD3 to
bind to ssDNA, contrasting with our binding model. However,
considering that PLD3 is targeted to the acidic lysosomal
compartment, we examined the electrostatic surface potential
of PLD3 at pH 5. Our analysis revealed two distinct positively
charged regions not previously identified, suggesting a potential
binding site for long nucleic acids involving both protomers of the
dimer, which we could confirm by biochemical studies. Our re-
sults would be consistent with a model in which the activity of
PLD exonucleases is divided into a distributive and a processive
phase, as has been reported for other exonucleases.*® In the
initial distributive phase, the PLDs would show a strong prefer-
ence for longer RNA sequences, >11 nucleotides in length. Dur-
ing this phase, they would bind to an RNA molecule, cleave a few
nucleotides, and then release the RNA before binding to another
substrate. This intermittent mode of action would be dictated by
the enzyme’s higher affinity for longer RNA molecules. As the
enzyme progresses to the second phase, it undergoes a change
in its mechanism and becomes highly processive. In this phase,
once the exonuclease binds to its preferred longer RNA sub-
strates, it stays attached and sequentially cleaves nucleotides,
completely processing the RNA in a single binding event.
Adverse substrates (e.g., secondary structure and sequence
composition) would prevent this switch in activity and remain
as shorter RNA fragments. These, in turn, could serve as pocket
2 ligands for TLR7.

In conclusion, our results elucidate the intricate role of nucle-
ases in RNA recognition by TLRY7. Interestingly, the dual role of
PLD exonucleases, acting both pro-inflammatory (TLR7) and
anti-inflammatory (TLR9), suggests a finely tuned balance to
orchestrate appropriate immune responses. The simultaneous
promotion and inhibition of inflammation by these exonucleases
may serve as an essential protective mechanism, shielding the
host from potential microbial modulators that would perturb
this system. This nuanced modulation may also have important
implications for therapeutic strategies aimed at harnessing or re-
calibrating these immune pathways.

Limitations of the study

Our work indicates that PLD exonucleases are essential for the
generation of ligands for the first and second binding pockets
of TLR7. Together with RNase T2, PLD enzymes release
2/,3'-cGMP, the proposed ligand for the first binding pocket.
Conversely, PLD exonucleases tend to stall at cytidines, leaving
fragments suitable for the second binding pocket of TLR7. How-
ever, the exact identity of these fragments remains to be deter-
mined, indicating the need for further work in this direction. In
addition, the possible involvement of other lysosomal endonu-
cleases, such as the RNase A family, in the generation of the
ligand for the second binding pocket cannot be ruled out. It is
conceivable that RNase A family enzymes may also degrade
ssRNAs within the lysosome that are initially too large to bind
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TLR7, followed by subsequent trimming by PLD3 and PLD4,
rendering them compatible for TLR7 binding.
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BLaER1 human b-cell to monocyte trans-differentiation cell line Rapino et al.®’ N/A
RCH-ACV Jack et al.*® N/A
Oligonucleotides

RNA40S(rG*rC*rC*rC*rG*rU*rC*rU*rG*rU*rU*rG*rU*rG*rU*rG*rA*rC*rU*rC) Miltenyi 130-104-429
RNA40 (rGrCrCrCrGrUrCrUrGrUrUrGrUrGrUrGrArCrUrC) IDT N/A
RNA9.2s IDT N/A
(rArGrCrUrUrArArCrCrUrGrUrCrCrUrUrCrArA)

CpGS (T"C*G*T*C*'G*T*"T*T*"T*"G*T*"C*G* T*T*"T* T*G*T*C*G*T*T) IDT N/A

CpG® (TCGTCGTTTTGTCGTTTTGTCGTT) IDT N/A
rCrCrUrUrCrA(AC); IDT N/A
rArArUrUrCrA(AC); IDT N/A
rUrUrUrUrUrU(AC); IDT N/A
rGrUrArGrArGrArGrArGrArGrArGrArGrArGrArG IDT N/A
rArGrUrArGrArGrArGrArGrArGrArGrArGrArGrA IDT N/A
rGrArGrUrArGrArGrArGrArGrArGrArGrArGrArG IDT N/A
rArGrArGrUrArGrArGrArGrArGrArGrArGrArGrA IDT N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
(rUrC*40 IDT N/A
(A*CH10 IDT N/A
5’-FAM-RNA40-3’-BMNQ530 Biomers N/A
(rGrCrCrCrGrUrCrUrGrUrUrGrUrGrUrGrArCrUrC)

RNA9.2s-3'FAM Metabion N/A
(rArGrCrUrUrArArCrCrUrGrUrCrCrUrUrCrArA-FAM)

rArGrCrUrUrArArCrCrUrGrUrCrCrUrUrC-FAM Metabion N/A
rArGrCrUrUrArArCrCrUrGrUrCrCrU-FAM Metabion N/A
rArGrCrUrUrArArCrCrUrGrUrC-FAM Metabion N/A
rArGrCrUrUrArArCrCrUrG-FAM Metabion N/A
rArGrCrUrUrArArCrC-FAM Metabion N/A
rArGrCrUrUrArA-FAM Metabion N/A
rArGrCrUrU-FAM Metabion N/A
DNA9.2s-3’'FAM Metabion N/A
(AGCTTAACCTGTCCTTCAA-FAM)

AGCTTAACCTGTCCTTC-FAM Metabion N/A
AGCTTAACCTGTCCT-FAM Metabion N/A
AGCTTAACCTGTC-FAM Metabion N/A
AGCTTAACCTG-FAM Metabion N/A
AGCTTAACC-FAM Metabion N/A
Recombinant DNA

PB_6xHis_hsPLD3 (and all mutants) This study N/A
PB_6xHis_hsPLD4 This study N/A
pFUGW_hsPLD3_Blast This study N/A
pCAS9-mCherry-gRNA Schmidt et al.*® N/A
Software and algorithms

GraphPad Prism10 GraphPad N/A
Outknocker Schmid-Burgk et al.*° N/A
ChimeraX UCSF ChimeraX N/A
AcquireMP Refeyn N/A
MassHunter Software Agilent N/A
Other

384W SensoPlate™, Sterile, Flat Bottom, Black/Glass, w/Lid Greiner Bio-One Cati# 781892

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Veit Hor-

nung (hornung@genzentrum.Imu.de).

Materials availability

All newly generated materials associated with the paper are available upon request from the lead contact.

Data and code availability

o Raw MS data is deposited in PRIDE database under accession number PXD045912.

@ The coordinates of the PLD3 apoenzyme structure have been deposited in the Protein Data Bank (PDB) under the accession
number 8S86 and the cryo-EM reconstruction is available in the Electron Microscopy Data Bank (EMDB) under the EMBD

accession number EMD-19798.

@ This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

CAL-1 cells, which were derived from a male donor (hemizygous for TLR7), were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 100 U/ ml penicillin/streptomycin (PS), 1 mM sodium pyruvate, 2 x GlutaMAX, 10 mM HEPES
and 1 x MEM NEAA.

BLaER1 monocytes, which were derived from a female donor, RCH-ACV cells and primary plasmacytoid dendritic cells were
cultured in RPMI 1640 medium, supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ ml penicillin/streptomycin
(PS) and 1 mM sodium pyruvate. Primary monocytes were cultured in RPMI 1640 medium, supplemented with 10% FCS, 2 mM
GlutaMAX and 100 U/ ml penicillin/streptomycin (PS). J774 mouse macrophages were cultured in DMEM medium supplemented
with 10% heat-inactivated fetal calf serum (FCS), 100 U/ ml penicillin/streptomycin (PS) and 1 mM sodium pyruvate. All cells were
cultured in a humidified incubator at 37 °C with 5% CO.. For trans-differentiation of BLaER1 monocytes into macrophages, the cy-
tokines M-CSF (10 ng/ml), IL-3 (10 ng/ml) and 100 nM B-estradiol were added to the culture media. Cells were differentiated in a
96-well plate (80,000 cells/well) for 5 days and afterwards used for stimulation experiments. For differentiation of primary monocytes
into macrophages, the cytokine M-CSF (100 ng/ml) was added to the culture medium. Cells were differentiated in non-treated 6 well
plates (1x108 cells/well) for 8 days and fresh M-CSF was added every 2 days.

Cell stimulation

CAL-1 cells (if not otherwise indicated: 100,000 cells/well in a 96-well plate) were primed with hIFN-y (10 ng/ml) for 6 hours prior to
stimulation. J774 mouse macrophages (55,000 cells/well in a 96-well plate) were primed with mIFN-y (20 ng/ml) for 6 hours prior to
stimulation. BLaER1 cells (80,000 cells/well in a 96-well plate) as well as monocyte-derived macrophages (70,000 cells/well in a
96-well plate) were stimulated after trans-differentiation. Primary plasmacytoid dendritic cells (20,000 cells/well in a 96-well plate)
were incubated with hIL-3 (10ng/ml) for 4 hours before stimulation.

For transfection with RNA9.2s (1.2 ug/well), RNA40° (1.2 ug/well), RNA40° (0.6pg/well) and short ORNs (CCUUCA(dAdC);,
AAUUCA(dAdC)7, UUUUUU(JAdC);) (2.4 ng/well), RNA and poly-L-arginine were incubated separately in a 1:1 ratio for 5 minutes
in pre-warmed Opti-MEM (25 pl/well). Subsequently, the two reagents were combined and incubated for additional
20 minutes and afterwards added to the cells. For RNA transfections in the presence of the TLR8 inhibitor, CU-CPT9a was added
30 min prior to the stimulation (final concentration: 10 uM). If not otherwise indicated, cells were further stimulated with 200 ng/ml
LPS-EB ultrapure, 1 pg/ml R848, 100 ng/ml TL8-506, 5 uM CpGS, 5 uM CpG®° DNA or indicated concentrations of 2’,3'-cGMP,
3’-GMP and 5’-GMP. Supernatants of CAL-1 cells and primary monocyte-derived macrophages were harvested after 16 hours of
incubation at 37 °C and the supernatants of BLaER1 and J774 cells were harvested after 14 hours.

Isolation of PBMCs, primary plasmacytoid dendritic cells and primary human monocytes

Peripheral blood mononuclear cells (PBMCs) were isolated from the leukocyte reduction system chambers left over from platelet
donation from healthy donors. Approval from the relevant ethics committee and informed consent from all donors according to
the Declaration of Helsinki were obtained (project number: 19-238, Ethics Committee of the Medical Faculty of Ludwig-
Maximilians-University Munich). PBMCs were isolated using BioColl and erythrocyte lysis (RBC lysis buffer). Human monocytes
were MACS purified from PBMCs using CD14 microbeads and primary plasmacytoid dendritic cells were MACS purified with
CD34 microbeads.

CRISPR/ Cas9 mediated knockout generation

Knockouts of CAL-1 cells and J774 macrophages were generated with RNPs. For CAL-1 monoclones the following gRNAs were
used: TLR7 gRNA1: 5’-ACTGTGTACCTATTCCACTG-3’; gRNA2: 5’-CAGCTACTAGAGATACCGCA-3’, PLD3 gRNA1: 5’-TAGCGGG
TGTCATAGAACCG-3’; gRNA2: 5’-CCAGAGCAGGGGTTCCATTG-3’, PLD4 gRNA1: 5’-GCAGTGCCAACATGGACTGG-3’; gRNA2:
5’-CCCATGGGGCGGCTCACCAG-3’, RNase T2 gRNA1: 5’-ATCCTCACAGGAAGCATGAG-3’; gRNA2: 5’-GTTGAGCGCATCCAC
CTGGG-3'. For the PLD3xPLD4 pool knockout of CAL-1 cells the same PLD3 guides were used but the PLD4 gRNAs were
exchanged to: gRNA1: 5’-TGGGAGCGCTGGCTGTGCTG-3’ and gRNA2: 5-GACGGGGCACUUGCCACAGG-3'. For the PLD3
pool KO in J774 cells the following three gRNAs were used: gRNA1: 5’-CCACUCCACAGAAAGCCCGC-3’, gRNA2: 5’-CACC
GAAGCCCACUACCGCC-3’ and gRNA3: 5’-CAGCUGUUUCUAUGGGAAUA-3’.

For CRISPR/Cas9 RNP assembly, crRNA and tracrRNA were incubated in a 1:1 molar ratio for 5 min at 95°C followed by incubation
at room temperature for 1h. To each gRNA complex (100 pmol) NLS-Cas9 (40 pmol) was added and incubated for 15 minutes at room
temperature. gRNA/Cas9 mixtures were once frozen at —-80°C before usage. For nucleofection, 1x10° CAL-1 cells or 2x10° J774
macrophages were resuspended in 20 pl of SG Cell Line Nucleofector Solution. Cas9/RNP assembly was added and CAL-1 cells
were nucleofected on a 4D-Nucleofector (Lonza) with the following program: DN-100. For J774 the program: CM-139 was used
for nucleofection. Cells were transferred into 2 ml of pre-warmed culture medium. CAL-1 cells were rested for 24 hours before sub-
jected to limiting dilution to obtain monoclones.

BLaER1 monocytes were gene targeted with the plasmid based CRISPR system. Here, the following gRNAs were used: PLD3
gRNA: 5’-TGCGGACGTTCACGCCCTT-3’, PLD4 gRNA: 5’-GCCACGTGGACGCTCTCCT-3’, TLR7 gRNA: 5’-ATGGGGCATTATAA
CAACGA-3’, TLR8 gRNA: 5’-CAGGAAGTTCCCCAAACGGT-3'. To 2.5x10° cells in 250 ul of warm Opti-Mem medium 5 ng of
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DNA (pCAS9-mCherry-gRNA) was added. The mixture was incubated for 15 min at room temperature and afterwards electroporated
according to the following protocol: 265 V, 975 uF; 720 Q using a Gene Pulser (BioRad). Cells were transferred into 2 ml of BLaER1
culture medium and rested for 24 hours. Using FACS analysis, mCherry positive cells were selected and monoclones were generated
by limiting dilution. After three to four weeks, monoclones of CAL-1 and BLaER1 cells were picked and analyzed by MiSeq as
described before.*® Pool knockouts of CAL-1 and J774 cells were confirmed with the ICE CRISPR analysis tool from Synthego.
For all cell lines, the parental cell line was used as wild-type controls.

CRISPR/ Cas9 mediated knockout generation in primary human monocytes

The same guide RNAs used to generate the PLD3 x PLD4 pool knockout in CAL-1 cells were also employed for knockouts in primary
human monocytes. TBX21 gRNAs (JRNA1: 5’-CGTCCACAAACATCCTGTAG-3’ gRNA2: 5’-GCGGTACCAGAGCGGCAAGT-3') were
used as non-targeting controls. Pan monocytes were isolated from PBMCs by negative selection using the PAN Monocyte Isolation
Kit. Immediately after isolation, cells were washed twice with PBS and 4x10° cells were resuspended in 20 pl of P3 Nucleofector So-
lution. Cas9/RNP assembly was added and cells were nucleofected on a 4D-Nucleofector (Lonza) with the following program: EH-
100. Immediately after nucleofection, cells were transferred into warm culture medium supplemented with M-CSF for differentiation.
After 7 days, cells were counted and re-plated into 96-well plates. Stimulation was conducted on day 8 after nucleofection and
knockout efficiencies were confirmed with the ICE CRISPR analysis tool from Synthego.

Lentiviral transduction

PLD3 was amplified from cDNA derived from BLaER1 cell lysate and cloned into a pFUGW_Blasticidin plasmid by Gibson cloning.
CAL-1 cells were transduced for 48 h and afterwards selected with blasticidin (10 pg/ml). The polyclonal cell population was used for
further experiments.

METHOD DETAILS

Immunoblotting

Samples were lysed in DISC buffer (150 mM NaCl, 50 mM Tris pH 7.5, 10% glycerol, 1% Triton X-100) supplemented with cOm-
plete protease inhibitor cocktail for 10 minutes on ice and afterwards centrifuged for 10 minutes at 16,000 g. The supernatant was
collected, mixed with 6x Laemmli buffer (60 mM Tris pH 6.8, 9.3% DTT (w/v), 12% SDS (w/v), 47% glycerol (v/v), 0.06% brom-
phenol blue (w/v)) and denatured for 5 minutes at 95 °C. Samples were separated by TRIS glycine SDS-PAGE and transferred onto
0.45 mm nitrocellulose membrane. Next, membranes were blocked in 5% milk for 1 hour at room temperature and afterwards
incubated with indicated primary and corresponding secondary antibodies. Chemiluminescent signals were recorded with a
CCD camera.

ELISA
hIFN-B, hIFN-o2, hiL-6, hTNF and miL-6 ELISAs were conducted according to supplier’s protocol.

Gene expression analysis
Gene expression data shown in Figure 2A were obtained from the Human Cell Atlas (ImmGen Consortium; GEO: GSE227743). Data
represent normalized gene counts of bulk RNA-Seq data from sorted cell populations from two healthy human blood donors.

PLD3 and PLD4 protein purification

Human PLD3 and human PLD4 were amplified from cDNA derived from BLaER1 cell lysates. PLD3 and PLD4 lacking the N-terminal
domain and the transmembrane domain were fused to the Igk leader sequence and a 6x His-tag and cloned into the piggyBac vector
system,*' followed by electroporation into RCH-ACV cells using a Gene Pulser device (BioRad). Stable pools of RCH-ACV cells ex-
pressing PLD3, PLD4 or various PLD3 mutants were generated by selection with blasticidin (10ng/ml) and puromycin (2.5 pg/ml).

