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Abstract
Members of the nucleotide-binding and oligomerization domain (NOD)-like receptor (NLR)
family are quickly emerging as critical regulators of innate and adaptive immune responses during
microbial infection and autoimmunity. The NLR family member NLRC5 was recently proposed to
function as a positive and negative regulator of antiviral immune responses. NLRC5 has also been
implicated in regulation of inflammasome signaling and MHC class I transcription. Some of these
functions have recently been assessed in NLRC5-deficient mice and immune cells. Here, we
summarize and review the newly gained knowledge on the structure, expression profile and
putative functions of NLRC5 in regulating immune responses and host defense.
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Introduction
The innate immune system recognizes infections and cellular damage through a limited
number of pattern recognition receptors (PRRs) (Kawai and Akira, 2006; Kumar et al.,
2009). PRRs are thought to sense conserved microbial components that are vital for
microbial survival such as flagellin and nucleic acid structures unique to bacteria and viruses
(Akira et al., 2006). It is increasingly recognized that PRRs may also probe the environment
for endogenous danger-associated molecular patterns (DAMPs) such as uric acid and
HMGB1, which are produced or released upon tissue damage during infection or as a
consequence of physicochemical stress. PRR activation triggers a number of protective
responses, including the production of pro-inflammatory cytokines and chemokines that are
responsible for activation of phagocytes and the recruitment of neutrophils, NK cells and
lymphocytes to the site of infection. Moreover, innate immune responses contribute to
adaptive immunity by instructing lymphocytes to mount T helper and humoral responses
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through the presentation of immunogenic peptides on MHC class I and class II receptors of
professional antigen-presenting cells (Kanneganti et al., 2007).

Several PRR families can be distinguished, including Toll-like receptors (TLRs), C-type
lectin receptors (CLRs), RIG-I-like receptors (RLRs), HIN-200 proteins and nucleotide
binding and oligomerization domain-like receptors (NLRs) (Inohara et al., 2005; Kanneganti
et al., 2007; Lamkanfi and Dixit, 2009; Meylan and Tschopp, 2006). Much research in
recent years has focussed on characterizing the roles and signaling pathways of NLR family
members in regulating the immune response. Bioinformatics studies revealed the existence
of 22 human NLR genes and recent gene duplications gave rise to 34 mouse NLRs
(Kanneganti et al., 2007). These platform proteins are characterized by the presence of a
conserved nucleotide binding and oligomerization domain (referred to as NBD; NOD or
NACHT domain) and located in intracellular compartments. Notably, the architecture of
NLRs resembles that of a subset of plant disease-resistance (R) genes, which are involved in
the hypersensitive response against virulent plant pathogens (Inohara and Nunez, 2001;
Lamkanfi and Dixit, 2009). NLRs are involved in a multitude of innate immune signaling
pathways ranging from the regulation of MAP kinase and NF-κB signaling pathways for
Nod1 and Nod2, over modulation of MHC class II genes for CIITA, to the assembly of
caspase-1-activating protein complexes named ‘inflammasomes’ for the NLR proteins
NLRP1, NLRP3 and NLRC4 (Kanneganti et al., 2007; Lamkanfi and Dixit, 2009).
Interestingly, the recently identified NLR family member NLRC5 (also known as NOD27,
FLJ21709 and CLR16.1) has been suggested to regulate each of these signaling pathways.
Moreover, NLRC5 deficient mice have been generated and used to examine the
physiological role of this NLR in regulating immune responses and host defense during
bacterial and viral infection in vivo. The recently gained knowledge on the expression,
immune roles and signalling pathways of NLRC5 is summarized and critically reviewed in
the following paragraphs.

