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Introduction

Cell-autonomous innate immunity enables individual cells to sense
andrespond to viralinfection before systemicimmune responses have
beenactivated"*. Human cells encode alarge number of sensors for viral
invasion, including Toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain-like receptors (NLRs), which can sense viral
nucleicacids, proteins or other molecules as asignature of infection®*.
These sensors thenactivate signalling cascades whose typical outcome
inhuman cellsis the expression of multiple antiviralgenes and, insome
cases, the secretion of signalling factors such as interferons that can
have effects on neighbouring cells®. Cell-autonomous innate immunity
is a property shared across all domains of life’.

Studies from recent years have shown that many key components
of cellular immunity are conserved between bacteria, animals and
plants®’. Phylogenetic evidence suggests that these components
first evolved in bacteria as anti-phage defence mechanisms and
were then either inherited by early eukaryotes during the process of
eukaryogenesis’, or subsequently horizontally transferred from prokar-
yotes to eukaryotes®’. Immune mechanisms that are conserved from
bacteriato higher eukaryotes include the cyclic guanosine monophos-
phate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)-
stimulator of interferon genes (STING) pathway'®, RNA interference”,
inflammatory pathways such as pyroptosis'?, and many others”.

With the recent expansion in our understanding of antiviral mech-
anismsin animals, plants and particularly bacteria, the free nucleotide
poolis emerging as acentral hub for viral mitigation and immune sig-
nalling. It has been shown that multipleimmune pathways manipulate
the free nucleotide pool to deprive viruses of molecules essential for
their life cycle, use nucleotides as building blocks for immune signal-
ling molecules, and modify nucleotides to form molecules that poison
viral replication.

This Review article focuses on the role of chemical modification
of free nucleotides in antiviral innate immunity across the tree of
life. We discuss the diverse mechanisms by which immune pathways
manipulate nucleotides and describe the various countermeasures that
viruses have evolved to mitigate nucleotide-based immunity. Finally, we
propose an evolutionary model to explain why nucleotides became a
central axis of innate immunity that remained conserved from bacteria
to plants and animals.

Manipulation of the nucleotide pool

Studies of both prokaryotic and eukaryoticimmunity show that manip-
ulating the cellular pool of free nucleotides is a successful strategy for
inhibiting viral replication. Multiple pathways were found to specifi-
cally deplete asingle type of nucleotide in response to viral infection,
thus starving the virus of a molecule essential for its life cycle. Here,
we detail how immune factors restrict viral replication by depleting
deoxynucleotide triphosphates (ANTPs), adenosine triphosphate (ATP)
or nicotinamide adenine dinucleotide (NAD").

Deoxynucleotide depletion

There are several cell-autonomous antiviral factors that are known to
restrict viral replication by eliminating one of the available dNTPs, or all
dNTPs, fromthe nucleotide pool. These include the sterile alpha motif
and HD domain-containing protein 1(SAMHDI) in human cells**"* and
two families of antiviral enzymesin bacteria, comprising deoxycytidine
triphosphate (dCTP) deaminases and deoxyguanosine triphosphate
(dGTP) triphosphohydrolases (dGTPases)"'®. The principle of immu-
nity in these cases is straightforward: in the absence of one or more

dNTPsinthecell, the virus cannot successfully polymerize its genome.
By contrast, host cells may be able to survive without requiring DNA
replication until the virus is cleared by other means'>*,

Human SAMHDI1 restricts viral infection in non-dividing cells
by depletion of all four dNTPs™* . This is achieved by cleaving the
triphosphate group fromthe deoxyribose-base moiety, thus converting
dNTPs to deoxynucleosides that cannot be used for DNA replication™
(Fig.1a). SAMHD1-mediated dNTP depletion restricts DNA viruses and
retroviruses that require dNTPs for their replication, and it has been
particularly well characterized in the context of lentivirus infection;
in cells expressing SAMHD1, dNTPs are scarce, which means that reverse
transcription of the lentiviral genome becomes inefficient'*>?"?2,
Some lentiviruses, such as HIV-2 and simian immunodeficiency virus,
overcome SAMHD1-mediated restriction by encoding Vpx, a protein
that specifically targets SAMHDI for proteasomal degradation®°.
Multiple copies of Vpx are packaged inthe virionand are released into
the host cell after infection?.

Bacteria encode dNTPases that show distant structural homol-
ogy to SAMHDI1 and have the same enzymatic activity of sepa-
rating the triphosphate group from the deoxyribose base of the
deoxynucleoside?®*°, Some bacterial ANTPases have a strong prefer-
ence for dGTP as their substrate® *, and a subset of these dGTPases
have potent antiviral activity'®. During phage infection, antiviral dGT-
Pasesinbacteriadeplete the cell of dGTP, resulting in stalling of the DNA
polymerase and inhibition of phage genome replication (Fig.1a). Acti-
vation of antiviral dGTPases in Escherichia coliwas suggested to occur
inresponsetogeneral transcriptioninhibition, whichis ofteninduced
by phages as part of the host cell takeover process' (Fig. 1a). Some
phages, including the coliphage T7, encode proteins that specifically
bind and inhibit bacterial dGTPases***.

Intriguingly, in addition to their roles in antiviral immunity, both
SAMHD1 and bacterial dGTPases were shown to have a housekeeping
roleinregulating DNA repair. SAMHD1 is activated downstream of the
DNA damage pathway** and localizes to DNA damage foci”’, wherein it
promotes homologous recombination by recruiting the repair machin-
erytosites of double-stranded DNA (dsDNA) breaks™. Similarly, some
bacterial dGTPases have been implicated in maintaining genomic
stability and may participate in DNA repair processes®. As efficient
DNA repair requires regulated amounts of dNTPs**, it is logical that
enzymes that regulate ANTP levels would participate in this process.

Another family of bacterial enzymes that confer resistance to
phage infection are dCTP deaminases''®. When a cell senses phage
infection, these enzymes replace the amine residues of dCTP nucle-
otides with a carbonyl group, converting them into deoxyuridine
triphosphates (dUTPs) and rendering the cell devoid of dCTP (Fig.1a).
dUTP is then rapidly converted into deoxyuridine monophosphate
(dUMP), most probably by bacterial housekeeping enzymes' .
Phage-mediated shutdown of cellular transcription was shown to
trigger bacterial dCTP deaminase activity'”'**, similar to what was
observed for the activity of bacterial antiviral dGTPases'®.