Selected cells were grown to a density of 4x10° cells/ml and protein expression was induced by exchanging the culture media into
advanced RPMI 1640 medium, supplemented with doxycycline (1 pg/ml). Supernatants, containing the secreted proteins, were har-
vested and sterile filtered when cells viability decreased to 60%.

NI-NTA agarose beads were added to the supernatants and rotated overnight at 4 °C. Beads were washed three times with wash
buffer (50 mM NaH,PO,, 300 mM NaCl, 10 mM Imidazol, pH=8.0) and eluted (50 mM NaH,PO,4, 300 mM NaCl, 300 mM Imidazol,
pH=8.0). The eluted proteins were concentrated and subjected to size exclusion chromatography (Superdex200) in the following
buffer: 30 mM HEPES, 100 mM NaCl, pH=7.2. Fractions containing human PLD3 or human PLD4 were combined, concentrated
and flash frozen with liquid nitrogen.

For purification of PLD3 and all PLD3 mutants (except for PLD3(H201N, H416N)), an additional cleavage site was introduced
between the His-tag and the protein sequence to get rid of the His-tag before the proteins were subjected to size exclusion chroma-
tography using a PreScission Protease. All protein concentrations were determined by BCA protein assay according to manufac-
turer’s protocol.
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Coomassie staining of PLD3 and PLD4

To analyze purity of recombinant PLD3 and PLD4, proteins were separated on a 12% TRIS glycine SDS-PAGE. The gel was after-
wards stained with Coomassie (45% Ethanol, 10% acetic acid and 1g/L Coomassie Brilliant Blue R-250 Dye in milliQ water) for 1 h at
room temperature and destained (20% Ethanol, 10% acetic acid in milliQ water) overnight.

Cryo-EM sample preparation and data acquisition of PLD3 and PLD4
Cryo EM experiments of active human PLD3 and PLD4 were conducted in a buffer containing 50 mM MES pH 5.5 and 100 mM NaCl
(apo structure) or in a buffer containing 50 mM MES pH 5.5 and 50 mM NaCl (Ligand-bound PLD3). The proteins were diluted to a
concentration of 0.5 mg/ml prior to grid preparation. For ligand bound sample preparation with RNA (rU*rC*);o or DNA (A*C*)10, RNA
or DNA was added to PLDS3 in a 1:4 molar ratio (Protein:RNA/DNA) and incubated for 10 seconds at room temperature right before
plunge freezing. For vitrification 4.5 ul sample was applied onto a glow discharged QUANTIFOIL® R2/ 1 Cu200 grid. The sample was
vitrified in liquid ethane using an EM GP plunge freezer (Leica) at 15 °C and 95% humidity. Cryo-EM data collection was carried out
using an FEI Titan Krios G3 transmission electron microscope (300 kV) equipped with either a Gatan energy filter equipped with a GIF
quantum energy filter (slit width 20 eV) and a Gatan K2 Summit direct electron detector (software used: EPU 2.12.1.278REL, TEM
User interface Titan 2.15.4, Digital Micrograph 3.22.1461.0) or a SelectrisX energy filter (slit width 10 eV) and a Falcon 4 direct electron
detector (software used: EPU 3.5.1.6034). For the structure of PLD3 apoenzyme 10.755 movies were collected with the K2 summit
setup with a total electron dose of 45 e— A—2, fractionated into 40 movie frames. For the structure determination of PLD3 in complex
with ssRNA 27.504 movies were collected with a total electron dose of 60 e— A—2, fractionated into 60 movie frames. The datasets
were collected with defocus values ranging from -0.5 to -2.8 um and a pixel size of 1.045 Afor apoenzyme PLD3 and 0.727 AforPLD3
in complex with ssRNA, respectively. Cryo-EM image processing movie frames were motion corrected using the Relion 4 imple-
mented version of MotionCor2. All subsequent cryo-EM data processing steps were carried out using cryoSPARC 4.3.0%% and the
resolutions reported here are calculated based on the gold-standard Fourier shell correlation criterion (FSC = 0.143). The CTF pa-
rameters of the datasets were determined using patch CTF estimation. The exact processing schemes are depicted in Figure S4.
The data collection and refinement statistics are summarized in Table S2. Particles were initially picked using Blob picker. Reason-
able 2D classes were selected and used as input for Topaz train.*® The resulting Topaz model was used as template for particle pick-
ing on all micrographs yielding 4.091.179 particles extracted with a box size of 300 px and a pixel size of 1.045 A.The particles were
subject to 2D classification, ab-initio reconstruction, and the class with clearly defined features was selected. The obtained particles
were further sorted by 2D classification. The classes that showed the most defined features of PLD3 were selected (2.823.826 par-
ticles) and used for further non-uniform and CTF refinement.* The final resolution of the PLD3 reconstruction after non-uniform
refinement applying C2 symmetry was 2.82 A by masking out the flexible density presumably corresponding to glycosylation.
Cryo-EM data processing of PLD3 ssRNA complex was carried out in a similar fashion compared to the PLD3 apoenzyme dataset.
In brief, for the complex data set particles were initially picked on 27.619 micrographs using blob picker, 2 classification and subse-
quent Topaz training and particle extraction. Particles corresponding to ssRNA bound classes were sorted and extracted with a box
size of 330 px and a pixel size of 0.727 A. Particles were further sorted by 2D classification, ab-initio reconstruction, and 3D classi-
fication. A total of 891.893 particles were combined and subjected to local Ctf refinement and non-uniform refinement. The final res-
olution of the PLD3 ssRNA bound reconstruction using C1 symmetry was 3.57 A

Model building and refinement

An atomic model was built by rigid body docking of the PLD3 dimer predicted by AlphaFold22° multimer into the cryo-EM density. The
model was partially rebuilt in Coot 0.9.* Missing parts were built de-novo. Atomic models were improved by ISOLDE 1.2.244%° and
real space refinement in PHENIX 1.1745,%5“7 using the map with the highest resolution. All structure figures were prepared using
UCSF ChimeraX.“®

Mass photometry

Mass photometry measurements of PLD3, PLD4 and PLD3 mutants were carried out using a OneMP or TwoMP mass photometer
(Refeyn). Proteins were diluted to a final concentration of 50 nM in sterile filtered mass photometry buffer (50 mM NaAC, 100 mM
NaCl, pH 4.5) prior to each measurement. Movies were recorded for 60 s and data were analyzed using AcquireMP.

Nuclease assays

If not otherwise indicated 100 ng of RNA or DNA were digested with indicated enzyme concentrations for 20 min at 37°C in assay
buffer (50 mM NaAc, 100 mM NaCl, pH 4.5). Afterwards, 2x RNA loading dye was added and samples were incubated for additional
5 min at 95 °C. Fragments were separated and visualized on a urea gel.

Urea gels
Urea gels were casted according to supplier’s protocol using SequaGel Concentrate, SequaGel Diluent and SequaGel Bufffer. Gels

run at 150 V for 10 min, followed by 250 V for 60 min in 1x TBE (100 mM Tris, 100 mM boric acid, 2 mM EDTA) buffer. Afterwards, gels
were stained with SYBR Gold Nucleic Acid Gel Stain for 5 minutes and imaged.
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Affinity measurement by fluorescence anisotropy

Fluorescence anisotropy experiments were conducted in a black flat bottom 384 well plate (50 pl total volume). 5 nM of 3’-FAM
coupled substrates were incubated with increasing concentrations of indicated PLD3 mutants for 20 minutes at room temperature
in assay buffer (50 mM NaAc, 100 mM NaCl, pH=4.5) to ensure equilibrium. Subsequently the change in anisotropy was measured at
an excitation wavelength of 490 nm and an emission wavelength of 520 nm using an automated polarization microscope.*® Each
sample was measured at twelve different z-planes to reduce the effect of potential fluorescing protein-DNA aggregates that could
lead to erroneous FA values. Data was analyzed by fitting to a one site-specific binding model.

Fluorescent RNA degradation assay

1 pmol/pl of fluorophore/quencher labeled RNA40 (5’-FAM fluorochrome/3’-BMN-Q530, Biomers) was mixed with indicated enzyme
concentrations of PLD3 or PLD4 in assay buffer (50 mM NaAc, 100 mM NaCl, pH=4.5) in a black 96-well plate on ice (final reaction
volume: 100 pl). FAM fluorescent signal (excitation 485 nm/emission 528 nm) was recorded on a Spark20M (Tecan) reader in 1 min
intervals for 2 hours at 37°C.

PLD3 and PLD4 quantification and whole proteome analysis

1x10° cells (pDCs, CD14* and CAL-1 WT or KO cells) were washed 5 times with PBS. Cells lysis was performed in 8 M urea/0.4 M
NH,4HCO; with a Sonopuls HD3200 ultrasonication device (Bandelin, Berlin, Germany). For protein quantification, a Bradford assay
was used. Prior to tryptic digestion, 20 ug protein from each sample were reduced with dithiothreitol (final concentration 5 mM) at
37°C for 30 min and alkylated with iodoacetamide (15 mM final concentration) for 30 min at room temperature in the dark. The first
digestion step was performed for 4 h with Lys-C (1:100, enzyme:protein -ratio). For additional tryptic digestion, samples were diluted
with water to give 1 M Urea and digested overnight at 37°C with modified porcine trypsin (1:50, enzyme:protein-ratio). For absolute
quantification of PLD3 and PLD4, 10 fmol of the following stable isotope labeled peptides were added to 1 nug of digested sample:
PLD3: ALLNVVDNAX (A310 to R319), LFVVPADEAQAX (L397 to R408) and SQLEAIFLX (S458 to R466); PLD4: LQQLLGX (L164 to
R170) and FWVVDGX (F217 to R223), with X being an Arginine labeled with 6 '3C and 4 '®N atoms. Purity of the internal standard
peptides was evaluated using mass spectrometry.

For liquid chromatography mass spectrometry analysis, an UltiMate 3000 nano-LC system online coupled to a Q-Exactive HF-X
instrument (Thermo Fisher Scientific) was used. As solvent A, 0.1% formic acid in water and as solvent, B 0.1% formic acid in aceto-
nitrile were used. 1 pg of peptides dissolved in solvent A was injected to a PepMap 100 C18 trap column (100 um X 2 cm, 5 um par-
ticles) and separated on an analytical column (PepMap RSLC C18, 75 um x 50 cm, 2 um particles) at 250 nl/min flow-rate. The chro-
matography method consisted of an 80 min gradient of 5-20% of solvent B followed by a 9-min increase to 40%. After separation, the
column was washed with 85% solvent B for 9 min and re-equilibrated for 10 min with 3% solvent B. For mass spectrometry analysis a
data-independent acquisition (DIA) method was used as described in Shashikadze et al.*® Briefly gas phase fractionation-based li-
braries were constructed using 6 measurements of pooled samples with 6 different scan ranges (i.e. 400.43-502.48, 500.48-602.52,
600.52-702.57, 700.57-802.61, 800.61-902.66, 900.66-1002.70) and staggered 25 X 4 m/z-wide isolation windows. For the analyt-
ical runs staggered 50 x 12 m/z-wide isolation windows in the range of 400-1000 m/z were used. Every 50 DIA scan was followed by
a precursor scan in the range of 390-1010 m/z.

For the whole proteome analysis, first a gas phase fractionation spectral library was generated using DIA-NN (v1.8.1)°" and all hu-
man Swiss-Prot entries as database. All raw files of the analytical runs were then searched against this library. For both searches, only
tryptic peptides with a maximum of one missed cleavage, a length between 7 and 30 amino acids and charge states of either +2, +3
and +4 were considered. Proteins were grouped in the output based on their gene names. For the quantitative analysis of PLD3 and
PLD4, the Skyline ecosystem was used.®> For each peptide, three product ions were selected and a minimum of rdotp = 0.85 was
required of each individual peptide identification. As normalization method, “ratio to heavy” was chosen.

Preparation for LC-MS analysis of PLD3 and PLD4 degradation products

To analyze cleavage products of PLD3 and PLD4 in vitro,1 ng of RNA40° or RNA9.2s° was incubated with indicated concentrations
of PLD3, PLD4, RNase T2, RNase 1, RNase 2 or RNase 6 or combinations thereof at 37°C in assay buffer (50 mM NaAC, 100 mM
NaCl, pH 4.5). Next, proteins were precipitated in 80% acetonitrile for 30 min on ice and centrifuged for 10 min at 16,000 g. To detect
nucleosides in cells, 3x10° CAL-1 cells were primed with IFN- y (10 ng/l) for 6 hours and stimulated with RNA40° as described above
for additional 16 hours. Subsequently, cells were lysed in 80% acetonitrile for 30 min on ice and centrifuged for 10 min at 16,000 g.
The supernatants (from in vitro and cell studies) were collected, flash frozen in liquid nitrogen and lyophilized overnight. The pellets
were dissolved in 50 pl ultrapure water and stored at -20 °C if necessary. Prior to analysis the sample was centrifuged at 10,000 x g for
1 min and the amount indicated for the respective analysis below was taken from the upper part of the liquid.

LC-MS/QQQ analysis of nucleoside-monophosphates

For semi-quantitative mass spectrometry of nucleoside-monophosphates an Agilent 1290 Infinity HPLC equipped with a variable
wavelength detector (VWD) combined with an Agilent Technologies G6490 Triple Quad mass spectrometer with electrospray ioni-
zation (ESI-MS, Agilent Jetstream) was used. Operating parameters were as follows: positive-ion mode, cell accelerator voltage
of 5V, N, gas temperature of 150 °C and N, gas flow of 20 I/min, sheath gas (N,) temperature of 400 °C with a flow of 12 L/min, capil-
lary voltage of 2400 V, nozzle voltage of 0 V, nebulizer at 60 psi, high-pressure RF at 180 V and low-pressure RF at 80 V. The
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instrument was operated in dynamic MRM mode with a cycle time of 700 ms (Table S2). For separation an Interchim Uptisphere 120 A
column (HDO-C18, 3 um, 2.1 x 150 mm, UP3HDO-150/021) was used. Running conditions were 35 °C and a flow rate of 0.35 ml/min
in combination with a binary mobile phase of 5 mM NH,OAc aqueous buffer A, brought to pH 4.9 with glacial acetic acid (200 pL/L),
and an organic buffer B of acetonitrile (Ultra LC-MS grade, purity >99.98) acidified with 0.075 % formic acid (187.5 pl per 2.5 I). The
used gradient is described below. Of each sample 15 pl were diluted with 15 pl of buffer A and 20 pl of this solution was then co-in-
jected with 1 pl of stable isotope labeled internal standard (ISTD) mix which was aspirated automatically before each injection from
the instrument itself and consisted of isotopologues of the 4 canonical nucleosides. The sample data were analyzed by the quanti-
tative MassHunter Software from Agilent using the integrated calibration function. The calibration solutions ranged from 0.01 pmol to
25 pmol for each nucleoside (12 calibration levels, 1:2 dilution). The amount of nucleoside-monophosphates was normalized by the
average of the relative amounts of canonical nucleosides. For example, the amount of C in each sample was normalized to the
amount of control sample #1. The same was done for U, G and A. Finally, the normalized values for C; U, G and A were averaged
and used for normalization of the nucleoside-monophosphates. This normalization method is intended to compensate for fluctua-
tions between the different samples as best as possible while only using highly aberrant nucleoside species.

The gradient was as follows: 0 — 0.75 min, 0% B; 0.75 — 1.50 min, transition to 2.5% B; 1.50 — 3.00 min, 2.5% B; 3.00 —
8.00 min, transition to 15% B; 8.00 — 9.00 min, transition to 80% B; 9.00 — 11.50 min, 80% B; 11.50 — 12.00 min, transition to
0% B; 12.00 — 13.70 min, 0% B.

LC-HRMS analysis of oligonucleotides

A Thermo Scientific Vanquish system coupled to a Thermo Scientific QExactive HF mass spectrometer was used for the high-res-
olution mass spectrometry (HRMS) analysis of oligonucleotides and their fragments. lonization was done by a HESI source and ions
were scanned in the positive polarity mode over a full-scan range of m/z 200-1600 with a resolution of 120,000, an AGC target of 3e6
and a maximum IT of 200 ms. HESI Tune parameters are: Capillary temperature 320 °C, sheath gas flow rate 20 au, aux gas flow rate 4
au, sweep gas flow rate 0 au, spray voltage 3.5 kV, S-lens RF level 50, aux gas temperature 55 °C. Fragments were separated on a
Macherey-Nagel Nucleodur HILIC column (EC125/2, 3 um, 2 X 125 mm, 760531.20) at 40 °C. Elution buffers were 10 mM NH,OAc
aqueous buffer A, brought to pH 5.3 with glacial acetic acid (65 pL/L) and an organic buffer B of 10 mM NH,OAc brought to pH 5.3
with glacial acetic acid in 80 % acetonitrile (Ultra LC-MS grade, purity >99.98) with a flow rate of 0.30 mI/min. The buffer-gradient is
described below. For each measurement 10 pl of sample was spiked with 1 pl of an ISTD-mixture of '*C-labeld C, U, G and A (each of
them at a concentration of 10 pM) and diluted with 50 pl of buffer A. Of this solution 20 ul were subjected to HRMS. The ion chromato-
grams of intact oligonucleotides and their fragments were extracted from the total ion current (TIC) chromatogram. The gradient was
as follows: 0.0 — 2.0 min, 100% B; 2.0 — 22.0 min, transition to 60% B; 22.0 — 27.0 min, transitionto 25% B; 27.0 — 31.0 min, 25%
B; 31.0 — 33.0 min, transition to 100% B; 33.0 — 44.0 min, 100% B.