Structure
The human Nlrc5 gene is located at the locus 16q13, spanning a region of about 94 kbp. The
full-length mRNA of 6822 bp is encoded by 49 exons, generating a protein that consists of
1866 amino acids (Figure 1). These features render NLRC5 the largest NLR family
member. The protein has a domain architecture characteristic of all NLR members,
comprising a centrally located NOD motif that is flanked at the carboxyl-terminus by an
array of 20 leucine-rich repeat (LRR) motifs. Alignment of the NLRC5 LRR region suggests
that the Nlrc5 gene may have arisen from an ancestral NLR gene shared with the NLRs
Nod1, Nod2, NLRC3 and CIITA (Istomin and Godzik, 2009). Notable is that in addition to
full-length NLRC5, five different NLRC5 splice variants were cloned from a human
leukocyte cDNA library that differed in the length of the LRR motif (Neerincx et al., 2010).
This suggest that NLRC5 activity may be subject to regulation by alternative splicing, but
this intriguing possibility awaits confirmation that these NLRC5 variants are expressed as
stable proteins. At the amino-terminus (amino acids 1-100), NLRC5 contains a death
domain (DD) fold that shows little or no similarity to the caspase recruitment (CARD) and
pyrin (PYD) motifs found in most NLRs (Inohara et al., 2005; Kanneganti et al., 2007). The
amino-terminal (CARD and PYD) death domain folds are implicated in linking NLR family
members with their downstream effector proteins through homotypic interactions involving
related death domain folds found in adaptor proteins such as the bipartite inflammasome
adaptor ASC (Lamkanfi and Kanneganti, 2010). However, the death domain fold of NLRC5
displays no clear homology to defined CARD, PYD and DD motifs of known adaptor and
effector molecules involved in apoptosis and inflammatory signaling (Benko et al., 2010;
Cui et al., 2010; Davis et al., 2011; Kuenzel et al., 2010; Meissner et al., 2010; Neerincx et
al., 2010), thus offering few clues to the identity of potential NLRC5 binding partners and
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signaling pathways. The importance of NLRC5 signaling is reflected, however, in the fact
that the protein is well-conserved throughout vertebrate evolution with orthologs identified
in the chimpanzee, cow, rat and mouse genomes (Cui et al., 2010; Davis et al., 2011).

NLRC5 expression
The NLRC5 expression profile and regulation of the Nlrc5 promoter activity by microbial
components and pro-inflammatory cytokines has been examined in a variety of cells and
tissues (Benko et al., 2010; Cui et al., 2010; Davis et al., 2011; Kuenzel et al., 2010;
Meissner et al., 2010; Neerincx et al., 2010). Although somewhat discordant results were
obtained in one study that reported a ubiquitous expression profile for NLRC5 mRNA in a
variety of organs with the lowest transcript levels detected in immune-related tissues such as
the spleen, lymph nodes and in immune cells (Kuenzel et al., 2010), most studies identified
immune tissues including the bone marrow, lymph nodes, thymus and spleen as the
preferential sources of NLRC5 mRNA expression in the human and mouse systems (Benko
et al., 2010; Cui et al., 2010; Davis et al., 2011; Neerincx et al., 2010). In addition, NLRC5
transcripts were highly expressed in organs with mucosal surfaces such as the lung, small
intestine, colon and uterus (Benko et al., 2010; Kuenzel et al., 2010). This suggests that
NLRC5 may be involved in systemic immune signaling and regulation of host defense at
mucosal interfaces. In agreement, NLRC5 mRNA and protein was detected in a variety of
primary cells of myeloid and lymphoid origin as well as in the human THP-1 and murine
RAW264.7 monocytic cell lines, the Jurkat T and Raji B cell lines, and the human cervic
carcinoma cell line HeLa (Benko et al., 2010; Cui et al., 2010; Davis et al., 2011; Neerincx
et al., 2010).

The NLRC5 promoter was shown to be highly responsive to interferon-γ (IFNγ) treatment
(Kuenzel et al., 2010). In agreement, NLRC5 transcript levels were strongly induced by
IFNγ in primary immune cells including macrophages, T and B lymphocytes as well as in a
variety of immune and epithelial cell lines including THP-1, HeLa, CaCo2 and HT-29
(Benko et al., 2010; Kuenzel et al., 2010; Meissner et al., 2010). This suggests that the
NLRC5 promoter may respond to viral infection. In agreement, NLRC5 mRNA was induced
in HeLa cells, THP-1 cells and in human primary dermal fibroblasts stimulated with the
double-stranded RNA mimic poly(I:C) or when infected with the single-stranded RNA
Sendai virus (Neerincx et al., 2010). Notably, treatment with intracellular poly(I:C) and
infection with the single-stranded RNA vesticular stomatitis virus (VSV) mostly failed to
increase NLRC5 expression in RAW264.7 cells (Cui et al., 2010). However, NLRC5 mRNA
expression was markedly upregulated in human foreskin fibroblasts infected with double-
stranded DNA cytomegalovirus (CMV) (Kuenzel et al., 2010). NLRC5 upregulation was
abrogated by a chemical inhibitor of the JAK/STAT pathway and by an IFNγ neutralizing
antibody, suggesting that CMV-induced NLRC5 upregulation involved autocrine IFNγ
production and IFNγ receptor-mediated activation of JAK/STAT signaling (Kuenzel et al.,
2010).

