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Innate Immune Receptors

Natalia Muinoz-Wolf and Ed C. Lavelle

Abstract

For many years innate immunity was regarded as a relatively nonspecific set of mechanisms serving as a first
line of defence to contain infections while the more refined adaptive immune response was developing.
The discovery of pattern recognition receptors (PRRs) revolutionised the prevailing view of innate immunity,
revealing its intimate connection with adaptive immunity and generation of effector and memory T- and
B-cell responses. Among the PRRs, families of Toll-like receptors (TLRs), C-type lectin receptors (CLR),
retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) and nucleotide-binding domain, leucine-rich
repeat-containing protein receptors (NLRs), along with a number of cytosolic DNA sensors and the family
of absent in melanoma (AIM)-like receptors (ALRs), have been characterised. NLR sensors have been a
particular focus of attention, and some NLRs have emerged as key orchestrators of the inflammatory
response through the formation of large multiprotein complexes termed inflammasomes. However, sev-
eral other functions not related to inflammasomes have also been described for NLRs. This chapter intro-
duces the different families of PRRs, their signalling pathways, cross-regulation and their roles in
immunosurveillance. The structure and function of NLRs is also discussed with particular focus on the
non-inflammasome NLRs.

Key words Innate receptors, Toll-like receptors, NOD-like receptors, MyD88, Pattern-recognition
receptors, Non-inflammasome NLRs

1 PRRs, Ancient Receptors and the Answer to a One Hundred-Year-Question

The host response to invading pathogens is an essential physiological
response; hence, maintenance of an organism’s integrity in the face of
such challenges has been a driving force in evolution. Indeed evi-
dence for a “defence system” can be traced back to prokaryotes [1].
Before the molecular era in immunology, the notion that the
immune system had evolved to defend the host from invaders was
already accepted. However, it took almost one century to identify
the mechanisms underlying immune recognition. In 1884, Elie
Metchnikoftf observed that cells of the water flea Daphnia could
engulf and destroy spores of a yeast-like fungus with “some sort of
secretion”. He named these cells phagocytes [2] and for the first
time described three functions that we now recognise as key attri-
butes of the innate immune system: swift detection of microbes,

Francesco Di Virgilio and Pablo Pelegrin (eds.), NLR Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1417, DOI 10.1007/978-1-4939-3566-6_1, © Springer Science+Business Media New York 2016

1



Natalia Mufioz-Wolf and Ed C. Lavelle

phagocytosis and antimicrobial activity. During the twentieth
century, the research of Paul Ehrlich and later of Karl Landsteiner
shifted the focus of attention from phagocytes to humoral immu-
nity. In the early 1900s, Ehrlich proposed his “side-chain theory”,
anticipating the existence of a mechanism of immune recognition
based on what was later described as the antigen—antibody interac-
tion [3]. Then in 1933, Karl Landsteiner characterised the specific-
ity of the antibody-antigen interaction opening the molecular era
of immunology [4]. “The clonal selection theory of acquired
immunity” was introduced by Frank M. Burnet. Burnet’s theory
explained how the specificity of antibodies was generated in the first
place [5], becoming a central paradigm in immunology for nearly
50 years, bringing adaptive immunity to the centre of attention of
the scientific community.

For many years adaptive immunity was the subject of intense
research and the remarkable diversity of the adaptive receptors
overshadowed innate immunity. The immune response was con-
ceived as a two-compartment system in which the early innate
response was seen as an unsophisticated array of mechanisms con-
taining the infection, while the more complex adaptive response
was being generated to finally eliminate the pathogen and give rise
to immunological memory. However, this paradigm was unable to
explain a very basic observation: how primitive organisms lacking
the adaptive components were able to protect themselves and dis-
tinguish self from non-self?

Even though diversification of living creatures has led to a mul-
tiplicity of non-self recognition strategies, the key molecular prin-
ciples of discrimination seem to be conserved among phyla [1].
These observations led to the idea that the templates for innate
immunity have been conserved from primitive life forms to humans
and that discrimination of self vs non-self and recognition of patho-
gens rely on phylogenetically ancient first-line sensors that recog-
nise invariant non-self patterns. Clearly not all the encounters
taking place within the course of a life cycle will pose a threat to the
host. Hence, the onset of the immune response must also be tightly
regulated and directed to specific targets that may put the host’s
integrity at risk and to avoid self-recognition. This implies that the
recognition of the invader must precede the onset of any effector
mechanism and also contribute to instruct the system to mount an
appropriate response.

The contemporary view of the innate immune system was rev-
olutionised in 1989 by Charles A. Janeway Jr.. In his monograph
“Approaching the Asymptote? Evolution and Revolution in
Immunology”, Janeway Jr. introduced the concept of “pattern rec-
ognition receptors” (PRRs) [6] postulating that PRRs recognising
microbial-derived products link innate and adaptive immunity by
activating antigen-presenting cells (APCs) to provide the second
signal required for T-cell activation and initiation of the adaptive
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response. He proposed that, opposed to the adaptive receptors,
PRRs were non-clonally distributed receptors encoded by single
non-rearranging genes. The proposed function of PRRs was to
recognise structural patterns in molecules found in microorgan-
isms but not in multicellular organisms to efficiently differentiate
noninfectious self from infectious non-self. Janeway postulated
that these conserved “pathogen-associated molecular patterns”
(PAMPs, now also referred to as MAMPs for “microbe-associated
molecular patterns”) recognised by PRRs should be the result of a
specific metabolic pathway characteristic for the microorganisms
like a carbohydrate or lipopolysaccharide absent from the host.

He also reasoned that the adaptive immune response required
two signals for activation: ligation of the specific receptor on the
surface of a T or B cell by the antigen and a second signal derived
from the antigen-presenting cell later identified as costimulatory
molecules [6]. Janeway’s lab subsequently established that several
components of bacteria, yeast, and viruses had the ability to enhance
costimulatory activities for T cells [7] and also demonstrated that
cis-presentation of both antigen and costimulators was needed for
T-cell activation [8] linking innate and adaptive immunity.

Later on, Polly Matzinger challenged Janeway’s theory intro-
ducing the “danger theory”, suggesting that the main determinant
of immune activation is not the origin of the antigen itself but the
extent of damage. Consequently, instead of sensing PAMPs or
MAMPs, the immune system would recognise danger-associated
molecular patterns (DAMPs) that could be produced by the host
itselt [9]. Anything that can cause tissue damage, whether of
microbial or nonmicrobial origin, can be sensed and will trigger an
immune response, while if the stimulus does not pose any hazard
to the host, even being a microbe, it will be “ignored”.

While these theories introduced new concepts on how innate
recognition contributes to self-non-self discrimination, the discov-
ery of the first PRR, a member of the Toll-like receptors (TLRs)
[10, 11], provided essential proof. The discovery of TLRs subse-
quently led to the characterisation of other families of innate
immune receptors and their ligands, and later studies revealed
DAMPs, including ATP, heparan sulphate, HMGBI1 and S-100
proteins that can trigger immune responses upon ligation of innate
receptors [12].

In addition to this essential role in sensing microbes and dam-
age, innate immunity also regulates and directs the activation of
the adaptive immune system through polarisation of antigen-
presenting cells equipped with the germline-encoded PRRs, shap-
ing the overall outcome of the response (Fig. 1). Haematopoietic
cells, including dendritic cells, macrophages, and neutrophils, and
even T and B cells, as well as non-haematopoietic cells such as
epithelial cells, contribute to this host-defence system by expressing
different arrays of PRRs.
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Fig. 1 Three-signal model of T-helper cell activation by antigen-presenting cells (APCs). APCs, typically den-
dritic cells (DC), sense microbial components (microbe-/danger-associated molecular pattern, MAMPs/DAMPS)
through pattern recognition receptors (PRRs) triggering intracellular signalling cascades. This activates DCs,
enhancing antigen uptake and processing for presentation in MHC class Il molecules. Antigen-MHC-1l complex
constitutes signal 1 for the T-helper (Th) cell that interacts with it through its specific T-cell receptor (TCR).
PAMP-PRR interaction also stimulates expression of costimulatory molecules on the APC, such as CD40, CD80
and CD86 that will constitute signal 2 for the Th cell. Signal 3 is given by the polarising cytokines and other
various soluble or membrane-bound factors, such as interleukin (IL-) 12, interferon gamma (IFNy), IL-4, IL-1,
IL-6 IL-21, IL23, IL-10, tumour growth factor beta (TGFp) or retinoic acid (RA). The specific combination of
polarising cytokines promotes the development of Th1, Th2, Th17, T follicular helper cells (Tfh) or inducible T
regulatory cells (iTreg). While the specific profile of T-cell-polarising factors is triggered by recognition of spe-
cific MAMPs and DAMPs by an array of PRRs, the interaction between CD40 on the APC and CD40-ligand
(CD40L) expressed on the activated T cell contributes to stabilise the phenotype. STAT signal transducers and
activators of transcription, Tbet. T-box transcription factor, GATA: globin transcription factor, ROR: RAR-related
orphan receptors, Bcl. B-cell CLL/lymphoma 2, FoxP3: forkhead box P3

To date, along with TLRs, several other families of innate
receptors have been characterised. PRRs can be subdivided into
membrane-bound receptors that include TLRs, along with C-type
lectin receptors (CLR), and cytoplasmic receptors including reti-
noic acid-inducible gene-I (RIG-I)-like receptors (RLRs) and the
nucleotide-binding domain, leucine-rich repeat-containing protein
receptors (NLRs). A number of other PRRs including the cytosolic
DNA sensor cGAS (cyclic GMP-AMP synthase) and the family of
absent in melanoma (AIM)-like receptors (ALRs) have also been
recently described [13].
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When these receptors bind their agonists, they trigger an innate
immune response by engaging certain signalling cascades that
ultimately activate transcription factors such as nuclear factor kappa
B (NFkB), activator protein-1 (AP-1), ETS domain-containing
protein Elk-1, activating transcription factor 2 (ATF2), the phos-
phoprotein p53 and members of the interferon-regulatory factor
(IRF) family, leading to specific gene expression programmes.
Several of the genes being expressed encode chemokines, such as
interleukin (IL)-8, CCL-2 and CXCL-1 that promote recruitment
of leukocytes including neutrophils, monocytes and lymphocytes
and a vast array of cytokines that will amplify the inflammatory
response, enhance antigen presentation and costimulatory mole-
cule expression, initiate tissue repair and direct T-cell polarisation
and differentiation into different lineages of effector T cells (Th-1,
Th-2, Th-17, regulatory T-cells (Tregs), among others) [14].