QUANTIFICATION AND STATISTICAL ANALYSIS
Unless otherwise indicated, statistical significance was determined by either one-way or two-way ANOVA with Dunnett’s correction
for multiple testing. The exact number of replicates (n) is given in the figure legends. GraphPad Prism 10 was used for data presen-

tation and statistical analysis. When multiple comparisons are displayed with a comparison bar, the longer line on the comparison bar
indicates the reference data to which the significance level information relates.
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Figure S1, PLD3 exonuclease activity regulates TLRY responses in CAL-1 cells, related
to Figure 2

(A) CAL-1 cells of indicated genotypes were unstimulated or stimulated with RNA40°,
RNA9.2s° or CpGP. After 16 h, cytokine release was measured by ELISA. Data are depicted
as mean + SEM of n = 3 independent experiments. Statistical analysis was conducted by two-
way ANOVA (left panel) or one-way ANOVA (right panel) with Dunnett’s multiple comparison
tests.

(B) Immunoblot of WT and PLD3” x PLD4" cells reconstituted with PLD3(3xFlag). One
representative blot of three independent experiments is shown.

(C) WT, PLD3" x PLD4”" cells or PLD3" x PLD4"" cells reconstituted with PLD3(3xFlag)
were stimulated as in (A) and cytokine release was measured by ELISA. Data are depicted as
mean + SEM of n = 3 independent experiments. Statistical analysis was conducted by two-way
ANOVA (left panel) or one-way ANOVA (right panel) with Dunnett’s multiple comparison
tests.

(D, E) BLaER1 monocytes of indicated genotypes stimulated as indicated. After 14 h, IL-6
release was measured by ELISA. Data are depicted as mean £ SEM of n =3 independent
experiments. Statistical analysis was conducted by two-way ANOVA (D and left panel E) or
one-way ANOVA (right panel E) with Dunnett’s multiple comparison tests.
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Figure S2. PLD3 is more processive towards RNA and DNA substrates compared to
PLD4, related to Figure 3

(A) Coomassie of purified recombinant PLD3 and PLD4.

(B, C) Urea gels of RNA40° digested with increasing amounts of (B) PLD3 (0.097 nM,
0.195 nM, 0.39 nM, 0.78 nM, 1.56 nM, 3.13 nM, 6.25 nM, 12.5 nM, 25 nM, 50 nM, 100 nM,
200 nM, 400 nM and 800 nM) or (C) PLD4 (12.5 nM, 25 nM, 50 nM, 100 nM, 200 nM,
400 nM and 800 nM). One representative gel of two independent experiments is shown.

(D) Urea gel of CpG°-DNA digested with indicated concentrations of PLD3 and PLD4. One
representative gel of two independent experiments is shown.

(E) RNA9.2s° was incubated at 37 °C for 20 min in assay buffer without (&) enzyme, with
PLD3 (250 nM) or with PLD4 (250 nM). The release of single nucleotides was subsequently
analyzed by LC-MS. Data are depicted as mean = SEM of n = 3 independent experiments.

(F) Isolated plasmacytoid dendritic cells of three donors were stimulated with indicated
decreasing concentrations of2’,3’-cGMP, 3'-GMP and 5'-GMP. After 24 h, IFN-a2 release was
determined by ELISA. From each donor were normalized to the 4 mM 2’°,3’-cGMP condition
and are depicted as mean + SEM of three independent replicates.
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Figure S3. PLD3/PLD4 deficient cells do not respond to TLR?7 first binding site ligands,
related to Figure 4

(A) Unmodified CAL-1 or PLD3X° x PLD4X° pool knockout CAL-1 cells were unstimulated
or stimulated with RNA40°, RNA9.2s°, 2°,3’-cGMP (+ = 0.5 mM), CpG® or with indicated
concentrations of R848. After 16 h, IFN-P release was measured by ELISA. Data are depicted
as mean + SEM of three independent experiments. Statistical analysis was conducted by two-
way ANOVA with Sidék’s multiple comparisons test.

(B) BLaER1 monocytes of indicated genotypes were unstimulated or stimulated with R848 or
indicated concentrations of 2°,3’-cGMP for 14 h. Afterwards, IL-6 release was measured by
ELISA. Data are depicted as mean = SEM of three independent experiments and statistical
analysis was conducted by two-way ANOVA with Dunnett’s multiple comparisons test.

(C and D) Unmodified CAL-1 cells (WT) or two independent PLD3” x PLD4”- CAL-1
monoclones were unstimulated or stimulated with pR, RNA405, RNA40°, RNA9.2s°, R848
and 2°,3’-cGMP (++ =1 mM, += 0.5 mM), CpG© or with CpGS. After 16 h, TNF (C) or IL-6
(D) release was measured by ELISA. Data are depicted as mean = SEM of n = 3 independent
experiments. Statistical analysis was conducted by two-way ANOVA with Dunnett’s multiple
comparison tests.

(E) Unmodified J774 macrophages or PLD3X° pool knockout J774 macrophages were
unstimulated or stimulated with RNA40S (+ = 600 ng/well, ++ = 1200 ng/well), R837 (++=18
uM, +=2.25 pM) or with LPS. After 14 h, mIL-6 release was determined by ELISA. Data are
depicted as mean + SEM of three independent experiments. Statistical analysis was conducted
by two-way ANOVA with Sidak’s multiple comparisons test.

(F) J774 WT cells were stimulated with increasing concentrations of R837. After 14 h, mIL-6
release was determined by ELISA. Each replicate of n = 3 independent experiments is depicted.
A four-parameter dose-response curve was fitted to calculate half-maximal effective
concentration (ECso).
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Figure S4. Cryo-EM data analysis of PLD3 apoenzyme, related to Figure 5
(A) Representative micrograph of the PLD3 apoenzyme dataset.
(B) Cryo-EM data processing workflow of PLD3 apoenzyme data using cryoSPARC v4.3.0.

(C) Representative classes of a 2D classification of the particles used for the final PLD3
reconstruction.

(D) Histogram of directional Gold-standard Fourier shell correlation (FSC)* (blue) and global
FSC curve (red) of the final PLD3 reconstruction. The spread of directional resolution values
is defined as +loc (dashed green lines). The grey dashed line indicates the 0.143 cut-off
criterion, indicating a nominal resolution of 2.82 A.

(E) Angular distribution of the particles used for the final PLD3 reconstruction.

(F) Visualization of local resolution of PLD3 calculated in cryoSPARC. Blue indicates higher
resolution and red indicates lower resolution.
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Figure S5. PLD3 mutants V232M and L308P fail to form stable homodimers ir vitro,
related to Figure 5

(A) Structural comparison between human PLDI1 in beige and one PLD3 protomer with
rainbow colors from the N- (blue) to the C-termini (red) illustrates the conserved overall fold
and similarities in lobe 1. The 90° rotation highlights the structural differences in the C-terminal
lobe 2.

(B) Superposition of hPLD1 with the PLD3 dimer, color coded as in (A), showing the structural
differences in the dimer interface area.

(C) Superposition of the active site cleft of human PLD1 in beige and the PLD3 dimer
presenting the structural conservation of the HxK motif and the differences in the substrate
binding area.

(D) Ribbon representation of the PLD3 dimer colored in turquoise and dark blue, with the HxK

motif in pink, the dimer interface shown as sticks, and disease-related mutations V232 and
L308 represented as golden sticks.

(E, F) Size exclusion chromatography (SEC) run of PLD3 superimposed with the SEC run of
(E) PLD3(V232M) or (F) PLD3(L308P). Note that the SEC run of PLD3 is identical to Fig.
SA.

(G, H) Mass distribution of PLD3 and (G) PLD3(V232M) or (H) PLD3(L308P) observed by
mass photometry. Note that the mass distribution control of PLD3 is identical to Fig. 5B.

(1, K) Urea gels of (I) RNA9.2s° and (K) CpG© digested with decreasing concentrations PLD3,
PLD3(V232M) and PLD3(L308P). For both urea gels, one representative gel of two
independent experiments is shown.
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Figure S6. A minimal DNA binding motif for PLD3, related to Figure 6
(A) RNA and DNA sequences used in anisotropy experiments.

(B) Fluorescence anisotropy assay depicting the binding of PLD3(H20IN, H416N) at
increasing concentrations to DNA of various lengths. Data are depicted as mean + SEM of
n =3 independent experiments. Please note that the 19 nt DNA9.2s binding data are identical
to Fig. 6B.

(C) Fluorescence anisotropy assay comparing the binding of PLD3(H201N, H416N, H337D)
and PLD3(H201N, H416N, R340D) to PLD3(H201N, H416N) at increasing concentrations to
the 19 nt RNA9.2s substrates. Data are shown as mean+SEM of n=35 independent
experiments.

(D-H) Urea gels of (D and E) RNA9.2s° or (F, G and H) CpG®° digested with decreasing
concentrations of PLD3 and decreasing concentrations of indicated PLD3 mutants. For every
urea gel, one representative gel of two independent experiments is shown.
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Table S2: Cryo-EM data collection, refinement and validation statistics, related to Figure 5

PLD3 PLD3 ssRNA
apoenzyme complex
Data collection and
processing
Magnification 130,000 165,000
Voltage (kV) 300 300
Electron exposure (e /A2) 45 40.0
Defocus range (um) -1.0to -2.9 -0.5t0-2.8
Pixel size (A) 1.045 0.727
Symmetry imposed C2 Cl1

Initial particle images (no.) 2.823.826 1.342.490
Final particle images (no.) 2.823.826 891.893

Map resolution (A) 2.82 3.6
FSC threshold 0.143 0.143

Refinement

Initial model used AlphaFold

Map sharpening B factor (A2) 110
Model composition

Non-hydrogen atom 6247
Protein residues 793
B factors (A?)
Protein 69.79
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (°) 0.96
Validation
Clashscore 73
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 95.2
Allowed (%) 4.8
Disallowed (%) 0.00
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SUMMARY

Recognition of exogenous RNA by Toll-like receptors (TLRs) is central to pathogen defense. Using two dis-
tinct binding pockets, TLR7 and TLR8 recognize RNA degradation products generated by endolysosomal nu-
cleases. RNA modifications present in endogenous RNA prevent TLR activation; notably, pseudouridine-
containing RNA lacks immunostimulatory activity. Indeed, this property has been critical to the successful
implementation of mRNA technology for medical purposes. However, the molecular mechanism for this im-
mune evasion has remained elusive. Here, we report that RNase T2 and PLD exonucleases do not adequately
process pseudouridine-containing RNA to generate TLR-agonistic ligands. As a second safety mechanism,
TLR8 neglects pseudouridine as a ligand for its first binding pocket and TLR7 neglects pseudouridine-con-
taining RNA as a ligand for its second pocket. Interestingly, the medically used N1-methylpseudouridine also
evades RNase T2, PLD3, and PLD4 processing but is able to directly activate TLR8. Taken together, our find-

ings provide a molecular basis for self-avoidance by RNA-sensing TLRs.

INTRODUCTION

Pattern recognition receptors (PRRs) are integral to the innate
immune system’s ability to recognize and respond to infectious
agents. Among various receptor families, Toll-like receptors
(TLRs) belong to the best characterized PRRs. TLRs are ex-
pressed as transmembrane receptors with their LRR (leucine
rich repeat) ligand-binding domain either facing the extracellular
space or the luminal compartment. A distinct evolutionary sub-
group of TLRs, located in the endolysosomal compartment, is
specialized in sensing nucleic acids, which constitutes a critical
function in defense against viral and bacterial pathogens.” In the
human system this group includes TLR7 and TLR8 that have
evolved to recognize RNA degradation products® and TLR9
that senses single-stranded DNA with unmethylated cytosine
and guanine (CG) motifs.> TLR7 and TLR8 are characterized by
two distinct binding sites that function in a cooperative manner.
The presence of a single-stranded RNA (ssRNA) fragment in
binding pocket 2 allosterically regulates the affinity of the first

binding pocket for its respective nucleoside or nucleotide ligand:
TLR8 recognizes uridine (U) in combination with short purine
(R)-terminated ssRNA fragments,” while TLR7 binds guanosine
(G) or a 2',3'-cyclophosphate-guanosine (2’,3'-cGMP or G>p) to-
gether with short pyrimidine-rich fragments.®-

The production of the relevant RNA ligands for TLR7 and TLR8
is a regulated process in which the lysosomal endonuclease
RNase T2 is non-redundantly involved. Human RNase T2
cleaves ssRNA, preferring R-U motifs (5'-N,R+UN,-3’), thus gen-
erating fragments with a 2',3'-cyclophosphate-R at one end
(5’-N,R>p) and a 5'-hydroxyl-U at the other end (UN,-3).” The
former fragment binds to the second pocket of TLR8, while the
UN,-3' fragment undergoes exonucleolytic degradation, poten-
tially via PLD3 or PLD4 exonucleases, thereby increasing the
lysosomal U concentration required for the engagement of
pocket 1. The reverse scenario is true for TLR7: here, the RNase
T2 generated 2',3'-cyclophosphate-guanosine terminated RNA
fragments constitute substrate for the exonucleases PLD3 and
PLD4 that degrade the RNA to release the terminal 2/,3'-cyclic
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GMP to engage pocket 1. In addition, PLD3 and PLD4 activity
also contributes to generate short RNA fragments that occupy
the second binding pocket.®

Pseudouridine (®), first identified in the early 1950s, is the most
abundant naturally occurring modification within RNA, making
up to 9% of the U pool of total RNA.° Chemically, ¥ is a U isomer
characterized as a C-glycoside in which the p-D-ribose is at-
tached to the C5 atom rather than the N1 atom of uracil. This
small but significant structural change confers distinctive bio-
physical and biochemical properties on RNA molecules, notably
enhanced base stacking and pairing capabilities. ¥ is ubiqui-
tously present in various endogenous RNAs, including tRNA,
rRNA, mRNA, and small nuclear RNA, where it plays a pivotal
role in enhancing RNA structural stability and modulating its pro-
tein interactions.®

The integration of ¥ into therapeutic RNA molecules has signifi-
cantly advanced the field of RNA-based therapeutics. As such, a
landmark 2005 study by Kariké et al. showed that replacing U
with ¥ in in vitro-transcribed mRNA completely suppressed the
pro-inflammatory response from RNA-sensing TLRs.'® This
discovery represented a significant leap forward, especially con-
sidering earlier findings that unmodified MRNAs elicited strongim-
munostimulatory effects, thereby limiting the practicality of mMRNA-
based transgene expression.'" Follow-up studies confirmed these
findings and demonstrated the superior translation efficiency of
¥-modified RNA in vivo, which was inversely correlated to its im-
mune-stimulatory capacity.'®'* Further studies in cells devoid of
functional TLR signaling documented enhanced translation of
¥-modified mRNA. This could be attributed to the fact that pseu-
douridinylated RNA did not trigger PKR activation and thus trans-
lational arrest, which was readily observed when using unmodified
RNA." Further, ¥-RNA’s failure to activate the OAS RNase L sys-
tem—an antiviral pathway triggered by unmodified RNA that shuts
down translation—also enhanced mRNA translation.'®

Subsequent studies showed that N1-methylpseudouridine
(m'®) enhances translation compared with ¥-modified mRNA
in vitro and in vivo, partly due to reduced TLR3 stimulation.'® Un-
like ¥, m'¥ is extremely rare in eukaryotes, with only one known
site in human 18S rRNA."”"® m'¥-modified mRNA also showed
improved translation in cell-free systems,'® attributed to sup-
pression of immune/PKR-mediated translation inhibition and al-
terations in translation dynamics, including increased ribosome
pausing and density. These effects were linked to enhanced
mRNA stability via secondary structure stabilization.?® Although
extensive direct comparisons between ¥ and m'¥ were not
made, m'¥ was rapidly adopted to suppress innate immune ac-
tivation and boost mRNA translation.

Given the profound effects of both ¥ and m'¥ on RNA stability,
translation efficiency, and immunogenicity, it remains challenging
to disentangle the individual contributions of these factors. How-
ever, there is substantial evidence that TLR7-dependent recogni-
tion of unmodified RNA predominantly dictates the pro-inflamma-
tory activity and immunogenicity of mMRNA-based vaccines in mice
invivo.?'~?% In this context, it has to be noted that TLR8 is not func-
tional in mice and hence not accounted for in such studies. At the
same time, it has also been shown that the antiviral responses in-
duced by mRNA therapeutics can adversely affect RNA-driven
transgene expression.”*?°
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Interestingly, despite their widespread implementation in
mRNA vaccine technologies and other RNA-based therapeutics,
the exact mechanisms by which ¥ or m'¥ evade immune recog-
nition by the endolysosomal TLR system are unclear. Therefore,
we wanted to revisit this unresolved issue, also in light of the re-
cently discovered importance of nuclease activity upstream of
TLR7 and TLRS.