Manipulation of cellular ATP levels

Another category of immune factors that manipulate the nucleotide
pool are those that alter ATP, which is essential for energy metabo-
lisminall celltypes. Various bacterial defence proteins containan ATP
nucleosidase domain that cleaves ATP and deoxyATP (dATP) mole-
cules, separating the nucleobase from the sugar moiety* (Fig. 1b).
The ATP nucleosidase domain is found in bacterial NLR-like proteins,
cyclic-oligonucleotide-based anti-phage signalling systems (CBASS),
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short prokaryotic Argonautes, defence-associated reverse tran-
scriptase type 8 (DRTS), and Detocs*®. In response to phage infection,
these systems degrade ATP and dATP in infected cells. The reduction

of ATP levels during the course of phage infection may cause cell death
before the phage has completed its replication cycle, possibly by pre-
maturely triggering the phage lysis machinery (the process by which
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Fig.1|Nucleotide depletion as an antiviral strategy. ‘Phage trigger’ represents
unknown phage components or phage-induced changes in cellular state.
a,Deoxynucleotide triphosphate (ANTP) depletion. The human protein sterile alpha
motif and HD domain-containing protein 1 (SAMHD1) cleaves triphosphate groups
from dNTPs, thus depleting dNTPs and inhibiting reverse transcription of HIV RNA.
Inbacteria, deoxyguanosine triphosphate (dGTP) triphosphohydrolase (dGTPase)
and deoxycytidine triphosphate (dCTP) deaminase enzymes deplete dGTP and
dCTP, respectively, thereby preventing phage DNA replication. b, Degradation of
adenosine triphosphate (ATP) and deoxyATP (dATP) by ATP nucleosidases renders
the cell depleted of energy. In bacteria, ATP depletion is thought to also cause
premature activation of the phage lysis machinery. ¢, The RADAR (restriction by

Bacterial cell

Bacterial cell

anadenosine deaminase acting on RNA) defence system, and some versions of
type Il CRISPR-Cas systems, convert (d)ATP to (deoxy)inosine triphosphate (d)
ITPuponsensinginfection. ITPis thought to poison the nucleotide pool and lead
to growth arrest and inhibition of phage replication. RADAR is composed of up to
12 RdrA ATPase heptamers docked to a central ball-shaped dodecamer structure
formed by the deaminase RdrB. d, Defence systems with sirtuin (SIR2), SEFIR and
Toll-interleukin receptor (TIR) effector domains degrade nicotinamide adenine
dinucleotide (NAD") to ADP-ribose (ADPR) and nicotinamide (NAM) in response
to phage infection. NAD" depletion inhibits phage replication and, in many
cases, causes growth arrest or activates premature lysis of the infected cell. Cad1,
CRISPR-associated adenosine deaminase 1; dUMP, deoxyuridine monophosphate.
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phages induce the rupture of host cells to release newly synthesized
viral particles)***. Itis possible that ATP depletion has multiple effects
oninhibiting phage propagation, serving both to deprive the phage of
energy and nucleotide building blocks and to dysregulate its lysis*.

ATP nucleosidase domains have also been observed in proteins
from animals such as insects, corals and sponges, as well as in fungi,
wherein they are frequently present in proteins suggested to be
involved in innate immunity. For example, hundreds of NLR-like pro-
teins in eukaryotes contain ATP nucleosidase domains at the amino
terminus of the protein®. Other domains that are fused to ATP nucle-
osidase domains in eukaryotic proteins include STING, gasdermin
and Death domains, which suggest that these proteins have immune
functions®. An ATP nucleosidase domain in an NLR-like protein from
the fungus Hyaloscypha variabilis, as well as a similar domain in an
immune-like protein from the sponge Amphimedon queenslandica, was
shown to have ATP and dATP cleavage activities, confirming that the
specificity of this domain towards adenine nucleotides is conserved
between bacterial and eukaryoticimmune proteins®.

Phylogenetic analyses suggest that theimmune-related ATP nucle-
osidase domain evolved from the purine nucleoside phosphorylase
(PNP) family of proteins*’. PNP proteins have diverse housekeeping
functions in nucleotide metabolism and recycling pathways in both
prokaryotes and eukaryotes®. ATP nucleosidase sequences that are
involved in host defence form a subclade within the larger phylogenetic
tree of the PNP family; tree topology suggests that the immune function
of ATP nucleosidases first emerged in bacteria and was later acquired
by eukaryotes, possibly on multiple occasions®.

Thebacterial defence system RADAR (restriction by anadenosine
deaminase acting on RNA) manipulates the ATP pool inamanner differ-
ent from ATP nucleosidases (Fig. 1c). This system does not break apart
the nucleotide but instead deaminates the adenine base, converting
ATP and dATP into inosine triphosphate (ITP) and deoxyITP (dITP),
respectively. The RADAR system consists of an ATPase protein (RdrA)
and an adenosine deaminase (RdrB)*. Recent studies have shown
that after infection, the adenosine deaminase of the RADAR complex
generates large quantities of ITP and dITP, and that this process blocks
viralreplication. ATP and dATP are not eliminated from the cell during
the course of RADAR activity”, and thus it was hypothesized that the
inosine derivatives somehow poison the nucleotide pool of the cell to
inhibit phage replication**5,

Intriguingly, the RADAR system forms a giant supramolecular
complex in vitro, whereby RdrB is assembled into a dodecameric
ball-shaped structure with 12 surface-exposed deaminase active sites.
RdrA forms heptameric rings, each fitting on top of one face of the
deaminase dodecamer. In full occupancy of the complex, 12 RdrA
heptamers can dock on the RdrB core, forming a 10-megadalton
complex**®, However, it remains unclear whether this complex forms
invivo and, if so, why such an elaborate complex might be necessary
for the protective capacity of RADAR.

ATP-to-ITP conversion has also been described for a subset of
type Il CRISPR-Cas systems* (Fig. 1c). Like other CRISPR-Cas systems,
type lll systems recognize infection by base-pairing of the CRISPR
guide RNA with the matching nucleic acid sequence of an invading
phage®. In addition to recognition and cleavage of the target phage
nucleic acid, type Ill CRISPR-Cas synthesizes a signalling molecule
that activates other proteins in the system (discussed later in the sec-
tion ‘Production of cyclic oligoadenylates by type Il CRISPR-Cas’)*"*~,
Onesuch proteinis CRISPR-associated adenosine deaminase 1(Cadl),
which, once activated by the signalling molecule, converts ATP to ITP.

Although the exact mechanism by which the accumulation of ITP inhib-
its phage replicationis unclear, it was shown to resultin growth arrest
of the bacterial cell, which eventually prevents phage propagation®.

Conversion of ATP and dATP to (d)ITP has not been described in
human cell-autonomous immunity, although mutations in adeno-
sine deaminase enzymes that convert adenosine and deoxyadeno-
sine into inosine and deoxyinosine have been implicated in immune
disorders®*>, Adenosine deamination in the form of RNA and DNA
editing has beenidentified as a defensive measure against viruses and
transposons in animal cells*®.

NAD" depletion

Like ATP, nicotinamide adenine dinucleotide, ineither oxidized (NAD")
orreduced (NADH) forms, is an essential molecule for the energy bal-
ance of the cell’’”. This molecule comprises an adenine diphosphate
(ADP) nucleotide covalently attached to a second ribose and a nico-
tinamide ring, and it functions as a cofactor in numerous essential
metabolic processes, including oxidative phosphorylation®®, amino
acid biosynthesis®® and fatty acid biosynthesis*’.

NAD" depletion is a common outcome of multiple and diverse
defence systems in bacteria (Fig. 1d). NAD* depletion can be achieved
by several types of protein domains, including the sirtuin (SIR2)
domain®®®, the Toll-interleukin receptor (TIR) domain®*° and the
SEFIR domain®, which are NAD-specific hydrolases (NADases) that
cleave NAD" into free nicotinamide and ADP-ribose (ADPR). SIR2, TIR
and SEFIRNADase domains are present as effector modules in diverse
bacterial immune systems, including CBASS, Thoeris and Pycsar
(pyrimidine cyclase system for antiphage resistance), bacterial NLR-like
proteins, prokaryotic Argonautes, SIR2-HerA (also known as Nezha),
defence-associated sirtuin (DSR) systems, and retrons*®®~"!, When
SIR2-containing, TIR-containing or SEFIR-containing defence systems
sense phageinvasion, these domains become active, typically through
oligomerization, and rapidly deplete NAD" from the infected cell. In
many cases, NAD" depletion during phage infection was shown to result
in premature death of the infected cell®®®°, possibly because depletion
of cellular energy can prematurely activate the phage lysis machinery*.
Insupportofthis hypothesis, NAD* depletionin uninfected cells causes
growth arrest but not cell death®. In some cases, depletion of NAD*
was shown to protect against phages without causing growth arrest
or cell death, and it was hypothesized that the temporary reduction of
NAD" to low but not zero levels may be sufficient to interfere with the
replication of some phages®°.