2 Toll-Like Receptors

The Toll-like receptors are the prototypical innate pattern recognition
receptors that sense danger- and microbial-associated molecular
patterns.

The first clues that linked TLRs to innate immunity came from
studies carried out in the fruit fly Drosophila melanogaster. The
founding member of the TLRs, the Toll protein, was initially identi-
fied as a gene product essential for the development of embryonic
dorsoventral polarity in the fly [15]. Later, the protein Toll was
shown to share homology with the previously identified interleu-
kin-1 receptor 1 (IL-1R1) [16] through which the pleiotropic pro-
inflammatory cytokine IL-1 exerts its effects [17]. The first striking
finding was that, even though both proteins had dissimilar physio-
logical functions, they contained similar amino acid sequences
known to be essential for NFkB signalling [18], a factor originally
described to mediate the response to lipopolysaccharide in B cells
[19]. Finally, in 1996 the work of Bruno Lemaitre showed the
involvement of the protein Toll in the antifungal response in
D. melanogaster and production of the antifungal peptide droso-
mycin, confirming its role in innate immunity [10].

In 1997 the first human homolog for the Drosophila Toll pro-
tein was described by R. Medzhitov in Janeway’s lab [11]. To date,
13 members of the TLR family have been identified in mammals
including 10 human TLRs (TLR1-TLRI10) and 12 murine TLRs
(TLRI-TLR9 and TLR11-TLR13). Although most of the TLRs
are conserved between humans and mice, TLR10 has lost its func-
tionality in mice due to a retroviral insertion; TLR11, TLR12 and
TLR13 are missing in the human genome [20]. Orthologs and
paralogs for several mammalian TLRs have been also identified in
different taxa including birds, amphibians, teleosts and agnathans.
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2.1 Structure
and Ligand
Recognition in TLRs

In addition to insects, TLLRs have been also traced back to ancient
invertebrates including sponges, cnidarians, oligochaetes, molluscs
and crustaceans [21].

Biochemically, TLRs are defined as a family of type-I transmembrane
glycoproteins, typically composed of three domains: the N-terminal
ectodomains, characterised by the presence of leucine-rich repeat
(LRR) motifs which dictate ligand specificity, either by direct inter-
action or through accessory molecules, a hydrophobic transmem-
brane domain and the internal C-terminal domain that mediates
intracellular signalling [22].

TLRs can be found either inserted in the cellular membrane or
as membrane-bound proteins in endosomes. The Toll-like recep-
tors 1, 2,4, 5 and 6 are found primarily, but not exclusively, in the
plasma membrane; conversely, TLR3, TLR7, TLR8, TLR9 and
the murine TLR11, TLR12 and TLR13 are localised in intracel-
lular endosomal and endolysosomal compartments [ 13 ]. Trafficking
of TLRs is a tightly regulated process, and endosomal localisation
normally requires UNC93B1, a transmembrane protein known to
control the movement of TLRs from the endoplasmic reticulum
where the assembly of TLRs takes place, to their final location in
endosomes [23, 24].

The LRR portion of the TLR is responsible for ligand specific-
ity [25, 26]. These ectodomains recognise a wide variety of bio-
molecules that can be derived from bacteria, fungi and parasites or
endogenously generated (Table 1). The LRR is either extracellular
or facing the luminal compartment of endosomes where they
encounter molecules released by invading pathogens or damaged
tissue. Typically they present a horseshoe form as described for
other LRR-containing proteins [22]. However, the proposed crys-
tallographic structures for several TLR-ligand complexes have
revealed that, in contrast to what has been observed for most of
LRR-containing proteins, ligand binding to the LRR portion of
the TLRs occurs most often on the ascending lateral surface of the
ectodomains [25, 27-29].

Comparative sequence analysis of the vertebrate LRRs grouped
TLRs into six subfamilies, revealing that TLRs from different spe-
cies grouped according the primary sequence of their ectodomains
recognising similar types of ligands. This suggested that selective
pressure to maintain specificity for certain ligands has dominated
the evolution of the ectodomains. Among the mammalian sub-
families, the TLR1 subfamily containing TLR1, TLR2 and TLR6
is associated with recognition of lipoproteins and lipopeptides; the
TLR3 subfamily recognises double-stranded RNA; the TLR4 sub-
family is linked to recognition of lipopolysaccharides; the TLR5
subfamily recognises the structural protein of the bacterial flagel-
lum, flagellin; and the TLR7 subfamily comprising TLR7-TLR9
recognises nucleic acids [30]. The TLRI11 subfamily including
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2.2 TLR Signalling
Pathways

murine TLR11, TLR12 and TLR13 has been the least explored so
far, probably because these receptors are absent in humans [31].
Their natural ligands have been identified only recently, revealing
that similar to TLR5, TLR11 and TLRI12 recognise proteins.
Originally TLR11 and TLR12 were reported to recognise profilin,
a protein derived from apicomplexan parasites like Toxoplasma gon-
dii [32, 33]. Surprisingly a recent study reported that flagellin,
previously reported as a ligand for TLRS5, is also a ligand for TLR11
[34, 35]. Likewise, new studies revealed that TLR13 acts as a
receptor for bacterial ribosomal RNA 23S [36].

Upon ligand binding, TLRs undergo a molecular rearrange-
ment leading to the two extracellular domains forming an “m”-
shaped homo- or heterodimer with the ligand staying in between
the two receptors in a “sandwich-like” arrangement. This confor-
mational change brings the transmembrane and cytoplasmic
domains into close proximity, allowing the C-terminal TIR domains
to generate an active interacting domain that triggers the intracel-
lular signalling cascade. Recent studies have shown that the trans-
membrane domain (TMD) regions have a pivotal role during
receptor oligomerisation. Strikingly, it was shown that isolated
TMDs lacking the ectodomains and intracellular TIR domains
replicate the homotypic and heterotypic interactions with the same
partner receptors as the full length proteins, revealing the impor-
tance of this region for the interaction between TLRs [37].

The cytoplasmic signalling C-terminal domain presents
homology to the IL-1R and is thus referred as the Toll-1L-1-
resistance (TIR) domain. The TIR domain of the TLRs interacts
with TIR-domain-containing adaptor molecules in the cytosol
which in turn trigger downstream signalling pathways that lead to
the expression of proinflammatory cytokines, chemokines, antiviral
and antibacterial proteins, among others [ 38].

Notwithstanding the substantial progress on the structural
characterisation of TLRs, more information is required to fully
understand the interaction between each TLR and its proposed
ligand. There are still no crystal structures available for several
TLRs including mammalian TLR5 and TLRs 7-13. If ligand rec-
ognition is mediated by yet uncharacterised proteins bridging the
interaction between the ligand and the LRRs, as is the case for
TLR4 and LPS interaction, they will need to be elucidated. Finally,
more information is needed to understand how TLR-TIR domains
interact with each other or with the TIRs of adaptor molecules.

Typically, upon ligand recognition TLRs experience conforma-
tional changes that are critical for the recruitment of TIR-domain-
containing proteins to the TIR domain of the receptor and
transduction of the signal. There are five TIR-domain adaptor
molecules: myeloid differentiation primary-response protein
88 (MyD88), MyD88-adaptor-like (MAL) also known as
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TIR-associated protein (TIRAP), TIR-domain-containing adaptor
protein-inducing IFN-f (TRIF) also named TIR-domain-
containing molecule 1 (TICAM1) and TRIF-related adaptor mol-
ecule (TRAM) and sterile-a-and armadillo-motif-containing
protein 1 (SARMI) [39].

MyD88 and TRIF act as switches for distinct signalling path-
ways that in turn activate two important families of transcription
factors involved in regulation of several genes that are implicated in
the control of the immune response. The MyD88 pathway ulti-
mately, but not exclusively, leads to the nuclear translocation of the
transcription factor NFkB, whereas the TRIF pathway mainly trig-
gers translocation of the IRFs, particularly IRF3.

NF«B proteins regulate expression of a diverse array of genes
involved in control of innate and adaptive immunity, cell cycle,
anti-apoptotic response and stress responses. In the context of
innate responses, NFkB has been implicated in the induction of
genes encoding proinflammatory cytokines and leukocyte recruit-
ment [40].

The family of IRF transcription factors plays important roles in
cell growth, survival and differentiation of haematopoietic cells, a
key function being the orchestration of antiviral responses through
the induction of type-I interferons (IFN-I) [41].

In the past decade, several studies suggested that IRFs can also
be activated in a MyD88-dependent fashion, and it is now widely
accepted that the MyD88-IRF axis makes a major contribution to
the immune response triggered by TLR activation. In the next
sections MyD88-dependent and MyD88-independent signalling
pathways are introduced followed by an overview of the role of
IRFs in TLR signalling.

MyD88 is recruited by all TLRs except for TLR3, upon ligand rec-
ognition (Fig. 2). The first event in the MyD88 signalling pathway
is the formation of a complex involving IL-1R-associated kinase
(IRAK) members and MyD88 adaptor named the “myddosome”
[42]. MyD88 associated with the cytoplasmic portion of TLRs
interacts with IRAK members through homophilic interactions of
the death domains. IRAK members associate with TRAF6, which in
turn activates transforming growth factor-activated kinase 1
(TAK1). TAKI then activates the I kappa B kinase (IKK) complex
and mitogen-activated protein kinase (MAPK) pathway [43].