RESULTS

A quantitative, mass spectrometry-based approach to
analyze RNase T2 cleavage fragments

In previous work, we had employed MALDI-TOF mass spec-
trometry (MS) as a qualitative MS technology to characterize
the cleavage products of RNase T2 using various RNA oligo sub-
strates. Doing so, we had inferred that RNase T2 preferentially
cleaves between R and U bases to render fragments that are ter-
minated with a 3’ R and initiated with a 5’ U. Opposed to our initial
finding that ssRNA, but not double-stranded RNA (dsRNA),
served as a good substrate for RNase T2 (see Greulich et al.”
and Figure S1A), it was reported that RNase T2 can also degrade
dsRNA.?® Therefore, we wished to revisit this topic and designed
4 oligonucleotides, all of which enable the formation of a hairpin
secondary structure (Figures S1B-S1E). While RNase T2 was
largely unable to cut hairpin 1, which lacks Us (Figure S1B),
and hairpin 2, which contains a GU cleavage site within the
stem region (Figure S1C), it efficiently cleaved the RNA when a
GU cleavage site was positioned directly in the single-stranded
loop region of the hairpin (Figure S1D). Interestingly, when the
U in the stem loop was additionally paired with G, forming a
non-canonical wobble base pair adjacent to the GU cleavage
site, RNase T2 efficiently cut the RNA at the two highest concen-
trations tested (Figure S1E). RNase 1 on the other side, a mem-
ber of the RNase A family, was able to cut all 4 hairpin RNAs
equally well (Figures S1B-S1E). This data indicates that RNase
T2 preferentially cuts non-base-paired RNA. To analyze RNase
T2 cleavage products using a more quantitative approach, we
digested the previously established model substrate RNA40
under undercutting conditions with RNase T2 (Figure 1A) and an-
alyzed the so-obtained cleavage products using liquid chroma-
tography-MS (LC-MS). We detected 17 distinct RNA fragments
(Figure 1B). Due to the presence of well distinguishable, non-
overlapping high-performance liquid chromatography (HPLC)
peaks in the UV chromatogram, we could determine the abun-
dance of these fragments based on their UV absorbance and ex-
tinction coefficient. Relating the amount of the individual frag-
ments to their position in the RNA oligo educt strand showed
that we were able to accurately reconstruct all fragments with
a decisive abundance. Indeed, when we quantified the abun-
dance of all nucleotides of the educt RNA40 and compared the
values with the quantities determined in the identified fragments,
we observed an even representation with only a small underre-
presentation of position 10-20 of the educt oligo RNA40
(Figure 1C). Based on these data, we could identify three major
cut sites, all consisting of a GU dinucleotide. At these sites,
64% (position 5/6), 43% (position 9/10), or 37% (position 12/
13) of the RNA40 starting material was cleaved. Only two minor
non-GU cleavage events were detected, with 2% at the CU
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position 7/8% and 5% at the UU position 10/11 (Figures 1D, blue
color, 1E and 1F, blue color). Using recombinant RNase 1 re-
sulted in a different outcome: now all cleavage sites consisted
of a pyrimidine followed by a random nucleotide (YN)
(Figures 1D, green color, 1E and 1F, green color). To extend
the targeting space of these enzymes we continued our study
with the oligonucleotide RNA40i, in which all R bases of
RNA40 were inverted (Figure S2A). Subjecting this oligonucleo-
tide to RNase T2 digestion allowed us to identify four major
cleavage sites that were all within an AU sequence
(Figures S2B-S2D). Interestingly, for this oligonucleotide, the ob-
served cleavage frequencies at the different positions were
slightly different, with the second RU site now being the most fre-
quently processed site. Also, no cuts beyond AU were recorded
with a frequency higher than 3%. As for RNA40, digestion of
RNA40i with RNase 1 resulted in fragments that were all termi-
nated by a pyrimidine (Figures S2B-S2D). Finally, we studied
the cleavage of RNA9.2s, another RNA oligo that is commonly
used to activate TLR7 or TLR8 (Figure S2E). While the predomi-
nant RNase T2 cleavage site within RNA9.2s was again the cen-
tral GU motif (position 11/12) with 50% processing at this side,
also two additional non-RU cleavage sites were found with
14% cleavage at UU (position 4/5) and 34% at CU (position
9/10). RNase 1 dependent processing of RNA9.2s again pro-
vided only pyrimidine-terminated fragments (Figures S2E-
S2G). Combining the processing data of all three oligonucleoti-
des confirmed that RU dinucleotides are the optimal cleavage
site for RNase T2. RNase 1, on the other hand, cleaves atYN
with a preference for either YC or YA (Figures 1G and 1H).

RNase T2 substrate specificity for complex RNA
molecules

In light of the notion that we observed the cleavage of non-RU
substrates by RNase T2 under certain conditions, we wished
to explore the substrate specificity of RNase T2 and RNase 1
on a complex RNA molecule, hence mimicking a physiological
substrate. To do so, we in vitro transcribed a 2,500-nt ssRNA
molecule and subjected this RNA to RNase T2 and RNase 1 di-
gestion. Using LC-MS, we detected masses in the analyzed LC
elution window, which encompassed dimers and trimers
(Figure 2A). As expected, the UV chromatograms as well as

Cell

the MS signal intensities were clearly distinct for these two treat-
ments. Due to the complexity of the UV chromatograms with
several peaks overlapping, we could not quantify the abundance
of individual fragments by UV absorption. However, we could
use the MS signal intensities of the fragments obtained by RNase
T2 and RNase 1 digestion to calculate a ratio for a given fragment
between the two samples, using the condition with the higher
abundance as the reference (Figures 2B and 2C). Conducting
this analysis revealed that dinucleotides UA and UG were exclu-
sively seen for RNase T2, whereas their isomers AU and GU were
only seen when digesting the RNA with RNase 1. Also, the other
pyrimidine-terminated dinucleotides such as CU, UC, GC, AC,
and CC as well as UU were either exclusively or predominantly
observed when digesting the RNA molecule with RNase 1. Con-
sistent with their substrate specificity, R-terminated dinucleoti-
des that were not initiated by U (CG, CA, GA, AG, GG, and AA)
were only detected at low abundance or trace amounts for
both RNase T2 and RNase 1 digestion. Extending this analysis
to certain trinucleotides confirmed this picture. U-initiated, R-ter-
minated trinucleotides such as UUG or UUA were exclusively
seen in RNase T2 digested samples, whereas their isomers
were either confined to the RNase 1-treated sample (UGU,
GUU, or AUU) or only detected at low abundance (UAU). Alto-
gether, in a setting in which all possible dinucleotide substrates
are available, RNase T2 preferentially cleaves substrates at RU,
whereas RNase 1 cleaves after pyrimidine. Thus, it can be con-
cluded that cleavage of non-RU substrates by RNase T2 is only
observed under conditions of a restricted target range.

RNase T2 shows strongly reduced activity toward ¥ RNA

Next, we wanted to investigate whether modifications that occur
naturally in RNA molecules affect the activity of RNase T2. To do
this in a more reductionist setting, we used a previously estab-
lished oligonucleotide containing a defined RNase T2 cleavage
site. The used substrate consists of a stretch of 14 deoxynucleo-
tides followed by a 6-nt RNA motif (UUGUCU) with a central
GU dinucleotide (Figure 3A). Transferase-type ribonucleases,
such as RNase T2 and RNase 1, cleave their substrates by
catalyzing a 2’-O-transphosphorylation step that yields a cyclic
2',3'-phosphodiester product of the fragment 5’ of the scissile
bond and the concomitant release of a 5’OH fragment 3’ of the

Figure 1. Characterization of ssRNA digested with RNase T2 or RNase 1

(A) Scheme of RNA40 and its major RNase T2 cut sites.

(B) RNA40 (1 pg) was digested with RNase T2 (35 nM) in IDTE buffer and analyzed by HPLC-HESI-MS. The molecular identity and the fragment yields of the 17
identified fragments generated by RNase T2 digestion of RNA40 are shown. Fragment yields (percent product of educt) from three independent experiments were

summarized.

(C) The yield of the fragments identified in (B) is shown for each nucleotide position.

(D) The percentage of cleavage at a given site for RNA40 processed by RNase T2 (35 nM) or RNase 1 (3 nM) is indicated. All sites with >3% cleavage are shown;
RNase T2 cleavage percentage for the fourth GU motif is also depicted. Data from three independent experiments were summarized.

(E) The coverage of dinucleotide motifs as potential cleavage sites in RNA40 is shown. Note that only internal sites are considered, as RNase T2 and RNase 1 do

not have exonuclease activity.

(F) Average cleavage percentages for all possible dinucleotide motifs of RNA40 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).

(G) The coverage of dinucleotide motifs as potential cleavage sites in RNA40, RNA40i, and RNA9.2s are shown (only internal sites considered).

(H) Average cleavage percentages for all possible dinucleotide motifs of RNA40, RNA40i, and RNA9.2s digested with RNase T2 or RNase 1 were calculated from
(F) and Figures S2D and S2G by summing the individual cleavage percentages of a given dinucleotide motif divided by the number of occurrences of that
cleavage site in all three oligonucleotides. Data are depicted as mean values + SD.

See also Figures S1 and S2.
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scissile bond. This step requires a free 2’OH group of the nucleo-
tide at the B1 position (Figure 3B). Consistent with this notion, re-
placement of the G of UUGUCU with a 2’-O-methylguanosine
(UUGmMUCU) indeed largely abolished RNase T2-dependent
cleavage of this oligonucleotide (Figures 3C and 3D). In contrast,
2'-O-methylation of the U in this motif (UUGUmMCU) had no effect
on RNase T2-dependent cleavage of this oligo, consistent with
its cleavage mechanism (Figures 3C and 3D). Mass spectromet-
ric analysis of the cleaved fragments confirmed these results
(Figure 3E, left). While the GU-containing oligonucleotide was
cleaved preferentially between G and U by RNase T2, this
activity was fully abolished by the introduction of a 2'-O-methyl-
guanosine. Of note, RNase 1 cleaved this oligo preferentially
after the U at position 1 and position 4 of the 6-nt RNA motif
(Figure 3E, right), whereas the introduction of a 2’-O-methylgua-
nosine had no effect on this selectivity.

Next, we investigated whether ¥ or m'¥ instead of U would
affect RNase T2 activity (Figure 3C). We introduced ¥ or m'¥
into the B2 position of the RNase T2 dinucleotide motif. Interest-
ingly, neither G¥ nor Gm'¥ were cleaved by RNase T2 as shown
by PAGE and LC-MS analysis (Figures 3F and 3G, left). Since ¥ or
m'¥ was also part of the second cleavage site of the oligo pref-
erentially cleaved by RNase 1, we could also assess the effect
of this modification on RNase 1 activity. This revealed that
RNase 1 in contrast to RNase T2 processed ¥ or m'¥ just like
U (Figure 3G, right). Since RNase 2 and RNase 6 have also
been reported to act upstream of TLR8,%%*” we included these
RNase A family members in our analysis. As shown above, RNase
T2 was largely unable to cleave between G¥, while RNase 2 and
RNase 6, similar to RNase 1, processed ¥ to a comparable extent
as U (Figure 3H). Building on these findings, we also tested RNase
T2 activity on a long, complex ssRNA substrate by transcribing
the previously used 2,500-nt template in vitro, incorporating ei-
ther U, ¥, or m"¥. Incubation of these RNAs with RNase T2 re-
vealed that ¥- and m'¥-containing RNAs remained largely
intact at low enzyme concentrations (Figure 3l, +), whereas
U-containing RNA was completely digested. At higher enzyme
concentrations (Figure 3l, ++), modified RNA substrates were
also degraded by RNase T2 but to a lesser extent than unmodi-
fied RNA. These results suggest that RNase T2 cannot accom-
modate 2'-O-methylated Rs in its B1 pocket, as it requires a
free hydroxyl group at this position. Furthermore, the B2 pocket
of RNase T2 disfavors ¥ and m"¥. In contrast, RNase A family
members process ¥ and m'¥ similarly to U.

¥ RNA does not activate TLR8
In the next step, we evaluated the immune-stimulatory potential
of these long ssRNA substrates in primary human monocytes in
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the presence of the TLR8-specific inhibitor CU-CPT9a. As ex-
pected, ¥- or m"¥-containing in vitro transcripts (IVTs) failed to
stimulate TLR8 in primary human monocytes, while the unmodi-
fied IVT clearly triggered a TLR8-dependent interleukin-6 (IL-6),
interferon gamma-induced protein 10 (IP-10), and tumor ne-
crosis factor (TNF) response (Figures 4A-4C). Similar results
were obtained in primary human peripheral blood mononuclear
cells (PBMCs) (Figure S3A) and the monocytic cell line THP-1
(Figure S3B). We further utilized the BLaER1 monocyte model
as these cells have been shown to respond to ssRNA when de-
livered with the cationic polypeptide poly-L-arginine (pR) in a
TLR8- and RNase T2-dependent manner.” Like for primary hu-
man cells, the unmodified IVT induced a TLR8- and RNase T2-
dependent IL-6 response in BLaER1 monocytes, while ¥- or
m'¥-containing IVTs failed to stimulate TLR8 (Figure 4D). To ex-
clude the possibility that uptake accounts for the differences ob-
served, we transfected BLaER1 monocytes with fluorescently
labeled RNAs and monitored their uptake by fluorescence-acti-
vated cell sorting (FACS). These data indicate that the RNA is
equally taken up by cells independent of the RNA modification
present (Figure S3C). At the same time, varying the oligonucleo-
tide length did not affect the immune-stimulatory activity of
IVT-U RNA, while ¥-containing IVTs of any length failed to induce
TLR-dependent interferon (IFN) release in PBMCs (Figure S3D).
To study the impact of pseudouridylation in a setting in which
a single RNase T2 motif is affected, we also tested the different
UUGUCU-containing oligonucleotides (Figure 3) for their biolog-
ical activity (Figure 4E). At the concentrations tested, the un-
modified (dAdC),-UUGUCU oligonucleotide induced similar lev-
els of IL-6 as RNA40. This activity was dependent on both RNase
T2 and TLRS8. All other oligonucleotides tested showed no TLR8
agonistic activity. These results are fully consistent with the ob-
servation that the GmU-, G¥-, and Gm'¥-containing oligonu-
cleotides are no longer cleaved by RNase T2 (Figures 3D and
3F). Interestingly, the GUm-containing oligonucleotide was
no longer stimulatory despite being cleaved by RNase T2
(Figure 3D). We speculate that this is due to reduced lysosomal
U release, consistent with previous findings showing that the
3'-terminal fragment UCU is critical for this effect.” To further in-
vestigate this, we tested whether RNase A enzymes can cleave
2’-0-methyl Us, as RNase 2—a member of this family —has been
implicated in U release for pocket 1.2° As expected, based on
their mode of action, none of these enzymes were able to cleave
2’'-0-methyl Us (Figures S3E-S3G). Similarly, the lysosomal exo-
nucleases PLD3 and PLD4 exhibited reduced activity but were
not entirely inactive toward 2'-O-methyluridine-containing sub-
strates (Figures S3H and S3l). In summary, these results indicate
that ¥-containing RNA fails to activate TLR8 across a wide range

Figure 2. Characterization of RNase T2 or RNase 1 digestion of a complex RNA substrate

(A)A2,500 nt IVT (1 pg) was digested with RNase T2 (3.5 M) or RNase 1 (3 nM). Representative LC-UV and LC-MS chromatograms of the two digests are shown
(only the elution window from 12-30 min is shown). Annotated are fragment sequences with their corresponding masses (i.e., m/z values) as identified by LC-MS.
The chromatograms are representative for two (RNase T2) or three (RNase 1) independent experiments.

(B) Ratios of different fragments (all with 2’,3'-cyclic monophosphate moiety at the 3’ end) present in the RNase T2 and/or RNase 1 digest as found by LC-MS. The
fragment ratios are representative for two or three independent measurements. Note that the nonbinary results can only be considered as estimates, since no

internal standards were available.

(C) Comparison of exemplary fragments of a specific mass/overall nucleotide composition as found by LC-MS in digests with the two enzymes. The resulting MS
peaks correspond to specific fragment sequences. Data represent two or three independent experiments.
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of cell types. In areductionist setting, this lack of immunogenicity
can be attributed to the modification affecting a single RNase T2
cleavage site.

¥ is not a ligand for TLR8

Our results suggested that RNase T2 no longer generates RNA
fragments from ¥- or m'¥-modified RNA, which was previously
identified as a critical upstream requirement for TLR8 activation.
However, these results could not exclude that ¥ or m'y single nu-
cleosides are still released from ssRNA, e.g., by RNase A en-
zymes in cells, and that the observed lack of immune stimulation
is primarily due to these molecules not acting as agonists for
TLR8. Under physiological conditions, RNA fragments engage
the second binding pocket to allosterically regulate U binding in
the first pocket, whereas small-molecule agonists such as
R848 or TL8 bypass this requirement.” Binding studies indicate
that TLR8 can bind U independently of the second pocket, albeit
with a >50-fold reduction in affinity. Based on these considera-
tions, we hypothesized that it should be possible to stimulate
TLR8 in cells by hyperphysiological concentrations of U alone
(Figure 5A). Indeed, at up to 32 mM, U elicited an IL-6 response
of similar efficacy as TL8 but with greatly reduced potency
(ECso for TL8, 128 nM?%; ECs, for U, 10.7 mM) (Figures S3J and
S3K). Comparing U, ¥, or m"¥ as a pocket one agonist in cell cul-
ture, we again determined a high TLR8 agonistic efficacy for U
(top IL-6 levels at 167.2 ng/ml) with an EC5so of 9.3 mM. ¥, how-
ever, was completely inactive in stimulating TLR8 in the range
tested (4-32 mM). Interestingly, m"¥ induced a significant IL-6 re-
sponse, albeit with reduced efficacy compared with U (IL-6 levels
at 72.1 ng/ml), yet with a comparable ECs, (9.9 mM) (Figure 5B).
Analogous results were obtained using primary monocytes
(Figure S3L). Since 2'-O-methylation only partially inhibits PLD
exonucleases, we tested whether 2'-O-methyluridine could acti-
vate TLR8. Here, like ¥, 2’-O-methyluridine was unable to acti-
vate TLR8 in cells (Figure S3M). Next, we investigated whether
U, ¥, and m"¥, when co-delivered with ssRNA, could enhance
the TLR8-dependent RNA response. Therefore, we stimulated
BLaER1 monocytes with ssRNA40° and the three single nucleo-
sides (1.25-5 mM). U increased the RNA response by ~3-fold,
with a similar effect observed for m'¥ (Figures 5C and 5D).
Surprisingly, ¥, despite not inducing TLR8 activation alone
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(Figure 5B), enhanced the RNA response ~2-fold (Figure 5D),
suggesting potential TLR8 binding. A similar effect was observed
for 2/-O-methyluridine with ssRNA40S (Figure S3N).

