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Abstract

Organisms throughout biology need to maintain the integrity of their genome. From
bacteria to vertebrates, life has established sophisticated mechanisms to detect and
eliminate foreign genetic material or to restrict its function and replication. Tremendous
progress has been made in the understanding of these mechanisms which keep foreign
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or unwanted nucleic acids from viruses or phages in check. Mechanisms reach from
restriction-modification systems and CRISPR/Cas in bacteria and archaea to RNA inter-
ference and immune sensing of nucleic acids, altogether integral parts of a system
which is now appreciated as nucleic acid immunity. With inherited receptors and
acquired sequence information, nucleic acid immunity comprises innate and adaptive
components. Effector functions include diverse nuclease systems, intrinsic activities
to directly restrict the function of foreign nucleic acids (e.g., PKR, ADAR1, IFIT1), and
extrinsic pathways to alert the immune system and to elicit cytotoxic immune
responses. These effects act in concert to restrict viral replication and to eliminate virus-
infected cells. The principles of nucleic acid immunity are highly relevant for human
disease. Besides its essential contribution to antiviral defense and restriction of endog-
enous retroelements, dysregulation of nucleic acid immunity can also lead to erroneous
detection and response to self nucleic acids then causing sterile inflammation and
autoimmunity. Even mechanisms of nucleic acid immunity which are not established
in vertebrates are relevant for human disease when they are present in pathogens such
as bacteria, parasites, or helminths or in pathogen-transmitting organisms such as
insects. This review aims to provide an overview of the diverse mechanisms of nucleic
acid immunity which mostly have been looked at separately in the past and to integrate
them under the framework nucleic acid immunity as a basic principle of life, the under-
standing of which has great potential to advance medicine.

1. INTRODUCTION

Immunology is typically categorized in innate and adaptive immunity.
While the term innate is associated with conserved molecular patterns
detected by germline-encoded receptors, adaptive immunity refers to
T cells and B cells which use recombination and clonal selection to specif-
ically adapt their immune receptors (T cell receptor, B cell receptors, and
antibodies) in order to target foreign protein antigens. In this well-
established concept, the innate immune system in the form of myeloid
immune cells (macrophages, dendritic cells) provides information whether
new protein antigens are associated with potential pathogens or damage.
A limited number of germline-encoded innate immune receptors have been
identified in the last two decades which are specialized to detect different
classes of pathogen- or damage-associated molecules. Among them are sev-
eral groups of immune receptors which are specialized on the detection of
foreign or damage-associated nucleic acids. One of these groups of nucleic
acid-sensing immune receptors are the Toll-like receptors (TLRs) TLR3,
TLR7, TLRS8, and TLRY (TLR 13 not existent in humans) which are pref-
erentially located in the endolysosomal compartment of distinct immune cell
subsets and certain somatic cells. Nucleic acid-detecting immune receptors
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located in the cytosol include the RIG-I family of helicases (RIG-1, MDA5,
LGP2), cGAS, and AIM2. Although these nucleic acid-sensing immune
receptors as part of the innate immune system participate in the regulation
of protein antigen-directed adaptive immunity, they are now appreciated as
part of a larger system of nucleic acid-directed immunity which functions to
detect and eliminate foreign nucleic acids, whereas protein-directed adap-
tive immunity evolved to eliminate foreign proteins. Although there are
crossregulatory functions of both systems, nucleic acid-directed immunity
has a purpose on its own. This is underlined by the fact that protein-directed
adaptive immunity developed more recently in evolution, whereas nucleic
acid-directed immunity dates back to the earliest forms of life represented by
bacteria and archaea. With the additions of RNAi and the CRISPR/Cas
system, specific nucleases including the restriction-modification (R-M) sys-
tems, and antiviral effector proteins partially discovered only recently in
the context of rare hereditary inflaimmatory diseases, the new concept of
nucleic acid immunity evolves. With CRISPR/Cas and RNAI, biology
has established two mechanisms which acquire new sequence information
of pathogens and memorize this information for later defense against the
same type of pathogen, characteristics which functionally correspond to
adaptive immunity of T cells and B cells. The various mechanisms compris-
ing nucleic acid immunity are highly relevant for the understanding of many
inflammatory and infectious diseases. This review summarizes the currently
known nucleic acid recognition-based antiviral response strategies. Antiviral
response strategies span from ancient sequence or nucleic acid modification-
dependent degradation systems (R-M, CRISPR, RNAi) to modern innate
immunity in vertebrates, in which innate nucleic acid-sensing receptors
induce a broad spectrum of antiviral alarm and effector mechanisms as well
as subsequent adaptive immune responses.

2. PRINCIPLES OF NUCLEIC ACID IMMUNITY IN
DIFFERENT SPECIES

Foreign nucleic acids can be introduced by viruses or bacteriophages.
However, species differ in their arsenal of defense mechanisms against such
foreign nucleic acid invaders (Fig. 1). All species from bacteria to humans
have established different types of nucleases which cleave nucleic acids that
have identified themselves as foreign by their specific structure, by abun-
dance and localization. One of the earliest forms of nucleases are the
R-M systems in bacteria and archaea. In this system, modification enzymes
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Fig. 1 Mechanisms of nucleic acid immunity in species relevant for human disease. Biol-
ogy has evolved a number of mechanisms to detect and eliminate foreign nucleic acids
as introduced by viruses or bacteriophages. All species from bacteria to humans have
established nucleases to directly degrade nucleic acids with structural characteristics or
localizations which allow to distinguish them from regular cellular self nucleic acids.
Other mechanisms are predominant in certain groups of species. Restriction-
modification systems in bacteria and archaea apply sequence-specific modification
of self nucleic acids which allows the specific detection and degradation of foreign
nucleic acids (restriction endonucleases). Acquired sequence information is used by
the CRISPR/Cas system in which new sequence information about pathogenic nucleic
acids is integrated into the genome and thereby memorized in order to sequence-
specifically degrade foreign nucleic acids. Sequence information is also used by RNA
interference which serves antiviral nuclease functions (siRNA/DICER) as well as regula-
tory (microRNA) functions in higher multicellular organisms. In vertebrates, innate
immune-sensing receptors including DICER-related helicases RIG-land MDA5 dominate
over RNAI as antiviral defense mechanism. While innate nucleic acid immune-sensing
receptors elicit signaling pathways resulting in antiviral functions, a number of nucleic
acid receptors (e.g., PKR, ADART, IFIT1) directly detect and restrict nucleic acid function
and replication. Since the principles of nucleic acid immunity are either established in
mammals themselves or in pathogens (bacteria, parasites, helminths) or pathogen-
transmitting insects (e.g., mosquitoes), nucleic acid immunity as such is highly relevant
for human health and disease.

and restriction endonucleases (REases) are directed to certain DNA
sequence motifs in self DNA. Since modified DNA is not cleaved by the
corresponding nucleases, DNA sequence motifs without modification are
identified as foreign and are degraded (for further details, see later).
Besides the R-M systems, a variety of RINases and DNases are established
in evolution. DNA outside the nucleus is degraded by DNases I, 11, and III.
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The RNA in DNA-RNA hybrids is degraded by RNase H. Long double-
stranded RINA in the cytosol is subject to Dicer which cleaves RNA down
to short double-stranded oligoribonucleotides which enter the RINAi path-
way. Another way to acquire sequence information for antiviral defense is
used by the CRISPR/Cas system. In this system, nucleic acid sequences
derived from pathogens are integrated into the genome which allows the
sequence-specific identification of the same type of pathogen during a sub-
sequent challenge. In vertebrates, a number of highly specialized innate
immune-sensing receptors such as TLRY or RIG-I evolved to detect
pathogen-associated nucleic acids and to induce appropriate immune
responses. While innate nucleic acid immune-sensing receptors elicit anti-
viral signaling pathways, a number of nucleic acid-detecting eftector pro-
teins (viral restriction factors, e.g., PKR, ADARI1, IFIT1) directly detect
and restrict nucleic acid function and replication. Various principles of nucleic
acid immunity apply to different species, with only a subset applying to mam-
mals. However, if it comes to infectious diseases, pathogens (bacteria, par-
asites, helminths) and pathogen-transmitting insects (e.g., mosquitoes) use
additional mechanisms not present in mammals, which contribute to the
interaction of the pathogen with transmitting organisms, and thus represent
potential prophylactic or therapeutic targets.

3. HISTORIC OVERVIEW OF DIFFERENT FIELDS MERGING
INTO NUCLEIC ACID IMMUNITY

Several fields initially developed as independent lines of research and
only recently were appreciated to closely cooperate in a defense system spe-
cialized in the detection and elimination of foreign genetic material. Fig. 2
provides a rough time line of key discoveries of principles, receptors, and
ligands emerging from different areas of research all in the context of nucleic
acid immunity. This brief overview cannot be comprehensive or provide
the exact timing of each single discovery. The idea rather is to provide a pic-
ture how difterent fields evolved over the years. For more detailed informa-
tion on the different receptors and pathways, the reader is referred to the
respective specific paragraphs of this chapter below (Figs. 5 and 6).

