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ABSTRACT

The NOD like receptors (NLRs), a class of intracellular 
receptors that respond to pathogen attack or cellular 
stress, have gained increasing attention. NLRC5, the larg-
est member of the NLR protein family, has recently been 
identified as a critical regulator of immune responses. 
While NLRC5 is constitutively and widely expressed, it 
can be dramatically induced by interferons during patho-
gen infections. Both in vitro and in vivo studies have dem-
onstrated that NLRC5 is a specifi c and master regulator 
of major mistocompatibility complex (MHC) class I genes 
as well as related genes involved in MHC class I antigen 
presentation. The expression of MHC class I genes is 
regulated by NLRC5 in coordination with the RFX compo-
nents through an enhanceosome-dependent manner. And 
the involvement of NLRC5 in MHC class I mediated CD8+ 
T cell activation, proliferation and cytotoxicity is proved 
to be critical for host defense against intracellular bacte-
rial infections. Nevertheless, the role of NLRC5 in innate 
immunity remains to be further explored. Here, we review 
the research advances on the structure, expression regu-
lation and function of NLRC5.
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INTRODUCTION
Harmful exogenous pathogens removal is extremely critical for 
human beings as living in an environment full of microorgan-
isms. In order to effi ciently recognize and resist the attack from 
harmful m  icrobes, our body has evolved two systems, innate 
and adaptive immune systems. The innate immune system is 
non-specifi c and the fi rst line of defense against foreign organ-
ism invasion. Pattern Recognition Receptors (PRRs) are criti-
cal sensors in the innate immune system to detect exogenous 
microbial invasion and cellular stress. NOD Like Receptors 
(NLRs) are a recently discovered family of cytoplasmic PRRs 

whose function is mainly to induce infl ammation and cell death, 
facilitating quick removal of invasive pathogens. Meanwhile, 
after these foreign pathogens are endocytosed by innate im-
mune cells, fragments of microbial proteins are processed 
and presented to T lymphocytes by major histocompatibility 
complex (MHC) class I or MHC class II. Those T lymphocytes 
bearing antigen-specifi c T cell receptors (TCRs) then expand 
through the interaction with MHC class I or II. Antigen presen-
tation by MHC class II is pivotal for the activation of CD4+ T 
cells as MHC class I is for CD8+ T cells. Both antigen-specifi c 
CD4+ and CD8+ T cells play key roles in clearing pathogens ef-
fi ciently and specifi cally.

Over a decade ago, it was reported that the class II trans-
activator (CIITA also known as NLRA), was essential for con-
ventional MHC class II gene expression and consequently 
CD4+ T cell development and activation through genetic study 
of Ciita-deficient mice (Chang et al., 1996). Therefore, CIITA 
represents a master regulator of MHC class II gene expression 
(Williams et al., 1998; LeibundGut- Landmann et al., 2004). It 
has recently been discovered that another NLR family member 
NLRC5 (NLR family, CARD domain containing 5, also called 
NOD4 or NOD27), is important for the expression of MHC 
class I genes and associated immune functions. 

NLRC5 is a newly identified member of the NLR family 
which contains more than 20 members in mammalian ge-
nome, and even more in plant or some fi sh species (Martinon 
et al., 2009; Schroder and Tschopp, 2010). These family mem-
bers are generally divided into three subfamilies: the NLRCs 
(with CARD domain in its N-terminal), NAIPs (with BIR domain 
in its N-terminal) and the NLRPs (with PYD domain in its N-
terminal). NLRC subfamily contains five members NLRC1–
NLRC5 while NLRPs consist of at least 14 members NLRP1–
NLRP14. Among the NLRC subfamily, NLRC1 (also known 
as NOD1), NLRC2 (also NOD2) and NLRC4 are well studied 
and are shown to play critical roles in host defense against 
bacterial pathogens (Strober et al., 2006; Gong and Shao, 
2012). NLRP3 is the most extensively investigated member 
of the NLRP subfamily. NLRP3 sense both pathogen associ-
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cho-Carvajal et al., 2004). Likewise, NLRC5 also has bipartite 
NLS in its N terminus and overexpressed NLRC5 was found 
to be dominantly localized in the nucleus, suggesting a role 
of NLRC5 in the nuclear (Meissner et al., 2012a). As a matter 
of fact, endogenous NLRC5 protein was found to be in both 
cytoplasmic and nuclear while it was mainly localized in the 
nucleus after treatment with LepB, an inhibitor of protein nu-
cleus export, suggesting NLRC5 is a cytoplasm-nuclear shuttle 
protein (Neerincx et al., 2012; Staehli et al., 2012). The results 
of our structural analyses obtained from Ensembl database 
have predicted 10 protein coding isoforms of NLRC5 (data not 
shown). Actually, the mRNA levels of some of these isoforms 
have already been detected and they appears to be differen-
tially expressed in various tissues and cell lines (Neerincx et 
al., 2012). However, it remains to be determined whether these 
isoforms really code stable proteins or have any function.