Unlike the regulation of NLRC5 gene production by IFNγ and viral infection, the
subcellular localization of the gene product is less clear. Immunofluorescence microscopy
studies with GFP- and FLAG-tagged NLRC5 demonstrated a punctate expression profile in
the cytosol of 293T, HeLa and HeLaS3 cells, but the fusion proteins were not found to be
associated with the nucleus, lysosomes or mitochondria of these cells (Cui et al., 2010;
Kuenzel et al., 2010; Neerincx et al., 2010). Restriction of endogenous NLRC5 expression
to the cytosol was confirmed by immunofluorescence studies in human HeLaS3 cells using a
rabbit antibody raised against an NLRC5-specific peptide (Kuenzel et al., 2010). In contrast
to the studies above, two reports observed expression of Flag-tagged NLRC5 in both the
nuclear and cytosolic compartments of overexpressing 293T and HeLa cells (Benko et al.,
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2010; Meissner et al., 2010). Leptomycin B, an inhibitor of CrmA-dependent nuclear export,
increased the nuclear pool of overexpressed NLRC5 in 293T and HeLa cells, suggesting that
the protein may shuttle between the nucleus and cytosol in a CrmA-dependent manner
(Benko et al., 2010; Meissner et al., 2010). However, these results should be treated with
caution since DD fold proteins are well-known to form intracellular clusters and filaments
when overexpressed (Baliga et al., 2003). Thus, additional immunofluorescence microscopy
and subcellular fraction studies would be helpful to resolve the current discrepancy
regarding the localization of endogenous NLRC5. Moreover, such studies may reveal
whether NLRC5 traffics to other compartments in response to inflammatory stimuli and
during infection.

Biological functions
Despite progress in understanding the structure and the expression and induction profiles of
NLRC5, its role(s) in regulating innate and adaptive immune responses and host defense
remains controversial. One set of studies relied on overexpression and short hairpin
(sh)RNA-mediated knockdown of NLRC5 to show a role for this NLR protein in dampening
the production of pro-inflammatory cytokines in cells stimulated with LPS and poly(I:C)
and in response to viral infection (Benko et al., 2010; Cui et al., 2010). This was proposed to
occur through direct binding and regulation of the NF-κB regulators IKKα/IKKβ, thereby
preventing recruitment of IKKγ/NEMO and nuclear translocation of NF-κB (Benko et al.,
2010; Cui et al., 2010). In addition, NLRC5 may regulate this pathway by modulating the
transactivation potential of nuclear NF-κB and/or by amplifying the production of the anti-
inflammatory cytokine IL-10 (Benko et al., 2010). Moreover, NLRC5 was shown to
negatively regulate antiviral signaling and type I IFN production through its association to
the intracellular RNA virus sensors RIG-I and MDA5 (Cui et al., 2010). However,
contradictory results were reported in two other studies that suggested a role for NLRC5 in
inducing pro-inflammatory and IFN-dependent antiviral responses (Kuenzel et al., 2010;
Neerincx et al., 2010). SiRNA-mediated knockdown of NLRC5 resulted in decreased
production of type I IFN and pro-inflammatory cytokines in fibroblasts that have been
infected with CMV or stimulated with poly(I:C) (Kuenzel et al., 2010). Similarly, NLRC5
downregulation in PMA-differentiated THP-1 cells and in primary human dermal fibroblasts
reduced secretion of IFNβ, CXCL10, RANTES and MIP1α following Sendai virus infection
and in response to poly(I:C) stimulation (Neerincx et al., 2010). However, neither a positive
nor a negative role for NLRC5 in controlling antiviral immunity could be confirmed in
NLRC5-deficient mice and isolated immune cells thereof (Kumar et al., 2011). Indeed, the
production of IFNβ, CXCL10, RANTES, IL-6 and TNF-α were all normal following LPS,
CpG DNA and poly(I:C) stimulation of NLRC5-deficient macrophages and dendritic cells
(Kumar et al., 2011). Similarly, cytokine and type I IFN production NLRC5-negative
dendritic cells was not affected upon infection of NLRC5-negative dendritic cells with the
single-stranded RNA Newcastle disease virus or the dsDNA herpes simplex virus 1, and
following stimulation with poly(dA:dT) DNA (Kumar et al., 2011). Thus, a general role for
NLRC5 in regulating antibacterial and antiviral responses does not appear warranted,
although it may be important for regulating particular cytokine and host response pathways
or for guarding a specific set of pathogens. Such a role has recently been proposed for
NLRC5 in regulating activation of the NLRP3 inflammasome and the subsequent production
of IL-1β (Davis et al., 2011). However, this function was not upheld by experiments in
NLRC5-deficient macrophages, which displayed normal levels of caspase-1 activation and
IL-1β secretion in response to a variety of stimuli known to induce activation of the NLRP3,
NLRC4 and AIM2 inflammasomes, respectively (Kumar et al., 2011). Finally, NLRC5 was
proposed to regulate MHC class I transcription (Meissner et al., 2010), similar to the role of
the NLR protein CIITA in inducing MHC class II gene expression (Kanneganti et al., 2007).
NLRC5 overexpression in 293T cells resulted in activation of MHC class I reporter genes
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and enhanced MHC class I expression in lymphoid and epithelial cell lines (Meissner et al.,
2010). Moreover, chromatin immunoprecipitation revealed NLRC5 occupancy at the HLA-
A and HLA-B promoters and NLRC5 knockdown in HeLa cells specifically impaired
expression of MHC class I and MHC class I–associated genes involved in antigen
processing and presentation (Meissner et al., 2010). These results suggest NLRC5 as a
transcriptional regulator of the MHC class I pathway. Surprisingly, however, shRNA-
mediated knockdown of NlrC5 in RAW264.7 cells was shown to result in increased, rather
than decreased, MHC class I surface expression (Benko et al., 2010). Analysis of MHC class
I surface expression and gene regulation in NLRC5-deficient antigen-presenting cells may
help to resolve the precise contribution of this NLR to CD8+ T cell activation.