Immune sensing of nucleic acids dates back to the early 1960s with the
observation that nucleic acids such as long double-stranded RNA and spe-
cifically poly(I:C) can induce the antiviral factor type I interferon (Isaacs,
Cox, & Rotem, 1963) which was first described in 1957 (Isaacs, 1957,
Lindenmann, Burke, & Isaacs, 1957). Three decades later, it was reported
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Fig. 2 Overview of the time line of discoveries in nucleic acid immunity. This graph pro-
vides a noncomprehensive overview of the time lines when important principles, recep-
tors, and ligands contributing to nucleic acid immunity have been described. Immune
sensing of nucleic acids dates back to the early 1960s with the observation that nucleic
acids such as long double-stranded RNA and specifically poly(l:C) can induce type
| interferon. Later, it was appreciated that bacterial DNA is more active than vertebrate
DNA. In 1995, the activity of bacterial DNA was attributed to a higher frequency of
unmethylated CpG motifs in bacterial DNA. In 2000, TLR9 was identified as the immune
receptor for the detection of unmethylated CpG motifs in DNA in the endosomal com-
partment. Sensing of cytoplasmic DNA remained unclear until in 2009 AIM2 and in 2012
cGAS were identified as the cytosolic receptors responsible for DNA-induced in-
flammasome activation and type | IFN induction, respectively. For immune sensing
of RNA, the story of discoveries continued in 2001 with reports on TLR3-sensing long
double-stranded RNA and was continued in 2004 with the appreciation of TLR7 and
TLR8 as receptors sensing shorter forms of unmodified single and double-stranded
RNA with great implications for the application of siRNA. Another milestone was
reached with the immune sensing of cytoplasmic forms of RNA, specifically the detec-
tion of 5'-triphosphate short double-stranded forms of RNA by the cytosolic receptor
RIG-I. The RIG-I-like receptor MDA5 added another cytosolic receptor which explained
the induction of type | IFN by long double-stranded forms of RNA as observed early onin
the 1960s. PKR identified in the late 1970s was the first of the receptors restricting nucleic
acid function and replication without activating immunity and cytokines. SAMHD1



Nucleic Acid Immunity 127

that bacterial DNA induces type I IFN much more vigorously than genomic
DNA of vertebrates (Yamamoto, Kuramoto, Shimada, & Tokunaga, 1988;
Yamamoto, Yamamoto, Shimada, et al., 1992). It was speculated that bac-
terial DNA in Sir William Coley’s bacterial lysates was responsible for the
antitumor activity seen using bacterial lysates for the treatment of tumor
patients around 100 years earlier (Wiemann & Starnes, 1994). Efforts were
undertaken to generate synthetic oligodeoxynucleotides which mimic the
type I IFN-inducing activity of bacterial DNA. Palindromic DNA
sequences were identified, and oligonucleotides containing such palin-
dromes induced type I IFN in vitro (Yamamoto, Yamamoto, Kataoka,
et al., 1992) but only showed weak activity in tumor models in vivo due
to rapid degradation by DNases. In 1995, the immunological activity of bac-
terial DNA was attributed to a higher frequency of unmethylated CpG
motifs in bacterial DNA (Krieg et al., 1995). Unmethylated CpG motifs
were contained in the former palindromic sequences, but a palindromic
sequence was not required for the type I [IFN-inducing activity. The intro-
duction of the phosphorothioate modification in DNA first described in
1977 (Vosberg & Eckstein, 1977) was used to stabilized these so-called
CpG oligonucleotides which now could be successfully applied for treat-
ment in experimental tumor models in vivo (Heckelsmiller et al., 2002).
In 2000, TLRY9 was identified as the innate immune receptor required
for the detection of unmethylated CpG motifs in DNA (Hemmi et al.,
2000). Notably, TLR9 was the first innate immune receptor reported to
detect a specific type of nucleic acid and to induce an immune response.
Despite intensive research, it took almost a decade to identify AIM2 as the
next innate immune receptor-detecting DNA (Hornung & Latz, 2010).

(depletion of dNTPs) and ADAR1 (A-to-I conversion in dsRNA) entered the field more
recently in the context of genetic alterations in these genes identified in the context
of inherited inflammatory syndromes (e.g., AGS). IFIT1 and IFIT5 are two other examples
of more recently described receptors which inhibit the translation of mRNA. OAS1 was
identified early on soon after PKR as a factor restricting viral replication by activating
RNase L. Other nucleases contributing to nucleic acid immunity include RNase
H structurally resolved in 2004, which degrades the RNA in DNA—RNA hybrids; further-
more, extracellular DNase | and endolysosomal DNase Il are known since the mid-1950s.
Knowledge around the function of the cytoplasmic DNase Ill which is also called Trex1
accumulated since 1999 and gained great impact on nucleic acid immunity like
SAMHD1 and ADAR1 more recently in the context of inherited type | IFN-dependent
inflammatory syndromes. Antiviral RNAi and the role of Dicer were first described in
2005, while the bacterial version of sequence-specific antiviral immunity, CRISPR/Cas,
was identified in 2011. Restriction-modification systems are studied since the 1950s.
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However, since AIM2 activates the inflaimmasome but not type I IFN, the
field of DNA sensing struggled until end of 2012, when the cytosolic DNA-
binding enzyme cyclic GMP-AMP synthase (cGAS) was discovered which
generates cCGAMP as second messenger for the downstream signaling mol-
ecule Sting, resolving a big question mark in the field. At that time, Sting was
already known to be required for immune sensing of cytosolic DNA
resulting in IFN induction (Barber, 2014), but Sting was unable to bind
DNA directly.

Although RNA molecules were the first nucleic acids found to induce
type IFN as described earlier, this line of research continued only in 2001
with the identification of double-stranded RNA as ligand for TLR3
(Alexopoulou, Holt, Medzhitov, & Flavell, 2001). Although the activation
of TLR 3 induces some type I IFN, it could not explain the massive amounts
of type I IFN induced upon cytosolic delivery of the double-stranded RINA
mimic poly(I:C). In parallel with the discovery of RINA1 and siRINA, tech-
niques of chemical synthesis of RINA rapidly progressed and highly pure
synthetic RINA oligonucleotides at high quantities and reasonable costs
became available. With easier access to highly pure synthetic RNA oligo-
nucleotides, it was found that not only long double-stranded RNA but also
single-stranded RINA stimulated type I IFN, specifically in immune cells,
and the immune receptors involved were found to be TLR7 and TLRS
(TLR8 nonfunctional in mouse) (Diebold, Kaisho, Hemmi, Akira, &
Reis e Sousa, 2004; Heil et al., 2004; Judge et al., 2005). Then it was noted
that even siRINA induce type I IFN in TLR7 expressing immune cells, a
surprising finding at that time since siRINA was thought to be short enough
to not stimulate interferon responses (Hornung et al., 2005). This work also
reported that the immune stimulatory activity of siRNA can be avoided by
introducing chemical modifications such as 2'-O-methylation or by intro-
ducing pseudouridine which is used since then to avoid immunostimulation
by siRNA applied in cells expressing TLR7 in vitro or in vivo (Hornung
et al., 2005).

At that time, a cheap way to generate siRINA was the use of in vitro fran-
scription. However, it was soon realized that siRINA made by in vitro fran-
scription induces high amounts of type I IFN when transtected even in
cells not expressing TLR7, including human myeloid immune cells. This
stimulated research on the molecular mechanism responsible for type I
IFN induction by in vitro-transcribed siRINA in myeloid immune cells.
Finally, the cytosolic helicase RIG-I was identified to detect 5'-triphosphate
ends in short blunt end double-stranded RNA (Hornung et al., 2006;
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Pichlmair et al., 2006; Schlee, Roth, et al., 2009). RIG-1 was reported ear-
lier as immune receptor involved in antiviral responses (Kato et al., 2005).
Notably, in vitro transcription but not chemical synthesis of siRINA generates
such 5'-triphosphate ends. The presence of unmodified 5'-triphsophate ends
in the cytosol indicates the presence of RNA polymerase activity in the
cytosol which only occurs in the course of viral replication. Another mem-
ber of the RIG-I-like helicase family of receptors is MDAS5 which was found
to be responsible for the long sought after type I IFN-inducing activity of
cytosolic long double-stranded RNA including poly(I:C) (Yoneyama
et al., 2005). As of today, most of the type I IFN-inducing activities of
nucleic acids can be assigned to specific immune receptors. Future may still
keep some surprises for the field, for example, in the context of immune
sensing in the nucleus or in the context of DNA damage repair.

‘While activation of the immune receptors described above results in the
induction of immunologically active cytokines and immune responses, there
is a group of nucleic acid receptors directly restricting nucleic acid function and rep-
lication largely without inducing an immune response. PKR was one of the
first of these. Binding of long double-stranded RINA activates PKR to phos-
phorylate elF2aleading to the inhibition of ribosomal translation of mRINA to
proteins (Clemens & Elia, 1997; Sen, Taira, & Lengyel, 1978; Thomis,
Doohan, & Samuel, 1992; Thomis & Samuel, 1992). Soon after PKR, the
2'-5'-oligoadenylate synthetase (OAS) system was reported (Rebouillat &
Hovanessian, 1999; Yang et al., 1981). In parallel to the OAS system, RNase
L was identified (Baglioni, Minks, & Maroney, 1978; Brennan-Laun, Ezelle,
Li, & Hassel, 2014). Upon binding of OAS1 to long double-stranded RNA,
OAS1 generates 2'-5'-linked oligoadenylates (2'5-OA). 2'5'-OA activate
RNAse L which then cleaves cellular RNAs thereby restricting viral propa-
gation. SAMHD1 (sterile alpha motif and histidine—aspartate-domain-
containing protein 1), originally described as IFN-inducible gene in 2000
(L1, Zhang, & Cao, 2000), has triphosphohydrolase activity that rapidly con-
verts dNTPs to the corresponding deoxynucleoside and inorganic triphos-
phate, thereby depleting the supply of dNTP for reverse transcriptase
activity of retroviruses. In 2009, it was learned that mutations in SAMHD1
cause inherited inflammatory syndromes with a type I IFN signature (e.g.,
AGS) (Rice et al., 2009), but the exact mechanism leading to type I IFIN
induction in this context is not well understood. Originally cloned in 1994
(Kim, Wang, Sanford, Zeng, & Nishikura, 1994), the RNA-editing enzyme
ADARU1 binds to double-stranded RNA and converts A to I thereby contrib-
uting to self vs nonself recognition of RNA (Nishikura, 2016). In 2012, it was
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realized that mutations in ADAR1 cause inflammatory syndromes associated
with a type I IFN signature (Rice etal., 2012). IFIT1 and IFIT5 are known for
many years as type | IFN-inducible RNA-binding proteins which bind to
single-stranded RN A lacking 2'-O-methylation at their 5'-end and inhibiting
RNA translation (Hyde & Diamond, 2015). More recent work from 2011
(Pichlmair et al., 2011) added the information that IFIT1 and IFIT5 prefer-
entially bind to viral RNA containing a 5'-triphosphate group, completing the
picture how these proteins distinguish self from nonself single-stranded RINA.