The IKK complex is the core element of the NFxB cascade,
and it is essentially composed of two kinase subunits, IKKa and
IKKSB, and a regulatory subunit, NEMO /IKKy. NFkB is a family
of transcription factors that while inactive, is kept in the cytosol
through interaction with members of the IxB family. The TAKI1
complex activates the IKK complex by phosphorylation, which in
turn phosphorylates IxB proteins, allowing their ubiquitination
and degradation by the proteasome. IxB degradation releases NFxB,
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Fig. 2 TLR-activated signalling pathways. MyD88 associates with IL-1R-associated kinase (IRAK) members
forming the myddosome. IRAK4 activates IRAK1, which in turn catalyses its autophosphorylation before it is
released from the myddosome. IRAK1 then associates with TRAF6, an E3 ligase that together with UBC13 and
UEV1A catalyses its own ubiquitination as well as ubiquitination of the transforming growth factor-activated
kinase 1 (TAK1) protein complex formed by TAB1, TAB2 and TAB3. TAK1 then activates the | kappa B kinase (IKK)
complex and mitogen-activated protein kinase (MAPK) pathway. The TAK1 complex activates the IKK complex
by phosphorylating the IKK subunit. In turn, the active IKK complex phosphorylates kB proteins which allows
ubiquitination and degradation by the proteasome. As a result of IkB degradation, NFxB is released. Free NFxB
translocates into the nucleus. Effector kinases of the MAPK pathway JNK, p38 and ERK are also activated, lead-
ing to AP-1 translocation into the nucleus to activate transcription of inflammatory genes. IRF5 can be also
recruited to the MyD88—IRAK4-TRAF6 complex, phosphorylated and translocated to the nucleus to promote
expression of proinflammatory cytokines. TLR4, TLR1/TLR2 and TLR2/TLR6 require recruitment of the adaptor
MAL to activating the MyD88-dependent pathway. TRIF is recruited to TLR3 and endosomal TLR4. Endosomal
TLR4 also requires recruitment of TRAM to initiate signalling. TRAF3 activates TBK1 and IKKi, which mediate
phosphorylation of IRF3 triggering its dimerisation. IRF dimers translocate to the nucleus to induce expression
of type-1 IFN and IFN-inducible genes. TRIF also interacts with TRAF6 and RIP1, mediating NFxB activation.
Endosomal TLRs sensing nucleic acids can activate the MyD88—TRAF6—IRF7 axis. Preferentially in plasmacytoid
DCs, a complex consisting of MyD88—TRAF6—IRAK4—IRAK1-IRF7 is formed. OPN-i, TRAF3 and IKKa are also
involved in this complex. Formation of the complex triggers IRF7 phosphorylation by IRAK1 and subsequent
translocation to the nucleus to induce expression of type-I IFN and IFN-inducible genes

consisting of p65 (also known as RelA), c-Rel and p50 which
translocates into the nucleus to activate transcription of cytokine
genes associated with inflammation including TNE-a, IL-1p, IL-6
and IL-12p40; genes encoding cell adhesion and recruitment
molecules like CXC and CC chemokines; and growth factors and
antiapoptotic signals [44].
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MAPK pathway activation results in the activation of the effector
kinases c-Jun N-terminal kinase (JNK), p38 and extracellular
signal-regulated kinase (ERK). Following TLR dimer formation in
response to ligand recognition, activation of TRAF6 and TAKI1
will activate the kinases MKK3 and MKK6, which will phosphory-
late p38 and JNK, respectively. JNK phosphorylates c-Jun which
binds to c-Fos to form the complex known as AP-1, which is then
translocated into the nucleus to activate transcription of inflamma-
tory genes [45].

Additionally, the p38 pathway can regulate gene expression
through phosphorylation of the transcription factor cAMP response
element-binding protein (CREB). TLR-dependent phosphoryla-
tion of CREB enhances its transactivation potential and plays an
important role in regulating the transcriptional induction of many
proinflammatory mediators, including cyclooxygenase 2 (COX-2)
and TNF-a [46].

The role of the ERK pathway in TLR-induced responses has
received less attention, but it is known to regulate gene expression
at transcriptional and posttranscriptional levels. Another MAP3K
known as Tpl2 is used instead of TAKI to activate the ERK path-
way downstream most of the TLRs [47].

The generation of MyD88 knockout mice and cell lines con-
firmed the crucial role of MyD88 in proinflammatory cytokine
production and NF«B activation upon TLR ligation. Deficiency in
the MyD88 signalling pathway resulted in impaired inflammatory
cytokine secretion in response to several TLR agonists including
the ligand for TLR2 /TLR6, mycoplasmal macrophage-activating
lipopeptide-2 (MALP-2) [48], CpG DNA which signals through
TLRY [49], the TLR5 ligand flagellin [50] and LPS and the ligand
for TLR4 [51].

MyD88 deficiency also impaired cytokine secretion and NFxB
activation in the response to IL-1p and IL-18, but not to TNF-a,
IL-2 or IL-4 [51, 52]. While TNF-a, IL-2 and IL-4 signal through
unrelated receptors, IL-1f, IL-18 and all the TLR ligands require
different receptors of the TLR-IL-1R superfamily [53]. These
observations suggested that MyD88 is a universal adaptor for this
receptor superfamily. However, not all the effects induced by the
TLR4 ligand LPS or the TLR3 ligand poly(1:C) were completely
abrogated in MyD88 knockout mice, pointing to the existence of
an alternative MyD88-independent signalling pathway that was
exclusively activated upon engagement of TLR4 and TLR3.

Several observations contributed to the hypothesis that a MyD88-
independent TLR signalling pathway existed. First, it was reported
that LPS and poly(1:C) were able to induce dendritic cell matura-
tion in MyD88~/~ dendritic cells as revealed by upregulation of
costimulatory molecules [51, 54]. Also, even though degradation
of IxkBa was delayed in MyD88~/~ macrophages stimulated with
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2.2.3 IRF and Myd88

poly(1:C) or LPS, JNK and p38 were activated to a similar extent
and with comparable kinetics to those seen in the wild-type cells
[54]. Besides, despite the fact these cells failed to produce inflam-
matory cytokines, NFkB and MAPK were activated, albeit with
delayed kinetics [55]. Moreover, these cells responded to TLR4
and TLR3 agonists by secreting IFN-p [56] and IP-10 (CXCL-10)
[56]. TRIF was identified as the alternative adaptor molecule down-
stream of TLR4 and TLR3 [57-59]. Generation of TRIF knockout
mice confirmed that TRIF was required for IFN-f production in
cells stimulated with LPS or poly(1:C) and late activation of NFxB
and MAPK was abolished in MyD88 /TRIF knockout mice [58].

Interestingly, TRIF has the ability to trigger both IRF and
NF«xB translocation to the nucleus, activating type-I interferon
(IFN-I) and interferon-inducible genes as well as transcription of
inflammatory genes (Fig. 2). Amino and carboxy-terminal domains
of TRIF have a different ability to bind proteins that act down-
stream in the signalling pathway. The C-terminal region interacts
with receptor-interacting protein 1 (RIP1) kinase through its
RHIM (RIP homotypic interaction motif), which after ubiquitina-
tion forms a complex with TRAF6 and TAKI. Ultimately, the for-
mation of this complex will activate TAKI and result in NFxB and
MAPK activation, but not IEN-f secretion [60]. On the other
hand, the N-terminal domain recruits the noncanonical IKKs
TBKI and IKKi and TRAF3, leading to activation of IRF3, which
after forming a dimer translocates into the nucleus to induce tran-
scription of IFN-I genes including IEN-f. The N-terminal domain
can also recruit TRAFG6, leading to nuclear translocation of NFxB
and proinflammatory cytokine secretion [60].

TLR4 is unique in its capacity to activate both the MyD88 and
TRIF pathways and entails the most complex signalling machinery
of all TLRs. TLR4 uses the adaptor protein MAL as a bridge
between the receptor and MyD88. MAL is also used by TLR2
although to a lesser extent. The adaptor TRAM links TRIF to
TLR4 to induce IRF3 signalling. Subcellular localisation seems to
be a critical factor for the activation of the TRIF pathway; indeed all
TLRs activating this pathway are localised in endosomes. For the
particular case of TLR4 upon activation, the receptor is endocy-
tosed in endosomes. Change in its subcellular localisation acts as a
switch between the MAL/MyD88 and the TRAM /TRIF signal-
ling pathways, wich are activated sequentially rather than simulta-
neoulsly. [39]. SARM has been shown to be another important
TIR-adaptor protein involved in the regulation of the TRIF path-
way. However, in contrast to the other TIR-adaptor molecules,
SARM acts as a negative regulator of TRIF [61].

Apart from IRF3, other members of the IRF family of transcription
factors also play important roles in MyD88-dependent signalling
upon recognition of viral products through TLRs.
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IRF7 has been described as a master regulator and is activated
downstream of MyD88 in response to TLR7 and TLRY ligation to
induce IFN-I secretion [62]. In particular, plasmacytoid dendritic
cells (pDCs) constitutively express IRF7 and respond swiftly by
secreting IEN-I when exposed to viral products. The MyD88-
IRF7 pathway is absolutely required for IFN-I secretion in pDCs
[63]. MyD88 can directly associate with IRF7 which, when inac-
tive, stays in the cytosol. IRF7 is subsequently phosphorylated and
activated to form part of a complex composed of MyD88, IRAK1,
IRAK4, TRAF3, TRAF6 and IKKa. The ubiquitin-ligase activity
of TRAFG is required for maximal activation of IRF7 [64]. The
production of IFN-a in response to TLR9 ligands in pDCs requires
activation of the phosphoinositide 3-OH kinase (PI3K)/mamma-
lian target of rapamycin (mTOR) pathway [63]. The intracellular
phosphoprotein osteopontin (Opn-i) that has been described as
essential for the development of T-helper 1 responses also plays a
key role in MyD88-IRF7 pathway in pDCs stimulated with CpG
and has been found as a component of the MyD88 signal transduc-
tion complex [65]. While MyD88, IRAK4, TRAF6 and IKKax are
required for NFkB and IRF7 activation, IRAKI, TRAF3 and Opn-i
selectively induce activation of IRF7 [66] (Fig. 2).

Like IRF7, IRFS8 also interacts with MyD88 and mediates pro-
duction of IFN-I and other inflammatory cytokines when activated
by TLRY engagement. IRFS is a nuclear protein expressed in pDCs
and also in conventional dendritic cells (¢cDCs) [67]. It has been
implicated in TLR9-induced production of IFN-I and proinflam-
matory cytokines and also in the amplification phase of IFN-I
production during viral infections [68].

IRF5 was essential for the MyD88-dependent production of
IL-6 and IL-12 in TLR-mediated responses but was not required
for IFN-a production [69].