EXPRESSION OF NLRC5
Given that the molecule expression profiling is helpful in in-
vestigating its function, most studies have examined NLRC5 
expression pattern in a variety of cells and tissues. Immune 
tissues/organs like spleen, lymph node, bone marrow and 
thymus all have high-level expression of NLRC5. NLRC5 is 
also expressed abundantly in lung and intestine, which have 
close contact with microorganism. More specifically, NLRC5 
is found highly expressed in immune cells including mouse 
primary cells such as bone marrow-derived macrophages 
(BMDMs), splenic DCs, CD4+ T cells, CD8+ T cells and B cells 
as well as in cell lines such as human THP-1, Jurkat T cells, 
Raji B cells and mouse RAW264.7 (Benko et al., 2010; Cui et 
al., 2010; Neerincx et al., 2010). While NLRC5 is constitutively 
expressed in many immune cells, it can also be dramatically 
induced by a variety of stimulations. Interferon-γ (IFN-γ) is a 
widely reported stimulus capable of strongly inducing NLRC5 
expression at both mRNA and protein level in various cell 
types like lymphocytes (CD4+ T cells, CD8+ T cells), myeloid 
cells (macrophage or dendritic cells), fibroblasts and Hela 
cells (Benko et al., 2010; Neerincx et al., 2010; Staehli et al., 
2012). LPS is also confi rmed to induce a high level of NLRC5 
transcription and expression (Cui et al., 2010; Staehli et al., 
2012; Yao et al., 2012). Interestingly, this up-regulation was 
dependent on TRIF but not MyD88, which were adaptors of 
TLR4 downstream signaling and mediate type I interferon (IFN) 
producing pathway and NF-κB activation pathway respectively, 
implying that type I interferon may induce NLRC5 expression. 
Indeed, this hypothesis is demonstrated in innate immune cells 
like macrophages (Staehli et al., 2012). Consistent with that, 
the induction of NLRC5 expression by LPS was abrogated 
in Ifnαr1-/- bone marrow-derived macrophages (Staehli et al., 
2012). NLRC5 promoter region is predicted to have STAT1 
and NF-κB binding sites (Kuenzel et al., 2010). Accordingly, 
NLRC5 induction is reported to be severely reduced in Stat1-/- 
BMDMs after treatment of interferons or various stimuli which 
can induce interferons such as LPS. Likewise, the expression 