Defence systems that deplete NAD" are found in a substantial frac-
tion of all sequenced bacteria’; correspondingly, phages have evolved
multiple ways to evade this form of immunity. Some phages encode
proteins that specifically bind NAD*-depleting immune proteins and
block their activation. One example is the DSR anti-defence protein 1
(DSAD1), a phage protein that inhibits the Bacillus SIR2-containing
DSR2 protein®®”, Other phages have evolved biochemical pathways
that reconstitute NAD" (ref. 72). The NAD reconstitution pathway 1
(NARP1) is one such pathway; it uses ADPR and nicotinamide, the
direct degradation products of NAD", as substrates to re-build NAD*.
Adps, the first enzyme in the pathway, pyrophosphorylates ADPR to
form ADPR-pyrophosphate, and Namat, the second enzyme, installs
nicotinamide in place of the pyrophosphate, regenerating NAD".
Asecond pathway, NARP2, reconstitutes NAD* through classical NAD*
salvage enzymatic reactions. It was shown that NARP1 and NARP2
enable phages to counter various defence systems that involve NAD*
depletion, including Thoeris, DSR1, DSR2 and SIR2-HerA”.
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Evidence forimmune-related NAD" depletion in eukaryotic cells
is scarce. Human TIR domains found in TLRs are not thought to have
NADase activity; instead, they generally function as scaffolding
domains for protein-protein interactions that transfer downstream
immune signals’™. The human TIR domain-containing protein SARM1
doeshave NADase activity and depletes NAD" ininjured neurons as part
of aregulated cell death pathway known as Wallerian degeneration™~”’.
Human SARM1 is not known to functionininnate immunity but a Cae-
norhabditis elegans homologue of SARM1 was shown to be necessary
for defence against some pathogens’®”. In some cases, the catalytic
activity of TIR domains does not deplete NAD* but rather generates
immune signalling molecules, a process that is described in detail in
the next section.

Nucleotides as immune signalling molecules
Alarge and diverse set of immune pathways in animals, plants and
bacteria use nucleotides as precursors for the formation of immune
signalling molecules. These pathways typically comprise a sensor for
pathogeninfection, which subsequently produces anucleotide-based
signalling molecule. This molecule binds to and activates a second
proteininthe pathway, which then executes downstreamimmune func-
tions. At least four suchimmune signalling pathways evolved in bacte-
ria, and some of these have been evolutionarily inherited and integrated
into the core innate immune systems of animals and plants. Various
types of nucleotide signal are known to be produced by immune path-
ways, including cyclic oligonucleotides, linear non-canonically linked
oligonucleotides, cyclic mononucleotides and derivatives of ADPR.
In this section, we describe the main pathways of nucleotide-based
signalling and their roles in animal, plant and bacterial immunity.

Production of cyclic oligonucleotides by cGAS and CBASS
Theuse of cyclic oligonucleotides asimmune signalling molecules was
first discovered in the cGAS-STING pathway in humans and mice®*®
(Fig. 2a). In this pathway, viral or cellular dsDNA in the cytoplasm is
sensed by cGAS®*°. Activated cGAS produces asignalling molecule com-
prising GMP and AMP linked in an asymmetrical cyclical configura-
tion, whereby the phosphate of AMP binds the 3’0OH of the GMPribose,
whereas the phosphate of GMP binds the 2’ OH of the AMP ribose®®®,
The resulting molecule 2’3’-cyclic GMP-AMP (23’-cGAMP) binds the
protein STING®"%*%¢ which thenactivates asignalling cascade that cul-
minates in the expression of interferons and otherimmune proteins®*,
2’3’-cGAMP can also be transferred to neighbouring cells via gap junc-
tions or by dedicated transporters, thus functioning as anintercellular
immune signal®*2,

Further studies have shown that cGAS is a member of a larger
family of immune proteins, termed cGAS-like receptors (cGLRs)*>**
(Fig.2a).cGLRs are widely distributed in animals and are found in nearly
allmetazoan phyla®. For example, the Drosophila melanogaster cGLR1
protein, which has 25% sequence identity with human cGAS®”, was
shown torecognize dsRNA as asignature of viral infection®**. Beyond
nucleicacid sensing, members of the cGLR family are hypothesized to
recognize diverse pathogen-derived signals and have been expanded
by gene duplication in multiple animal lineages. For example, the
coral Stylophora pistillata encodes 42 cGLRs and 7 STING proteins,
and the bivalve Crassostrea virginica has 225 cGLRs and 8 STING pro-
teins, which could potentially enable differential immune responses
to various stimuli®.

Although2'3’-cGAMPis thought to be the major product of cGLRs™,
some cGLRs produce different types of cyclic-oligonucleotide signalling

molecules that bind corresponding STING proteins™?’ (Fig. 2a). For
example, D. melanogaster cGLR1 produces 3’2’-cGAMP after sensing
dsRNA, which activates STING-dependent antiviral immunity®*®*, By
contrast, some cGLRs from S. pistillata produce 3’3’-cyclic di-AMP
(3’3’-cAA) and 3'3’-cyclic UMP-AMP (3'3’-cUA) in response to dsRNA,
whereas oyster cGLRs sense dsDNA to synthesize 2’3’-cUA”.

Recent studies have shown that the cGLR family of proteins, includ-
inghuman cGAS, originated from anancient bacterial defence system
known as CBASS®®*° (Fig. 2b). CBASS systems are defined by the pres-
ence of acGAS-like protein fromthe CD-NTase (cGAS/DncV-like nucle-
otidyltransferase) family'°>'”!, and — like the cGAS-STING pathway in
animals — function in protection against viral (phage) infection®”%%°,
In CBASS, the CD-NTase senses phage infection and then produces
a cyclic-oligonucleotide signalling molecule that activates a CBASS
effector protein. Unlike the cGAS-STING pathway, wherein activa-
tion of STING results in downstream immune signalling, activation
of the CBASS effector protein usually (but not always'®?) causes death
of the infected cell’®'°*"'°¢, CBASS-mediated cell death occurs before
the phage has assembled new viral particles within theinfected celland,
thus, it clearsinfection by preventing viral spread. Numerous families
of CBASS effectors have been documented, including phospholipases
and membrane-spanning proteins that disrupt the cell membrane once
activated’®'®*'”7, nucleases thatindiscriminately cleave both phage and
host DNA'**'°¢, TIR domain-containing proteins that deplete NAD" in
response to infection®*®, and others®’.