Of the proteins which function primarily as nucleases, extracellular DNase
I and endolysosomal DNase II are known since the mid-1950s. The cyto-
plasmic exonuclease Trex1 has been identified decades later in 1999 (Hoss
etal., 1999). Only since 2006, we know that loss of function in Trex1 causes
the type I [FN-associated inflammatory syndrome AGS (Crow et al., 2006),
suggesting that Trex1 is critically involved in the clearance self DNA within
the cytoplasm of cells. RNases H are widely expressed enzymes that hydro-
lyze RNA in RNA/DNA hybrids (Cerritelli & Crouch, 2009). While
reports on RNase H activity date back to 1969 (Stein & Hausen, 1969),
the heterotrimeric functional complex in eukaryotes was only described
in 2004 (Jeong, Backlund, Chen, Karavanov, & Crouch, 2004) and human
in 2009 (Chon etal., 2009). In 2007, it was reported that mutations in any of
the three subunits of human RNase H2 cause Aicardi-Goutiéres syndrome
(AGS) (Rice et al., 2007).

Antiviral RNAi and the role of Dicer were first described in 2006 (Wang
etal., 2006; Zambon, Vakharia, & Wu, 2006), while the role of RNA inter-
ference (RINAI) in mammalian innate immunity is still poorly understood.
A bacterial counterpart of acquired sequence-specific antiviral immunity is
the CRISPR/Cas system in prokaryotes first described in 2007 (Barrangou
et al., 2007; Marraffini & Sontheimer, 2010). This prokaryotic immune sys-
tem confers resistance to foreign genetic elements such as those present
within plasmids and phages. Information around R-M systems accumulated
since the early 1950s (Luria & Human, 1952) with R Eases first described in
1975 (Nathans & Smith, 1975).

4. FUNCTIONAL COMPONENTS OF NUCLEIC ACID
IMMUNITY

The concept of nucleic acid immunity integrates diftferent functional
components which have been studied and reviewed separately in the past.
Only in the last few years and with the elegant genetic work on rare human
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inflammatory disorders associated with a type I IFN signature (of Crow and
others (Crow & Rehwinkel, 2009)), it became evident that many of the ant-
iviral restriction factors and various nuclease systems are tightly connected
with innate immune sensing of nucleic acids inducing type I IFN. Alto-
gether, biology has established a broad spectrum of eftector functions which
cover most of the molecular and mechanistic possibilities to restrict the
propagation of foreign genetic material. Effector functions reach from direct
actions on the detected nucleic acid to the elimination of cells containing
foreign genetic material. Fig. 3 illustrates the functional components of
nucleic acid immunity. Central to all components is the detection of foreign
nucleic acids by the molecular interaction of a protein (immune-sensing
receptor, restriction factor, or effector protein) or a specific nucleic acid
(RNAi, CRISPR/Cas) with the targeted nucleic acid. The molecular
challenge on this level is the specificity of the detection and the distinction
of self vs foreign. A specific molecular signature of self nucleic acid (e.g.,
2'-O-methylation at the N1 position in capped mRNA), compartmentali-
zation of self nucleic acids, and the rapid clearance of surplus self nucleic
acids are three examples which enable specific detection of foreign nucleic
acid. Structural differences such as long double-stranded RINA not present
under physiological circumstances allow the highest confidence level of
detection. Upon detection, the system generates different types of responses.
Detection of a foreign nucleic acid can trigger an intrinsic effect which acts
directly on the detected nucleic acid. Examples are degradation (e.g.,
TREX1, CRISPR/Cas), structural modification (e.g., A-to-I conversion
by ADARI1), or disabling the function (e.g., inhibition of translation of
mRNA by IFIT1 or RNAI) (see Fig. 3, middle gray layer). Extrinsic effects
upon detection of foreign nucleic acids require a signaling cascade finally
resulting in an eftect on the detected nucleic acid. Extrinsic eftects can occur
solely inside the same cell, or they can involve functions outside the cell.
Extrinsic effects inside the same cell include degradation of the nucleic acid
(e.g., RNase L activated by 2’—5'-OA generated by OAS1 upon binding of
long double-stranded RINA). Extrinsic effect inside the same cell can also
impact on the function of the detected nucleic acid. Examples for such func-
tional effects are inhibition of translation (e.g., phosphorylation of elF2a by
activated PKR) or inhibition of replication (e.g., restricting replication of
retroviruses by depleting intracellular dNTP pools by IFN-inducible
SAMHDI1) (see Fig. 3, light gray layer). Extrinsic effects that involve
functions outside the cell in which the nucleic acid is primarily detected
appear as immune responses. They range from alarming neighboring cells
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Fig. 3 Overview of functional components in nucleic acid immunity. The primary detec-
tion of specific forms of nucleic acids by highly specialized proteins is the central part of
nucleic acid immunity. Upon binding of nucleic acids, the participating specialized pro-
teins can either exert intrinsic direct effects on the nucleic acid which they have bound,
or they can have indirect extrinsic effects which require the participation of additional
signaling. Extrinsic effects that restrict viral replication and function can be located
inside or outside cells, or both. Intrinsic direct effects include degradation or structural
modification of the bound nucleic acids, or direct inhibition of translation. Extrinsic indi-
rect effects via signaling pathways include mechanisms that restrict translation or rep-
lication, or that lead to degradation of nucleic acids. Extrinsic effects with activities
beyond the infected cell include alarming neighboring cells, activating immune effector
cells, and guiding immune cells to the site of infection. Together, these intrinsic and
extrinsic activities represent the repertoire of nucleic acid immunity to restrict viral
infection.
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(e.g., secretion of type I IFN or release of cGAMP via gap junctions) to the
guidance of immune cells to the respective cell (e.g., TLR7-induced release
of IP-10) and the activation of immune cells at the local site and systemically
(e.g., activation of NK cells by RIG-I). Intrinsic and extrinsic effects act in
concert to minimize the danger associated with foreign nucleic acids.

5. INNATE AND ADAPTIVE COMPONENTS IN NUCLEIC
ACID IMMUNITY

In classical immunology, we distinguish innate and adaptive immu-
nity. While innate immunity relies on receptors encoded in the germline,
adaptive immunity acquires information about pathogens during the life
span and memorizes such information for later use. While adaptive immu-
nity directed against proteins relies on the mechanism of genetic recombi-
nation to adapt to novel pathogen-derived proteins, in the adaptive part of
nucleic acid immunity information on pathogen-derived nucleic acid
sequences 1s acquired and memorized (CRISPR/Cas and RNAIi) (see
Fig. 4). Although the adaptive part of nucleic acid immunity requires
the participation of germline-encoded proteins such as DICER, RISC,

Innate Adaptive

Innate information on structure Acquired information on sequence
Nucleic acid receptors with effector functions CRISPR/Cas

Nucleic acid receptors inducing immune functions RNA interference

Fig. 4 Innate and adaptive components in nucleic acid immunity. In classical immunol-
ogy, we distinguish innate and adaptive immunity. While innate immunity relies on
receptors encoded in the germline, adaptive immunity acquires information about
pathogens during the life span and memorizes such information for later usage. While
adaptive immunity directed against proteins relies on the mechanism of genetic recom-
bination to adapt to novel pathogen-derived proteins, in the adaptive part of nucleic
acid immunity information about pathogen-derived nucleic acid sequences is acquired
and memorized (CRISPR/Cas and RNA interference). Unlike the adaptive components,
the innate components of nucleic acid immunity rely on germline-encoded receptors
which detect certain structures indicating viral pathogens. Therefore, these receptors
are identical throughout the life span, but regulation of receptor expression (e.g., by
means of epigenetics) still allows adaptation to different environments (e.g., low or high
burden of viral pathogens).
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or CRISPR and Cas, the detection of foreign nucleic acids is mediated via
acquired sequence information. In contrast, the innate components
of nucleic acid immunity solely rely on germline-encoded receptors
which via protein—nucleic acid interaction detect certain structures which
are characteristic of foreign genetic materials. Innate immune-sensing
receptors are identical throughout the life span. However, it is important
to note that epigenetic regulation of gene expression still allows to adapt
quantitatively to different environments (e.g., low or high burden of viral
pathogens).

6. INNATE AND ADAPTIVE NUCLEIC ACID IMMUNITY
IN PROKARYOTES

The perpetual arms race between bacteria and phages has resulted
in the evolution of efficient resistance systems that protect bacteria from
phage infection. Such systems include R-M systems and CRISPR—Cas.
The prokaryotic DNA R-M systems are based on the contrasting enzymatic
activities of a sequence-specific REase and a matching sequence-specific
host methyltransferase (MTase) (Vasu & Nagaraja, 2013). By transferring
a methyl group to the C-5 carbon or the N4 amino group of cytosine or
to the N6 amino group of adenine host-specific MTases protect potential
cleavage sites of host DNA from REases, which on the other hand rec-
ognize and cleave foreign unmethylated or “inappropriately” methylated
DNA from invading phages. This R-M systems can be considered as
an innate defense system. On the other hand, the CRISPR—Cas system
in prokaryotes represents a highly sophisticated adaptive immune system
in which short fragments of invading DNA are integrated into the
CRISPR loci. After transcription and processing of these loci, short
CRISPR RNAs (CrRNAs) are generated which guide the nuclease
activity of Cas proteins to complementary DNA or RNA resulting in
target cleavage (Goldfarb et al., 2015; van der Oost, Westra, Jackson, &
Wiedenheft, 2014).

7. RECEPTORS AND NUCLEASES NOT INVOLVING
CLASSICAL IMMUNE FUNCTIONS

This chapter provides an overview of the well-established proteins
targeting foreign nucleic acids without involving the classical immune func-
tions such as the induction of cytokines or the activation of immune cells.
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Fig. 5 Receptors and nucleases restricting function and replication of foreign nucleic
acids. This graph provides an overview of the proteins which target foreign nucleic acids
without involving the classical immune functions such as the induction of cytokines or
the activation of immune cells. Such proteins can directly act on the foreign nucleic acid,
or they can elicit pathways indirectly acting on the foreign nucleic acid. The endonucle-
ase DNase | is the most abundant DNase in the extracellular space which degrades DNA
down to tetramers. DNase Il is the predominant endonuclease in the endolysosomal
compartment of cells. The cytoplasmic DNase lIl (Trex1) is a 3/-to 5" exonuclease which
degrades both double- and single-stranded DNA. The cytoplasmic RNase H recognizes
DNA—-RNA hybrids and cleaves the RNA in such hybrids. In contrast, RNase L is indirectly
activated by oligoadenylates which are formed by OAS1 upon binding to long double-
stranded RNA. Furthermore, ADAR1 modifies long double-stranded RNA by A-to-I con-
versions destabilizing the double strand resulting in changes in the coding sequence of
proteins. SAMHD1 depletes the pool of dNTPs which is the prerequisite for DNA forma-
tion. SAMHD1 hydrolyzes the triphosphate in dNTPs resulting in deoxynucleosides. At
the same time, SAMHD1 has been proposed to be a 3’-exonuclease for single-stranded
DNA and RNA. PKR and IFIT1/5 inhibit mRNA translation by phosphorylation of the elF2a
and by replacing elF4 in the ribosomal complex, respectively. While PKR is activated
by long double-stranded RNA, IFIT1 and IFIT5 bind 5'-triphosphate ends of single-
stranded RNA.