ated molecular patterns (PAMPs) and danger signals to form 
inflammasome for IL-1b maturation (Tschopp and Schroder, 
2010). Recent studies have shed light on the role of other NLR 
members. NLRP1 senses Bacillus anthracis lethal toxinforms 
to form infl ammasome (Levinsohn et al., 2012). NLRP6 actives 
infl ammasome for IL-18 maturation to alleviate colitis but nega-
tively regulates Toll-Like Receptor (TLR) signaling pathways 
against bacterial pathogens (Elinav et al., 2011; Anand et al., 
2012). NLRP12 also plays dual roles in immunity. It functions 
asYersinia pestis recognition and inflammasome formation 
for IL-1b and IL-18 maturation for host defense. Meanwhile, 
it also suppresses colon inflammation and tumorigenesis 
through negatively regulating the canonical or non-canonical 
NF-κB signaling (Zaki et al., 2011; Allen et al., 2012; Vladimer 
et al., 2012). NLRP7 forms infl ammasome during recognition 
of microbial lipopeptides in human macrophages (Khare et al., 
2012). NLRP4 plays a negative role in the regulation of type I 
interferon signaling and autophagy (Jounai et al., 2011; Cui et 
al., 2012). NLRP10 is essential to initiate adaptive immunity by 
infl uencing the intrinsic function of dendritic cells (Eisenbarth 
et al., 2012). NLRC3 inhibits TLR4 mediated NF-kB activation 
and infl ammation (Schneider et al., 2012). NLRC5 is a critical 
regulator of MHC Class I genes for host defense against bac-
terial infection (Biswas et al., 2012; Yao et al., 2012). Generally, 
NLRs play various roles in regulating immunity and infl amma-
tion.

This review focuses on the recent studies of NLRC5 and 
highlights its function in regulation of MHC class I genes. 

STRUCTURE OF NLRC5
Human NLRC5 is located in the 16q13 locus and consists 
of 1866 amino acids (aa) while mouse NLRC5 is at chromo-
some 8 and contains1915 aa. There is an identity up to 64% 
between human and mouse NLRC5. Similar to other NLRs, 
NLRC5 contains three structural domains including the N-
terminal atypical caspase activation and recruitment domain 
(CARD), the centrally located NACHT (named after NAIP, 
CIITA, HET-E, and TP-1 proteins) and 27 leucine-rich repeats 
(LRRs) at the C-terminal by structure prediction analyses (Ben-
ko et al., 2010). The exon 1–3 together and exon 4 of NLRC5 
gene encode the CARD domain and the NACHT domain re-
spectively while the rest exons encode the LRR domain. Due 
to its unusually long stretch of C-terminal LRRs, NLRC5 is 
the largest member in the NLR family with a predicted size of 
more than 200 kDa while other NLRs typically possess a mo-
lecular weight of 80–120 kDa. The CARD domain of NLRC5 
appears atypical as it shows little similarity with the defined 
CARD domain found in other NLRCs (Fig. 1). The alignment 
of the NACHT and LRR domains with other NLR family mem-
bers reveals that NLRC5 is closely related to CIITA (Benko et 
al., 2010; Meissner et al., 2010). CIITA has several Nuclear 
Localization Signals (NLSs) in its N and C terminal region and 
is involved in a nucleo-cytoplasmic transport behavior that is 
crucial for its regulation of MHC-II gene transactivation (Cama-
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while the gene encoding β2m is located on chromosome 15. In 
mice, the genes for heavy chains and β2m are located in chro-
mosome 17 and chromosome 2 respectively.

MHC class I antigen processing and presentation can be 
separated into three major steps. Firstly, protein antigens, such 
as self-proteins, tumor antigens and intracellular pathogens 
in the cytosol, are proteolytically l  ized into antigenic peptides 
through the proteasome containing low molecular mass pro-
tein 2 (LMP2) and low molecular mass protein 7 (LMP7), an-
other two genes that located within the MHC locus. Secondly, 
the antigenic peptides are translocated from cytosol to the 
endoplasmic reticulum (ER) by the transporter associated with 
antigen processing (TAP), a gene located in the MHC locus 
as well (Shepherd et al., 1993). The assembly of MHC class 
I molecules and peptides then occurs in the ER. Thirdly, the 
MHC class I-peptide complexes migrate through the Golgi 
body to the surface of antigen presenting cells to mediate 
MHC class I restricted activation of effector cells such as CD8+ 
T cells (Pamer and Cresswell, 1998; Peaper and Cresswell, 
2008).