Concluding remarks
Recent studies have identified NLRC5 as the largest and a well-conserved NLR family
members that contains a rather atypical death domain fold at its amino- terminus and and
elongated array of more than 20 leucine-rich repeat (LRR) motifs at its carboxyl-terminus.
Moreover, consensus is emerging that the NLRC5 promoter and the gene product is
regulated by IFNγ, the viral dsRNA mimic poly(I:C) and possibly by other cytokines and
microbial components. However, the role(s) of NLRC5 in host defense and its role in
regulating immune signaling pathways remain controversial. NLRC5 was proposed to
function as a positive (Kuenzel et al., 2010; Neerincx et al., 2010) and as a negative
regulator (Benko et al., 2010; Cui et al., 2010) of IFN, NF-κB, AP-1 signaling and antiviral
immunity. NLRC5 has also been implicated in regulation of inflammasome signaling (Davis
et al., 2011). However, none of these putative roles for NLRC5 was confirmed in NLRC5
deficient cells and mice infected with bacterial and viral pathogens or stimulated with
microbial ligands (Kumar et al., 2011). Moreover, NLRC5 was proposed to regulate MHC
class I transcription (Meissner et al., 2010), but this has been contested by others (Benko et
al., 2010). Thus, the precise role of NLRC5 in regulating immune signaling remains unclear
and further investigation is needed to resolve how it affects host defense and immune
signaling.
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Abbreviations

ASC apoptosis-associated speck-like protein containing a CARD

BIR baculovirus IAP repeat

CARD caspase recruitment domain

CLR C-type lectin receptor

Ig immunoglobulin

IL interleukin

LPS lipopolysaccharide

LRR leucine-rich repeat

NLR NOD-like receptor
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NOD nucleotide-binding and oligomerization domain

PRR pattern recognition receptor

TLR Toll-like receptor

RLR RIG-I-like receptor
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Figure 1. Structural organization of NLRC5
The human Nlrc5 gene spans 94 kbp and is localized on chromosome 16q13 between the
genes encoding plasma cholesteryl ester transfer protein (cetp) and the calcium-binding
membrane protein copine II (cpne2). Nlrp3 is produced from 49 exons, of which the first
two and last also encode the 5’ and 3’ untranslated regions, respectively. NLRC5 is
expressed as a protein of 1866 amino acids consisting of an N-terminal death domain motif,
a central NOD domain and 20 C-terminal LRR motifs. These features render NLRC5 the
largest NLR family member that has been cloned.
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