Such proteins can directly act on the foreign nucleic acid, or they can elicit
pathways indirectly acting on the foreign nucleic acid (see Fig. 5). For the
family of APOBEC proteins which detect and modify viral nucleic acids, we
refer to detailed reviews by others (Harris & Dudley, 2015).
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7.1 ADAR1

Adenosine to inosine (A-to-I) RNA editing was originally discovered as
enzymatic activity unwinding double-stranded RINA in Xenopus laevis
oocytes and embryos (Bass & Weintraub, 1987). Soon after, it became clear
that this activity is carried out by an adenosine deaminase acting on RINA
(ADAR) (Bass & Weintraub, 1988; Wagner, Smith, Cooperman, &
Nishikura, 1989). Adenosine deaminases perform C6 deamination of aden-
osine in base-paired RNA structures resulting in A-to-I conversions, a pro-
cess termed A-to-I RNA editing (Hogg, Paro, Keegan, & O’Connell,
2011). The type I IFN-inducible isoform of ADARs, ADARUI, first cloned
in 1994 (Kim et al., 1994) contains three repeats of a double-stranded
RNA-binding motif, and sequences conserved in the catalytic center of
other deaminases. Transcription from separate promoters generates two
isoforms of ADART, a full-length, interferon-inducible ADAR1p150 and
a shorter and constitutively expressed ADAR1p110. Interestingly, both
ADAR1p150 and ADAR1p110 isoforms shuttle between nucleus and cyto-
plasm (Nishikura, 2016). A-to-I editing frequently occurs in noncoding
regions that contain inverted Alu repeats but can also occur in protein-
coding regions of mRNAs resulting in the expression of altered proteins
with sequences that are not encoded in the genome. Recent studies indicate
that ADART1 is also found in complex with Dicer to promote miRINA
processing and RNA1 efficacy (Ota et al., 2013), suggesting that both RNAi
and ADAR are functionally related.

Viral dsRINA formed at different stages of replication of many viruses are
substrates for RNA editing by ADAR. It is well established that ADAR
enzymes interfer with the virus—host interaction with ADARS acting as
pro- or antiviral factors. The biological consequences of A-to-I changes dur-
ing viral infection is not completely understood (Tomaselli, Galeano,
Locatelli, & Gallo, 2015). The current concept is that two effects oppose
each other: on the one hand, ADAR1-mediated A-to-I editing of viral
double-stranded RINA directly restricts the correct function of the edited
RNA and thus directly inhibits viral replication. On the other hand,
A-to-I editing of double-stranded RNA destabilizes long double-stranded
RNA thereby reducing the recognition of long double-stranded RINA by
double-stranded RNA receptors such as MDA5. As a consequence,
depending on the type of virus, ADAR1 has the potential to negatively
interfer or to support viral replication and thus can act as proviral or antiviral
factor (George, John, & Samuel, 2014).
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Independently of the presence of viral infection, the lack of ADART1 in a
cell results in the activation of MDAS by endogenous RNA species. The
most likely scenario is that A-to-I editing masks endogenous RINAs from
detection by MDAS. The consequence is that if a virus actively inhibits
the function of ADAR 1, endogenous RNA ligands will form which activate
MDAS5 and thus induce a type I IFN response. Indeed, sequencing studies
demonstrated that ADAR 1-deficient cells display stretches of endogenous
double-stranded RNA (Liddicoat et al., 2015). Thus, A-to-I editing of
endogenous dsRINA is an essential function of ADAR1 preventing the acti-
vation of the cytosolic dsRINA response by endogenous transcripts.

7.2 SAMHD1

SAMHD1 is composed of a SAM and a HD domain. While the SAM domain
of SAMHD1 mediates protein—protein interactions, the HD domain possesses
the triphosphohydrolase activity through which SAMHD1 hydrolyzes
dNTPs to deoxynucleosides (Goldstone et al., 2011; Powell, Holland,
Hollis, & Perrino, 2011). SAMHD1 expression has been demonstrated in
monocytes, macrophages, myeloid dendritic cells, plasmacytoid dendritic cells
(PDCs), and CD4 T cells (Baldauf et al., 2012; Gelais et al., 2012; Kim,
Nguyen, Daddacha, & Hollenbaugh, 2012; Laguette et al., 2011; Pauls
etal., 2014). The involvement of SAMHD1 in innate immunity was initially
proposed based on its mouse ortholog Mg11 which is IFN-inducible in mac-
rophages and dendritic cells (Li et al., 2000), hence the alternative name den-
dritic cell-derived IFN-y-induced protein. Subsequent studies showed an
increased SAMHD1 expression upon stimulation of macrophages with
double-stranded DNA (Rice et al., 2009) and its upregulation in the context
of viral infections (Hartman et al., 2007). Mutations in SAMHD1 have been
shown to be responsible for 5% of patients with AGS which is characterized
by inappropriate and aberrant type I IFN secretion causing symptoms remi-
niscent of a congenital infection (Rice et al., 2009). A loss of function
of SAMHD1 results in spontaneous type I IFN production in AGS patients
and SAMHD1 —/— mice (Behrendt et al., 2013; Rehwinkel et al., 2013).
SAMHD1 was identified as a potent restriction factor for HIV (Hrecka
etal., 2011; Laguette et al., 2011; Simon, Bloch, & Landau, 2015), other non-
human retroviruses (Gramberg et al.,, 2013), and herpesviruses, including
HSV-1 (Hollenbaugh et al., 2013; Kim, White, Brandariz-Nunez, Diaz-
Griftero, & Weitzman, 2013). The current model is that SAMHD1 through
its function as ANTP triphosphohydrolase decreases intracellular ANTP pools
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in nondividing cells below the threshold level required for efficient viral
reverse transcriptase or viral DNA polymerase activity (Lahouassa et al.,
2012; Wu, 2013). The observation that functional loss of SAMHD1 leads
to a spontaneous type I IFN response suggests that uncontrolled activity of
endogenous retroelements may be a source of the IFN-inducing nucleic acids,
but the identity of such endogenous ligands is unknown to date. Besides
dNTP triphosphohydrolase activity, a metal-dependent 3'- to 5'-exonuclease
activity of SAMHD1 for ssDNA and ssRINA was demonstrated (Beloglazova
et al., 2013). The RNAse activity was reported to directly degrade HIV-1
RNA (Ryoo et al., 2014), but further work will be necessary to confirm
and exactly characterize the proposed nuclease activity of SAMHD1 (Rice
et al., 2009).

7.3 PKR

The interferon-inducible, double-stranded RINA-activated protein kinase
(protein kinase RNA-activated, PKR; also known as eukaryotic translation
initiation factor 2-alpha kinase 2, EIF2AK?2) was first cloned in 1992 and
represents a key mediator of antiviral activities (Feng, Chong, Kumar, &
Williams, 1992; Garcia et al., 2006; Thomis et al., 1992; Thomis &
Samuel, 1992). PKR contains an N-terminal dsRNA-binding domain
(dsRBD) which consists of two tandem copies of a conserved double-
stranded RNA-binding motif, dsSRBM1 and dsRBM2, and a C-terminal
kinase domain. Binding of PKR to long double-stranded RNA (longer
30 bp) activates PKR by inducing dimerization and subsequent
autophosphorylation. Activated PKR inhibits 5'-cap-dependent mRINA
translation by phosphorylation of the eukaryotic translation initiation factor
elF2a thereby preventing viral protein synthesis (Farrell et al., 1978; Levin &
London, 1978). Besides long double-stranded RNNA, PKR has been shown
to recognize RNA with limited secondary structures (RINA with a length of
about 47 nt and weak structure; short stem-loops) containing uncapped
5'-triphosphates (Nallagatla et al., 2007). Antiviral functions of PKR beyond
the mechanism of translation inhibition are still controversial. PKR affects
diverse transcriptional factors such as interferon regulatory factor 1, STATs,
P53, activating transcription factor 3, and NF-kB. In particular, how PKR
triggers a cascade of events involving IKK phosphorylation of IkappaB and
NF-kB nuclear translocation has been intensively studied. PKR was also
reported to enhance but not being required for NF-xB-dependent type
I IFN induction (Chu et al., 1999; Kumar, Haque, Lacoste, Hiscott, &
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Williams, 1994; Maggi et al., 2000). Involvement of PKR in inflammasome
activation is controversial (He, Franchi, & Nunez, 2013; Lu et al., 2012).
PKR -mediated 5'-cap-specific inhibition of translation is expected to per-
turb the proteome. Since PKR -activated elF2a is involved in the initiation
of the translation from an AUG codon, the alternative non-AUG initiation
takes place instead. An example of mRNAs using non-AUG initiation are
mRNAs for the heat shock proteins. Another effect is the selected reduction
of proteins with short half-life. Reduced translation of the NF-kB inhibitor
protein IkappaB-alpha is one plausible explanation for the activation of the
NF-kB pathway in response to PKR activation (McAllister, Taghavi, &
Samuel, 2012). Other signaling pathways may be affected in the same
way by the removal of an inhibitor with short half-life resulting in the acti-
vation of the pathway.