CBASS systems are abundant in prokaryotes and were detected
in about 15% of all sequenced bacterial and archaeal genomes® %1%,
Diverseimmune signals are produced by CD-NTases of CBASS systems
(Fig. 2b). Alarge fraction produce 3’3’-cGAMP, a molecule similar but
not identical to the molecule produced by human cGAS'%'"°, Other
CD-NTases produce one or more of alarge number of oligonucleotide
signals, including the cyclic dinucleotides 3'3’-cUU, 3’3’-cUA, 3’3’-cGG
and 3’2’-cGAMP, and the cyclictrinucleotides 3'3'3’-cAAG, 3'3'3’-cAAA
and 2/3/3’-cAAA>639%104106108111 A recent preprint describes a subset of
CBASS systems that produce the same signal as human cGAS, namely
2'3"-cGAMP™?,

CBASS effector proteins typically have adomain that specifically
senses the nucleotide signal®. In a minority of CBASS, this receiver
domain is a STING domain, which is thought to be the ancestor of
eukaryotic STING proteins®. Other receiver domains include SAVED,
which s found in about 30% of CBASS effectors®*"*'*; CARF domains,
which are also found in type Il CRISPR-Cas systems'°®'"; a B-barrel
signal-perceiving domain'®; and others®.

The most abundant CBASS configuration (type I systems) com-
prises only two genes, encoding the CD-NTase signal producer and the
oligonucleotide-receiving effector®”. However, a substantial fraction
of CBASS systems encode additional ancillary genes that are possibly
involved in regulation of the system®”, Type Il CBASS systems are
associated with genes encoding proteins that are similar to eukary-
otic ubiquitin-conjugating and ubiquitin-removing enzymes’®'1°71,
In some cases, it was shown that these enzymes can conjugate the
CD-NTase to as-yet-unidentified target proteins, thereby enhanc-
ing its cyclase activity'>". Conversely, other studies have shown
that the ancillary proteins in type Il CBASS conjugate the CD-NTase
to membrane-associated phage shock protein A (PspA) to inhibit
CD-NTase activity in the absence of phage infection'”. In yet other
cases, these ancillary proteins have been shown to generate chains of
covalently linked CD-NTases, and this ‘poly-cGASylation” enhances
CD-NTaseactivity"®. Other types of CBASS, including typellland type IV
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Fig.2|Nucleotides asimmune signalling molecules. ‘Phage trigger’ represents
unknown phage components or phage-induced changes in cellular state. In
partsa-d, 2’-5"linkages are represented by a triangular bond, whereas 3’5
linkages are represented by arounded bond. a, The human cyclic GMP-AMP
synthase (cGAS) and animal cGAS-like receptor (cGLR) proteins produce cyclic
dinucleotides — such as cyclic GMP-AMP (cGAMP) — in response to foreign
nucleic acid stimuli. These cyclic dinucleotides bind STING proteins and trigger
asignalling cascade that culminates in the expression of interferons and other
antiviral genes. ds, double-stranded. b, In the bacterial cyclic-oligonucleotide-
based anti-phage signalling system (CBASS), proteins of the CD-NTase (cGAS/
DncV-like nucleotidyltransferase) family produce cyclic dinucleotides or
cyclictrinucleotides once they sense phage infection. These molecules bind
and activate immune effector proteins that cause cell death or growth arrest.
cabRNA, CBASS-activating bacteriophage RNA. ¢, 2’-5’-Oligoadenylate
synthase (OAS) proteins in animals produce 2’-5"-linked linear oligoadenylate
molecules (2-5A) when they recognize foreign (viral) RNA.2-5A binds RNase L,
which thenindiscriminately cleaves cellular RNAs, resulting in apoptosis and

the production of interferons. d, Type Il CRISPR-Cas systems produce cyclic
oligoadenylate (cOA) molecules that bind and activate various downstream
effectors. e, Bacterial Pycsar (pyrimidine cyclase system for antiphage
resistance) systems produce cyclic cytidine monophosphate (cCMP) and cyclic
uridine monophosphate (cCUMP) asimmune signalling molecules, leading to
cell death through depletion of nicotinamide adenine dinucleotide (NAD") or
membrane disruption. f, Inbacterial Thoeris systems, Toll-interleukin receptor
(TIR) domain-containing proteins sense phage infection and produce various
ADP-ribose (ADPR) isomers asimmune signalling molecules. g, Variousimmune
signalling molecules are produced by TIR domain-containing proteins in plants
and bacteria. These signalling molecules are derived from processing of the
precursor NAD". h, Plant TIR domain-containing proteins are activated by
binding pathogen-derived virulence factors and then produce ADPR derivatives
asimmune signalling molecules. These molecules bind acomplex comprising
EDSI1 and partner proteins (SAG101 or PAD4), which then recruit a second protein
(NRG1or ADR1) to trigger cell death or a downstream immune response. dsRNA,
double-stranded RNA; pRib, phosphoribosyl.

systems, are associated with different sets of ancillary genes®'%, the
functions of which are unclear.

Alarge variety of phages are blocked by CBASS®*1°*1"%12°_ Although
the phage-derived components that activate CBASS are largely
unknown, CBASS activation hasbeen characterized in several individual
cases. Forexample, a CBASS from Staphylococcus schleiferiis activated
by a conserved non-coding RNA expressed by some staphylococcal
phages'. This RNA, termed CBASS-activating bacteriophage RNA
(cabRNA), isencodedin the samelocus that encodes phage terminase
genes, butitsrole in the biology of the phage is currently unknown'',
Multiple studies have shown that phages can evade CBASS defence by
mutating their major capsid proteins™'%, although whether the phage
capsid directly activates CBASS is still unclear. Proteins in the phage
virionassembly machinery have also been suggested to activate CBASS,
including the phage prohead protease'™. The presence of an allosteric
siteinasubset of CD-NTases that binds folate derivatives hasled to the
suggestion that these CD-NTases could be activated by altered folate
metabolismin phage-infected cells'*'**, but direct evidence to support
this modelis lacking.

Production of linear oligoadenylates by OAS

The family of 2’-5’-oligoadenylate synthase (OAS) antiviral proteins
that are encoded in the human genome function as sensors for viral
dsRNA™'¥, Once they recognize viral RNA, OAS proteins produce a
linear chain of AMP molecules linked by 2’-5’ phosphodiester bonds
(2-5A)'2126128 (Fig, 2¢). These linear oligoadenylates then bind ribo-
nuclease L (RNase L), activating it to non-specifically cleave allRNA in
the cell” '3, RNA cleavage resultsin translation inhibition and apopto-
sisof the infected cell and can also induce interferon production341%,
Similarly to 2’3’-cGAMP in eukaryotes® "%, 2-5A can be transferred
between cellsviagap junctions and dedicated transporters, triggering
RNase L activity in neighbouring cells™”.

OAS proteins are widespread in eukaryotes™® and are part of the
same superfamily as cGAS, cGLR and CD-NTase proteins'®"*®, The logic
of the OAS-RNase L pathway is similar to that of CBASS: recognition
of infection leads to amplification of the signal via oligonucleotide
signalling molecules, whichactivate aneffector protein that causes cell
death to prevent the spread of infection to nearby cells. Here, both
structural and functional features of the defence system are conserved
from bacteria to humans.