IRF1 is induced by IFN-y and also interacts with MyD88 upon
TLR activation. MyD88-IRF1 interaction induces efficient trans-
location of IRF1 into the nucleus. The importance of IRF1 down-
stream of TLR engagement is supported by studies in IRF1-deficient
cells showing impaired IFN-f secretion, inducible nitric oxide syn-
thase (iNOS) activation and IL-12p35 production in response to
TLRY or TLR3 ligands [70].

TLR activation plays a key role in promotion of both humoral
and the cell-mediated immunity. Optimal TLR signalling deter-
mines the combination of cytokines that will in turn define the out-
come of the adaptive immune response. These receptors work in
tandem with other receptors of the innate immune system to regu-
late innate responses, and they are key partners of NLRs, providing
the first signal that is required for assembly of inflaimmasomes and
turther amplification of inflammation.
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3 C-Type Lectin Receptors

3.1 Role of CLR
in Microbial
Recognition

The C-type lectin receptors or CLRs comprise another important
family of PRRs that play a major role in antimicrobial immunity.
The CLR superfamily is divided into 17 groups (I-XVII) accord-
ing to their diverse structure and phylogeny including more than
1000 proteins [71, 72].

The CLRs were first described by the presence of a calcium-
dependent carbohydrate-binding motif known as the carbohydrate
recognition domain (CDR). However, it was later found that there
were similar structurally conserved domains able to bind diverse
ligands including glycans, lipids and proteins, among others [73].
These domains are now known as C-type lectin-like domains (CTLD)
and are also characteristic of the CLRs [74]. Structurally CDRs and
CTLD contain a motif composed of two loops harbouring conserved
cysteine residues that stabilise the structure by establishing disulphide
bridges between the two chains [73]. It is now clear as well that some
CLRs can bind ligands independently from Ca?* [74].

Given the vast and diverse number of proteins in the CLR
superfamily, general characteristics of some membrane-bound
CLRs and its signalling pathways are discussed below. Detailed
information on particular receptors can be found in several com-
prehensive reviews [71, 73, 75].

CLRs which are mainly expressed in myeloid cells can be soluble or
membrane bound and sense a wide variety of self and non-self
ligands [75, 76]. The membrane-bound CLRs are classified into
two groups: type-I CLRs that include receptors belonging to the
mannose receptor family and group II CLRs that are part of the
asialoglycoprotein  receptor family. The latter includes the
DC-associated C-type lectin 1 (dectin 1, also known as CLEC7A)
subfamily and the DC immunoreceptor (DCIR or CLEC4A) sub-
family [76]. CLRs appear more promiscuous than other PRRs and
have been shown to bind several types of ligands. The CLRs
expressed by DCs seem to preferentially recognise mannose, fucose
and glucans, which allow them to recognise most types of pathogens
including bacteria, fungi, viruses and parasites. Others, including
Lox-1 or DNGR-1, respond to self ligands such as dead cells, while
mincle or DC-SIGN can recognise ligands of microbial and self-
origin and may mediate distinct responses to each one. CLRs have
also been implicated in antitumor responses [72, 77] (Table 2).

The effects of CLRs upon ligand recognition are varied. Many
CLRs can promote phagocytosis and endocytosis of the ligands,
leading to degradation, which favours antigen presentation to T
cells. Depending on the targeted CLR, the antigen will be directed
towards either the MHC class I or MHC pathway or both [76].
Some CLRs can also promote microbicidal activity in innate cells,
thereby enhancing pathogen clearance [71].
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Ligands and pathogen recognised by some CLRs

Ca2+
CLR requirement Ligands Type of pathogen recognised
Dectin-2 Ca? a-mannans O-linked M. tuberculosis, S. mansoni, S. mansoni egg
dependent mannobiose-rich antigen, C. albicans, Malassezia spp.
glycoprotein
Mincle Ca? a-mannose mannitol- M. tuberculosis, C. albicans, Malassezin spp.
dependent linked glyceroglycolipid
mannosyl fatty acids
DC-SIGN  Ca* High mannose surface HIV-1, Measles, Dengue, Mycobacterinm
dependent layer A protein spp., Influenza A, S. mansoni egg antigen,
Leishmania spp., H. pylovi, Lactobacillus
spp., M. leprae, Bacillus Calmette Guerin
SIGNR3 Ca? High mannose and fucose L. infantum
dependent S. mansoni egg antigen
DCIR Ca? Not defined HIV
dependent
Dectin-1 Ca B-glucans L. infantum
independent C. albicans
Mycobacterinm spp.
Mannose Ca? High mannose S. pnewmonine
receptor dependent mannosylated M. corti
(MR) lipoarabinomannan Mycobacterinm spp.
K. pnenwmonine
S. pneumonine
F. tularensis
S. mansoni egg antigen
DEC-205 Ca* Plasminogen activator Y. pestis
(CD205)  dependent

3.1.1 CLRs in Antifungal

Immunity

A number of CLRs contribute to antifungal responses including
dectin 1, dectin-2, mincle and the mannose receptor (MR).
However, to date only mutations in dectin-1 have been associated
with increased susceptibility to fungal infections in humans [77]
suggesting that several CLRs may have redundant roles in antifun-
gal responses.

Dectin-1 recognises -glucan moieties present in the cell wall
of fungal pathogens including Candida, Aspergillus, Pnenmocystis
and Coccidioides species. Activation of dectin-1 involves receptor
clustering and formation of the phagocytic synapse. This is a pre-
requisite for intracellular signalling. Activation of the dectin-1
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3.1.2 CLRs in Bacterial
Infections

pathway has been shown to be critical in inducing polarisation of
Thl and Thl7 cells that are essential for fighting systemic and
mucosal fungal infections, respectively [77]. Besides regulating
differentiation of Th cells, engagement of the dectin-1 pathway has
important effects on other cellular processes including phagocyto-
sis, respiratory burst, autophagy and production of a number of
proinflammatory mediators. Importantly, dectin-1 has been shown
to operate together with the NLRP3 inflammasome as well as non-
canonical caspase 8 inflammasomes to induce production of IL-1
[78-80]. Additionally, dectin-1 was required for IFN-I production
in the context of Candida albicansinfections through activation of
the IRF5 pathway [81].

Dectin-2 has been also implicated in antifungal responses. It
recognises a-mannans from C. albicans and O-linked mannobiose-
rich residues from the Malassezia (formerly Pityrosporum) spp.
[77]. Similar to dectin 1, dectin-2 promotes Th1l7 responses and
also stimulates production of several cytokines including IL-23 and
IL-1P in addition to reactive oxygen species (ROS).

Most of the evidence implicating CLRs in antibacterial immunity
came from the study of CLRs in the context of mycobacterial dis-
eases. A number of CLRs recognise PAMPs derived from myco-
bacteria including mincle, dectin 1, DC-SIGN (mice SIGNR3)
and dectin-2 [72]. In vitro studies implicated multiple CLRs,
namely, dectin-1, DC-SIGN and MR, in Mycobacterium tuberculo-
sis infection control. However, when experiments were carried out
in vivo, each of these CLRs appeared to be redundant [74]. Despite
the apparent redundancy of these receptors during in vivo infec-
tion, the common signalling pathway involving CARD9 seems to
be critical for protection since CARD9 deficiency in mice leads to
uncontrolled bacterial replication and death [82].

CLRs have been also implicated in recognition of several other
bacterial pathogens. DC-SIGN can recognise Mycobacterium leprae,
Bacillus Calmette—Guérin (BCQ), Lactobacilli spp. and Helicobacter
pylori [76].

MR can also recognise bacteria such as Streptococcus pnen-
moniae [83], Mycobacterium kansasii [84] and Francisella tular-
ensis [85]. However, the MR seems not to be essential during
infection with these pathogens in vivo [76]. DEC-205 is another
example of'a CLR involved in recognition of bacterial pathogens.
DEC-205 can bind to plasminogen activator expressed by
Yersinia pestis. However, instead of eliciting a protective response
against the pathogen, DEC-205 was found to promote dissemi-
nation of bacteria with detrimental consequences for the host
[86], suggesting that pathogens can also take advantage of the
internalisation pathway offered by these receptors to evade the
immune response.
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The interaction between CLRs and viruses is not always beneficial
for the host. Similar to the case of DEC-205 and 7. pestis, CLRs
can favour viral infections and transmission, with detrimental con-
sequences for the host. In this regard, DC-SIGN interaction with
HIV is one of the best characterised examples. Interaction of the
viral protein gpl20 with DC-SIGN favours viral entry into the
cells, enhancing infection of CD4* T cells [87]. DC-SIGN has
been also implicated in facilitating infection by influenza virus,
which binds to the receptors through glycans on haemagglutinin
[88]. Similar interactions between CLRs and other viruses such as
dengue virus have been reported [76].

Despite the negative outcome that the interaction of some
CLRs with viruses may have, in some cases it can be beneficial for
the host and contribute to the antiviral response. CLEC9A is
important for cross-presentation of antigens from vaccinia virus
and Herpes simplex virus which is crucial for promoting cytotoxic
antiviral responses [89, 90].

CLRs have been implicated in recognition of carbohydrate moi-
eties from parasites, particularly helminths. These parasites express
a wide range of glycan moieties that can be recognised by different
CLRs. DC-SIGN was implicated in the recognition of the soluble
egg antigen of Schistosoma mansoni and other Schistosome spp.
[91]. A range of other CLRs including MR, SIGNRI, SIGNR2
and dectin-2 have been implicated in recognition of S. mansons
antigens [74]. Dectin-2 has been shown to reduce Th2-mediated
pathology in S. mansoni infection by promoting secretion of IL-1
through NLRP3 activation [92].

Finally, other infection models, particularly of central nervous
system parasitic infections (e.g. neurocysticercosis), have shown
that engagement of CLR by parasite ligands can contribute to
pathology [74].