Our results suggested that ¥ and m'¥ can bind TLR8 when re-
leased from ssRNA, though ¥ is a weaker substrate than U and
m"¥. Despite their similar uptake, we aimed to investigate direct
TLR8 stimulation through a biochemical assay that measures
ligand-induced dimerization (Figure 5E). Unlike binding assays,
this method distinguishes agonists from competitive antagonists.
We expressed and purified human TLR8 ectodomain (ECD), con-
firming its autoprocessing at the Z-loop (Figure S4A) and its
110 kDa size at pH 5.0 via mass photometry (Figure S4B). Incuba-
tion with U (0.625-5 mM) revealed a dose-dependent ECD dimeri-
zation, reaching ~60% at 5 mM U (Figure 5F, left). ¥ showed
minimal dimerization, even at the highest concentration
(Figure 5F, middle), while m'¥ mirrored U’s activity (Figure 5F,
right). In contrast, 2'-O-methyluridine failed to induce dimerization
(Figure S4C). We further co-incubated the single nucleosides with
ssRNA40° to introduce a second binding pocket ligand
(Figures 5E and 5F, bottom row). While ssRNA40° alone failed to
induce TLR8 ECD dimerization in vitro (Figure S4D), its combina-
tion with U or m'¥ further enhanced dimer formation compared
with the nucleosides alone (Figure 5F, bottom left and right). Nota-
bly, although ssRNA40° and ¥ individually showed little to no di-
merization, their combination triggered robust dimerization, albeit
weaker than U + ssRNA or m'¥ + ssRNA (Figure 5F, bottom
middle), aligning with stimulation results. In contrast, ssRNA
with 2’-O-methyluridine induced the weakest dimerization
(Figure S4E), suggesting the lowest TLR8 binding affinity among
the tested nucleosides. Last, to rule out the competitive binding
of ¥ to TLR8, we stimulated BLaER1 monocytes with U alone or
combined with increasing ¥ concentrations. Co-stimulation did
not reduce the U-dependent TLR8 response (Figure S4F). Taken
together, these results indicate that ¥ as well as Um are much
weaker substrates for TLR8 compared with U, however binding
is not completely prohibited. Surprisingly, m"¥ exhibits similar
TLR8 activation to U.

¥ inhibits the release of 2/,3'-cGMP for TLR7 activation
Beyond its lack of TLR8 stimulation, ¥ RNA also strongly dampens
the TLR7 response.'° In line with this notion, IVT-¥ and IVT-m'¥

Figure 3. ¥ and m"¥ impair RNA cleavage by RNase T2 but not RNase A enzymes

(A) Chimeric DNA-RNA oligonucleotides used as test substrate for cleavage experiments with RNase T2 and RNase 1.
(B) RNA cleavage mechanism of a transferase-type endoribonuclease exemplified on a GU dinucleotide site.

(C) Structures of guanosine, 2'-O-methylguanosine, uridine, 2'-O-methyluridine, ¥, and m'y.

(D) Indicated oligonucleotides (1 pg each) were subjected to RNase T2 (9 pM) cleavage in IDTE buffer and analyzed on a denaturing urea gel. Data represent two
independent experiments.

(E) HPLC-HESI-MS analysis of cleavage by RNase T2 (3.5 pM) and RNase 1 (6 nM) in IDTE buffer using oligonucleotides (1 ug each) with either guanosine or 2’-O-
methylguanosine. Mean cleavage percentages + SD from three independent experiments.

(F) Unmodified or modified oligonucleotides (1 pg each) were subjected to RNase T2 (9 uM) cleavage in IDTE buffer and analyzed on a denaturing urea gel. Data
represent two independent experiments.

(G) Cleavage by RNase T2 (3.5 uM) and RNase 1 (6 nM) on oligonucleotides (1 pg) with U, ¥, or m"¥, analyzed by HPLC-HESI-MS. Mean cleavage percentage +
SD from three independent experiments.

(H) Urea gel of (dAdC);UUGUCU and (dAdC);UUGY¥CU digested with RNase T2 (10 nM) in assay buffer. One representative blot of three independent experi-
ments is shown. Urea gels of (d4AdC);GAGUAGA and (dAdC),GAGYAGA digested with RNase 1 (60 nM), RNase 2 (565 nM), or RNase 6 (60 nM) in assay buffer. One
representative blot of two independent experiments.

(1) IVTs containing U, ¥, or m"¥ were digested with RNase T2 (+ = 0.37 pM) and (++ = 3.7 M) for 20 min and analyzed on a non-denaturing agarose gel. Data
represent two independent experiments.
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Figure 4. ¥ RNA does not activate TLR8

(A-C) CD14* monocytes were stimulated with pR, OVA IVT-U, OVA IVT-¥, OVA IVT-m'¥, and LPS in the presence or absence of CU-CPT9a. After 24 h, (A) IL-6,
(B) IP-10, and (C) TNF release was measured. Data are depicted as mean + SEM of n = 3 independent donors.
(D) BLaER1 monocytes of indicated genotypes were unstimulated or stimulated with ssRNA40S, Cas9 IVT-U, Cas9 IVT-¥, and Cas9 IVT-m'¥. After 14 h, IL-6

release was measured. Mean + SEM of n = 5 independent experiments.

(E) BLaER1 monocytes of indicated genotypes were stimulated as indicated. After 14 h, IL-6 release was measured. Mean + SEM of n = 3 independent

experiments.
See also Figure S3.

RNA failed to activate TLR7 in primary plasmacytoid dendritic cells
(pDCs), whereas IVT-U RNA induced TLR7-dependent IFNa re-
lease upon transfection (Figure 6A). Similar but weaker effects
were observed when using lipofectamine instead of pR for delivery
(Figure S5A). We recently found that RNase T2 and PLD exonu-
cleases are essential for generating stimulatory ssRNA fragments
for TLR7. Accordingly, IVT-U mRNA triggered a TLR7-dependent
response in CAL-1 cells, which was entirely reliant on these nu-
cleases, whereas ¥-modified IVTs failed to induce any response
(Figure 6B). Specifically, RNase T2 and PLD collaboratively proc-
ess RNA to generate 2/,3'-cGMP, the endogenous TLR7 pocket
1 ligand. RNase T2 first cleaves ssRNA between G and U, produc-
ing 2',3'-cGMP-terminated fragments, which PLD exonucleases
further degrade into single nucleotides, releasing 2',3'-cGMP
(see Bérouti et al.?; Figure 6C). Since RNase T2 poorly processes
¥- and m'¥-containing RNAs (Figures 3F and 3G, left), and cleav-
age at G¥ is crucial for 2',3'-cGMP release, we hypothesized that
¥ and m"¥ impair its production. To test this, we digested the IVT
constructs with RNase T2, PLD3, or both, and analyzed
2/,3'-cGMP release via LC-MS. As expected, only the RNase
T2 + PLD3 combination efficiently released 2',3'-cGMP from
IVT-U RNA, while substitution with ¥ or m'¥ (VT-¥, IVT-m'¥)
completely abolished its release (Figure 6D). Consistent with this,
we observed 2',3'-cGMP production in primary pDCs stimulated
with IVT-U RNA, whereas IVT-¥ RNA led to a markedly reduced re-
lease (Figures 6E and 6F). We further stimulated CAL-1 cells with

RNA40°, RNA9.2s, and modified RNA9.2s variants. RNA9.2s
is ideal for studying RNase T2's impact, as it contains a single
GU cleavage site, which should be essential for generating
2',3'-cGMP. Indeed, blocking RNase T2 cleavage by adding a
2'-O-methylation to G at this site (Figure 3D) completely abolished
RNA9.2s’s immune-stimulatory effect (Figures 6G and S5B). Sim-
ilarly, substituting U with ¥ at the cleavage site strongly reduced
but did not fully eliminate TLR7 responses. However, adding three
additional ¥s upstream of the GU site completely abrogated
RNA9.2s’s immune-stimulatory potential (Figures 6G and S5B). In-
triguingly, these effects correlated with 2',3'-cGMP release by
RNase T2 and PLD83 in vitro (Figure 6H). Notably, all oligonucleoti-
des retained a U-containing motif (CCUUC) necessary for TLR7
pocket 2,° indicating that the blunted or reduced TLR7 response
resulted primarily from impaired 2’,3'-cGMP release. These find-
ings indirectly suggest that PLD exonucleases, like RNase T2, do
not efficiently process ¥ as a substrate. Since PLD exonucleases
must degrade RNase T2-processed RNA to the single nucleotide
level to release 2/,3'-cGMP, we examined whether PLD3 and
PLD4 can degrade ¥ and m"¥ when encountered at the 5’ end.
To formally address this, we incubated PLD3 and PLD4 with oligo-
nucleotides starting with three consecutive U, ¥, or m'¥. As ex-
pected, both enzymes efficiently degraded U-RNA but failed to ef-
fectively digest ¥- or m"¥-RNA (Figures S5C and S5D). Further
analysis using PLD3H20INH416N 4 catalytically inactive mutant
that retains substrate binding,8 showed a ~4-fold reduction in
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Figure 5. W 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, ¥, or m'W. 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 (ECso).

(C) Scheme of cell stimulation with high concentration of single nucleosides in combination with ssRNA40S.

(D) Wild-type and TLR8™~ BLaER1 monocytes were stimulated with ssRNA40® or with ssRNA40S in combination with U (left), ¥ (middle), or m'W (right). After 14 h,
IL-6 release was detected. Mean + SEM of n = 3 independent experiments. Please note that the ssRNA40S-only control data for ¥ and m'¥ are identical and that
one of the U control replicates is also shared with the ¥/m'¥ 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°.

See also Figures S3 and S4.
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binding affinity, from 71.38 nM (U-RNA) to 266.3 nM (¥-RNA)
(Figure S5E). Consistent with previous work,>® we found that
¥-containing RNA favors an A-form helical conformation by ana-
lyzing ¥-RNA using NMR. These data indicate additional intramo-
lecular interactions of the ¥ base with the phosphate backbone
and Y-mediated base stacking between ¥ and the 3’ neighboring
base leading to a preferential conformation of the RNA from B into
A helical form (Figures S6A-S6D). These structural changes
could explain why ¥ is a poor substrate for RNase T2 and PLD
exonucleases.

In addition to 2/,3'-cGMP for pocket 1, TLR7 requires a short
oligoribonucleotide (ORN) in the second binding pocket, prefera-
bly with two consecutive Us for activation.” To determine
whether ¥-containing ORNs engage TLR7 pocket 2, we stimu-
lated PLD3xPLD4-deficient CAL-1 cells with 2/,3'-cGMP and a
short U- or W-rich oligonucleotide. These cells serve as a model
for studying pocket 2 ligands, as they do not respond to the
pocket 1 ligand alone (see Bérouti et al.?; Figures 6l and 6J), in-
dicating the lack of a pocket 2 ligand under steady state. As ex-
pected, co-stimulation with 2’,3'-cGMP and a U-containing oli-
gonucleotide induced TLR7-dependent TNF release. However,
when U was replaced with ¥, no TNF release was observed, sug-
gesting that ¥ cannot allosterically activate TLR7 via the second
pocket (Figure 6J). A major challenge of mMRNA delivery via LNPs
in vivo is the low efficiency of endosomal escape, limiting the
amount of RNA that reaches the cytosol.?° As a result, mRNA
vaccination triggers a strong TLR7-dependent immune re-
sponse.”'?® Since TLRY7 drives this response, we hypothesized
that it would also depend on RNase T2. However, as RNase T2-
deficient mice develop TLR13-driven autoinflammation,®'*> we
investigated mRNA vaccination effects in TIr13~/~ x Rnaset2 ™/~
double-deficient mice. First, we injected TIr13~/~ control mice
with IVT-U or IVT-m'¥ mRNA (Figure 6K). As expected, IVT-U
mRNA induced high IFNa levels in the serum, whereas IVT-
m'¥ mRNA did not (Figure 6L). We then compared responses
in TIr13~'~ and TIr13~/~ x Rnaset2~'~ mice after IVT-U mRNA in-
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jection. While TIr13~/~ mice showed elevated IFNa levels, IFNa
production was significantly reduced in TIr13~~ x Rnaset2™/~
mice (Figure 6M), demonstrating that RNase T2 is crucial for
mRNA recognition in vivo. In summary, these results not only
show that ¥ as well as m'¥ impair the release of 2/,3'-cGMP re-
quired for TLR7 pocket 1 by inhibiting efficient degradation by
RNase T2 and PLD exonucleases, but also that ¥ does not serve
as a ligand for the second binding pocket of TLR7.

DISCUSSION

In this study, we investigated how ¥, the most abundant modifi-
cation in endogenous RNA, and m"¥, the U analog used in pro-
phylactic COVID-19 vaccines, evade recognition by the endoly-
sosomal TLR system. We began by revisiting RNase T2
substrate specificity, as prior reports suggested it was more re-
laxed, with limited B1 site selectivity for Rs.?®*® Using quantita-
tive MS, we confirmed our earlier findings that RNase T2 strongly
prefers RU motifs. While YU cuts also occurred in a model sub-
strate, they were less frequent. As expected, RNase 1, an
enzyme of the RNase A family, cleaved substrates following pyr-
imidines. Extending these studies to complex RNA substrates —
long in vitro transcripts —we found that R-terminated fragments
were almost exclusively generated by RNase T2. Thus, in a set-
ting with diverse potential substrates, RNase T2 favors RU mo-
tifs, whereas in limited substrate contexts, it may act more
broadly. Given RNase T2’s critical role in processing RNA up-
stream of TLR7 and TLR8, we reasoned that modifications within
RU motifs might regulate TLR activation. Consistent with its cat-
alytic mechanism involving 2’-O-transphosphorylation of the first
nucleotide, we found that 2’-O-methylation of G—but not U as
the second nucleotide—completely blocked GU cleavage by
RNase T2.%° Turning to ¥, the most abundant nucleoside modi-
fication in mammalian RNA and relevant medically, we observed
that RNase T2 processing of ¥-containing RNA was strongly im-
paired. A similar result was seen with m'¥. These findings were

Figure 6. ¥ inhibits the release of 2/,3'-cGMP for TLR7 activation

(A) pDCs were stimulated as indicated in the presence or absence of M5049. After 24 h, hIFNa2 release was detected. Data are depicted as mean + SEM of n=3

independent donors.

(B) CAL-1 cells of indicated genotypes were unstimulated or stimulated with OVA IVT-U, OVA IVT-¥, OVA IVT-m'¥, and CpG®. After 16 h, hIFN-B release was

determined. Mean + SEM of n = 3 independent experiments.

(C) Scheme of 2/,3'-cGMP release from ssRNA by RNase T2 and PLD exonucleases.

(D) IVT-U, IVT- ¥, and IVT-m'¥ were digested with RNase T2 (0.5 nM), PLD3 (25 nM), or a combination of RNase T2 (0.5 nM) and PLD3 (25 nM) for 1 h and the
release of 2/,3'-cGMP was analyzed by LC-MS. Mean + SEM of n = 3 independent experiments.

(E) Scheme of the workflow for detecting single nucleotides in cells after transfection.

(F) 2,3'-cGMP release in pDCs detected by LC-MS after transfection with OVA IVT-U or OVA IVT-¥. From each donor data were normalized to stimulation with

OVA IVT-U and are depicted as mean + SEM of n = 3 independent donors.

(G) CAL-1 cells of indicated genotypes were stimulated as indicated. After 16 h, TNF release was determined. Mean + SEM of n = 6 independent experiments.
(H) RNA9.2s oligonucleotides from (G) were incubated in assay buffer or were digested with a combination of RNase T2 (10 nM) and PLD3 (25 nM) for 30 min and
the release of 2/,3'-cGMP was analyzed by LC-MS. Mean + SEM of n = 3 independent experiments.

(l) Scheme of ligand binding to TLR7 ectodomain.

(J) CAL-1 cells of indicated genotypes were unstimulated or stimulated with 2/,3'-cGMP (0.5 mM), short ORNs, or ORNs in combination with 2/,3'-cGMP (0.5 mM).

Mean + SEM of n = 3 independent experiments.
(K) Scheme of mouse injection followed by serum IFNa measurement.

(L) Pan-mIFN« release detected in the serum of TIr13~/~ mice injected with PBS, OVA IVT-U, or OVA IVT-m'¥. Data are depicted as mean + SEM of n = 6 (PBS),
n =3 (IVT-U), and n = 6 (IVT-m"¥) TIr13~/~ mice. Statistical analysis was conducted by one-way ANOVA with Tukey’s multiple comparison tests.

(M) Pan-mIFNa release detected in the serum of TIr13~'~ or TIr13~~ x Rnaset2 ™/~ mice injected with OVA IVT-U. Data are depicted as mean + SEM of n = 6
(TIr13~") and n = 4 (TIr13~/~ x Rnaset2~'~) mice. Statistical analysis was conducted by an unpaired t test.