7.4 IFIT1 and IFIT5

Interferon-induced proteins with tetratricopeptide repeats (IFITs) are
among the most abundantly expressed proteins of the group of interferon-
stimulated genes (ISGs). They represent innate immune effector molecules
that confer antiviral defense downstream of type I IFN through disruption of
the host translation initiation machinery (Daffis et al., 2010; Pichlmair et al.,
2011). They are evolutionarily conserved from fish to mammals. In humans,
there are four well-characterized paralogues, IFIT1 (p56/1SG56), IFIT2
(p54/1SG54), IFIT3 (p60/I1SG60), and IFIT5 (p58/ISG58). Like RIG-I,
productive binding of both IFIT1 and IFIT5 was shown to depend on
the presence of cytosolic 5'-triphosphate RINA and is nonsequence specific.
Unlike RIG-I, IFIT1 and IFITS5 preferentially bind to single-stranded RINA
or to double-stranded RINA with a minimum three (IFIT5) or five (IFIT1)-
nucleotide overhangs containing an uncapped triphosphate group at the
5'-end of RNA (Abbas, Pichlmair, Gorna, Superti-Furga, & Nagar, 2013;
Habjan et al., 2013; Kumar et al., 1994). Replacing the triphosphate with
a 5'-cap, a 5’-monophosphate or 5-OH diminishes the binding significantly
(Abbas et al., 2013). IFIT1 competes with elF4E, the endogenous 5'-cap
binding and translation factor, in the 48S initiation complex formation.
However, while in vitro competition experiments convincingly show that
IFIT1 can compete with elF4E for binding at completely unmethylated
cap0 RINA, the out-competing of elF4E from N7 methylated cap (cap0)
structures is unclear. Binding of eIF4E to capO structures in lysates of
[FN-primed cells is rather enhanced than reduced, suggesting additional
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mechanisms beyond eIF4E competition for 48S disruption (Habjan et al.,
2013). A key role for IFIT1 in negative-strand RNA viruses (VSV,
Influenza) and positive-strand RNA viruses (WNV, MHYV) except pi-
cornaviruses was reported (Daffis et al., 2010; Habjan et al., 2013;
Pichlmair et al., 2011).

7.5 OAS

The human 2'-5'-OAS family comprise four type I [FN-inducible genes:
OAS1, OAS2, OAS3, and OASL (OAS-like protein) (Melchjorsen et al.,
2009). Upon binding to long double-stranded RNA, OAS1, OAS2, and
OAS3 catalyze the formation of 2’-5'-OA, whereas OASL has no enzy-
matic activity but still has potent antiviral activity due to its coactivating
role in the RIG-I pathway (Schoggins et al., 2011; Zhu et al., 2014).
The formation of 2'—5'-oligomers of adenosine (2’=5'-OA) upon exposure
to dsRINA and subsequent inhibition of translation has been described
early on (Clemens & Williams, 1978; Farrell et al., 1978; Hovanessian,
Brown, & Kerr, 1977; Zilberstein, Kimchi, Schmidt, & Revel, 1978).
2/-5'-OA function as second messenger of OAS binding to RNase
L leading to dimer formation and subsequent degradation of cellular and
viral RNA (Dong & Silverman, 1997). The structural mechanisms of
RNase L activation by 2'=5'-OA and its dimer formation have recently
been described (Han et al., 2014; Huang et al., 2014). All three human
OAS isoforms are activated by dsRINA in vitro which is the presumed
ligand in vivo as well. The full activation of the OAS system in virally
infected cells leads to the inhibition of protein synthesis and the induction
of apoptosis, thereby interfering with viral replication (Castelli et al., 1998).
Activation of the OAS—RNase L system restricts replication of a variety
of viruses, in particular positive-strand viruses (e.g., picornaviruses, flavi-
viruses, and alphaviruses) which produce high numbers of dsRNA during
replication (Silverman, 2007). Virus-encoded inhibitors of the OAS—
R Nase L system such as the nonstructural protein 2 (NS2) of murine coro-
navirus or inhibitors expressed by picornaviruses support a key role of this
system in the restriction of viruses. It is interesting to note that OAS and
cGAS (see later) share similar structural features and enzymatic function.
Both OAS and cGAS catalyze the uncommon 2'-5’ phosphodiester linkage
upon binding to a nucleic acid ligand (Hornung, Hartmann, Ablasser, &
Hopfner, 2014).
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7.6 RNaseH

R Nases H are a family of widely expressed nonsequence-specific endonu-
cleases that hydrolyze solely the RINA of RNA/DNA hybrids resulting in
3'-hydroxyl and 5’-phosphate terminated products and an intact DNA
strand (Cerritelli & Crouch, 2009). RNases H play crucial roles in the bio-
chemical processes associated with DNA replication, gene expression, and
DNA repair where RNA/DNA hybrids can occur. Furthermore, RNases
H degrade RNA/DNA hybrids generated during viral replication. Mem-
bers of the RNase H family can be found in nearly all organisms, from bac-
teria to archaea to eukaryotes. Unlike in prokaryotes and in single-cell
eukaryotes, in higher eukaryotes R Nases H are essential for development.

The catalytic subunit of eukaryotic RNase H2, RNASEH2A, is well
conserved and similar to the monomeric prokaryotic RNase HIIL. In con-
trast, the RNASEH2B and RNASEH2C subunits share very little homol-
ogy between human and Saccharomyces cerevisiae or bacteria. RNASEH2B
and RNASEH2C serve as a nucleation site for the addition of RNASEH2A
to form an active RNase H2. Furthermore, they contain interaction sites
with other proteins to support functions other than R Nase H nuclease activ-
ity, but these functions are not well-defined yet.

RNase H2 deficiency can cause a number of pathogenetic principles
including the occurrence of ribonucleoside monophosphates accumulating
in genomic DNA and activating the DNA damage-response pathway.
R Nase H2 deficiency leads to abundance of cytosolic RNA—DNA hybrids
and to an increase in retroelements which both represent potential
ligands for the cGAS-STING signaling pathway (Mankan et al., 2014;
Rigby et al.,, 2014). In fact, mutations in any of the three subunits
RNASEH2A-, RNASEH?2B-, or RNASEH2C of human RNase H2 cause
AGS, a human neurological disorder with devastating consequences (Rice
et al., 2007). Mutations that impair RNase H2 are also associated with sys-
temic lupus erythematosus (SLE). Pathogenicity is supported by mouse
models of AGS-associated mutations of RNase H which show a spontane-
ous ¢cGAS/STING-dependent type I IFN-driven phenotype (Mackenzie
et al., 2016; Pokatayev et al., 2016).

7.7 DNases
7.7.1 DNase |

Deoxyribonuclease I (DNase I) is an endonuclease which is secreted to
cleave DNA in the extracellular space down to an average of tetranucleotides
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with 5 monophosphate and 3’ hydroxyl DNA ends (Baranovskii,
Buneva, & Nevinsky, 2004). Both single-stranded DNA and double-
stranded DNA are degraded by DNase I. This nuclease appears to account
for the major nucleolytic activity on DNA in serum and is responsible for the
degradation of the majority of circulating DNA derived from apoptotic and
necrotic cell death and from neutrophil extracellular traps. In addition to its
role in the serum, it has been proposed as one of the deoxyribonucleases
responsible for DNA fragmentation in the process of apoptosis
(Samejima & Earnshaw, 2005). Notably, DNase1L3 complements the activ-
ity of DNase I. Although DNase1L3 harbors nuclear localization signals, its
main function appears to be in the serum, where it can degrade protein-
complexed DNA (Napirei, Ludwig, Mezrhab, Klockl, & Mannherz, 2009).

In the absence of DNase I, degradation of extracellular DNA is heavily
reduced resulting in the activation of DNA-sensing immune receptors. Mice
deficient in DNase I display a lupus-like phenotype with increased antinu-
clear antibody titers and glomerulonephritis (Napirei et al., 2000). Mutations
in the human DNase I gene and factors inactivating DNase I have been asso-
ciated with SLE (Hakkim et al., 2010; Yasutomo et al., 2001). In a subset of
SLE patients, the presence of DNase I inhibitors or autoantibodies was asso-
ciated with impaired DNA clearance and poor prognosis, suggesting that
decreased DNase I activity can also be acquired (Hakkim et al., 2010). Nota-
bly, loss-of-function variants in DNase1L3 have also been associated with
tamiliar SLE, supporting an important functional contribution of DNase1L3
in clearing DNA (Al-Mayouf et al., 2011).

7.7.2 DNase Il
DNase II is a mammalian endonuclease with highest activity at low pH
and in the absence of divalent cations. DNase II cleaves DNA between
5'-phosphate and 3’-hydroxyl resulting in the formation of nucleoside-3'-
phosphates. DNase I1 is the predominant DNase located in lysosomes of cells
in various tissues including macrophages (Evans & Aguilera, 2003; Yasuda
et al., 1998). With its lysosomal localization and ubiquitous tissue distribu-
tion, this enzyme plays a pivotal role in the degradation of exogenous DNA
encountered by endocytosis. It has been demonstrated that digestion of large
DNA molecules and of CpG-A (Hartmann et al., 2003) by DNase II creates
short DNA fragments which are sensed by TLR9 (Chan etal., 2015; Pawaria
et al., 2015).

DNase II deficiency is another example of a cell-intrinsic nuclease defect
driving autoimmunity. Loss of DNase II leads to a defect in the disposal of
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DNA within lysosomal compartments (Kawane et al., 2006; Yoshida,
Okabe, Kawane, Fukuyama, & Nagata, 2005). Accumulation of undigested
DNA can result in the translocation of DNA into the cytoplasm which is
then sensed by the cGAS-STING pathway (Ahn, Gutman, Saijo, &
Barber, 2012; Gao et al., 2015) as well as the AIM2 inflammasome
(Baum et al., 2015; Jakobs, Perner, & Hornung, 2015). Mice lacking DNase
II display an inflammatory response that depends on both cGAS and AIM2.
Besides cell-extrinsic sources of DNA (e.g., nuclei expelled from erythroid
precursor cells), recent work in DNase II-deficient mice suggests that dam-
aged nuclear DNA is also subject to DNase II degradation and might stim-
ulate cytosolic DNA immune-sensing receptors if not properly degraded
(Lan, Londono, Bouley, Rooney, & Hacohen, 2014). In a model of cardiac-
specific deletion of DNase II, severe myocarditis and dilated cardiomyopa-
thy developed which was attenuated if immune sensing of accumulating
mitochondrial DNA by TLR9 was inhibited (Oka et al., 2012).