As previously mentioned, activation and signalling through CLRs
has multiple outcomes including phagocytosis, activation of innate
killing mechanisms by generation of microbicidal compounds such
as ROS as well as production of inflammatory mediators. The
immune response elicited by engagement of CLRs can be very
different depending on the type of receptor, the cell-type express-
ing it and the nature of the ligand being recognised. Signalling
pathways triggered by CLRs are only partially understood, and
experimental evidence suggested that activation through CLRs
such as MR, DEC-205 and cluster of differentiation (CD)-207
alone is insufficient to elicit gene transcription and /or microbicidal
effector functions in myeloid cells, requiring cooperation of other
receptors. The signalling pathways triggered by CLRs are complex
and are often implicated in cross talk with other PRRs like TLRs
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Syk-Coupled CLR

and NLRs. On the other hand, some other CLRs including dectin-1,
dectin-2, SIGNR3 and mincle are self-sufficient and have been
shown to directly couple PAMP recognition to myeloid cell activa-
tion and adaptive immunity [93].

According to the type of cytoplasmic signalling motifs and
signalling potential, CLRs expressed in the myeloid linage can be
classified into different categories: Syk-coupled CLRs, immunore-
ceptor tyrosine-based inhibitory motif (ITIM)-expressing CLRs,
CLRs without immunoreceptor tyrosine-based activation motif
(ITAM) or ITIM domains [71].

The self-sufficient CLRs rely on spleen tyrosine kinase (Syk) as an
adaptor molecule. Syk binds to proteins with ITAM:s.
Phosphorylation of the tyrosine residues in the ITAM of the recep-
tor by kinases of the Src family creates a dock for Syk, and a further
conformational change activates Syk. Activation of Syk promotes
its autophosphorylation and phosphorylation of other proteins
downstream in the signalling cascade [93]. Some CLRs that use
Syk require ITAM-bearing adaptors that associate with them in
trans (e.g. FcRy or DAP12); others can bind Syk directly through
a single tyrosine-based motif in the intracellular domain. This
domain has been named hemITAM [93].

Dectin-1 is the prototypical example for the Syk-coupled
receptors with a hemITAM. It has been postulated that upon
ligand recognition by dectin 1, dimerisation of the receptors
occurs, bringing together two hemITAMs that serve as a docking
site for Syk; dectin localises to specific lipid microdomains which
are essential for signalling [71]. In myeloid cells dectin-1 uses the
adaptor CARD9 to couple Syk signalling to NFkB activation. In
humans, dectin-1 signalling triggers the formation of a protein
complex that includes CARD9-Bcl10-MALT-1 which couples
dectin-1 to the canonical NFkB pathway by activating NF«kB sub-
unit p65 and c-Rel. Dectin-1 also triggers the noncanonical NFkB
RelB pathway [71, 94, 95]. MALT-1 has been shown to act as a
pivotal regulator of the c-Rel subunit; silencing of MALT-1 specifi-
cally abrogated c-Rel activation in human DCs stimulated with the
dectin-1 ligand curdlan but did not affect the other NF«kB sub-
units. The proteolytic paracaspase activity of MALT-1 was required
for c-Rel activation [96]. The ability of MALT-1 to activate c-Rel
was linked to the production of IL-1p and IL-12p19 in cells stimu-
lated with curdlan or in response to C. albicans infection and also
induction of Th17 responses [96].

Signalling through dectin-1 not only promotes polarisation of
Th cells into Th17 cells but also contributes in the development of
the Thl phenotype as well as cytotoxic CD8* cells [97-99].

Dectin 1-Syk-dependent activation of the NLRP3 inflamma-
some has also been reported in the context of fungal infection
with  C. albicans. Whereas pro-1L-18 synthesis is a
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Syk—CARD9-dependent process, NLRP3 inflammasome activation
requires ROS production and K* efflux. In agreement with these
results, mice deficient in NLRP3 are more susceptible to C. albicans
infection supporting a role for the inflammasome in antifungal
responses [80].

As mentioned before, dectin-1 can also trigger the noncanoni-
cal activation of NFxB RelB subunit. This activity requires the
kinase Raf-1. While Syk activates both canonical and noncanonical
pathways, Raf-1 activation triggers acetylation of the NFkB p65
subunit which can modulate transcription in association with p50.
Alternatively, acetylated p65 can bind the RelB activated by Syk to
render it inactive. This results in negative regulation of the RelB-
dependent cytokines that include IL-23pl19, hence potentiating
1L-12p70 formation, which in turn favours Thl-biased responses
[95]. Additionally, dectin-1 signalling triggers activation of p38,
ERK and JNK pathways as well as nuclear factor of activated T cells
(NFAT), an inducible nuclear factor that binds the IL-2 promoter
in activated T cells [71]. Activation of NFAT by dectin-1 agonists
induces secretion of a particular set of cytokines in DCs combining
proinflammatory cytokines together with high levels of IL-10 and
1L-2[71, 100]. Dectin-2 also signals through the Syk pathway, but
since it lacks an intracellular signalling motif, dectin-2 associates
with ITAM-containing FcRy chains [101]. Although dectin-2 also
triggers NFkB activation, it does it by selectively activating c-Rel
through the recruitment of MALT-1, resulting in secretion of
IL-1p and IL-23, important Th17 polarising cytokines. Dectin-2
has also been shown to trigger ERK, JNK and p38 MAPK pathways
in murine DCs [71].

Little is known about ITIM-bearing CLRs and the signalling
pathways downstream of these receptors. Several human and
mouse ITIM-expressing CLRs have been reported in immune
cells including DCIR (DC-inhibitory receptor), MICL (myeloid
inhibitory C-type lectin receptor), CLEC12B and Ly49Q [71,
93]. It has been proposed that activation of ITIM-bearing CLRs
has a regulatory effect on myeloid cells, raising the threshold for
cell activation.

DCIR has been shown to inhibit TLR signalling. Specifically, it
has been shown that production of IFN-I upon stimulation of
TLRO or induction of IL-12 and TNF-« through TLRS ligation is
downregulated when DCIR is cross-linked with antibodies [93]. It
has been proposed that activation of DCIR is followed by phos-
phorylation of the ITIM domain, leading to the recruitment of
SHP-I and SHP-2, two phosphatases that inhibit TLR-dependent
NFkB activation [71]. Similar findings have been reported for
Ly49Q and other ITIM-expressing CLRs. However, signalling
pathways have not yet been fully elucidated for these receptors,
and the effect of their activation still needs to be addressed in vivo.
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3.2.3 CLRs Without ITAM
or ITIM Domains

Some CLRs engage signalling pathways that function indepen-
dently of ITIM and ITAM domains. These signalling pathways
seem to play a role in regulation and fine tuning of cells activated
through other receptors rather than themselves acting as a trigger
for cell activation. MR, DEC-205, DC-SIGN, SIGNR and lan-
gerin are some of the receptors that engage ITAM-/ITIM-
independent signalling pathways [71].

DC-SIGN has been used as a model for ITAM-/ITIM-
independent CLR signalling. DC-SIGN is involved in endocytosis
of soluble ligands and particulates. Besides its role in endocytosis,
DC-SIGN can trigger signalling cascades and act in coordination
with other PRR like TLRs. It has been shown that DC-SIGN can
modulate signalling triggered by TLR ligands. Particularly, bind-
ing of the M. tuberculosis-derived mannosylated lipoarabinoman-
nan (ManLAM) to DC-SIGN impairs LPS-induced maturation of
DCs and increases the production of the immunosuppressive
cytokine IL-10. Although the nature of the ligand appears to reg-
ulate the outcome of DC-SIGN-mediated responses, it seems that
the receptor has the ability to act as an immunomodulator. It has
been shown that recognition of ManLLAM, by DC-SIGN, leads to
activation of a signalling complex that triggers the threonine—ser-
ine kinase Raf-1 which in turn mediates acetylation of the NFxB
subunit p65. When TLR signalling is triggered, acetylation of p65
mediated by DC-SIGN-Raf-1 prolongs transcriptional activity of
NF«xB particularly enhancing IL-10 gene transcription and thus
modulating TLR responses. IL-10 induction through DC-SIGN
and TLR-dependent pathways was observed for several mycobac-
teria such as M. tuberculosis, M. leprae and M. bovis, BCG and also
for C. albicans [102].

4 RIG-I-Like Receptors

The family of RIG-I-like receptors (RLRs) consists of a small group
of cytosolic receptors that act as sensors of viral RNA. So far three
members have been described: retinoic acid-inducible gene-I
(RIG-I), its homolog the melanoma differentiation-associated
gene 5 (MDAS) and laboratory of genetics and physiology 2
(LGP2) [103, 104]. Together with endosomal TLRs, the RIG-I-
like receptors detect nucleic acids inside the cells, but in contrast to
TLRs, which function in the lumen of endosomes, RLRs are
located in the cytosol. Hence, RLRs sense pathogens that success-
fully bypassed detection in the extracellular or endosomal com-
partments and reached the cytosol. In contrast to TLRs that are
mainly expressed in immune cells, RLRs are constitutively expressed
in a wide variety of immune and nonimmune cells including epi-
thelial cells of the central nervous system. Expression of RLRs is
normally maintained at low levels in resting cells but is inducible by
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viral infections, IFN-I stimulation and after TLR signalling in a
IFN-I-independent fashion [105, 106].

The three members of the RLR family show conserved structure
and domain organisation, particularly in the case of RIG-I and
MDAS. The receptors are organised in three different domains.
The N-terminal region of MDAS5 and RIG-I but not LGP2 con-
tains a caspase recruitment and activation domains (CARD).
Because LPG2 lacks CARD domains, it was considered an inhibi-
tory receptor, but it was later found to play a positive role in MDAS
signalling. A central domain harbouring a DExD/H box RNA
helicase that hydrolyses ATP and binds RNA is found in all three
receptors. The C-terminal domain is involved in regulation and is
partially responsible for ligand specificity [105, 107].