See also Figures S5 and S6.
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confirmed in long, complex RNA molecules, including those in
the size range of MRNA vaccines. Reflecting its non-redundant
role upstream of TLR7 and TLR8, the lack of cleavage of ¥-
and m'¥-containing RNAs correlated with absent immunostimu-
latory activity. Indeed, introducing a single ¥ into an RNA oligo-
nucleotide containing an RNase T2 motif substantially reduced
both cleavage and the TLR7/8 response in cells. Tracking the
fate of RNA in primary cells, we observed that ¥-modified RNA
no longer yielded the TLR7 agonist 2/,3'-cGMP. In this context,
we also found that PLD exonucleases, which are essential up-
stream of TLR7 to release 2/,3'-cGMP from RNase T2-cleaved
RNA, were similarly unable to degrade ¥- and m'¥-containing
RNA, further contributing to the immune evasion of these modi-
fications. Supporting these cellular observations, unmodified
mRNA elicited a strong type | IFN response in mice, which was
largely blunted in RNase T2-deficient animals.

Our results indicate that ¥-modified RNA loses its stimulatory
activity because it is not properly processed by RNase T2 and
PLD exonucleases to generate TLR7 and TLR8 agonistic mole-
cules. However, this does not rule out the possibility that
¥-modified RNA may also fail to act as a ligand at the level of
TLR7 and TLR8. To investigate this, we directly stimulated hu-
man monocytes with high concentrations of U, ¥, or m'¥ as po-
tential agonists for the first binding pocket of TLR8. While these
stimulatory conditions may not fully reflect the physiological
engagement of TLR8 by incoming RNA and its degradation
products, they provided an experimental setup to assess the
activatability of TLR8 in a cellular context. Although U exhibited
significantly lower potency compared with synthetic pocket 1
agonists, it still produced similar efficacies, making this an infor-
mative experiment. Using this setup, we found that ¥ was com-
pletely inactive in activating TLR8 compared with U, whereas,
unexpectedly, m"¥ displayed comparable activity. Interestingly,
while ¥ alone failed to activate TLRS, it could enhance the TLR8-
dependent RNA response, suggesting that ¥ may bind to TLR8
pocket 1 when released from ssRNA. A biochemical assay ex-
amining TLR8 dimerization in response to these nucleosides
confirmed these findings: U and m'¥ induced comparable
TLR8 dimerization across a range of ligand concentrations,
whereas ¥ alone exhibited little to no receptor dimerization activ-
ity. However, in combination with ssRNA, ¥ was still able to in-
duce TLR8 dimerization in vitro. On the other hand, ¥-containing
RNA failed to activate TLR7 in PLD-deficient CAL-1 cells when
stimulated with 2/,3'-cGMP, suggesting that ¥-oligos do not
bind to the second binding pocket of TLR7. Taken together,
these findings suggest that ¥-modified RNA is immune stealth
for at least two reasons: first, its processing by RNase T2 and
PLD exonucleases is significantly impaired, and second, ¥ itself
is a weak agonist for the first binding pocket of TLR8, while
Y-containing RNA does not serve as an agonist for the second
binding pocket of TLR7. Interestingly, and somewhat unexpect-
edly, while the therapeutically relevant m"¥ modification also re-
sists RNase T2 and PLD exonuclease cleavage, it nonetheless
functions as a TLR8 pocket 1 agonist.

In the absence of substrate-bound structures, it remains un-
clear how RNase T2 or PLD exonucleases distinguish U from
Y. ¥’s N1 acts as an additional hydrogen bond donor, altering
hydration and promoting intramolecular interactions with the
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RNA phosphate backbone. We and others®® also observed
Y-mediated base stacking with the 3’ neighboring nucleotide.
These changes favor an A-form helical conformation, possibly
explaining Y-RNA’s poor substrate compatibility with PLD en-
zymes. For RNase T2, we further hypothesize that ¥-induced
conformational changes disrupt base coordination in the B2
pocket. Similar structural effects have been shown to inhibit
RNase E cleavage,®* where ¥ substitution adjacent to the cleav-
age site constrains the backbone and impairs catalytic site bind-
ing. A parallel mechanism may apply to PLDs and RNase T2,
where ¥-RNA adopts an unfavorable conformation for substrate
binding. Interestingly, RNase A enzymes are unaffected by ¥,
suggesting that these structural alterations do not broadly impair
lysosomal nuclease activity. Whether m"¥ induces stacking or
conformational changes like ¥ remains underexplored, though
some evidence suggests similar effects.>® The N1 methyl group
in m'¥ introduces steric bulk, potentially influencing its fit in
RNase T2’s B2 pocket. Notably, TLR8's responsiveness to
m'¥ but not ¥ is structurally unexpected. In the TLR8-U com-
plex,* U adopts a syn conformation. This would position ¥'s
N1 (or the methyl group of m"¥) near Tyr353, which = stacks
with the pyrimidine ring. Why this allows binding of m"¥ but
not ¥ remains unresolved, warranting further structural studies.

In conclusion, our study provides the first molecular insights
into how ¥ evades immune recognition by RNA-sensing TLRs.
We show that lysosomal nucleases fail to adequately process
Y-containing RNA into TLR-agonistic ligands, highlighting their
critical upstream role in non-self-RNA detection. Additionally,
TLR8 bypasses Y in its first binding pocket, while TLR7 neglects
Y-containing fragments in its second pocket, providing a secon-
dary safeguard. Notably, m"¥ also evades processing by these
nucleases, yet retains the ability to activate TLR8. Taken together,
these findings define the molecular basis for selective RNA recog-
nition by TLRs and support the rational design of immunostealth
mRNAs by avoiding RNase T2-dependent processing.

Limitations of the study

It is tempting to speculate that ¥ modification of endogenous
RNA contributes to the non-responsiveness of TLR7 and TLR8
to self-RNA. Supporting this idea, pseudouridylation follows
specific sequence motifs that may underlie self-non-self-dis-
crimination. In eukaryotes, ¥ is introduced either by box
H/ACA ribonucleoproteins or by sequence-specific ¥ synthases
(PUS enzymes),’ such as Pus1 targeting RU motifs®® or Pus7 tar-
geting UGUA motifs.*” Although these patterns may aid self-rec-
ognition, their contribution is difficult to test due to the redun-
dancy and essentiality of the pseudouridylation machinery.
Indeed, additional modifications, like 2'-O-methylation, may
also help render self-RNA non-immunogenic. Future studies
will be needed to dissect the relative contributions of ¥ and other
modifications to TLR7/8 evasion. Another important limitation to
note is that, while our study reveals why ¥-RNA fails to activate
TLR7 and TLRS, it was not designed to assess RNase T2’s role
in vivo during responses to unmodified mRNA vaccines. Thus,
we cannot infer its impact on adaptive responses, such as anti-
body or T cell induction. Nonetheless, elucidating RNase T2
function in this context may inform strategies to optimize
mRNA vaccine efficacy.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti dsRNA Antibody, clone rJ2 Sigma-Aldrich Cat# MABE1134-25UL; RRID: AB_2819101

Anti mouse IgG, HRP linked antibody

Cell Signaling Technology

Cat# #7076; RRID: AB_330924

Chemicals, peptides, and recombinant proteins

Acetonitrile

Advanced RPMI 1640 medium
Ammonium persulfate

BioColl

Blasticidin

CaptureSelect™ C-tagXL Affinity Matrix
CD14 MircroBeads Human
Cellulose fibers

Coomassie Brilliant Blue R-250 Dye
CU-CPT9a

Express Five® SFM (1x)

Fetal calf serum

FuGene® Transfection Reagent
GlutaMAX

HEPES

vivo-jetRNA®

LPS-EB Ultrapure

MEM NEAA

M5049

N1-Methylpseudouridine
N1-Methylpseudo UTP
Opti-MEMTM
Penicillin/Streptomycin
Poly-L-arginine

Pseudouridine

Pseudo-UTP solution 100 mM
Recombinant Human IL-3
Recombinant Human CSF1 (M-CSF)
Recombinant Human RNase 1
Recombinant Human RNase 2
Recombinant Human RNase 6
Recombinant Human TLR8 (AA27-827)
RBC lysis Buffer

RPMI 1640 medium

R848

SequaGel Concentrate

SequaGel Buffer

SequaGel Diluent

Sf-900TM Il SFM

Sodium pyruvate

SYBR Gold Nucleic Acid Gel Stain

Carl Roth

Gibco

Sigma-Aldrich

Bio&Sell

Thermo Scientific

Thermo Scientific

Miltenyi

Merck

Thermo Scientific

Invivogen

Gibco

Gibco

Promega

Gibco

Sigma-Aldrich

VWR

InvivoGen

Gibco

Invivogen

Sigma-Aldrich

Jena Bioscience

Gibco

Gibco

Sigma-Aldrich

Sigma-Aldrich

Jena Bioscience

MPI of Biochemistry, Munich
MPI of Biochemistry, Munich
MPI of Biochemistry, Munich
MPI of Biochemistry, Munich
MPI of Biochemistry, Munich
This study

BioLegend

Gibco

InvivoGen

National diagnostics
National diagnostics
National diagnostics

Gibco

Gibco

Thermo Fisher Scientifc

93

Cat# HN40.1
Cat# 12633020
Cat# A3678
Cat# BS.L 6115
Cat# A1113903
Cat# 2943072010
Cat# 130-050-201
Cat#C6288-100G
Cat# 20278
Cat# inh-cc9a
Cat# 10486025
Cat# 10270106
Cat# E2691
Cat# 10270106
Cat# H0887-100ml
Cat#76579-662
CatttlIrl-3pelps
Cat# 11140035
Cat# inh-m5049
Cat# SMB01360
Cat#NU-890S
Cat# 31985047
Cat# 15-140-122
Cat#P7762
Cat# SMB00912
Cat#NU-1139S
N/A
N/A
N/A
N/A
N/A
N/A
Cat# 420301
Cat# 11875093
Cat# tlrl-r848
Cat#EC830-1I
Cat# EC835-200ml
Cat# EC840-1I
Cat# 12658019
Cat# 11360039
Cat# S33102
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

TEMED Carl Roth Cat# 2367.3

TL8-506 InvivoGen Cat# tlrl-t18506

TRIS glycine SDS-PAGE Thermo Scientific Cat# XP00125BOX

Uridine Sigma-Aldrich Cat# U3750

B-Estradiol Sigma-Aldrich Cat#E8875

2x RNA loading dye Thermo Fisher Scientific Cat# R0641
5-Propargylamino-CTP-PEG5-AZDye488 Jena Bioscience Cat# NU-831-PEG5-AZ488
6x DNA loading dye Thermo Fisher Scienctific Cat#R1161

2',3'-cGMP

BIOLOG

Cat# G 025-250

Critical commercial assays

Ampliscribe-T7-flash-transcription kit
Faustovirus Capping Enzyme

E. coli Poly(A) Polymerase

Human IFN-B ELISA Set

Human IFN-a2 ELISA Set

Human IL-6 ELISA Set

Human TNF ELISA Set

Human IP10 ELISA Set

BCA protein assay Kit

Lucigen

New England Biolabs
New England Biolabs
R&D System

R&D System

BD Biosciences

BD Biosciences

BD Biosciences
Thermo Fisher Scientific

Cat# ASF3507
Cat# M2081!
Cat# M0276|
Cat# DY814-05
Cat# DY9345-05
Cat# 555220
Cat# 555212
Cat# 550926
Cat# 23227

Mouse IFN-alpha ELISA Kit R&D Systems Cat# 42120-1
CD34 MicroBead Kit UltraPure, human Miltenyi Cat# 130-100-453
Monarch RNA Cleanup Kit New England Biolabs Cat# T2050I
Experimental models: Cell lines

BLaER1 human B-cell to monocyte Rapino et al*® N/A
trans-differentiation cell line

CAL-1 Maeda et al.** N/A

SF21 Thermo Fisher Scientific Cat#12682019

High Five™ Cells in Express Five™ Medium

Thermo Scientific

Cat# B85502

Oligonucleotides

RNA40S(rG*rC*rC*rC*rG*rU*rC*rU*rG*
rUrUrG*rU*rG*rU*rG*rA*rC*rU*rC)
RNA40°(rGrCrCrCrGrUrCrUrGr
UrUrGrUrGrUrGrArCrUrC)

RNA40i(rArCrCrCrArUrCrUrArUrUr
ArUrArUrArGrCrUrC)

RNA9.2s(rArGrCrUrUrArArCrCrUrGr
UrCrCrUrUrCrArA)

rArGrCrUrUrArArCrCrUrGrm
UrCrCrUrUrCrArA

rArGrCrUrUrArArCrCrUrGr¥rCr
CrUrUrCrArA

rArGrCr¥r¥rArArCrCr¥rGr¥r
CrCrUrUrCrArA

rCrCrUrUrCrA(dAdC);
rCrCr¥r¥rCrA(dAdC);
(dAdC),rUrUrGrUrCrU
(dAdC),rUrUrGrmUrCrU
(dAdC)7rUrUrGrUrmCrU
(dAdC)7rUrUrGr¥rCrU
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Miltenyi
IDT

IDT

IDT

IDT

This study
This study

This study
This study
Ella Biotech
Ella Biotech
Ella Biotech
Ella Biotech
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130-104-429
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
(dAdC)/rUrUrGrm"¥rCrU Ella Biotech N/A
r¥rererArGrC This study N/A
rUrUrUrArGrC This study N/A
rUrUrUrArGrCrUrUrArAr IDT N/A
CrCrUrGrUrCrCrUrU

rerererArGrCrUrUrAr This study N/A
ArCrCrUrGrUrCrCrUrU

m'¥m"¥m"PrArGrCrur This study N/A
UrArArCrCrUrGrUrCrCrUrU

(dAdC)7rGrArGrUrArGrA IDT N/A
(dAdC)7rGrArGr¥rArGrA This study N/A
rUrUrUrArGrCrUrUrAr Biomers N/A
ArCrCrUrGrUrCrCrUrU-FAM

r¥rererArGrCrUrUrArArCrCrUrGrUrCrCrUrU-FAM Biomers N/A
CpG O (TCGTCGTTTTGTCGTTTTIGTCGTT IDT N/A
Recombinant DNA

pACEBac1_IgK_hsTLR8(AA27-827)_EPEA This study N/A
Software and algorithms

GraphPad Prism10 GraphPad N/A
Outknocker Schmid-Burgk et al.*° N/A
AcquireMP Refeyn N/A
FlowJo BD Biosciences N/A
Other

Ultrafiltration spin columns, 0.45 pm cutoff Merck Cat# 20-218

METHOD DETAILS

Cell culture
BLaER1, THP-1, primary PBMCs, CD14* and pDCs were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal calf serum (FCS), 100 U/ml penicillin/streptomycin (PS), and 1 mM sodium pyruvate. CAL-1 cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum, 100 U/ ml penicillin/streptomycin (PS), 1 mM sodium pyruvate,
2x GlutaMAX, 10 mM HEPES and 1x MEM NEAA. The cells were maintained in a 37°C humidified incubator with a 5% CO, atmos-
phere. To induce the transformation of BLaER1 monocytes into macrophages, a cytokine cocktail - M-CSF (10 ng/ml), IL-3 (10 ng/ml)
and 100 nM p-estradiol - was added to the culture for a period of 5 days. THP-1 cells were differentiated with PMA (100 ng/ml) for 16 h
and rested for 2 days prior to stimulation. The differentiation process for both cell lines was carried out in a 96-well plate, with each
well containing 80,000 cells. Afterwards, cells were used for various stimulation experiments.

SF21 insect cells were cultured in Sf-900™ Ill SFM (1x) medium supplemented with 100 U/ml penicillin/streptomycin (PS) and
Highb insect cells were cultured in Express Five SFM (1x) medium supplemented with L-Glutamine (18 mM) and 100 U/ml penicil-
lin/streptomycin (PS). Both cell lines were maintained in a shaking incubator (95 rpm) without CO,.

Isolation of PBMCs, primary human monocytes and primary human pDCs

As previously described, peripheral blood mononuclear cells (PBMCs) were isolated from the leukocyte reduction system chambers
left over from platelet donation from healthy donors. Approval from the relevant ethics committee and informed consent from all do-
nors according to the Declaration of Helsinki were obtained (project number: 19-238, Ethics Committee of the Medical Faculty of
Ludwig-Maximilians-University Munich). PBMCs were isolated using BioColl and erythrocyte lysis (RBC lysis buffer). Human mono-
cytes purified by MACS from PBMCs using CD14 microbeads and human primary pDCs were MACS purified from PBMCs using
CD304 microbeads.