Production of cyclic oligoadenylates by type Il CRISPR-Cas

A specific set of CRISPR-Cas systems, namely type IIl CRISPR-Cas,
produce nucleotide signalling molecules in addition to their core
function as RNA-guided nucleases®***’ (Fig. 2d). The RNA-protein
complex of type Il CRISPR-Cas base-pairs with actively transcrib-
ing target phage RNA and cleaves it, as well as the DNA locus from
whichitis transcribed"*'*!, During this process, the Casl0 subunit of
the RNA-protein complex produces the nucleotide signalling mol-
ecule cyclic oligoadenylate (cOA), which typically comprises a ring of
multiple AMP molecules linked by 3’5" bonds®*>. The size of the cOA
molecules varies between versions of type Ill CRISPR-Cas and can
consist of three to six AMPs***2, The cOA molecules bind and activate
a CRISPR-associated effector protein encoded by the CRISPR-Cas
locus’*. Effector proteins associated with type 11l CRISPR-Cas are
typically composed of two domains: areceiver domain (usually CARF
or SAVED) that senses the cOA signal, and another domain that causes
growth arrest or cell death after cOA binding'*?. CRISPR-associated
effectors in different bacteria vary and include RNases that indis-
criminately cleave cellular and phage RNAs'*"'*, DNases that cleave
single-stranded DNA or dsDNA in a largely sequence-independent
manner'*“*¢15° proteases thatactivate a cascade of proteolytic events
culminatingin cleavage of awide range of cellular proteins'”, proteins
that disrupt the cell membrane**>'*, and others"*">*1%,

It was estimated that recognition of a single target RNA by the
type Ill CRISPR-Cas complex triggers Cas10 to produce about 1,000
cOA molecules®™®. Once the target RNA is cleaved, Cas10 ceases to
produce cOA molecules™ "%, CARF and SAVED domains in effector
proteins of type Il CRISPR-Cas have been shown to slowly degrade
the bound cOA so thatinthe absence of continued production of cOA
molecules by the CRISPR-Cas complex, the toxic activity of the effec-
toris eventually terminated™*"**"*2, Some type lll systems also encode
standalone enzymes known as ring nucleases that slowly degrade
cOA molecules™ %, The ability of the system to regulate levels of the
cOA signalling molecules explains the logic of type Ill CRISPR-Cas
activity: recognition of a single transcribing phage locus causes tem-
porary growtharrest, which slows down phage cycle progression until
the infection is cleared by the CRISPR-Cas complex. Once the phage
nucleic acids are cleaved, production of cOA signalling molecules
stops, the remaining cOA molecules are slowly degraded, and cell
growth can resume!®"1¢71%8,
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Whereas almost all type IIl CRISPR-Cas systems produce cOA
signalling molecules, some notable exceptions have been described.
Specifically, some type Ill CRISPR-Cas systems, including one from
Bacteroidesfragilis,have been shown to conjugate S-adenosyl methio-
nine (SAM) to AMP viaa phosphodiester bond, forming aSAM-AMP sig-
nalling molecule'. The effector protein in this system, knownas CorA,
binds SAM-AMP and inhibits cell growth, most probably viamembrane
disruption. Phosphodiesterases and SAM-AMP lyases associated
with CRISPR-Cas systems can degrade this signalling molecule to
deactivate the system'®,

Production of cCMP and cUMP by Pycsar
Pycsar is another bacterial defence system that relies on nucleotide
signalling. The domain composition of this system is similar to that of
CBASSinthat one proteinrecognizesinfection and produces a signal-
ling molecule and another protein senses the signalling molecule and
exerts a toxic activity. Unlike CBASS, in which the signal-producing
enzyme belongs to the CD-NTase family, the enzymein Pycsaris anucle-
otide cyclase that produces cyclic cytidine monophosphate (cCMP)
or cyclic UMP (cUMP)*¢ (Fig. 2e). During evolution, Pycsar probably
borrowed domains from proteins involved in cAMP metabolism, as the
Pycsar nucleotide cyclase is structurally similar to class lll adenylate
and guanylate cyclase proteins that are conserved in the housekeep-
ing signalling systems of prokaryotes and eukaryotes®. In contrast
to canonical adenylate cyclases, which have active-site residues that
select for purine nucleotides, substitutions that occurredin the active
site of Pycsar cyclases confer specificity for pyrimidine cyclization®®'®’,
Pycsar effectors include TIR domain-containing NADases that
deplete the cell of NAD* or membrane-spanning proteins that impair
membrane integrity once activated by the nucleotide signal (Fig. 2e).
Insome cases, the Pycsar effector gene encodes an additional domain
annotated as a ‘cyclic nucleotide-binding domain’ (Pfam accession
PF00027), which is common in proteins that are regulated by cAMP
and cGMP"°, providing further support for the evolutionary origin of
Pycsar®®. cCMP and cUMP have been detected in human cells and impli-
cated in embryonic development”7? and cell death'”, but whether
these molecules have arole in human biology remains unclear.

Production of ADPR derivatives byimmune TIR domains

TIR domains are important components of TLRs and interleu-
kin receptors in the human immune system’. When TLRs bind a
pathogen-associated molecular pattern, their TIR domains oligomer-
ize and activate downstream intracellular signalling™ . After sev-
eral decades of research in which TIRs were considered to have solely
scaffolding roles, later studies have revealed that some TIR domains
have catalytic activity’. Studies of these domains in the context of
bacterial immunity>"® and plant immunity"”"® suggested that cata-
lytically active TIRs might produce signalling molecules involved in
regulating immunity and cell death. These molecules were eventually
characterized as derivatives of ADPR, and in recent years, there has
been substantial progress in understanding their roles in bacterial
and plantimmunity*'*°,

Theactivity of TIR domains as signal producersinbacteriais best
characterized in a family of defence systems called Thoeris®'”. In
Thoeris defence systems, a protein with a TIR domain functions as the
sensor for phage infection and, once infection is recognized, the TIR
domain processes NAD" into an ADPR-containing signalling molecule
(Fig. 2f). Intype I Thoeris, the signalling molecule is 1-3’ glycocyclic
ADPR (1”-3’ gcADPR; abbreviated as 3’cADPR), a molecule in which

the two ribose moieties in ADPR are linked'. TIR domains in type IV
Thoerisalso produce avariant of cyclic ADPR, butin this case, the ribose
of ADPRis covalently attached to the N7 nitrogen atom of the adenine
base, forming N7-cADPR™2. In type Il Thoeris, the signalling molecule
is formed by conjugating ADPR to the amino acid histidine, generat-
ing aHis—ADPR linear signalling molecule'®. Although the identity of
phage-derived factors that trigger signal production is unknown for
most Thoeris systems, a type | Thoeris system from Staphylococcus
aureuswas showninarecent preprint tobe activated by a phage capsid
protein duringinfection™*,

The mode of action of Thoeris systems is similar in principle to
that of CBASS and Pycsar, whereby the immune signalling molecule
binds an effector protein, activating it and leading to cell death'*.
Effectors of typel Thoeris containa SLOG domain that binds 3’cADPR
and aSIR2 domain that depletes NAD* from the cell once activated. In
type Il Thoeris, the effector contains a Macro domain that senses the
His-ADPR signalling molecule, and membrane-spanning helices that
compromise membrane integrity when the signal is bound', Finally,
the effector of type IV Thoeris systems is a caspase-like protease that
indiscriminately cleaves cellular proteins when N7-cADPR is bound'®’.