RIG-I and MDAS have been reported to recognise viruses from
different  families including Paramyxoviridae, Flaviviridae,
Rhabdiviridae and Picornaviridae. RIG-I has been implicated in
recognition of hepatitis C virus (HCV), Sendai and Newcastle
viruses and vesicular stomatitis virus. MDAS5 has been shown to be
involved in recognition of poliovirus and dengue virus which is also
recognised by RIG-I [107]. While LGP2 has the ability to bind
RNA, its role during viral infections it is not yet clear. RIG-I was
initially described as a sensor for double-stranded RNA (dsRNA),
including the synthetic ligand poly(I:C) [104]. It is now clear that
RIG-I recognises RNA sequences harbouring a triphosphorylated
5" end (5'ppp). The 5'ppp end serves as a label for non-self RNA
[108]. Although the length of the RNA sequence is not an absolute
determinant, RIG-I has greater affinity for short RNA molecules
with the 5'ppp end and dsRNA motifs [ 109]. 5’-hydroxyl (5'-OH)
and 3’-monophosphoryl short RNA molecules with double-
stranded stems generated by RNase L have been also reported to
activate RIG-I, suggesting that RIG-I could recognise ligands
derived from viral genomes, viral replication intermediates, viral
transcripts or RNA cleaved by RNase L during infections [107].
Interestingly, RIG-I was also implicated in the sensing of dsDNA,
specifically B-forms of poly(dA:dT). Sensing of poly(dA:dT)
required the DNA-dependent RNA polymerase III that is able to
synthesise 5'ppp RNA from poly(dA:dT) [110].

Ligands for MDADS are less well characterised. It is known that
MDAS can be activated by poly(1:C) which suggests that it acts as
a sensor for dSRNA [111]. Until now there are no reported ligands
for LGP2.

In the absence of its ligand, RIG-I adopts an autorepressed form,
preventing the CARD domains from signalling by blocking dsRNA
binding to the helicase or modification of the CARD domains by
ubiquitination enzymes. Binding of the RNA induces a
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conformational change that together with ATP hydrolysis results
in release of the CARD domains, leaving them available for signal-
ling interactions. CARDs are polyubiquitinated. This modification
triggers formation of a complex formed by four RIG-I molecules
[105, 107]. MDAS5 has been reported to form a polar filamen-
tous oligomer around the dsRNA ligand, which is regulated by
ATP hydrolysis [112].

Signalling downstream of the complex formed by RIG-I relies
on the mitochondrial protein MAVS (mitochondrial antiviral sig-
nalling), a protein that also functions as an adaptor used by the
NLR member NOD2 in the context of viral infections. MAVS is
anchored to the mitochondrial outer membrane and harbours an
N-terminal CARD domain that allows it to establish homotypic
interactions with the CARD domains of RIG-I and also MDA5
[113, 114]. During viral infections, MAVS aggregates and local-
ises to the outer mitochondrial membrane. Together with mainte-
nance of the mitochondrial membrane potential, these events are
critical for induction of IRF3 translocation and production of
IEN-I[115].

Signalling downstream of MAVS involves NEMO, IKK and
TBKI1. Ubiquitination is critical for downstream signalling, and it
is sensed by NEMO through its ubiquitin-binding domains, allow-
ing recruitment of IKK and TBKI1 which in turn phosphorylate
IxBa and IRF3, respectively, promoting translocation of IRF3 and
the NF«B subunits p50 and p65 [107]. Different members of the
E3 ligases, namely, TRAF6, TRAF2 and TRAF5, have been
reported to be recruited to MAVS complexes and participate in the
antiviral responses elicited by RIG-I engagement [107].

Besides promoting innate responses, RLRs play an important
role in modulating cell-mediated immunity. IFN-I secretion pro-
motes maturation of APCs and expression of MHC class I mole-
cules in most cell types and is required to promote T-cell survival
and expansion. It has been also proposed that interferons can pro-
mote the cytolytic activity of cytotoxic T lymphocytes and natural
killer cells, enhancing the antiviral response [116, 117].

In conclusion RLRs are important PRRs in the context of viral
infections. RLR activation seems to be crucial for the onset of anti-
viral responses and also serves to upregulate expression of other
PRRs including TLRs. Enhancement of TLR expression by RLR
has been shown to have an impact on the MyD88 signalling path-
way and to play an important role in some viral infections. Cross
talk between RLRs and other PRRs can also enhance inflamma-
tion, having negative consequences for the host [ 105]. Coordinated
cross-regulation of the different signalling pathways is not only
important for infection control but also for preventing exacerba-
tion of inflammation and damage to the host.
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5 NOD-Like Receptor Family

5.1 Structure
and Triggers of NLRs

The members of the nucleotide-binding oligomerisation domain
(NOD)-like (NLR) family have emerged as pivotal sensors of infec-
tion and stress in intracellular compartments, capable of orches-
trating innate immunity and inflammation in response to harmful
signals within the cell. NLRs detect a wide range of signals includ-
ing the presence of intracellular PAMPs that function as flags for
cellular invasion; other NLRs are activated following loss of cell
membrane integrity, ion imbalance, radical oxygen species (ROS)
or sensing of extracellular ATP [118].

NLRs have the ability to activate NFxB signalling; some of
them function as scaffolds for the formation of a multiprotein
complex known as inflammasomes required for the generation of
bioactive IL-1p and IL-18 and can also trigger cell death by a
mechanism known as pyroptosis [118].

Although the primary physiological role of NLRs is related to
host defence against infection, in the last decade, it became increas-
ingly clear that NLRs play a vital role in homeostasis as illustrated
by many inflammatory and noninflaimmatory diseases that are
linked to dysregulated NLR signalling [119].

Vertebrate NLRs have been the subject of intense research,
while knowledge on invertebrates is limited, probably in part due
to the absence of NLRs in invertebrate model organisms like
D. melanogaster and Caenorbabditis elegans [120, 121]. In any
case, studies revealing that NLRs are conserved across different
species and kingdoms suggest they are an essential product of evo-
lution. This is consistent with their conservation from sponges to
humans and the finding that plants also express NB-LRR receptors
with remarkable structural and functional similarities, although the
relation of animal NLRs and the latter seems to be a result of con-
vergent evolution rather than shared ancestry [121]. In the follow-
ing section structure, the ligands and function of NLRs are
discussed, with a particular focus on non-inflammasome-related
NLRs, whereas inflammasome-forming NLRs are introduced in
the following chapters.

NLRs are cytosolic sensors for microbes, endogenous danger sig-
nals and exogenous insults. The defining feature of NLR family
members is the presence of a nucleotide-binding domain, the
NACHT domain (acronym standing for NAIP (neuronal apoptosis
inhibitor protein), CIITA (class II transcription activator), HET-E
and TP-1 (telomerase-associated protein)) and a second domain
harbouring a leucine-rich repeat [122]. Based on in silico studies,
22 human and 34 murine NLRs have been identified so far [123].
All the NLRs share common structural features and are organised
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in three functional domains including the aforementioned central
NACHT (or NBD) domain necessary for oligomerisation, the
C-terminal LRR that confers ligand recognition specificity and an
N-terminal protein—protein interaction domain required for signal
transduction [123].

The NLRs are subdivided into four subfamilies according to
the type of N-terminal effector domain: NLRA, NLRB, NLRC
and NLRP. The NLRA subfamily contains only one member
named CIITA which presents an acidic transactivation domain
[122] involved in transcriptional regulation of the MHC class 11
genes [123]. The other three subfamilies are characterised by the
presence of homotypic protein—protein interaction modules that
are involved in recruitment of signal transduction molecules. The
NLRB subfamily is distinguished by the presence of the baculovi-
rus inhibitor repeat (BIR) domain. The presence of a CARD is a
feature of the NLRC subfamily, while members of the NLRP fam-
ily contain a pyrin domain (PYD). Finally NLRX1, a CARD-related
X effector domain of unknown function shows no strong homol-
ogy to the N-terminal domain of any other NLR subfamily mem-
ber [122]. Members of each subfamily are listed in Table 3.

NLRs detect a wide range of ligands of diverse origins. As in
the case of TLRs, NLRs can detect PAMPs, particularly when these
PAMPs reach the cytosol. Different bacterial components such as
bacteria muramyl dipeptide (MDP) [124, 125], flagellin [126] and
bacterial secretion systems [127, 128] function as flags for cellular
invasion and trigger NLR activation and signalling. NLRs can also
be activated by stress or danger signals including loss of cell mem-
brane integrity as induced by certain bacterial toxins that form
pores in the cell membrane [122, 129, 130]. Endogenous signals
of damage also act as triggers of NLRs, such as membrane rupture
caused by insoluble crystals [131], extracellular ATP [132-134],
ion imbalance [135-137] and reactive oxygen species (ROS)
[118]. Sensing the loss of cellular integrity allows NLRs to act as a
backup system if a pathogen has bypassed detection in the extracel-
lular space and also ensures recognition of DAMPs. Accordingly,
the cellular inflammatory programme following NLR triggering is
complex and varies between NLR members.

The NLRs have been shown to function as scaffolds for inflam-
masome formation. These are high molecular weight oligomeric
complexes that act as caspase 1-activating platforms in response to
microbial components or sterile danger and stress signals.
Inflammasome complexes are formed by a sensor molecule, often
but not exclusively, a member of the NLR family which connects
to caspase 1 via an adaptor protein named ASC (apoptosis-associ-
ated speck-like protein containing a caspase recruitment domain)
equipped with two death-fold domains (pyrin domain and caspase
activation and recruitment domain (CARD)). The adaptor ASC
interacts with the inflammasome sensor molecules via the pyrin
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Table 3
NOD-like receptors nomenclature

NLR member Family Domain structure

CTIIA NLRA (CARD)-AD-NACHT-NADLRR
NAIP NLRB (CARD)-AD-NACHT-NADLRR
NODI NLRC (CARD)-AD-NACHT-NADLRR
NOD2 NLRC CARD2x-NACHT-NAD-LRR
NLRC3 NLRC CARD-NACHT-NAD-LR
NLRC4 NLRC CARD-NACHT-NAD-LR
NLRC5 NLRC CARD-NACHT-NAD-LR
NLRP1 NLRP PYD-NACHT-NAD-LRR-FIIND-CARD
NLRP2 NLRP PYD-NACHT-NAD-LRR
NLRP3 NLRP PYD-NACHT-NAD-LRR
NLRP4 NLRP PYD-NACHT-NAD-LRR
NLRP5 NLRP PYD-NACHT-NAD-LRR
NLRP6 NLRP PYD-NACHT-NAD-LRR
NLRP7 NLRP PYD-NACHT-NAD-LRR
NLRPS8 NLRP PYD-NACHT-NAD-LRR
NLRP9 NLRP PYD-NACHT-NAD-LRR
NLRP10 NLRP PYD-NACHT-NAD-LRR
NLRPI1 NLRP PYD-NACHT-NAD-LRR
NLRP12 NLRP PYD-NACHT-NAD-LRR
NLRP13 NLRP PYD-NACHT-NAD-LRR
NLRP14 NLRP PYD-NACHT-NAD-LRR
NLRX1 NLX X-NACHT-NAD-LRR

AD acidic activation domain, CARD caspase activating and recruitment domain, LRR
leucine-rich repeat, NACHT NAIP (neuronal apoptosis inhibitor protein), C2TA (MHC
class 2 transcription activator), HET-E (incompatibility locus protein from Podospora
anserina) and TP1 (telomerase-associated protein), PYD pyrin domain, NAD NACHT-
associated domain

domain and triggers the assembly of a large protein speck consisting
mainly of multimers of ASC dimers. The CARD domains recruit
caspase 1 to induce self-cleavage and activation, which in turn will
allow processing of pro-IL-1p and pro-IL-18 into the active
inflammatory forms and their release via a nonclassical secretion
pathway [138].