Cell stimulation
CAL-1 cells (100,000 cells/well) and THP-1 cells were primed with IFN-y (10 ng/ml) for 6 hours prior to stimulation. BLaER1 cells were

stimulated after trans-differentiation and primary human PBMCs (400,000 cells/well), CD14* monocytes (100,000 cells/well) and
pDCs (20,000 cells/well) were rested for 4 hours after isolation prior to stimulation. Primary pDCs were additionally treated with
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IL-3 (10 ng/ml). For transfection with RNA40® (0.6 pug/well), RNA40° (1.2 pg/well), RNA9.2s and modified version of RNA9.2s (1.2 ug/
well), short ORNs ((dAdC);UUGUCU, (dAdC);UUGmMUCU, (dAdC);UUGUmMCU, (dAdC);UUG¥CU, (dAdC);UUGm"¥CU, CCUUCA
(dAdC); and CCYYCA(dAdC);) (2.4 pg/well) and indicated Cas9 IVT (each 1.2 pg/well) or OVA IVT (each 0.6 pg/well) constructs,
RNA and poly-L-arginine were incubated separately in a 1:1 ratio for 5 minutes in pre-warmed Opti-MEM (25 pl/well). After combining,
the two reagents were incubated for additional 20 minutes before being added to the cells. To stimulate primary pDCs with OVA-IVT
constructs using Lipofectamine instead of poly-L-arginine as transfection reagent, Lipofectamine2000 (0.5 pl/well) and OVA-IVTs
(each 0.6 pg/well) were mixed and incubated in pre-warmed Opti-MEM (50 pl/well) for 20 min and afterwards added to the cells.
For RNA transfections in the presence of the TLR specific inhibitors, CU-CPTa (final concentration: 10 uM) or M5049 (final concen-
tration: 1 pM) was added to the cells 30 min prior to stimulation. Furthermore, cells were stimulated with 200 ng/ml LPS-EB ultrapure
(Lipopolysaccharide from Escherichia coli 0111:B4), 0.5 mM 2/,3'-cGMP, 5 pM CpG© and indicated concentrations of uridine, pseu-
dourdine (¥), N1-methylpseudouridine (m'¥) and 2'-O-methyluridine (Um). To calculate ECs, values (Figure 5B), BLaER1 monocytes
were stimulated with the different nucleosides at concentrations ranging from 64 mM to 4 mM. Supernatants of CD14* monocytes
were harvested after 24 hours of stimulation at 37 °C, the supernatants of BLaER1 cells were harvested after 14 hours and the super-
natants of CAL-1 cells were harvested after 16 hours.

Baculovirus production

A codon optimized version of the Igk leader sequence fused to the ectodomain of human TLR8 encompassing AA27-827 was ob-
tained from Max Planck Institute (Munich) and cloned into pACEBac1 vector for bacmid preparation. Production of TLR8 baculovirus
was conducted in SF21 insect cells. For transfection, 200 pl SF21 medium, 3 pl FuGene® and 2 pg of bacmid were combined and
incubated for 45 min at room temperature. Next, the transfection mix was added dropwise to SF21 cells (0.4x10° cells/2 ml) and in-
cubated at 27 °C. After three days, the supernatant (P0) was harvested, added to a cell suspension of SF21 cells (1x10° cells/ml, 10 ml
in total) and shaken for three days at 27 °C at 95 rpm. Subsequently, the virus containing supernatant (P1) was collected and filtered.
Next, P1 virus (0.5 ml) was added to 50 ml of SF21 suspension cells (0.4x10° cells/ml), which were shaken (95 rpm) for 3 days at 27 °C.
The supernatant (P2) was collected, filtered and stored at 4°C.

Protein expression and purification

Expression of recombinant TLR8 ectodomain was induced for three days by adding P2 baculovirus (Dilution of virus: 1:200) to High5
cells (1x10° cells/m). Subsequently, the supernatant containing secreted TLR8 ectodomain was harvested and filtered. EPEA agarose
beads were added to the supernatant and rotated for 2 hours at 4°C. The beads were washed three times with wash buffer (20 mM Tris
pH=7.5, 150 mM NaCl) and the protein was eluted (20 mM Tris pH=7.5, 150 mM NaCl, 2M MgCl,). Eluted TLR8 was dialyzed overnight
(50 mM NaHPQ,, 100 mM NaCl pH=5.0) and concentrated to 10 pM. TLR8 was stored at 4°C prior to mass photometry measurements.

Coomassie staining of hsTLR8 (AA27-827)

To assess the purity of recombinant hsTLR8 (AA27-827), the protein was separated on a 12% TRIS glycine SDS-PAGE. The gel was
subsequently stained with Coomassie (45% Ethanol, 10% acetic acid and 1g/L Coomassie Birilliant Blue R-250 Dye in milliQ water)
for 1 hour at room temperature and destained again (20% Ethanol, 10% acetic acid in milliQ water) overnight.

Mass photometry

Mass photometric assays for hsTLR8 (AA27-827) ectodomain dimerization were performed using a Refeyn TwoMP mass photo-
meter. Prior to each measurement, hsTLR8 (AA27-827) (10 pM) was incubated with indicated concentrations of uridine, pseudour-
idine, N1-methylpseudouridine or 2’-O-methyluridine or in combination with ssRNA40 (30 pM) for 10 min at room temperature. Prior
to each measurement, the different samples were diluted to a final concentration of 50 nM hsTLR8 (AA27-827) in sterile filtered mass
photometry buffer (50 mM NaHPO,4, 100 mM NaCl, pH=5.0). The measurements were recorded as 60-second movies and the result-
ing data were processed using AcquireMP software. All incubations and measurements were performed in triplicates, except for the
incubation of single nucleosides in combination with ssRNA40 (Figure 5F, lower panel), which was performed in duplicates.

RNase assays

Unless otherwise stated, 100 ng of RNA was treated with indicated amounts of enzyme in assay buffer (650 mM NaAc, 100 mM NaCl,
pH=4.5) or in IDTE buffer (10 mM Tris, 0.1 mM EDTA, pH=8) for 20 minutes at 37°C. Subsequently, 2x RNA loading dye was added to
the mixture, which was then heated at 95°C for 5 additional minutes. The resulting fragments were separated and detected on a urea
gel. For agarose gels, 1 pg of different Cas9 IVT constructs were incubated with indicated amounts of RNase T2 for 20 min at 37 °C.
Afterwards 6x DNA loading dye was added, and 0.5 pg of RNA was loaded onto the agarose gel.

ELISA

hiL-6, hTNF, hiP-10, hIFNa2, hIFNp and mIFNa ELISAs were conducted according to supplier’s protocol. For TLR7 and TLR8
stimulation assays, we primarily used IFNa or IFNB as readouts for TLR7 activation in plasmacytoid cell models and IL-6 for TLR8
activation in myeloid cells. These cytokines were selected as proximal indicators of pathway activation and have been shown to
be robust readouts based on extensive prior experience.
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Urea and agarose gels

Urea gels were prepared according to the manufacturer’s instructions using SequaGel Concentrate, SequaGel Diluent, and
SequaGel buffer. The gels were first run at 150 V for 10 minutes, followed by a 60-minute run at 250 V in 1x TBE buffer (containing
100 mM Tris, 100 mM boric acid, and 2 mM EDTA). The gels were then stained with SYBR Gold Nucleic Acid Gel Stain for 5 minutes,
followed by imaging. 1% agarose gels were run for 40 min at 120 V prior to imaging.

Affinity measurement by fluorescence anisotropy

The Fluorescence anisotropy assay was carried out in a black 384-well flat-bottom plate with a total reaction volume of 50 pl. 3'-FAM-
labeled substrates (10 nM) were incubated for 20 minutes at room temperature with increasing concentrations of PLD3(H201N,
H416N) in assay buffer (50 mM sodium acetate, 100 mM NaCl, pH 4.5). After incubation, the change in anisotropy was measured
at an excitation wavelength of 490 nm and an emission wavelength of 520 nm using an automated polarization microscope. Data
was analyzed by fitting to a one site-specific binding model.

In vitro transcription

In vitro transcription of a ~2,500 bp Cas9 amplicon (forward primer: GACAAGAAGTACAGCAT-CGGCCTGG; reverse primer:
CCACCCGAAATTAATACGACTCACTATAGGGAGACCAC-AACTGCAGGTAGTACAGGTACAGCTTC) was conducted according to
supplier’s protocol (Lucigen, #ASF3507), followed by DNase | treatment to remove the DNA template from the IVT. For IVT ¥,
IVT m'¥, Pseudo-UTP and N'-Methylpseudo-UTP was added to the reaction mix instead of UTP. For the fluorescently labeled
IVT, the reaction mix contained 2.5 mM ATP, GTP, and UTP, along with 0.2 mM CTP and 0.1 mM 5-Propargylamino-CTP-PEG5-
AZDye488. The fluorescently labeled RNA was purified using the Monarch RNA Cleanup Kit after DNase | treatment.

Sodium acetate precipitation of Cas9 IVT constructs

After IVT, glycogen (final concentration: 0.5 mg/ml), 3 M sodium acetate (1:10 volume) and 100% ethanol (4 volumes) were added to
the nucleic acid solution. The reaction was mixed thoroughly after each addition of the three components and incubated for 16 hours
at —20 °C. The precipitated RNA was centrifuged for 30 min at 4000 rpm at 4 °C. Subsequently, the supernatant was carefully dis-
carded, and the pellet was washed twice by adding 500 pul of 80% cold ethanol. Lastly, the pellet was air dried and resuspended in
water to a final concentration of 1 pg/pl. Prior to use it was confirmed that the RNA is fully intact by an agarose gel.

Purification of IVT mRNA using cellulose
To remove dsRNA contaminants from OVA-IVT RNAs, OVA-IVTs were purified by cellulose chromatography as previously de-
scribed.*’ In brief, cellulose fibers were initially resuspended in RNase-free chromatography buffer (10 mM HEPES, pH 7.2,
0.1 mM EDTA, 125 mM NaCl, and 16% (v/v) ethanol) to a final concentration of 0.2 g/ml. Next, 700 pl of cellulose slurry was trans-
ferred to an ultrafiltration spin-column (0.45 um cutoff) and centrifuged for 1 min at 14,000 x g. The flowthrough was discarded, the
cellulose washed with 500 pl of chromatography buffer and centrifuged again for 1 min at 14,000 x g. Next, 200 pg of OVA-IVT RNAin
500 pl chromatography buffer was added to the washed cellulose into the spin column. The column was rotated on a spinning wheel
for 30 min at room temperature and afterwards centrifuged for 1 min at 14,000 x g. The flowthrough, containing the purified RNA, was
collected, and subjected to two more rounds of cellulose purification.

Finally, the RNA was precipitated by adding 50 pul of 3 M NaOAc (pH 5.5) and 500 pl of isopropanol and subsequent centrifugation at
16,000 x g for 2 hours at 4 °C. The recovered purified RNA was resuspended in nuclease free water. The removal of dsRNA contam-
inations was confirmed by RNA dot blot using an anti-dsRNA antibody.

Capping and Tailing of I'T mRNA

An m’G cap (Cap-0) structure was added to the purified OVA IVT RNAs using the Faustovirus capping enzyme, following the sup-
plier’s protocol (NEB #M2081). Subsequently, IVTs were poly(A)-tailed using E. coli Poly(A) Polymerase, also following the supplier’s
protocol (NEB# M0276). RNA was purified after each step using the Monarch RNA Cleanup Kit.

Cellular RNA uptake assay

To determine the uptake of RNA upon transfection, GFP-negative BLaER1 monocyte-derived macrophages (80,000 cells/well) were
stimulated with AZDye488-labeled RNAs (1.2 pg/well) using poly-L-arginine as a transfection reagent as described above. At 2 h post
transfection, cells were detached and resuspended in FACS buffer (PBS+2% FCS). Subsequently, AZDye488-positive cells were an-
alyzed using a BD FACS Melody™ flow cytometer. Data was analyzed using FlowJo software (BD Biosciences).

Mouse lines

Mice in this study were housed under specific pathogen-free (SPF) conditions at 21 + 1°C, with a 12-hour light/dark cycle and an
average humidity of 55%. Breeding and maintenance followed the regulations of the animal welfare authorities of the government
of Upper Bavaria (application number: 55.2-2532.Vet_02-21-97). The mouse lines used were previously established, including
TIr137-*2 and Rnaset2”~.%" Experimental mice were between 40 and 80 weeks old.
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In vivo injection of mMRNA

OVA-mRNA for in vivo injections was complexed using in vivo-jet PEI® according to the manufacturer’s protocol. Mice were then
intravenously injected with 10 ug of MRNA per mouse. As a negative control, PBS was injected. TIr137 mice that received PBS in-
jections (Figure 6L) were later injected with U-IVT following a 7-day washout period. Six hours post-injection, blood was collected and
left at room temperature for 45 to 60 minutes to allow natural clotting. The samples were then centrifuged at 1,000 x g for 10 minutes,
and the serum was transferred to a clean tube for PAN-IFNa analysis via ELISA. All animal experiments were approved by the local
regulatory agency (Regierung von Oberbayern, #55.2-2532-02-20-109).

RNase assays for LC-MS
RNA (1 pg) was digested with indicated concentrations of RNase T2 or RNase 1 for 20 min at 37°C in IDTE buffer (10 mM Tris, 0.1 mM
EDTA, pH=8.0).

RNA isolation

All RNA isolation steps were performed at room temperature. Enzyme reactions (vol. of reaction mixture < 350 pl) were quenched by
addition of 350 pul Roti-Phenol (phenol / chloroform / isoamyl alcohol; 25/24/1; Roth). milliQ water was added until a total sample vol-
ume of 700 pul was reached (aqueous phase / Roti-Phenol; 1/1; v/v). After vigorous vortexing (2 min) and centrifugation (10,000 x g;
1 min), the upper, aqueous phase was transferred to a new tube. 350 pl of milliQ water were added to the phenol/chloroform phase,
again followed by vortexing (2 min) and centrifugation (10,000 x g; 1 min). The agueous phases were combined, and 700 pl of chloro-
form were added (H2O / chloroform; 1/1; v/v). The samples were vortexed (2 min), centrifuged (10,000 x g; 1 min), and the upper,
aqueous layer was transferred to a new tube. This chloroform extraction step was repeated two more times. The resulting, clean
aqueous phase was lyophilized overnight (Alpha 2-4 LSCbasic, Christ). The remaining residue was re-dissolved in 200 pl of milliQ
water and again lyophilized overnight. Samples were then re-dissolved in 100 pl of milliQ water and stored at -78 °C until submission
to LC-MS analysis (see below).

Liquid chromatography - mass spectrometry (LC-MS): general procedure

All samples were filtrated before measurement using an AcroPrep Advance 96 filter plate 0.2 pm Supor from Pall Life Sciences and
were kept on ice during handling. HPLC-HESI-MS analyses were performed on a Dionex Ultimate 3000 HPLC system coupled to a
Thermo Fisher LTQ Orbitrap XL mass spectrometer. Compounds of interest (injection volume: 85 pl) were separated with an Interchim
Uptisphere120-3HDO C18 column whose temperature was maintained at 30 °C. Elution buffers were buffer X (2 mM NH4HCOO in
H,0; pH 5.5) and buffer Y (2 mM NH4HCOO in H,O/MeCN 20/80 v/v; pH 5.5). Different and optimized HPLC gradients and flow rates
were used for experiments involving 20mer RNA digests, 2,500 bp RNA digests, or chimeric DNA-RNA species (see below). Chro-
matograms were recorded at 260 nm with a Dionex Ultimate 3000 Diode Array Detector with a data collection rate of 20 Hz and a
response time 0.10 s. The chromatographic eluent was directly injected into the ion source of the mass spectrometer without prior
splitting. lons were scanned in the positive polarity mode over a full-scan range of m/z = 225-2000 with a resolution of 100,000. Pa-
rameters of the mass spectrometer were tuned with a freshly mixed solution of inosine (5 pM) in buffer X. Source-dependent param-
eters were set as follows: Capillary temperature 275 °C; APCI vaporizer temperature 100 °C; sheath gas flow 5.00; auxiliary gas flow
21.0; sweep gas flow 1.00; source voltage 4.80 kV; capillary voltage 0 V; tube lens voltage 45.00 V. Data analysis was performed using
the program Xcalibur from Thermo Scientific: lon chromatograms of the compounds of interest were extracted from the total ion cur-
rent (TIC) chromatogram with a mass range set to +/- 0.0100 u (Am<3ppm) around m/z = [M+nH]/n (z =n; corresponding to the frag-
ment [M+nH]™) of the compound’s most abundant isotopologue (the isotopologue distribution of a compound was calculated with
ChemDraw).

LC-MS analysis of RNA40/RNA40i/RNA9.2s and their cleavage products

This section outlines the LC-MS analysis methods used to generate the data shown in Figure 1. In this case, the HPLC gradient was
as follows: 0—-3 min, 0 % Y, 150 pl/min; 3—4 min, 0—-0.1 % Y, 150 pl/min; 4—8 min, 0.1 % Y, 150 pl/min; 8463 min, 0.1-6 % Y,
150 pl/min; 63—73 min, 6515 % Y, 150 pl/min; 73—80 min, 15575 % Y, 150—200 pl/min; 80—-88 min, 75 % Y, 200 pl/min.

Two obstacles had to be overcome to identify and quantify the fragments: First, all isomers of a given base composition have the
same mass. Second, although an optimized HPLC gradient was used, some fragments have similar retention times, so their UV ab-
sorption peaks overlap. Nevertheless, to identify and quantify all fragments, we first identified fragments with unique nucleotide com-
position (and mass) and with non-overlapping UV absorption peaks. Each of these fragments was quantified by integrating its UV
absorption peak and dividing this value by its extinction coefficient (the extinction coefficients themselves were calculated using
IDT’s OligoAnalyzer). The value thus obtained is directly proportional to the absolute amount of the fragment in the sample. In addi-
tion, the total base compositions (but not the sequence) of all other fragments present were identified via their mass, and non-over-
lapping UV absorption peaks were integrated. The identity/sequence and the absolute amounts of all fragments present were then
determined by applying the following logical principles: For any given cleavage site, the total amount of fragments with a 3’-end at this
position must equal the total amount of fragments possessing the matching 5’-end. Furthermore, for each of the 20 nucleotide posi-
tions of the reactant strand, the total amount of all fragments containing a given nucleotide must add up to the same value (this value
is the total amount/fraction of educt oligomer processed by RNase T2 or RNase 1, respectively). The same value should be obtained
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at any cleavage site when adding up the amounts of fragments bearing a 3'-end (or a 5’-end, respectively) at this position and the
amounts of all fragments not being cleaved at this site but instead containing both nucleotides of the cleavage site. Following these
rules, all fragments present in the samples could unequivocally be identified, and their absolute amounts could be determined. The
cleavage percentage at a given site was then calculated by dividing the total amount of fragments with a 3'-end at this position (or a
5'-end, respectively) by the total amount of educt oligomer processed by RNase T2 or RNase 1, respectively (i.e. sum of all 3’ frag-
ments ending at a particular cleavage site divided by the sum of these 3’ fragments and of the fragments covering this cleavage site).