7.7.3 DNase Ill/Trex1

The cytoplasmic DNase I1I (3'-repair exonuclease 1, Trex1) has been iden-
tified decades later than DNase [ and II (Hoss et al., 1999). Trex1 is a 3'- to
5'- exonuclease which degrades both double- and single-stranded DNA.
Most DINA reaching the cytosol is promptly removed by Trex1. Modifica-
tions have been reported which render DNA resistant to Trex1. For exam-
ple, oxidation of guanine bases to 8-hydroxydeoxyguanine (8-OHdG)
protects DNA from TREX1-dependent degradation leading to accumula-
tion and cGAS-mediated recognition of oxidized DNA in the cytosol
(Gehrke et al., 2013).

Only since 2006, it is known that loss of function in Trex1 causes the
type 1 IFN-associated inflammatory syndrome AGS (Crow et al., 2006),
suggesting that Trex1 is critically involved in the clearance self DNA within
the cytoplasm of cells which otherwise is recognized by the immune sensor
cGAS. Defects in Trex1 have been associated with SLE (Lee-Kirsch, Gong,
et al.,, 2007) and with familial chilblain lupus (Lee-Kirsch, Chowdhury,
et al,, 2007); furthermore, genetic defects in Trexl can cause retinal
vasculopathy with cerebral leukodystrophy (Richards et al., 2007).

Trex1-deficient mice develop severe autoimmunity (Gall et al., 2012;
Morita et al., 2004). The pathology is fully rescued by additional genetic
defects in cGAS (Ablasser et al., 2014; Gao et al., 2015; Gray, Treuting,
Woodward, & Stetson, 2015) or the type I IFN system demonstrating the
critical pathogenic role of the IFN response triggered by endogenous



144 G. Hartmann

DNA species. The source and identity of this DNA remain controversial but
may derive from endogenous retroelements (Beck-Engeser, Eilat, & Wabl,
2011; Stetson, Ko, Heidmann, & Medzhitov, 2008). Alternatively, DNA
ligands originating during chromosomal replication have been proposed
(Yang, Lindahl, & Barnes, 2007).

8. RNA INTERFERENCE

RNAI is considered one of the major mechanism for sequence-
specific detection and elimination of RNA genome-based viruses in plants
and invertebrates (Szittya & Burgyan, 2013; Zhou & Rana, 2013). Besides its
antiviral function, RINAi regulates gene expression in many organisms. By
suppressing transcription or translation or by targeted degradation of
mRNA, it controls many cellular developmental and physiological processes
(Burger & Gullerova, 2015). RNAI is initiated by RNAse III family nucle-
ases (nuclear Drosha and cytosolic Dicer) that cleave endogenous or exog-
enous double-stranded RNA to finally yield short 21-23 bp exogenous
siRNA or endogenous miRNA (Bernstein, Caudy, Hammond, &
Hannon, 2001; Elbashir, Lendeckel, & Tuschl, 2001; Lee et al., 2003).
The miRNAs/siRINAs are then integrated in the RNA-induced silencing
complex (RISC) which target complementary RNA for degradation or
inhibition of translation (Iwakawa & Tomari, 2015). AGO family proteins
in the RISC complex determine its effector function: perfectly matched
mi/siRINAs mediate direct target cleavage by AGO2, while imperfectly
matched mi/siRINAs inhibit translation of target mRNAs by AGO1, 3,
or 4 and recruit additional effector proteins which in turn can degrade target
RNA (Doench, Petersen, & Sharp, 2003; Meister et al., 2004).

While an important role for RNAI for the antiviral responses in hel-
minths, insects, and plants is well established, the contribution to antiviral
immunity in vertebrates is under debate. Evidence accumulates for an ant-
iviral role of RNAi in mammalian cells (Gantier, 2014), specifically if the
otherwise dominating Dicer-related RIG-I-like helicases are inhibited.
The major obstacle is that the contribution of a siIRINA-mediated antiviral
response cannot be studied by the knockout of Dicer which is lethal at early
stages of mouse embryo development (Bernstein et al., 2003). It was
reported that type I IFN-dominated innate immune responses suppress
RNAI and vice versa (Seo et al., 2013). The absence of Dicer products from
small RNA libraries of (+)ssRNA virus (YFV, HCV) infections strengthens
this assumption (Pfeffer et al., 2005). However, more recent studies using
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the more sensitive next-generation sequencing indeed provide evidence for the
generation of short virus-derived small RNAs (vsRINAs) in complex with
AGO proteins and conforming to Dicer cleavage fragments of 24-31 bp
(siIRNA and piRNA) in vertebrate infection systems (Parameswaran
et al., 2010). In a seminal work, suckling mice were infected by Nodamura
virus (NoV) or a mutant virus lacking the NoV virus-encoded suppressor of
RNAi, B2 (Li, Lu, Han, Fan, & Ding, 2013). NoV is a mosquito-
transmissible (+)ssRINA virus, which is highly virulent to suckling mice
and suckling hamsters. Loss of B2 leads to abundant occurrence of viral
siRNAs and rendered mice completely resistant to NoV titers which are
lethal in the presence of B2 (Li et al., 2013). Since B2 appears not to prevent
recognition by RIG-I (Fan, Dong, Li, Ding, & Wang, 2015), an important
innate immune sensor of (+)ssRINA-based viruses, the data suggest a strong
role of virus RNA-specific RNAi during NoV infection. Still, an impact of
B2 on endogenous miRINA networks or inhibition of other dsRINA-
sensing receptors (MDAS5, PKR, OAS) as a major cause of lethality is not
completely excluded in this work and requires further analysis. Nevertheless,
this study adds to the concept that virus-encoded suppressors of RINAi mask
the actual role of RINAI in antiviral defense of vertebrates (VA1 noncoding
RNA, Influenza NS1, vaccinia virus E3L, Ebola virus VP35, primate foamy
virus Tas, HIV-1 Tat West Nile virus sfRNA) (Bennasser, Le, Benkirane, &
Jeang, 2005; Haasnoot et al., 2007; Lecellier et al., 2005; Li et al., 2004; Lu &
Cullen, 2004; Schnettler et al., 2012; Svoboda, 2014). Importantly, murine
or rat oocytes or embryonic stem cells in rat and mouse express a shortened
form of Dicer (DicerO) with enhanced cleavage activity for long dsRINA
which complicate the interpretation of results (Flemr et al.,, 2013). On
the other hand, the finding that poly(I:C) stimulation or infection with
DNA or RNA viruses leads to PARP13 induced poly-ADP-ribosylation
of AGO2 which induces AGO2 degradation in all tested cells strongly indi-
cates a competition rather than a cooperation between antiviral RNNAi and
nucleic acid immune-sensing pathways (Seo et al., 2013).

9. IMMUNE-SENSING RECEPTORS

Although some recent work propose a role of RNAI in the antiviral
defense of vertebrates as described earlier, the current concept is that
immune-sensing receptors represent the major antiviral defense strategy
in vertebrates. Immune-sensing receptors recognize characteristic features
of foreign and invading nucleic acids such as unusual localization, specific
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structural elements, and modifications. Stimulation of nucleic acid-sensing
receptors results in the induction of cytokines (e.g., type I interferons)
and chemokines to alarm neighboring cells, in the recruitment of immune
cells, in the activation of cell autonomous mechanisms interfering with virus
assembly and protein translation, or in the induction of several types of cell
death including apoptosis, necroptosis, and pyroptosis. This chapter pro-
vides an overview of the most important immune-sensing receptors of
nucleic acids for which robust evidence exists regarding the molecular
mechanism of detection, the structural aspects of receptor ligand interaction,
and the downstream signaling pathways (Fig. 6).

9.1 TLR3

TLR3 detects long double-stranded RNA (Alexopoulou et al., 2001), and
unlike other nucleic acid-sensing TLRs, besides its endolysosomal localiza-
tion, it is also expressed on the surface of certain cell types (Matsumoto,
Kikkawa, Kohase, Miyake, & Seya, 2002; Pohar, Pirher, Bencina,
Mancek-Keber, & Jerala, 2013). TLR3 detects dsRNA longer than
40 bp. The ectodomains of two TLR3 molecules bind one dsRINA mole-
cule in a way that the cytoplasmic C-terminal signaling domains are juxta-
posed to each other resulting in downstream signaling (Liu et al., 2008).
TLR3 interacts with the ribose-phosphate backbone of dsRNA and has
no specific sequence requirements. Given the absence of long dsRINA under
physiological conditions, TLR3 should be inactive in the absence of an
infection. Still, a number of studies proposed recognition of endogenous
dsRINA by TLR 3 in situations of sterile tissue damage, but the specific ligand
is not well defined.