As the largest member of NOD-like receptor family, NLRC5 
has been widely found to be involved in control of MHC class 
I gene expression in recent intensive studies (Kobayashi and 
van den Elsen, 2012; Zhao and Shao, 2012). Initial studies 
found that NLR family member CIITA could regulate the MHC 
class I gene activation through overexpression system in 
vitro (Martin et al., 1997; Williams et al., 2003). However, the 
expression of MHC class I genes was not affected in Ciita-de-
fi cient mice (Chang et al., 1996), suggesting that there may be 
unidentifi ed regulators for MHC class I genes. As mentioned 

of NLRC5 was impaired in Stat1-/- T cells after TCR activation 
which can promote IFN-γ production. Based on these dis-
coveries, STAT1 is suggested to play an essential role in the 
regulation of NLRC5 expression (Staehli et al., 2012). NLRC5 
has also been observed to be induced by diversifi ed bacteria 
and virus, or their PAMPs like poly(I:C), CpG and poly(dA:dT) 
which all can induce type I IFN (Cui et al., 2010; Kuenzel et al., 
2010; Staehli et al., 2012; Yao et al., 2012). Therefore, both 
type I and type II IFN can strongly induce NLRC5 expression 
through STAT1 dependent pathway.

ROLES OF NLRC5 IN REGULATING IMMUNE
RESPONSES
NLRC5 is a master regulator of MHC class I gene 
expression

MHC class I molecules, a family of cell surface receptors, 
mainly bind endogenous antigen peptides in almost all nucleat-
ed cells, and are comprised of a polymorphic membrane-linked 
heavy chain and a shared soluble light chain (β2-microglobulin; 
β2m). MHC class I heavy chains contain the more polymor-
phic classical (class Ia) HLA-A, HLA-B, and HLA-C leukocyte 
antigens in humans and H-2K, H-2D, and H-2L in mice, and 
the less polymorphic nonclassical (class Ib) HLA-E, HLA-F and 
HLA-G antigens in humans and H2-Qa1, Tla and H2-M3 in 
mice. In humans, the genes encoding the MHC class I heavy 
chains are located within a MHC super-locus on chromosome 
6, a region associated with more than 100 different diseases, 
including diabetes, asthma and various autoimmune disorders 
like rheumatoid arthritis and psoriasis (Lie and Thorsby, 2005), 

Figure 1. The structural domains of NLRC5. The typical domains of the NLR subfamilies (NLRPs, NAIPs, NLRCs and CIITA) 
are shown for comparison with NLRC5. NLRC5 has typical tripartite domains including the N-terminal atypical caspase activation and 
recruitment domain (CARD), the centrally located NACHT (named after NAIP, CIITA, HET-E, and TP-1 proteins) and multiple leucine-
rich repeats (LRRs) at the C-terminal. The NLR subfamilies are classifi ed by the differential N-terminal domains: the NLRCs with CARD 
domain, NAIPs with BIR domain and the NLRPs with PYD domain. NACHT (also known as NBD domain): named after NAIP, CIITA, 
HET-E, and TP-1 proteins. LRR: leucine-rich repeats. AD: acidic domain or activation domain. P/S/T domain: proline-serine-threonine-rich 
domain. NLS: nuclear localization signal. CARD: caspase recruitment domain. PYD: pyrin domain.
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NLRC5 in regulating MHC class I gene expression is similar 
to that of CIITA in regulation of MHC class II genes, it will also 
be interesting to understand how NLRC5 and CIITA exert their 
infl uence on gene expression specifi cally. MHC class I-peptide 
bearing cells can interact with CD8 cytotoxic T lymphocytes 
(CTL) through the corresponding MHC molecule and the T-cell 
receptor (TCR) to mediate CD8+ T cell activation and cytokine 
production, proliferation, and lysis of target cells (Savage et al., 
1999; Jiang and Chess, 2000). The key finding that NLRC5 
regulates MHC class I gene expression in vitro was confi rmed 
by in vivo mouse genetic studies (Biswas et al., 2012; Robbins 
et al., 2012; Staehli et al., 2012; Tong et al., 2012; Yao et al., 
2012). By generating Nlrc5-deficient mice independently, we 
and other groups recently reported that the expression of MHC 
class I genes (H-2D, H-2K, H-2M3, H-2Qa, β2M) and MHC 
class I related genes (LMP2, TAP1) were reduced in Nlrc5-
defi cient spleen and thymus compared with wild-type control 
mice (Biswas et al., 2012; Robbins et al., 2012; Staehli et al., 
2012; Tong et al., 2012; Yao et al., 2012). In subsequent cell 
type analyses, the constitutive expression of both the classical 
and nonclassical MHC class I genes was dramatically impaired 
in NLRC5 deficient T, NKT, NK and γδ T lymphocytes, and 
moderately reduced in NLRC5 defi cient B cells, conventional 
dendritic cells (cDCs), cortical and medullary thymic epithelial 
cells (TECs) (Biswas et al., 2012; Robbins et al., 2012; Stae-
hli et al., 2012). All these data suggest that NLRC5 regulates 
the expression of MHC class I genes in different cell types. In 
contrast, the MHC class II gene expression was not affected 
in Nlrc5-defi cient mice (Robbins et al., 2012), confi rming that 
NLRC5 specifically regulates MHC class I genes. As dis-
cussed above, NLRC5 is induced by PAMPs (LPS, poly(I:C) 
and poly(dA:dT)) and IFN-γ which all can increase MHC class 
I gene expression. We and others found that these PAMPs 
and IFN-γ induced expression of MHC class I genes was also 
reduced upon NLRC5 deficiency (Biswas et al., 2012; Rob-
bins et al., 2012; Staehli et al., 2012; Yao et al., 2012). Thus, 
NLRC5 specifically regulates both constitutive and inducible 
expression of MHC class I genes.