The identification of plant TIR domains with catalytic NADase
activity led to the hypothesis that these TIRs might produce a signal-
ling molecule involved in plant immunity"””%, The first signalling
molecule characterized foraplant TIRwas17-2’ gcADPR (2’cADPR)™®,
produced by the Brachypodium distachyon TIR domain-containing
protein BATIR™®851%¢ (Fig, 2¢). This molecule is similar to bacterial
3’cADPR, but the two ribose moieties in 2’cADPR are linked by a1”7-2’
O-glycosidic bond rather than the 1”7-3’ bond in the bacterial mol-
ecule. The same molecule (2’cADPR) was later found to be produced
by a TIR domain-containing protein fromrice, OsTIR', Evidence from
Arabidopsis thaliana suggests that 2’cADPR is further processed in
these plant cells into phosphoribosyl adenosine monophosphate
(pRib-AMP), inwhich the link between the two phosphatesin2’cADPR
is hydrolysed'®®. The receiver complex for pRib-AMP is a heterodi-
mer between the proteins EDS1 and PAD4, which recruits ADR1 to
activate downstream immune signalling in A. thaliana and rice's"°
(Fig. 2h). Crystal and cryogenic electron microscopy structures of
active EDS1-PAD4 complexes also detected pRib-ADP moleculesinthe
complex; one potential explanation for this is that pRib-AMP may be
further phosphorylated to pRib-ADP afterits productionin the cells%,

A second class of immune signalling molecules produced by
plant TIR domain-containing proteins comprise ADPR conjugated to
another nucleotide. Two such molecules were described: ADPR-ATP
and ADPR-ADPR™ (Fig. 2g). These molecules are sensed by a plant
protein complex formed between EDS1 and SAG101 (refs. 191,192).
After binding the signalling molecule, the EDS1-SAG101 complex
recruits the protein NRG1 (refs. 191-194), which oligomerizes to form
a membrane-spanning calcium channel, leading to Ca* influx that
culminatesin death of the infected plant cell'*>"¢ (Fig. 2h). Some plant
TIR domains were also found to hydrolyse RNA and, probably, DNA
molecules to produce 2’3’-cAMP and 2'3’-cGMP'”, but the role of these
molecules in plantimmunity is currently unclear.

Plant immune TIR domain-containing proteins are activated in
response to various pathogen stimuli. The TIR domain-containing pro-
teinRPP1inA. thalianabinds the ATR1 proteininjectedinto plant cells
by the mildew pathogen Hyaloperonospora arabidopsidis”*>°°, and
ROQ1 from Nicotiana benthamiana recognizes XopQ from the bacte-
rial plant pathogen Xanthomonas euvesicatoria’*°*. Binding of the
virulence factor (ATR1 or XopQ) induces tetramerization and catalytic
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activation of the TIR domains in RPP1 and ROQ], triggering the pro-
duction of an immune signal that eventually causes Ca* influx and
death of the infected plant cell”*** (Fig. 2h). TIR-mediated signal-
ling is a major axis of plant innate immunity; for example, A. thaliana
encodes more than100 TIR domain-containing proteins***. However,
the pathogen-derived signals that activate the majority of these TIR
domain-containing proteins are yet to be discovered.

Although the TIR domains in bacteria and plant immune sys-
tems synthesize various types of signalling molecule, there is a unify-
ing principle in the production of almost all of these molecules. TIR
domains are thought to produce signalling molecules in a multistep
process'®*?%, First, the TIR processes NAD* by removing the nicotina-
mide ring from the connected ribose group. Then, the TIR transfers
the ribose that was previously connected to the nicotinamide ring to
another moiety to generate the signalling molecule. This moiety can
be an atom within the same ADPR molecule, generating 2’cADPR or
3’cADPR™®"5¢ or N7-cADPR'; it can be the nucleotides ATP or ADPR
to form ADPR-ATP or ADPR-ADPR'™, or it can be the amino acid his-
tidine to generate His—ADPR'®>. The TIR-produced molecule can then
be further processed to the final signalling molecule, for example,
processing of 2’cADPR to pRib-AMP™$8%,

Disruption of

Sofar, TIRdomain signalling through the production of small mol-
ecules hasnotbeenreported inanimalimmunity. In humans, most TIR
domain-containing proteins lack catalytic activity, with the exception
of SARM1, which was shown to deplete NAD" in nerve cellsinresponse
to axonal injury’”. Intriguingly, although SARM1-mediated NAD"
cleavage mostly produces ADPR and cADPR, it has also beenshown to
produce 2’cADPR and 3’cADPR as minor products®*°. Whether these
molecules havearolein SARM1-mediated cell death remains unknown.

Viral strategies to overcome nucleotide signalling
Given the centrality and breadth of nucleotide-based immune signal-
lingin all domains of life, it is not surprising that viruses have evolved
avariety of mechanismsto evade or overcome these pathways, target-
ing every step of the process, including pathogen recognition, signal
production, signal reception and effector activity (Fig. 3).
Virusesinfecting both animaland bacterial cells encode enzymes
that specifically target and degrade nucleotide-based immune signals,
which effectively decouples virus sensing from immune effector acti-
vation (Fig. 3). For example, the widely distributed poxvirus immune
nucleases (poxins) cleave 2’3’-cGAMP to prevent the activation of
STING in eukaryotic cells?***°¢ (Fig. 3a). In phages, the anti-CBASS

b
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Disruption of signal

DNA sensing production
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Fig.3|Viral evasion of nucleotide-based immune signalling. a, Viral evasion
of the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) and 2’-5"-oligoadenylate synthase (OAS) pathways in animal cells.
Viral components can disrupt all stages of cGAS-STING and OAS pathways,
including viral recognition, production and perception of immune signals,
and downstream immune activation. b, Phage evasion of immune signalling in
bacteria. Phages can inhibit bacterialimmune signalling pathways at all stages,
inamanner similar to viral evasion in animal cells, additionally including the

e.g. NARP1, NARP2

Bacterial cell

sequestration of immune signals by ‘sponge’ proteins and reconstitution of

the degraded molecule nicotinamide adenine dinucleotide (NAD*) by NAD*
reconstitution pathways (NARP). Acb, anti-CBASS; Acr, anti-CRISPR; ADPR, ADP-
ribose; Apyc, anti-Pycsar; DENV, dengue virus; HCMV, human cytomegalovirus;
HCYV, hepatitis C virus; KSHV, Kaposi sarcoma-associated herpesvirus;

LANA, latency-associated nuclear antigen; LigT-like PDEs, RNA ligase T-like
phosphodiesterases; NAM, nicotinamide; ORF, open reading frame; Tad, Thoeris
anti-defence; TMEV, Theiler’s murine encephalomyelitis virus.
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(GTP) and uridine triphosphate (UTP), respectively. The missing 3’OH in these
molecules prevents the addition of further nucleotides to the nascent RNA chain,
resulting in chain termination during polymerization of viral RNA. pViperin,
prokaryotic viperin.

protein 1 (Acbl) hydrolyses various CD-NTase-produced immune
signals®”, including 3’3’-cGAMP, 3'3’-cUA and 3'3'3’-cAAA**’ (Fig. 3b).
Acblisevolutionarily related to afamily of RNAligase T (LigT)-like phos-
phodiesterases (PDEs) encoded by viruses that infect eukaryotes? %"
(Fig. 3a). These were shown to cleave signals including 2’3’-cGAMP,
3’3’-cGAMP and 3'2’-cGAMP via a mechanism equivalent to that of
Acbl (refs. 210,211), which implies that these LigT-like PDEs could
function similarly to Acb1 against eukaryotic cGAS-STING products.
Other LigT-like PDEs cleave the 2-5A molecules produced by OAS, thus
evading OAS-based immunity®*2", Another example of a viral protein
that degrades a bacterial immune signal is the anti-Pycsar protein 1
(Apycl), which degrades cyclic mononucleotides to evade the Pycsar
antiviral system”*’, Finally, phages were shown to carry nucleases that
degrade cOA nucleotides produced by type Il CRISPR-Cas, termed the
anti-CRISPR (Acr) family Acrlll-1 (ref. 218) (Fig. 3b).