9.2 TLR7 and TLR8

The identification of ligand specificities of TLR7 and TLR 8 has been ham-
pered by their mutually exclusive expression in different cell types and by
considerable differences between mouse and human. TLR7 and TLRS
are examples where distinct function of nucleic acid-sensing TLRs is deter-
mined by their differential expression in immune cell subsets. While the
expression of TLR7 in the human immune system is almost restricted to
B cells and PDC, TLR 8 is preferentially expressed in myeloid immune cells.
Consequently, TLR7 ligands drive B cell activation and the production of
large amounts of IFN-alpha in PDC, while TLRS8 induces the secretion of
high amounts of IL-12p70 in myeloid immune cells.
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Fig. 6 Immune-sensing receptors-detecting foreign nucleic acids and inducing indirect
effector responses. This graph provides an overview of immune-sensing receptors of
nucleic acids. TLR3 is the only one which besides its endosomal localization is also
reported to be expressed on the cell membrane. TLR3 binds long double-stranded
RNA which is not present in the cytosol of normal cells and is an indicator of foreign.
TLR3 is expressed in myeloid immune cells and in a number of somatic cells including
fibroblasts and endothelial cells. The other three TLRs expressed in the endolysosomal
compartment of distinct immune cell subsets are TLR7, TLR8, and TLR9. TLR7 detects
even short RNA, preferentially double-stranded and containing G and U. TLR8 detects
single-stranded RNA. While TLR8 is expressed in human myeloid immune cells, TLR7 and
TLR9 are predominantly expressed in human B cells and plasmacytoid dendritic cells.
TLR9 detects single-stranded DNA containing unmethylated CpG dinucleotides. In
the cytoplasm, RIG-I specifically detects RNA if it contains at least a short double strand
with a blunt end and a 5'-triphosphate. The RIG-I-like receptor MDA5 detects long irreg-
ular forms of double-stranded RNA, but the exact definition of the ligand structure is
unclear. Both RIG-I and MDA5 are widely expressed in immune cells and nonimmune
cells, and induce a broad array of cell autonomous and extracellular antiviral responses
including the production of type | interferon. MDA5 ligands also activate multiple other
receptor pathways that depend on the detection of long double-stranded RNA, includ-
ing PKR, ADART1, and TLR3. The cytosolic receptor AIM2 detects long double-stranded
DNA and activates the inflammasome. The other key receptor for the detection of DNA
in the cytoplasm is cGAS. cGAS is activated by long double-stranded DNA and short
forms of double-stranded DNA with single-stranded overhangs containing Gs, a struc-
ture which was termed Y-form DNA and which is presented during retroviral infection
or by endogenous retroelements. Upon activation, cGAS catalyzes the formation of
2'—5'-cGAMP from GTP and ATP. 2'=5’-cGAMP acts as a second messenger which binds
to the downstream signaling protein Sting which induces type | interferon via TBK1 and
IRF3. 2'=5'-cGAMP can travel to and alarm neighboring cells via gap junctions. Sting also
activates NF-kB activation and inflammatory cytokines.
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TLR7 and TLRS are preferentially activated by polyU or by G- and
U-rich sequences (Diebold et al., 2004; Heil et al., 2004; Hornung et al.,
2005; Judge et al., 2005). However, confounding factors need to be consid-
ered while interpreting these results (Forsbach et al., 2008). Furthermore, it
has been demonstrated that TLRS selectively detects ssRINA, while TLR7
primarily detects short stretches of dsSRINA but can also accommodate certain
ssRINA oligonucleotides (Ablasser et al., 2009; Sioud, 2006). However, since
neither polyU or G- and U-rich sequences nor ssRINA or short dsRINA struc-
tures are overrepresented in microbial or viral RNA, the distinction of self vs
nonself by TLR7 and TLR8 requires additional information. In fact, endog-
enous RINAs are posttranscriptionally modified at their nucleobases and back-
bone. The current concept is that the addition of certain modifications to
self RNA inside the nucleus provides a signature for self. One example is
2'-O-methylation which is a common nuclear modification of RNA
performed by a specific MTase located in the nucleolus. The MTase adds a
methyl group to the 2/-hydroxyl group of the ribose. This modification rep-
resents a marker of self in higher eukaryotic cells and prevents the recognition
of endogenous RNA by TLR7 and TLR8 (Hornung et al., 2005; Judge etal.,
2005; Kariko, Buckstein, Ni, & Weissman, 2005). Other modifications of
RNA molecules which potently inhibit the detection of transfer RNA and
ribosomal RNA by TLR7 and TLRS are the incorporation of pseudouridine
(¥), 5-methylcytidine (m5C), 2-thio-uridine (s2U), or N6-methyladenosine
(m6A) (Kariko et al., 2005). The presence of such modifications in part
explains the lack of immunostimulation of host-derived RINA vs microbial
RNA (Gehrig et al., 2012; Jockel et al., 2012). However, endogenous
RNA from apoptotic or dying cells still activates TLR7 and TLRS8 once
entering the endolysosomal compartment (Busconi et al., 2006; Ganguly
etal., 2009; Vollmer et al., 2005). Thus, additional factors such as intracellular
localization and degradation by nucleases likely support a faithful discrimina-
tion of self from nonself by TLR7 and TLRS. It is interesting to note that
there is an obvious need to sense and eliminate certain endogenous RINAs
as well. In this context, it has been reported that the loss of TLR7 function
causes retroviral viremia (Yu et al., 2012) indicating that endogenous RINAs
transcribed from RINA polymerase II promoters are not generally excluded
from TLR-mediated recognition.

9.3 TLR9

TLRO senses DNA in the endolysosomal compartment of certain immune
cells (Hemmi et al., 2000). Like TLR7 and TLRS8, TLRO travels to the
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endolysosomal compartment via the chaperone protein UNC93B1 (protein
unc-93 homolog B1) (Latz et al., 2004; Pelka, Shibata, Miyake, & Latz,
2016). There, TLRY is proteolytically processed at a defined protruding
loop structure without disrupting the horseshoe shape of the protomer
(Bauer, 2013; Onji et al.,, 2013; Peter, Kubarenko, Weber, & Dalpke,
2009). Cleavage 1s necessary for the activation of TLR signaling (Ewald
et al., 2008; Park et al., 2008).

TLRO preferentially detects DNA with unmethylated (no methylation
at the C5 carbon of cytosine) CpG dinucleotides (CpG DNA) with a pref-
erence for certain sequence contexts (hexamer CpG motifs, in humans
5'-GTCGTT-3) which vary between species and which altogether are less
frequent in eukaryotic self DNA (Hartmann & Krieg, 1999, 2000;
Hartmann et al., 2000; Hartmann, Weiner, & Krieg, 1999; Hemmi et al.,
2000; Krieg et al., 1995). Activation of TLR9 signaling is preceded by dimer
formation where two CpG DNA molecules symmetrically bind two TLR9
molecules (Ohto et al., 2015). Both CpG DNA molecules bind to the
C-terminal fragment of one protomer and the CpG-binding groove in
the N-terminal fragment of the other. Inhibitory DNA oligonucleotides
only bind to the N-terminal fragment. Methylated single-stranded CpG
DNA and double-stranded DNA exhibit lower binding to TLRY and are
less potent to induce TLRY dimer formation. Of note, digestion of DNA
molecules by the lysosomal endonuclease DNase II creates short TLR9-
stimulatory DNA fragments (Chan et al., 2015; Pawaria et al., 2015).

Notably, specificity for unmethylated CpG motifs is reduced if the CpG
motif is within a phosphorothioate-modified DNA often used to stabilize
oligodeoxynucleotides against DNases. Nevertheless, a high degree of spec-
ificity is well established for unmethylated CpG motif containing DINA
within a natural phosphodiester backbone including microbial DNA
(Coch et al., 2009; Hartmann & Krieg, 2000). It is specifically noteworthy
that genomic microbial DNA displays a much stronger activity to stimulate
TLRY as compared to genomic DNA of vertebrates. Although eukaryotic
DNA presents with a lower frequency of nonmethylated CpG motifs than
microbial DNA, this difference in frequency of unmethylated CpG motifs
does not allow a clear cut distinction of self from nonself on a structural basis.
Endogenous DNA at high concentrations can activate TLR9 once delivered
into the endolysosome (Marshak-Rothstein, 2006).

It is also of great importance to be aware of the differences of TLR9-
mediated DNA recognition between species. In humans, TLRO is almost
exclusively expressed in B cells and PDC (Hornung et al., 2002), while
in mice, TLR9 is expressed more widely including myeloid immune cells.
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In humans, TLR9 predominantly induces type IFN production in PDCs
and polyclonal activation in B cells via MyD88/IR F7-dependent signaling.
Species-specific expression patterns of TLRO are responsible for the funda-
mental functional differences of TLR9 in mouse and man. Another impor-
tant issue is that in preparations of human immune cell subsets, minute
amounts of PDC indirectly activate other immune cell subsets such as
monocytes, myeloid dendritic cells, or NK cells. This needs to be carefully
considered when direct effects of TLR9 activation in immune cells other
than B cells and PDC are claimed, such as direct TLR9 effects in human
myeloid immune cells and NK cells. Three different classes of CpG oligo-
nucleotides have been described, CpG-A, CpG-B, and CpG-C (Avalos
et al., 2009; Hartmann et al., 2003; Kerkmann et al., 2003; Krug et al.,
2003; Rothenfusser et al., 2004). Based on the palindromic structure,
CpG-A spontaneously forms nanoparticle-like complexes (Kerkmann
et al.,, 2005) that explain much higher type I IFN-inducing capacity in
PDC as compared to CpG-B which are monomeric. Monomeric CpG-B
potently activates B cells which do not internalize larger particles of
DNA as with CpG-A complexes. CpG-C potently stimulates both
B cells and PDCs. In cell culture, delayed TLR9 activation due to slower
uptake of CpG-A nanoparticles allows a longer self-priming of PDC by
minute amounts of spontaneously released type I IFN. Priming of PDC
results in higher IFN-inducing activity of CpG-A seen in cell culture
(Kim et al., 2014).

9.4 RIG-I

RIG-I belongs to the cytosolic DExD/H box RNA helicases and is one of
three members of the so-called family of RIG-I-like helicases (others:
MDAS5 and LGP2). RIG-1 is closely related to the Dicer family of helicases
of the RNAIi pathway. RIG-I contains a RNA helicase domain and a two
N-terminal CARD domains which relay the signal to the downstream sig-
naling adaptor MAVS (mitochondrial antiviral-signaling protein). RIG-I
signaling via MAVS not only leads to the induction of type I IFN responses
via TBK1 and IRF7/8, it also activates caspase-8-dependent apoptosis, pref-
erentially in tumor cells (Besch et al., 2009; El Maadidi et al., 2014; Glas
et al., 2013; Kumar et al., 2015). Furthermore, RIG-I was also found to
mediate MAVS-independent inflammasome activation (Poeck et al.,
2010), specifically in the context of viral infection (Poeck et al., 2010;
Pothlichet et al., 2013).
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RIG-I detects blunt ends of double-stranded RINA containing a
5'-triphosphate or a 5'-diphosphate (Goubau et al., 2014; Hornung et al.,
2006; Marq, Hausmann, Veillard, Kolakofsky, & Garcin, 2010; Marq,
Kolakofsky, & Garcin, 2010; Pichlmair et al., 2006; Schlee, Roth, et al.,
2009). Such RNA ligands are presented, for example, by negative-strand
RNA viruses which form panhandle structures with their matching
5'- and 3’-ends of the single-stranded genomic RNA (Rehwinkel et al.,
2010; Schlee, Roth, et al., 2009). While crystal structures confirmed the
structural requirements as determined in functional studies (Civril et al.,
2011; Jiang et al., 2011; Kowalinski et al., 2011; Luo et al., 2011; Wang
et al., 2010), the minimum length of the double-strand required for
RIG-I activation is still controversial. While approaches with synthetic or
highly purified enzymatic double-stranded 5'-triphosphate RNA revealed
a minimum length of 18-19 bp (Marq, Hausmann, et al., 2010; Schlee,
Hartmann, et al., 2009), 10 bp were demonstrated to be sufficient for a hair-
pin forming oligonucleotide (Kohlway, Luo, Rawling, Ding, & Pyle, 2013).
However, alternatively to the predicted hairpin, these oligonucleotides may
form 20mer duplexes when entering the cell.