The increasing number of studies on NLRs in the context of
inflammasome formation in the last decade illustrates the
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5.1.1 CIITA

5.1.2 NOD1 and NOD2

important and varied roles of these complexes in immunology,
linking inflammasome formation not only to antimicrobial
responses but also autoimmunity. The following chapters will discuss
in detail the role of NLRs as part of inflammasomes. However, sev-
eral members of the mammalian NLR family exert important roles
in immunity beyond inflammasome signalling. Here we highlight
the emerging roles of several members of the non-inflammasome
NLRs, CIITA, NOD1, NOD2, NLRC3, NLRC5 and NLRXI1.

CIITA plays a critical role in immune responses, acting as a tran-
scriptional coactivator that regulates major histocompatibility
complex (MHC) class I and II genes. Its importance as a regulator
of the MHC genes was identified after finding that patients with an
autoimmune condition known as bare lymphocyte syndrome have
a 24 amino acid deletion splice mutant of CIITA [139]. Depending
on the cell type, CIITA can be constitutively expressed (e.g. in
DCs, macrophages and other cells with high MHC II expression)
or can be induced by IFN-y in a wide range of cell types [140].

In addition to the conventional tripartite architecture of NLRs,
CIITA harbours three additional N-terminal domains including an
acidic domain (AD), a guanosine-binding domain (GB-domain)
and a Pro-Ser-Thr domain (PST domain). Although CIITA does
not bind DNA directly, the AD and GBD domains mediate inter-
actions with transcription factors, DNA-binding transactivators
and chromatin-remodelling enzymes forming a complex known as
the enhanceosome [123].

Although NLRs are mostly cytoplasmic receptors, CIITA can
also reside in the nucleus [119]. A nuclear localisation signal is pres-
ent in the GB-domain that allows trafficking into the nucleus [123].

CIITA function is regulated by phosphorylation. Several protein
kinases (PK) such as PKA, PKC, glycogen synthase kinase 3 and
casein kinase 2 can phosphorylate CIITA on different sites aftecting
its activity. CIITA possesses acetyltransferase (AT) and kinase activi-
ties, both of which are needed for effective transcription of MHC
class T and II genes [123]. Although CIITA has been primarily
characterized as a transcriptional regulator of MHC genes, it also
regulates transcription of over 60 immunologically important genes,
including I1.-4, I1.-10 and several thyroid-specific genes [ 140, 141].

Given the distinctive immunomodulatory role of CIITA, the
potential of other NLR members to exert comparable effects is
being addressed. It was recently proposed that NLRC5 can act as a
class I transactivator. NLRC5 presents a similar domain structure to
CIITA, and it has been proposed to assemble a multiprotein complex
similar to the enhanceosome on MHC class I promoters [142].

NODI and NOD2 were the first members of the NLR family to be
described. Also known as CARD4 and CARDI15, NODI and
NOD2 were first described as receptors for LPS. However, it was
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later confirmed that the LPS preparations used for the experiments
were contaminated by peptidoglycan moieties [119].

Gram-positive and Gram-negative bacteria synthesise peptido-
glycan although they may present different motifs. Both Gram-
positive and Gram-negative bacteria express muramyl dipeptide
(MDP) (MurNAc-L-Ala-D-y-GlIn), but only Gram-negative bacte-
ria and a limited number of Gram-positive bacteria express iEDAP
(y-D-glutamyl-meso-diaminopimelic acid); when it also includes
the p-alanine residue from the peptidoglycan, the ligand is termed
TriDAP. The difference between MDP and iEDAP is the replace-
ment of the meso-diaminopimelic acid in the iEDAP by an L-lysine
residue in MDP (Fig. 3a). NOD1 recognises the iEDAP /TriDAP,
while NOD2 recognises MDP [124, 143, 144]. More recently,
N-glycolyl MDP was shown to be a more potent activator of
NOD2 [145]. The fact that iEDAP is mainly expressed in Gram-
negative bacteria led to the idea that NODI was acting as a sensor
for this type of microorganism. Indeed, NOD1 was shown to be
involved in recognition of many different Gram-negative bacteria
including Helicobacter pylori [146], Pseudomonas aeruginosa [ 147 ]
and Shigella flexneri [148]. However, NODI1 has also been impli-
cated in defence against Gram-positive bacteria including Listeria
monocytogenes [149] and Streptococcus pnewmonine in a model of
coinfection with Gram-negative bacteria [ 150, 151 ] and more sur-
prisingly against the parasite Trypanosoma cruzi, etiological agent
of Chagas disease [152].

NOD?2 is seen as a more general sensor because its ligand MDP
is widely expressed. Experimental evidence has confirmed a role for
NOD?2 during infection with M. tuberculosis [ 145], Listeria mono-
cytogenes [153] and Toxoplasma gondii [154]. NOD2 may also play
a role in antiviral immunity; NOD2-deficient mice exhibited a
marked susceptibility to respiratory syncytial virus infection
compared to the wild-type counterparts [155].

NOD?2 has been also linked to pathology in Crohn’s disease, an
inflammatory disease that mainly affects the ileum and colon. An
increased susceptibility to developing this condition was linked to
several mutations in NOD2, although the aetiology is not fully
understood. It has also been postulated that NOD2 could negatively
regulates TLR-mediated inflammation since NOD2 deficiency or a
mutation related to Crohn’s disease increased Toll-like receptor
2-mediated activation of NFxB and Thl responses. Moreover,
NOD?2 inhibited TLLR2-driven activation of NFkB [156].

NODI and NOD2 expression has been reported in a wide
variety of cells including dendritic cells [157], monocytes/macro-
phages [158], keratinocytes [159], lung and intestinal epithelial
cells [160, 161] and endothelial cells [162]. Although several cell
types constitutively express NOD1 and NOD?2, its expression can
also be induced in response to cytokines [163], TLR ligands and
bacteria [164, 165]. Signalling through NODI1 and NOD2
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ultimately triggers NF«kB activation and MAPK. The IRF pathway
and IFN-I transcription can be also triggered by NOD receptors
(Fig. 3b).

The first step in the signalling cascade involves dimerisation of
the receptors [119]. Although both are considered cytosolic recep-
tors, association with the plasma membrane seems to occur after
ligand binding [166].

It has been proposed that bacterial peptidoglycans are inter-
nalised in endosomes and can access the cytosol by exiting the ves-
icles through channels including hPepT1 and SLC15A. Scavenger
receptors such as MARCO and SR-A have been implicated in rapid
internalisation of NOD ligands [123]. After recognition of the
ligand and assembly of the dimers, a protein adaptor known as
RICK/RIP2 is an ubiquitinated interaction with the CARD
domains of NODI1 or NOD2 [167]. RICK participates in the
recruitment of TAKI; it also promotes ubiquitination of IkKy which
acts as a regulator of the IkK complex. NEMO, another regulator
of NFkB, is also recruited and facilitates TAKI recruitment to the
complex. Formation of this complex promotes phosphorylation and
targeting of the IxkK complex subunits for proteasomal degradation,
promoting release of NFxB [119, 123]. Activation of NODI and
NOD?2 also triggers activation of the MAPK pathway although this
has received less attention.

Finally, NOD receptors have been shown to activate the IRF
pathway (Fig. 3b). NOD2 induces type-I IEN secretion upon rec-
ognition of viral single-stranded RNA or during infections with
respiratory syncytial virus and influenza virus [155]. Induction of
IEN-I involves activation of a RICK-independent pathway with
formation of a complex with the protein MAVS, the adaptor used
by RLRs during viral infections [118].

NOD1 has been shown to induce IFN-I production after
recognition of iE-DAP. Binding of iE-DAP to NOD1 triggered
RICK signalling and also the recruitment of TRAF3 which was
shown to trigger TBK1, IKKe and activation of IRF7, inducing
IFN-B production. This ultimately led to activation of the tran-
scription factor complex ISGF3 and secretion of CXCL-10 and
further production of IFEN-I [168].