LC-MS analysis of a 2,500 nt RNA digested either by RNase T2 or RNase 1
This section outlines the LC-MS analysis methods used to generate the data shown in Figure 2. In this case, the HPLC gradient was as
follows: 0—-3 min, 0 % Y, 150-100 pl/min; 3—-4 min, 0-0.1 % Y, 100 pl/min; 4—8 min, 0.1 % Y, 100 pl/min; 8463 min, 0.1-6 % Y,
100 pl/min; 63—73 min, 6515 % Y, 100 pl/min; 73—-80 min, 15575 % Y, 100—»150 pl/min; 8088 min, 75 % Y, 150—200 pl/min.
In these experiments, a plethora of cleavage products with similar retention times were generated. Since their UV-peaks were over-
lapping in most cases, an UV-based absolute quantification of fragments was not possible. We therefore decided to go for relative
quantification. For di- and trimer identification, we designed 9 different RNA 5mers (UGUUU; UAUUU; UUGUU; GUCCC; AUCCC;
UCGUU; UCAUU; UAGUU; UGAUU) and subjected them to digestion either by RNase T2 or RNase 1. The resulting cleavage prod-
ucts were dimers and trimers of a defined sequence (and mass). These were analyzed by LC-MS using the same HPLC gradient as for
the 2,500 bp RNA analysis. This way, we obtained a data set correlating particular 2/3mer sequences (and masses) with their HPLC
retention time. Based on this data set, the ratios of 16 dimers and 12 trimers in the samples (RNase T2 vs. RNase 1) were determined.
Incidentally, in most cases, fragments of interest were either only present in the RNase T2 digest sample or in the RNase 1 digest
sample. The resulting fragment ratio of 1:0 is the same as it would be based on absolute fragment amounts.

LC-MS analysis of chimeric DNA/RNA probes and their cleavage products

This section outlines the LC-MS analysis methods used to generate the data shown in Figure 3. In this case, the HPLC gradient was as
follows: 03 min, 0 % Y, 150 pl/min; 3-4 min, 0—-0.1 % Y, 150 pl/min; 4-8 min, 0.1 % Y, 150 pl/min; 8553 min, 0.1-5 % Y, 150 pl/
min; 53—70 min, 5-15 % Y, 150 pl/min; 70-73 min, 155100 % Y, 150—200 pul/min; 73—77 min, 100 % Y, 200 pl/min. Identity /se-
quence of fragments and their absolute amounts were determined as in the case of the RNA40/RNA40i/RNA9.2s samples (see
above). Here, and in contrast to the calculations done for RNA40/RNA40i/RNA9.2s, cleavage percentages were calculated consid-
ering the amount of non-processed chimeric educt oligomer, too: The cleavage percentage at a given site was calculated by dividing
the total amount of fragments with a 3'-end at this position (or a 5’-end, respectively) by the sum of the total amount of educt oligomer
processed by RNase T2 (or RNase 1, respectively) AND the amount of remaining/non-cleaved educt oligomer (otherwise, when cal-
culated as for RNA40/RNA40i/RNA9.2s, a minimal cleaving at a single position would lead to a calculated cutting percentage of
100 %).

LC-MS/QQQ analysis of nucleoside-monophosphates)

This section outlines the LC-MS analysis methods used to generate the data shown in Figures 6D, 6F, and 6H. The preparation for LC-
MS analysis to measure 2',3’-cGMP in vitro released by PLD3 and RNase T2 and the subsequent analysis of the nucleoside-mono-
phosphate by LC-MS/QQQ was conducted as previously described.?

Synthesis and purification of oligonucleotides

Phosphoramidites of canonical ribonucleosides (Bz-A-CE, Dmf-G-CE, Ac-C-CE and U-CE) were purchased from LinkTech and
Sigma-Aldrich. Phosphoramidites of ¥ and m'¥ were synthesized respectively. Oligonucleotides were synthesized on a 1 pmol scale
using High Load Glen UnySupport™ as solid supports for strands employing an RNA automated synthesizer (Applied Biosystems
394 DNA/RNA Synthesizer) utilizing standard phosphoramidite chemistry. ONs were synthesized in DMT-OFF mode using DCA
as a deblocking agent in CH,Cl,, BTT or Activator 42® as activator in MeCN, Ac,0 as capping reagent in pyridine/THF and I, as ox-
idizer in pyridine/H,0.

The solid support beads were suspended in a 1:1 aqueous solution mixture (0.6 ml) of 30% NH,OH and 40% MeNH,. The suspen-
sion was heated at 65 °C for 60 min for High Load Glen UnySupport™. Subsequently, the supernatant was collected, and the beads
were washed with water (2x0.3 ml). The combined aqueous solutions were concentrated under reduced pressure using a SpeedVac
concentrator. The crude was dissolved in DMSO (100 pl) and triethylamine trihydrofluoride (125 pl) was added. The solution was
heated at 65 °C for 1.5 h. Finally, the ON was precipitated by adding 3 M NaOAc in water (25 pl) and n-butanol (1 ml). The mixture
was kept at -80 °C for 2 h and centrifuged at 4°C for 1 h. The supernatant was removed, and the white precipitate was lyophilized.

The crude was purified by semi-preparative HPLC (1260 Infinity Il Manual Preparative LC System from Agilent equipped with a
G7114A detector) using a reverse-phase (RP) VP 250/10 Nucleodur 100-5 C18ec column from Macherey-Nagel. Buffers: A) 0.1 M
AcOH/Et3N in H,O at pH 7 and B) 0.1 M AcOH/Et3N in 80% (v/v) MeCN in H,O. Gradient: 0-25% of B in 45 min. Flow rate =
5 ml-min™'. The purified ON was analyzed by RP-HPLC (1260 Infinity Il LC System from Agilent equipped with a G7165A
detector) using an EC 250/4 Nucleodur 100-3 C18ec from Macherey-Nagel. Gradient: 0-25% or 0-30% of B in 45 min. Flow
rate = 1 ml-min”". Finally, the purified ON was desalted using a C18 RP-cartridge from Waters.
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The absorbance of the synthesized ON in H,O solution was measured using an IMPLEN NanoPhotometer® N60/N50 at 260 nm.
The extinction coefficient of the single stranded ONs was calculated using the OligoAnalyzer Version 3.0 from Integrated DNA Tech-
nologies. For ONs incorporating non-canonical bases, the extinction coefficients were assumed to be identical to those containing
only canonical counterparts. The synthesized ON (2-3 pl) was desalted on a 0.025 pm VSWP filter (Millipore), co-crystallized in a
3- hydroxypicolinic acid matrix (HPA, 1 pl) and analyzed by MALDI-TOF mass spectrometry (negative mode).

NMR analysis of YYWYAGC and UUUAGC

Samples of ¥¥YAGC and UUUAGC were purified by an NaOAc/EtOH precipitation with subsequent desalting by a NAP-5 Sephadex
column (Cytiva). Purified oligonucleotides were lyophilized and dissolved in 25 mM sodium phosphate pH 6.4, 25 mM NaCl, 10%
D,O. NMR experiments were recorded on 600 and 1200 MHz Bruker NMR spectrometers equipped with cryogenic probes. 1D
"H experiments were recorded at 282 K using a WATERGATE flip-back pulse sequence for water suppression. For investigation
of non-exchangeable resonances, samples were dissolved in 25 mM sodium phosphate pH 6.4, 25 mM NaCl, 100% D,O. 1D "Hex-
periments were recorded, as well as homonuclear 'H,'H-NOESY (mixing time 300 ms) and 'H,"H-TOCSY (mixing time 60 ms) experi-
ments. The residual water signal was suppressed using an excitation sculpting sequence. Spectra were processed in TopSpin
v.3.5pl7 and analyzed in CCPNMR 2.4.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using Prism 10. The sample sizes (n) and statistical methods, where applicable, are detailed in
the respective figure legends.

e8 Cell 188, 1-16.e1-e8, September 4, 2025

100



Cell

- RNaseT2
RNA40 ssRNA N Fa—
~ RNA40 ss ds ss ds
RNA40 dsRNA - W W
cleleleleloel0 21 - -
7 =
HPNO HPN-GU-stem
x10° g2 8 . B X108 2 8 2
g g g s 8
_ 3 S % L — o R
Se R Fa ) S P A .
< T e ® < s
4 a g 8 =4 Loe s 5 B
Z . g g |- g B 8 8 .
- 5 2 S S : 5 2 s <
< a a2 o o a2 a
G 0 -1 0: s
2 g ® 2 -
5 —_—— 14
-.*-- - 1 17 o e o o —
B 3 g s 3
QO —  EE— D —  EE—
RNase T2 RNase 1 RNase T2 RNase 1
HPN-GU-loop HPN-GU-stem-wobble
D o . R § . z
X N 2 X =
8 g s LY 8 ] g 2
— S L 3 - g g g v
Y S F- L S .5 s T
OE < . < . o B o oo o
> o & N o ® > g . =2 .
g4 séﬁiss . g4 g ..ﬂ[fv’—}‘ﬁ
c S S S S C c =] a 8 8
G, s 3 S 3 . s 7 g g
a oo v 82 o s 3
ERY RS c v v
0 e - G 0 s_2
G %i »O€ 251
@ 214
ransE s — G 17— ——— - —
R - - LN :
[2] [2] [
RNase T2 RNase 1 RNase T2 RNase 1

Figure S1. RNase T2 does not cleave dsRNA40, related to Figure 1
(A) Urea gel of ssRNA40 and dsRNA40 digested with RNase T2 (++ = 37 nM, + = 3.7 nM) in IDTE buffer. Data represent two independent experiments.

(B-E) Urea gels of depicted hairpin RNAs digested with RNase T2 (3.7 uM, 0.37 pM, 37 nM, and 0.37 nM) or RNase 1 (0.6 uM, 60 nM, 6 nM, and 0.6 nM) in IDTE
buffer. One representative gel of three independent experiments is shown. Top, the quantification of the densitometry analysis of the uncut RNA oligonucleotide

for each condition. Data are presented as mean + SEM from n = 3 independent experiments. Statistical analysis was performed using a one-way ANOVA,
comparing the untreated RNA to other conditions with Dunnett’s multiple comparisons test.
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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 ng) 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 ug) 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'-O-methyluridine is not a substrate for TLRS, related to Figures 4 and 5

(A) PBMCs were stimulated with pR, OVA-U, OVA-Y, OVA-m'¥, 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°, OVA-U, OVA-¥, OVA-m"¥, 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-¥, or OVA IVT-
m'W 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, IFNa2 release was measured. Data are depicted as mean +
SEM of n = 3 independent donors.

(E-G) Urea gels of (AAdC);GAGUAGA and (dAdC);GAGUmMAGA 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 1) Urea gels of UUUGCUUAACCUGUCCUU and UmUmUmGCUUAACCUGUCCUU digested with (H) PLD4 (250, 25, and 2.5 nM) or (l) 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 (ECs).

(L) CD14* monocytes were stimulated with increasing concentrations of U, ¥, or m'W 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 (ECsp).

(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/-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'-O-methyluridine or in combination with ssRNA40S 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. ¥ does not inhibit U binding to TLRS, 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°.

(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°.

(F) Wild-type and TLR8™~ BLaER1 monocytes were unstimulated or stimulated with U, a combination of U and ¥, 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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Figure S5. ¥ inhibits cleavage by PLD exonucleases, related to Figure 6
(A) pDCs were stimulated with lipofectamine only or with OVA-U, OVA-¥, and OVA-m"¥ with or without M5049. After 24 h, IFNa2 release was measured. Data are

depicted as mean + SEM of n = 3 independent donors.
(B) CAL-1 cells of indicated genotypes were stimulated as indicated. After 16 h, IFN-B release was determined. Data are depicted as mean + SEM of n = 6 in-

dependent experiments.
(C) Urea gels of UUUGCUUAACCUGUCCUU, Y¥¥GCUUAACCUGUCCUU, and m'"¥m'"¥m'¥GCU-UAACCUGUCCUU digested with PLD3 (2.5, 0.25, and

0.025 nM) in assay buffer. One out of two independent experiments is shown.
(D) Urea gels of UWUGCUUAACCUGUCCUU, ¥¥¥GCUUAACCUGUCCUU, and m'¥m'¥m'¥GCU-UAACCUGUCCUU digested with PLD4 (250, 25, and

2.5 nM) in assay buffer. One out of two independent experiments is shown.
(E) Fluorescence anisotropy assay assessing the binding of PLD3"20N. H416N 4t increasing concentrations to UUUGCUUAACCUGUCCUU and

YYYGCUUAACCUGUCCUU. Data are shown as mean + SEM of n = 3 independent experiments.
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Figure S6. ¥-RNA adopts an A-form conformation, related to Figure 6

(A) 1D "H NMR spectra of the imino region of ¥¥WAGC (highlighted in red) and UUUAGC (highlighted in blue) revealing an additional H1 signal in ¥ ¥¥AGC most
likely corresponding to ¥3. Spectra were recorded at 600 MHz, 282 K.

(B) 1D "H NMR spectra of the H1’ region of the ribose’s of W$WAGC and UUUAGC indicating a smaller splitting due to the 3J(H1/, H2') coupling of the A4 and G5
signals (~¥1-2 Hz) compared with the spectrum of the UUU-oligo (~3 Hz). The smaller coupling in ¥¥WAGC suggests a higher population of C3’endo conformation
for the ribose of A4. Spectra were recorded at 600 MHz, 282 K for UUUAGC and 293 K for Y¥WAGC.

(C) Anomeric-aromatic region of 'H,"H NOESY spectra recorded at 600 MHz for UUUAGC and 1,200 MHz for ¥¥WAGC. Both NMR spectra were recorded at 282
K with a mixing time of 300 ms. NOEs of A4 to U3/¥3 are annotated in purple, NOEs to G5 in yellow. An NOE from A4H8 to W3H6 indicates base stacking.
A corresponding NOE could not be observed in UUUAGC, suggesting a higher structural stabilization in ¥¥¥AGC. Two NOEs to the ¥3 ribose were observed
(marked by asterisks), which could not be further assigned.

(D) The NOEs are shown in a structural model of ¥¥¥AGC with A-form geometry. The model was generated using RNA composer. The imino H1 proton of ¥3 is
stabilized by a water-mediated H-bond to its own phosphate and the phosphate of the 5’ nucleotide (yellow box).
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6 List of Abbreviations

2’,3’-cGMP
AP-1
AP-2
ATP
BMP
cGAMP
cGAS
CLR
CMP
CORPII
CpG
CRISPR

CRP
CTLR
CXCL8
CXCL10
DAMP
DC

DC
DKC
DNA
DNase
ds

eiF2
ER
ERGIC

ERK
ETI
GMP

2',3’-cyclic guanosine monophosphate
Activator protein 1

Adaptor Protein 2

Adenosine triphosphate
Bis(monoacylglycerol)phosphate
cyclic GMP-AMP

cyclic GMP-AMP synthase

C-type lectin receptor

Common myeloid progenitor

Coat Protein Complex Il
cytosine-phosphate-guanine
Clustered Regularly Interspaced Short
Palindromic Repeats

C-reactive protein

C-type lectin-like receptor

C-X-C motif chemokine ligand 8
C-X-C motif chemokine ligand 10
damage-associated molecular pattern
dendritic cell

dendritic cell

Dyskerin

Deoxyribonucleic acid
Deoxyribonuclease

double-stranded

eukaryotic initiation factor 2
endoplasmatic reticulum
endoplasmic reticulum-Golgi
intermediate compartment
Extracellular signal-related kinase
Effector-triggered immunity

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

IKKe IKB kinase-¢

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

miy 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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MDAS

mDC
MHC
MORC3

MyD88

miy
NF-kB

NK
NLR

NO
NOD

OAS
PAMP
pDC
PKR
PLD
PRAT4A

PRR
PTI
PUS

Q
RAF-1
RIG
RIPK-1

RLR

melanoma differentiation-associated
protein 5

monocyte-derived dendritic cell

Major Histocompatibility Complex
Microrchidia family CW-type zinc finger
3

myeloid differentiation primary response
88

N1-Methylpseudouridine

Nuclear Factor kappa-light-chain-
enhancer of activated B cells

natural killer

Nucleotide-binding domain and leucine-
rich repeat-containing receptor

nitric oxygen

nucleotide-binding oligomerization
domain

oligoadenylate synthase
pathogen-associated molecular pattern
Plasmacytoid dendritic cell

Protein kinase R

Phospholipase D

Protein Associated with Toll-like
receptor 4A

pattern recognition receptor
Pattern-triggered immunity
Pseudouridine synthase

Glutamine

rapidly accelerated fibrosarcoma
Retinoic acid-inducible gene
Receptor-interacting serine/threonine-
protein kinase 1

RIG-I-like receptor
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RNA Ribonucleic acid

RNase Ribonuclease

ROS reactive oxygen species

S2a2u 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-B (TGF-f)-
activated kinase 1

TASL TLR adaptor interacting with SLC15A4
on the lysosome

TBK1 TANK binding kinase 1

TGF-B Transforming growth factor f3

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

W Pseudouridine
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