Although oligomerization of 2CARD modules of each RIG-I protein
along the RIG-I filament bound to a longer double-stranded RNA mole-
cule induces robust RIG-I signaling, the minimal signaling unit is sufficient
for RIG-I to trigger signal transduction. In the latter case, a 2CARD tetra-
mer is stabilized by ubiquitin chains (Wu & Hur, 2015). Furthermore, it is
interesting to note that RIG-I mutants deficient in ATP hydrolysis of their
helicase domain cannot detach from suboptimal endogenous RINA ligands
leading to erroneous signaling which can cause autoimmunity (Lassig et al.,
2015). Importantly, N1-methylation (2'-O-methylation at the first nucleo-
tide of capped RINA) serves as a signature of self RNA and completely
abrogates RIG-I sensing of RNA, while in the absence of N1 methylation,
RIG-I binding is hardly impaired by the 5'ppp5’-linked m7G cap structure
itself (Schuberth-Wagner et al., 2015).

RIG-I is ubiquitously expressed in all cell types including tumor cells.
However, the type of RIG-I induced responses differs between cells. While
normal healthy cells such as melanocytes and fibroblasts are quite resistant to
RIG-I-induced apoptosis, tumor cells are highly susceptible to RIG-I-
induced cell death (Besch et al., 2009; Kubler et al., 2010). Based on this
tumor selective activity and a favorable toxicity profile, RIG-I-specific
ligands are currently being developed for immunotherapy of cancer
(Duewell et al., 2014, 2015; Ellermeier et al., 2013; Schnurr & Duewell,
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2013, 2014). Part of the potent antitumor activity of RIG-I ligands is its abil-
ity to promote crosspresentation of antigens to CD8 T cells and to induce
cytotoxic activity (Hochheiser et al., 2016). RIG-1ligands show strong ther-
apeutic activity in viral infection models such as influenza (Weber-
Gerlach & Weber, 2016). Notably, RIG-I has also been shown to be
involved in the detection of intracellular bacteria (Abdullah et al., 2012).
Rare genetic gain-of-function variants of RIG-I have been associated with
an atypical form of Singleton Merten syndrome (Jang et al., 2015).

9.5 MDAS5 and LGP2

Like RIG-I, melanoma differentiation associated gene 5 (MDAS) is a cyto-
solic DExD/H box RINA helicase which signals through MAVS and IRF3/
IRF7 (Yoneyama et al., 2005). Despite its similar structure, MDAS senses a
different type of ligand which has been described as higher order RINA
structures (Pichlmair et al., 2009). So far, a MDAS5-specific ligand has not
been described. Double-stranded RINA ligands activating MDAD are typi-
cally promiscuous ligands, such as poly(I:C) which also activates TLR3 and
antiviral effector proteins which inhibit translation upon binding to double-
stranded RINA, such as PKR and OAS. Multiple effects of MDAS ligands
cause a high degree of toxicity in vivo strictly limiting the clinical application
of MDAS5 ligands.

Unlike RIG-I which primarily binds to the ends of RNA, MDAS pro-
teins bind double-stranded RINA internally, independently of its terminal
structures. Additional MDA5 molecules then closely stack in a helical head-
to-tail arrangement around dsRINA resulting in the formation of long
MDAS filaments which initiate signaling toward activation of MAVS (del
Toro Duany, Wu, & Hur, 2015). LGP2 (laboratory of genetics and physi-
ology 2) is a third cytosolic RIG-I-like helicase lacking CARD domains for
signaling. LGP2 appears to contribute to the fine tuning of immune
responses by inhibition of RIG-I and supporting MDAS5 signaling
(Rothenfusser et al., 2005; Venkataraman et al., 2007). While MDAS5 con-
tains the signaling CARD domains but has relatively weak binding to
double-stranded RNA, LGP2 readily detects diverse double-stranded
RNA species but lacks a signaling domain. The current concept is that
LGP2 assists the interaction of MDAS with double-stranded RINA and fil-
ament formation, thereby enhancing MDAS5-mediated antiviral signaling
(Bruns & Horvath, 2015; Bruns, Leser, Lamb, & Horvath, 2014). Notably,
genetic gain-of-function variants of MDAS5 have been associated with auto-
immune disorders (Junt & Barchet, 2015; Kato & Fujita, 2015).
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9.6 AlM2

The HIN-200 (hematopoietic interferon-inducible nuclear proteins with
a 200-amino acid repeat) family member AIM2 (absent in melanoma 2)
binds and oligomerizes on cytoplasmic double-stranded DNA through its
C-terminal HIN domain in a sequence-independent manner (Fernandes-
Alnemri, Yu, Datta, Wu, & Alnemri, 2009; Hornung et al., 2009;
Roberts et al., 2009). DNA binding of the HIN domain relieves the auto-
inhibitory conformation of AIM2 and allows the N-terminal pyrin domain
of multiple AIM2 proteins to form a helical structure which nucleates the
helical assembly of ASC (apoptosis-associated speck-like protein containing
a CARD) filaments (Lu, Kabaleeswaran, Fu, Magupalli, & Wu, 2014; Lu,
Magupalli, et al., 2014; Lu et al., 2015) thereby forming an inflammasome
that results in the release of IL-lbeta. The formation of an AIM2
inflaimmasome requires a minimal length of double-stranded DNA of
50-80 bp (Jin et al., 2012).

9.7 c¢GAS/Sting

The cytosolic immune-sensing receptor cGAS (Cai, Chiu, & Chen, 2014;
Wu et al., 2012) detects long double-stranded DNA (dsDNA) or short
dsDNA with unpaired open ends containing guanosines (Y-form DNA)
as, for example, presented in highly structured single-stranded DNA of ret-
roviruses or certain endogenous retroelements (Herzner et al., 2015). It is
important to note that Trex1 has a gate keeper function for cGAS. Usually,
cytosolic DNA is efficiently degraded by TREX1. Only in the case of excess
cytosolic DNA, or DNA modifications rendering DNA resistant to Trex1-
mediated degradation, DNA gains access to cGAS resulting in downstream
signaling. Along these lines, it has been reported that oxidized DNA (e.g.,
8-hydroxyguanosine, 8-OHG) as occurring in the context of UV radiation
or upon exposure to reactive oxygen species resists Trexl-mediated
degradation (Gehrke et al., 2013). This results in an accumulation of
DNA in the cytosol. Oxidized DNA has the same affinity to ¢cGAS than
nonoxidized DNA.

c¢GAS is monomeric in its unligated state. However, two cGAS mole-
cules bind to two dsDNA molecules in a way that each cGAS protomer pre-
sents an additional interaction site with the DNA bound to the other cGAS
protein. Upon activation by cytosolic DNA, cGAS catalyzes the formation
of 2'-5'-cGAMP from GTP and ATP (Ablasser, Goldeck, et al., 2013; Gao,
Ascano, Wu, et al., 2013). 2/=5'-cGAMP acts as a second messenger which
binds to the downstream signaling protein Sting (Gao, Ascano, Zillinger,
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et al., 2013) which induces type I interferon via TBK1 and IRF3. 2'-5'-
cGAMP can travel to and alarm neighboring cells via gap junctions
(Ablasser, Schmid-Burgk, et al., 2013). Sting activation is also associated

with NF-xB activation and prominent induction of inflaimmatory cytokines
such as IL-6 and TNF-a.

10. CONCLUSIONS

The general view is that most of the relevant immune receptors, effec-
tor proteins, and pathways participating in nucleic acid immunity have now
been identified. These different players have in common that they all serve
the function to detect and to disable foreign nucleic acids. Altogether they
constitute the system of nucleic acid immunity. All of these pathways are rel-
evant for human disease, either as part of the human antiviral defense system,
or indirectly by being active in pathogens or pathogen-transmitting organ-
isms. Examples are arboviruses (Zika, Dengue, Yellow-fever, West Nile)
which are transmitted by arthropod vectors. Successful arboviruses need
to escape both RNAI in insects and immunoreceptors such as RIG-I in
humans. Only if they manage to inhibit both pathways, they can establish
as pathogens. Therefore, it will be interesting to understand the molecular
evolution of escape strategies in emerging viruses such as Zika, which may
lead to the identification of the molecular step that allowed the virus to
spread more efficiently (Rasmussen & Katze, 2016). Another example is
the important role of RNAI in pathogens such as filariae and other human
pathogenic helminths. There, RNAi may be useful as a therapeutic target.
Another example is the presence of endosymbionts such as Wolbachia, a
genus of bacteria, in filarial nematodes (Taylor, Bandi, & Hoerauf, 2005).
The release of Wolbachia nucleic acids may contribute to the pathogenesis
of filarial infection. Furthermore, CRISPR /Cas is involved in the evolution
of pathogenic bacteria.

Nucleic acid sensing in vertebrates is required for antimicrobial immu-
nity and is involved in the pathogenesis of many inflammatory diseases.
Although much is known about the structure and the function of the single
pathways, the functional interaction of the different pathways is far from
being understood. Distinct expression patterns of the receptors in different
cell types and cell-type-dependent differences in the expression of down-
stream signaling components and transcription factors contribute to the
complexity of nucleic acid immunity. As a result, the same type of ligand
can have different functional outcomes in different cell types. Furthermore,
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since different receptor pathways are activated by the same type of ligand, it
is currently unclear whether competition of receptor binding or distinct
molecular trafficking to the corresponding receptors or both impact on
the functional outcome of ligand exposure. For example, long double-
stranded DNA in principle binds to both AIM2 and ¢GAS, and functional
cooperation or inhibition of the respective pathways are unclear.

Now since most of the individual molecular pathways of nucleic acid
immunity are on the table, we see ourselves just at the dawn of an exciting
new research field which is expected to advance medicine specifically in the
areas of infection and inflammation and with broad implication for human
diseases.
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