MHC class I complex is essential for MHC class I antigen 
presentation to CD8+ T cells for their activation, proliferation 
and cytotoxicty. Consistent with the fact that NLRC5 mediated 
regulation of MHC class I genes, we recently found that MHC 
class I antigen specifi c CD8+ T cell activation, proliferation and 
lysis of target cells were impaired upon NLRC5 defi ciency (Yao 
et al., 2012). MHC class I mediated antigen presentation and 
CD8+ T cell activation is critical for host defense against intra-
cellular bacterial and viral pathogens. We and Kobayashi group 
both found that NLRC5 was crucial for host defense against 
intracellular bacteria L. monocytogenes infection (Biswas et 
al., 2012; Yao et al., 2012). The induction of MHC class I gene 
expression was observed to be impaired in BMDMs in vitro 
and in mice in vivo after infection with L. monocytogenes (Yao 
et al., 2012). Consistently, activated CD8+ T cell numbers and 
IFN-γ production were dramatically reduced in NLRC5 defi-
cient mice after infection although uninfected Nlrc5-deficient 

above, sequence analysis indicates that NLRC5 is most similar 
to CIITA, a master regulator of MHC class II gene expression, 
which interacts with transcription factors to form a complex 
called MHC enhanceosome (Masternak and Reith, 2002). 
What is more, with the requirement of their NLS, they can both 
localize to nucleus where NLRC5 is possibly engaged in gene 
expression and regulation. Indeed, it was found that overex-
pression of wild-type NLRC5 instead of its NLS mutated forms 
in Jurkat T cell lines could induce expression of various MHC 
class I family genes as well as genes related with class I anti-
gen processing and presentation, including HLA-A,B,C,E,F,G; 
β2M, TAP1, LMP2 (Meissner et al., 2010). Besides, overex-
pression of NLRC5 did not induce expression of MHC class II 
genes, revealing its specifi city in gene regulation (Meissner et 
al., 2010). Further overexpression assay showed that all the 
structural domains of NLRC5 including CARD, NACHT and 
LRR, were required for MHC class I gene induction (Meissner 
et al., 2010, 2012a). The results of the overexpression assays 
were confi rmed by siRNA mediated NLRC5 knock-down stud-
ies (Meissner et al., 2010). 