Another class of viral proteins that specifically target
nucleotide-based immune signals are ‘sponge’ proteins (Fig. 3b).
These proteins efficiently bind and sequester the signalling molecules
beforethey canreachtheir target effector protein and elicit animmune
response. Such sponge proteins were originally found encoded by
phages that overcome the bacterial Thoeris system, and they were
called Thoeris anti-defence1(Tad1) and Tad2 (refs.181,183,219). It was
later shown that Tadl and Tad2 can also bind and sequester CBASS
signals®®°. Tadl forms a hexamer with six binding sites for the Tho-
eris signal 3’cADPR and CBASS-derived cyclic dinucleotides, and an
additional two binding sites for CBASS-derived cyclic trinucleotides.
Tad2 forms a tetramer with two binding sites for Thoeris-derived
ADPR derivatives and two sites that can bind CBASS-derived cyclic
dinucleotides?. The anti-CBASS protein Acb2is another sponge pro-
teinthatsequesters CD-NTase products to prevent the activation of cell
death pathways™"”. Acb2 forms a hexamer with three binding sites for
cyclicdinucleotides and two binding sites for cyclic trinucleotides"**,

andit canalso sequester trinucleotide cOA signals produced by some
type Il CRISPR-Cas systems””. A recent preprint reports that Acb4 is an
additional viral sponge protein that binds CBASS-produced signalling
molecules?. The sponge proteins Tadl, Tad2, Acb2 and Acb4 are widely
distributed within phage genomes, and it was shown that different
members of a given sponge protein family can differ in their binding
preferences for immune signals'®>*'°,

Viral proteins can also interact with host immune proteins to
prevent them from generating nucleotide-based immune signals.
Many eukaryotic viruses carry proteins that inhibit cGAS activation
(reviewedinref.223) (Fig. 3a). For example, ORF52 of several gamma-
herpesviruses binds to cGASto disruptitsinteraction with viral DNA,
thereby preventing cGAMP production and subsequent activation of
STING?*. Similarly, the Kaposi sarcoma-associated herpesvirus pro-
tein latency-associated nuclear antigen (LANA) physically interacts
with cGAS to prevent adownstream immune response’”. The dengue
virus NS2B protease promotes lysosomal degradation of cGAS?,
and other viral proteins, such as the human cytomegalovirus protein
IE86, cause degradation of STING** 2%, Viruses infecting animal cells
can also inhibit the OAS-RNase L pathway through direct binding.
Examples include the hepatitis C virus NS5A protein, which inter-
acts with OAS to block signal production®’; the L* accessory protein
of Theiler’s murine encephalomyelitis virus, which blocks binding
of the immune signal to RNase L*"**?; non-coding RNAs in group
C enteroviruses, termed ciRNAs, Wthh competitively inhibit the
endoribonuclease activity of RNase L>*****; and others®®. In bacteria,
six anti-Thoeris proteins (Tad3 to Tad8) and the anti-CBASS protein
Acb3 have been shown to inhibit the respective anti-phage systems
by physically binding to either the signal-generating enzyme or the
signal-receiving effector protein, thereby blocking signal transduc-
tion to prevent activation of the system** (Fig. 3b). The anti-CRISPR
proteins Acrlll-Al, Acrlll-Bl1and Acrlll-B2 inhibit cyclic oligoadenylate
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signallingin bacteriaby binding and inhibiting the type Il CRISPR-Cas
RNA-protein complex®” 2%,

Modified free nucleotides as virus

replication inhibitors

Beyond their role as precursors for signalling molecules, modified
free nucleotides can function as direct inhibitors of viral replication.
Viperin (viral inhibitory protein, endoplasmic reticulum-associated
interferon-inducible) is a human antiviral enzyme of the radical SAM
family that modifies cytidine triphosphate (CTP) to form 3’-deoxy-
3’,4’-didehydro (ddh)CTP?* (Fig. 4, left). This modification removes
the hydroxyl group from the 3’ carbon of the nucleotide, resulting in
amodified nucleotide that forms a poison for replication of the viral
nucleic acid. When the viral polymerase incorporates ddhCTP into
the nascent RNA chain, the absence of a3’OH group in the nucleotide

strongly induced by interferons?*, and the chain-terminating capacity

ofitsddhCTP products protects human cells from many viruses, includ-
ing flaviviruses**. Viperins were also suggested to possess additional
antiviral traits unrelated to ddhCTP production®”.

Homologues of the human protein viperin were found in bacteria
and archaea, and these were termed prokaryotic viperins (pVips)
(Fig. 4, right). The pVip family is encoded by diverse prokaryotic
species, and it was shown that different members of the family can
produce different ddhNTPs. Whereas some pVips produce ddhCTP
similarly to human viperin, other pVips modify UTP or GTP to produce
ddhUTP or ddhGTP***, and some pVips can produce multiple distinct
ddhNTPs***, It was shown that pVips can block the infection cycle
of phage T7 in E. coli and that their ddhNTP products inhibit chain
elongation by the T7 RNA polymerase®**. The production of ddhNTPs
in bacterial and animal cells does not inhibit cellular growth****,

prevents the addition of further nucleotides

241

. Viperin expression is

which suggests that host polymerases are not susceptible to the

Table 1| Central antiviral immune pathways involving nucleotide manipulation

Protein domain activity Examples Taxonomy  Nucleotide involved
Nucleotide depletion
dNTPase SAMHD1 Eukaryotic ~ dNTP
dGTPase Prokaryotic ~ dGTP
dCTP deaminase dCTP deaminase Prokaryotic ~ dCTP
ATP nucleosidase NLR-like proteins, CBASS, prokaryotic Argonautes,  Prokaryotic, (d)ATP
DRTS8, Detocs eukaryotic
Adenosine deaminase RADAR, type lll CRISPR-Cas Prokaryotic ~ (d)ATP
SIR2 Thoeris, SIR2-HerA (also known as Nezha), DSR Prokaryotic ~ NAD*
systems, Kongming
TIR CBASS, Pycsar, NLR-like proteins, prokaryotic Prokaryotic ~ NAD*
Argonautes, retrons
SEFIR SEFIR Prokaryotic ~ NAD*
Signalling molecules
CD-NTase cGAS-STING Eukaryotic 2'3'-cGAMP
cGLRs Eukaryotic 2'3'-cGAMP, 3'2'-cGAMP, 3'3'-cAA, 3'3'-cUA, 2'3'-cUA
CBASS Prokaryotic ~ 3'3'-cGAMP, 3'3'-cUU, 3'3'-cUA, 3'3'-cGG, 3'2'-cGAMP, 3'3'3'-cAAG,
3'3'3'-cAAA, 2'3'3'-cAAA, 2'3'-cGAMP
OAS OAS-RNase L Eukaryotic 2-5A
Cas10 Type lll CRISPR-Cas Prokaryotic =~ cOA, SAM-AMP
Nucleotide cyclase Pycsar Prokaryotic =~ cCMP, cUMP
TIR Thoeris Prokaryotic ~ 3'cADPR, His-ADPR, N7-cADPR
Plant TIRs Eukaryotic 2'cADPR, pRib-AMP, pRib-ADP, ADPR-ATP, ADPR-ADPR, 2'3'-cAMP,
2'3'-cGMP
Adenosine deaminase Kongming Prokaryotic ~ dITP
Poisoning viral replication
Viperin Eukaryotic viperins Eukaryotic ddhCTP