As seen for TLRs, activation of the NFkB pathway through
NODI1 and NOD2 receptors promotes expression of several

3>

Fig. 3 (continued) of the IxK complex. NEMO, another regulator of NFkB, is also recruited and facilitates TAK1
recruitment to the complex. Formation of this complex promotes phosphorylation, and targeting of the kK
complex subunits for proteasomal degradation promoting release of NFxB of NOD1 and NOD2 also triggers
activation of the MAPK pathway. The type-I IFN pathway can also be activated by NOD receptors. NOD2 induces
type-I IFN secretion after recognising viral single-stranded RNA or during viral infections with respiratory syncytial
virus and influenza virus. A RICK-independent pathway is triggered for IFN-I production. This pathway involves
formation of a complex with the protein MAVS. Translocation of IRF3 and IRF7 takes place
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Fig. 3 Ligands and signalling pathways for NOD1 and NOD2. (a) Structure of peptidoglycan (PGN) of Gram-
negative bacteria. PGN is composed of the alternating amino sugars N-acetylglucosamine (NAG) and N-acetyl
muramic acid (NAM) cross-linked by B1-4 linkages. NAG and NAM units are cross-linked by stem peptides
containing amino acids such as p-glutamic acid and o- or L-alanine. Generally, the third position amino acid in
Gram-positive bacteria is L-lysine (Lys), while in Gram-negative bacteria it is meso-2,6-diaminopimelic (meso-
DAP) acid. Gram-positive bacteria have peptide stems usually cross-linked through an interpeptide bridge
(normally glycine), whereas Gram-negative bacteria peptide stems are usually directly cross-linked.
Abbreviations: iE-DAP p-g-glutamyl-meso-DAP, Tri-Dap L-Ala-y-b-Glu-mDAP, MDP muramyl dipeptide. (b)
Signalling pathways for NOD1 and NOD2. Transport of bacterial PNG fragments is mediated by endosomal
SLC15A channel, the hPepT1 plasma membrane transporter or scavenger receptors (SR-A, MARCO). MDP and
iE-DAP from PNG activates NOD1 and NOD2, respectively. Direct or indirect sensing of PNG leads to NOD1 and
NOD2 dimerisation and relocalisation to the plasma membrane and triggers and recruitment of the adaptor RICK.
RICK participates in recruitment of TAK1; it also promotes ubiquitination of IxKy which acts as a regulator
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5.1.3 NLRC3

inflammatory factors including inducible nitric oxide synthase,
cyclooxygenase 2, adhesion molecules and proinflammatory cyto-
kines and chemokines such as such as TNF-a, IL-8, IL-6 [118,
119]. Relatively little is known about how NOD1 and NOD2 sig-
nalling pathways are regulated. It has been suggested that the
ubiquitin-editing enzyme A20 plays a key role in regulating RICK
activity upon MDP recognition by NOD2. A20 deficiency ampli-
fied the responses to MDP in cells by increasing RICK ubiquitina-
tion, resulting in prolonged NFxB signalling and increased
production of proinflammatory cytokines. A similar phenotype has
been found in A20-deficient mice [169]. Caspase 12 has been also
implicated in negative regulation of the NOD signalling pathway
by binding to RIPK2 and destabilising the complex between RICK
and TRAF6, ultimately inhibiting the ubiquitin-ligase activity of
the complex [170].

NOD agonists have also been implicated in enhancing antigen-
specific antibodies and T-cell responses when combined with TLR
ligands. One example of the importance of NOD receptor in
enhancing adaptive responses is given by the diminished responses
observed in NODI1-deficient mice immunised with a model pro-
tein antigen (ovalbumin) formulated in complete Freund’s adju-
vant (CFA). CFA contains mycobacterial cell wall elements known
to activate both NOD and TLR receptors. NOD1-deficient mice
showed lower frequencies of antigen-specific IFN-y, I1L-17 and
1L-4-producing CD4* and CD8* T cells, and diminished antibody
titres compared to wild-type mice. Besides, increased susceptibility
of NOD1-deficient mice to Helicobacter pylovi infection was linked
to diminished urease-specific IgG2c¢ titres compared to wild-type
mice, whereas IgGl titres remained the same. This suggested that
NODI1 deficiency was linked to a diminished type 1 immune
response [171]. This is in agreement with other studies showing
that NOD1 and NOD?2 agonists in combination with TLR3,
TLR4 and TLRY agonists synergistically induce IL-12 and IFN-y
production in DCs to induce Th1-biased immune responses [ 157].
Another example of the potential synergistic effects of TLR-NOD
on adaptive responses was given by a study showing that a chimeric
NOD2/TLR2 agonist not only induced dendritic cell maturation
and proinflammatory cytokine secretion in vitro but also boosted
systemic and mucosal immune responses after parenteral immuni-
sation of mice when formulated as a nanoparticle-based vaccine
carrying the HIV antigen Gag p24 [172].

NLRC3 is another member of the NLR family, but instead of pro-
moting inflammation, NLRC3 acts as a negative regulator of sev-
eral innate receptors. It was first described as a negative regulator
of T-cell proliferation, an effect mediated by downregulation of
the transcription factors NFxB, AP-1 and NFAT. NLRC3 expres-
sion was shown to be high in T cells and downregulated upon
activation [173].
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The same receptor was also shown to have regulatory effects
on TLR-mediated signalling by directly interacting with TRAF6 as
evidenced by the increased proinflammatory cytokine production
in NLRC3-deficient mice upon stimulation with LPS [174].

Lastly, NLRC3 has been shown to act as a negative regulator
of the cytosolic DNA sensor STING by directly associating with it
and TBKI, preventing the interaction between the two of them
reducing production of IFN-I in response to cyclic diguanylate
monophosphate (c-di-GMP) and DNA viruses [175]. NLRC3
illustrates how PRRs can regulate each other to fine-tune the
immune response in the host.

NLRCS5 is structurally similar to CIITA and is also involved in
regulation of MHC genes, more specifically as a class I transactiva-
tor. It has been described as the largest member of the NLR fam-
ily, harbouring an atypically long LRR motif and death domain
[142]. Several isoforms of NLRC5 with unknown function have
also been described [176]. Expression of NLRC5 has been
reported in several cell types, mainly of haematopoietic origin. It
is highly expressed in lymphoid tissues like the spleen and lymph
nodes and has also been reported to be expressed in the bone
marrow. NLRC5 has been documented in T cells, B cells and
mononuclear cells [176].

NLRCS5 promotes the expression of conventional MHC class I
genes (HLA-A, HLA-B, HLA-C) as well as nonconventional MHC
class I genes and proteins like HLA-E. NLRC5 regulation was shown
to be exclusive for MHC class I genes and not MHC class 11, whereas
as previously mentioned, CTTIA is a MHC-II regulator [177].

Besides its function as a class I transactivator, NLRC5 has been
implicated in negative regulation of NFkB and IRF pathways.
NLRCS5 can inhibit the IKK complex and RIG-I/MDA5 function.
By blocking phosphorylation of IKKa and IKKB, NLRC5 blocked
the activation of NFkB. Additionally, interaction with RIG-I and
MDAS5 was shown to inhibit IFN-I responses triggered by RIG-
like receptors [178]. Despite this, macrophages and dendritic cells
derived from NLRC5-deficient mice did not exhibit compromised
production of IEN-B, IL-6 or TNF-a when stimulated with RNA
viruses, DNA viruses or bacteria [179]. Hence, the regulation
could be cell-type specific.

This member of the NLR family has been one of the most contro-
versial regarding its function. Although NLRX1 was first described
as a negative regulator of antiviral responses, particularly by down-
regulating IFN-I secretion in response to viral infections [180],
other studies could not confirm this effect. Additionally, knockout
mice showed normal IFN-f production after influenza A infection
or systemically administered poly (I:C) [181, 182]. In other set of
studies NLRX1 was shown to negatively regulate TLR-mediated
activation of NFxB and JNK signalling pathways [ 183].
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6 Newly Described PRRs

6.1 AIM2-Like
Receptors

6.2 cGAS and STING

The recent discovery of NLRs and RLRs opened new avenues for
studying other cytosolic receptors, leading to discovery of new
PRRs. In the past decade, several proteins have been described as
intracellular sensors for nucleic acids, in particular the family of
AIM2-like receptors or ALRs together with the DNA sensor cGAS.

The tfamily of AIM2-like receptors comprises four members in
humans and six in mice. The founding member of this new family
of PRRs is the absent in melanoma 2 (AIM2) protein that was
described in 2009 [184-186]. The members of the ALR family are
characterised by the presence of a HIN200 domain, also known as
IF1200. Three members of the family in humans (MNDA, PYHIN1
and AIM2) present an N-terminal PYD domain, whereas the
fourth member IFI16 harbours two tandem HIN200 domains and
one PYD. The HIN200 domains can interact with cytosolic
dsDNA, cither of viral or bacterial origin, triggering IFN-I pro-
duction [187]. Also, the PYD domain can recruit the adaptor ASC
to form an inflammasome and lead to production of bioactive
IL-1p. Importantly, until now only AIM2 and IFI16 have been
reported as PRRs. The fact that ALRs have only been described in
mammals suggests they are a novel family of receptors that appeared
later in evolution [187].

cGAS has recently emerged as a major sensor for cytosolic DNA
and together with the adaptor protein STING which is widely
expressed in various cell types, they contribute to DNA sensing
from different origins including DNA from viruses, self DNA and
sensing of bacterial cyclic dinucleotides such as c-di-GMP and c-di-
AMP [107, 188, 189]. Activation of STING triggers trafficking of
the adaptor from the endoplasmic reticulum to the Golgi appara-
tus for the assembly of protein complexes with TBK1 [190]. The
STING pathway can trigger IFN-I production and has been also
reported to recruit STAT6, promoting secretion of chemokines
including CCL-2, CCL-20 and CCL-26 [191].

The cyclic GMP-AMP synthase (cGAS), a member of the
nucleotidyltransferase family, has been identified as a cytosolic
DNA sensor that contributes to the production of IFN-I. ¢cGAS
catalyses the synthesis of cyclic GMP-AMP (cGAMP) from ATP
and GTP, which in turn acts as a second messenger for STING
[192,193].

Deficiency of ¢GAS in vivo abolished type-I IFN production in
response to cytosolic DNA [194]. ¢GAS signalling has proven
important in the context of several viral infections caused by DNA
viruses and interestingly also contributes to antiviral immunity to
RNA viruses [195, 196].



Innate Receptors 33

7 Conclusion

Overall, the discovery of PRRs has changed the way innate immu-
nity is viewed and has brought it back to the foreground.
Unravelling the molecular mechanisms of immune recognition
revealed the interconnection between innate and adaptive immu-
nity, supporting the notion that innate recognition is a key event
that allows the host to mount the most effective immune response.

Even though recognition of microbes or abnormal-self is
restricted to a finite number of molecular patterns, these confer a
significant degree of specificity allowing for tailored responses.
During infection several receptors are simultaneously activated,
triggering specific combinations of signalling pathways that con-
verge on NFkB, MAPK and IRFs. These pathways that share com-
mon players downstream from the PRRs engage in cross-talk that
can result in synergy, enhancement, negative regulation and fine-
tuning of gene expression. Moreover, given that the different PRRs
display differential expression patterns that can be tissue or cell-
type specific, those interactions will be dependent on the context
in which the activation takes place. PRRs have been shown to
cross-regulate each other, and defining how this cross-talk is regu-
lated is crucial to better understand how pathways that seem to
converge on the same master regulators can facilitate different out-
comes. This will certainly open new avenues for treatment of
inflammatory diseases and immune deficiencies and will make it
possible to exploit PRRs as a means to induce protective immunity
through vaccination.
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