How does NLRC5 regulate MHC class I gene expression? 
It has already been shown CIITA regulates MHC class II gene 
expression through directly affecting the gene promoters 
(Meissner et al., 2010; Staehli et al., 2012). Both MHC class I 
and MHC class II genes have a conserved WXY motif in their 
promoter regions (Moreno et al., 1999). As expected, ChIP 
assay indicated that NLRC5 associated with the MHC class I 
promoter in a similar manner as CIITA with MHC class II pro-
moter (Meissner et al., 2010). It was well studied that the MHC 
class II gene transcription requires formation of the MHC class 
II enhanceosome containing the transcription regulators RFX 
complex in MHC class II promoters. Other factors belonging to 
the MHC class II enhanceosome like CREB and NF-Y assem-
ble on the MHC-II promoter and bind to the conserved X1, X2, 
and Y boxes respectively (Hake et al., 2000; Jabrane-Ferrat et 
al., 2003). Similarly, NLRC5-mediated MHC class I promoter 
activation also requires the W/S and X1, X2 cis-regulatory ele-
ments and the involvement of MHC class I enhanceosome 
(Neerincx et al., 2012). Further analyses showed that NLRC5 
interacts with the transcription regulator RFXANK/B which 
is further associated with the transcription factors RFX5 and 
RFXAP to form the RFX complex involved in the regulation of 
MHC class I promoter (Meissner et al., 2012b). It is also report-
ed that NLRC5 could affect histone methylation (H3K27me3), 
suggesting NLRC5 may have the ability to infl uence gene ex-
pression through adjusting the chromosome activation status 
at the MHC class I locus (Meissner et al., 2012b). The nuclear-
cytoplasmic shuttling process of NLRC5 is also reported to 
be important for MHC class I gene promoter activation in an 
overexpression system (Meissner et al., 2012a). Despite of 
these pioneer studies, how NLRC5 regulates its target gene 
promoters exactly remains to be determined. As mentioned 
above, β2M is not in the MHC class I gene locus but is regulat-
ed by NLRC5. It will be interesting to know how NLRC5 exactly 
regulates β2M gene expression. As the known mechanism of 
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(Davis et al., 2011; Yao et al., 2012). We observed that NLRP3 
mediated IL-1b production was partially impaired upon NLRC5 
deficiency, but Ting’s group did not find this phenotype. The 
discrepancy is also likely due to differential targeting strategies 
as deletion of different exons of NLRC5 may lead to potential 
truncated and differently spliced isoforms. To date, the role of 
NLRC5 in regulating innate immune responses is unclear and 
remains to be further explored.

FUTURE PERSPECTIVES
Recent studies have identified NLRC5 as a critical immune 
regulator. NLRC5 specifically regulates transcription of MHC 
class I genes and associated genes involved in MHC class I 
antigen presentation, and consequently CD8+ T cell activation 
for host defense against intracellular bacterial infections (Fig. 
2). Furthermore, NLRC5 mediated regulation of MHC class I 
expression has been found through the same MHC enhanceo-
some components utilized by CIITA in regulating MHC class II 
gene expression. However, it still remains to be explored how 
NLRC5 and CIITA specifi cally regulate MHC class I and II gene 
expression respectively and it is important to identify potential 
specifi c factors mediating their gene regulation. Although the 
role of NLRC5 in regulating MHC class I gene expression has 
been well defined, its function in regulating innate immunity 
is still not clear and that needs to be further investigated. As 
NLRC5 specifi cally regulates MHC class I genes, it could be a 
potential target for transplantation rejection, cancer immuno-
therapy and vaccine development.

ABBREVIATIONS

cDC, conventional dendritic cell; CIITA, class II transactivator; ER, 
endoplasmic reticulum; IFN, interferon; IKK, IκB kinase; LMP, low mo-
lecular mass protein; LRR, leucine-rich repeat; MEF, mouse embryonic 
fibroblast; MHC, major histocompatibility complex; NLR, NOD-like 
receptor; PAMP, pathogen associated molecular pattern; PRR, Pattern 
recognition receptor; TAP, transporter associated with antigen process-
ing; TCR, T cell receptor; TEC, thymic epithelial cell; TLR, Toll-like 
receptor
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