Prokaryotic viperins

Prokaryotic

ddhCTP, ddhUTP, ddhGTP

2-5A, 2'-5'"-linked linear oligoadenylate; ADP, adenosine diphosphate; ADPR, ADP-ribose; AMP, adenosine monophosphate; cAA, cyclic di-AMP; cADPR, cyclic ADPR; CBASS,
cyclic-oligonucleotide-based anti-phage signalling system; cGAMP, cyclic GMP-AMP; cGAS, cyclic GMP-AMP synthase; cGLR, cGAS-like receptor; cOA, cyclic oligoadenylate; cUA, cyclic
UMP-AMP; dATP, deoxyadenosine triphosphate; dCTP, deoxycytidine triphosphate; ddh, 3'-deoxy-3',4'-didehydro; dGTP, deoxyguanosine triphosphate; dITP, deoxyinosine triphosphate; dNTP,
deoxynucleotide triphosphate; DRT8, defence-associated reverse transcriptase type 8; DSR, defence-associated sirtuin; His, histidine; NAD®, nicotinamide adenine dinucleotide; NLR, NOD-like
receptor; OAS, 2'-5'-oligoadenylate synthase; pRib-ADP, phosphoribosyl ADP; pRib-AMP, phosphoribosyl AMP; Pycsar, pyrimidine cyclase system for antiphage resistance; RADAR, restriction
by an adenosine deaminase acting on RNA; SAM, S-adenosyl methionine; SAMHDY, sterile alpha motif and HD domain-containing protein 1; SIR2, sirtuin; STING, stimulator of interferon genes;

TIR, Toll-interleukin receptor.
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incorporation of these nucleotides. Presumably, the rapid polym-
erization rate of some viral polymerases makes them more prone to
incorporation of ddhNTPs.

Phylogenetic analyses suggest that eukaryotic viperins evolved
from pVips, in particular those of Asgard archaea®**. Viperins are
thought to have been presentin the last eukaryotic common ancestor®
oreveninthelast universal common ancestor’ but were differentially
lost in eukaryotes, leading to a patchy distribution within eukaryotic
clades’. For example, there are no viperins in land plants, although
expression of prokaryotic and eukaryotic viperins in plants can restrict

plant viruses**.

Why nucleotides?

Inrecentyears, it hasbecome clear that the nucleotide pool has multiple
major rolesinimmunity. The use of nucleotides as building blocks for
immune signalling molecules has emerged multiple timesin evolution,
as hasthestrategy of selective depletion of nucleotides from the nucle-
otide pooltostarve viruses of essential molecules (Table 1). As nucleo-
tides are central for the replication of any virus, manipulation of the
nucleotide poolis an effective form of defence. It is less clear why nucle-
otides, in particular, are used so frequently as intracellular immune
signalling molecules, given that other molecules could also conceivably
fulfil this purpose. A possible answer lies in the ancient nature of the
virus-hostarmsrace. Viruses are thought to have emerged shortly after
the beginning of life, during the hypothesized ‘RNA world’ period*****%,
Atthattime, nucleotides were the main substrate for biological innova-
tion, and numerous nucleotide-modifying enzymatic activities evolved.
The conservation and abundance of nucleotide-based immune sig-
nalling strategies in bacteria suggest that these signalling pathways
also evolved early on and probably adopted some of the innovations
in nucleotide-manipulating enzymatic activities for the purpose of
antiviral immunity.

Another hypothesis suggests that the ancestral role of
nucleotide-related immune proteins was nucleic acid repair after
invasion by ‘selfish’ genetic elements such as transposable elements,
integrative plasmids and prophages®?. Byproducts of nucleic acid
repair may have been adopted as early immune signals, leading to the
eventual recruitment of nucleotide-processing enzymesinto dedicated
immune pathways**.

The prevalence of nucleotides as signalling molecules could
alsobeattributed to their biochemical properties. Inhuman and ani-
mal cells, nucleotide-based immune signals such as 2’3’-cGAMP and
2-5A can be transferred from an infected cell to neighbouring cells
via dedicated transporters and gap junctions, thereby triggering
immune responses in these cells before they are infected®>'%,
This trait is beneficial in multicellular organisms, wherein the
nucleotide signal triggers expression of antiviral genes, but not
in unicellular organisms, wherein signalling directly activates cell
death.Indeed, the spread of immune signals from infected bacteria
to bystander cells would not be advantageous because the signal
would cause the death of cells that had not been infected. Owing to
their phosphate moieties, nucleotides are highly negatively charged
and, thus, do not tend to passively diffuse across membrane barriers
in an efficient manner. As a result, when a bacterial cell dies owing
to the action of a system such as CBASS or Thoeris, the immune
signals released from the cell do not induce death in nearby cells.
This biochemical property of nucleotides may have influenced their
early evolutionary selection as substrates for intracellular immune
signalling molecules.

Conclusions and outlook

Despite many decades of research in molecularimmunity, the centrality
of nucleotides for immune purposes has only recently been recog-
nized. Given this recent expansion of knowledge on nucleotide-centric
immunity, it is probable that future studies will uncover new immune
signalling molecules comprising modified nucleotides, or newimmune
pathways that manipulate the nucleotide pool in novel ways. Indeed,
arecent study has reported a bacterial defence system called Kong-
ming that produces dITP as an immune signalling molecule®°. An
adenosine deaminase protein within the Kongming system generates
dITP inresponse to infection, and this modified nucleotide activates
aKongming-encoded SIR2-domain-containing proteinto deplete NAD*
from the cell*°. We predict that additional pathways that use modified
nucleotides as signalling molecules will be discovered in the future, in
both bacteria and eukaryotes.

The variety of viral mechanisms that inhibit immune signalling
leads to continuous evolutionary diversification of nucleotide-based
immune signals. For example, the Tad2 protein from phage SPO1 effi-
ciently inhibits type I Thoeris by binding and sequestering 3’cADPR?”,
butitdoesnotinhibit typell Thoeris because it cannot bind His—ADPR.
This highlights how signal diversificationin type Il Thoeris can provide
an advantage against viral inhibition. At the same time, some phages
carryvariants of Tad2 that bind His~ADPR and inhibit type Il Thoeris'®*,
demonstrating the interplay between immune system diversification
and phage adaptation. These interactions probably drive the ongoing
diversification of both immune signals and their corresponding viral
inhibitors. We, therefore, anticipate that future studies will document
further diversification of immune signals for known defence systems
suchas Thoeris and CBASS.

Although it is already known that eukaryotes inherited some of
their immune systems from bacterial defences, whether eukaryotic
viruses similarly acquired anti-defence capacities from phages is cur-
rently unclear. A particularly intriguing piece of evidence for ashared
mechanism of counter-defence was recently reported for viral LigT-like
PDEs, which are used to cleave nucleotide-based immune signals in
both phages and viruses infecting eukaryotes, suggesting a shared
evolutionary origin”?”, It will be interesting to explore whether other
mechanisms of viral counter-defence, forexample, phage sponge pro-
teins that sequester immune signals, are also shared between phages
and eukaryotic viruses.

Research on nucleotide-based immunity has been progressing
rapidlyinrecent years, especially in the context of bacterial defences.
The molecular innovation at the heart of the virus-host arms race
promises further exciting discoveries in this area.

Published online: 29 July 2025
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