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NOD-like receptors (NLRs) are a family of intracellular proteins that play critical roles in innate immunity against 
microbial infection. NLRC5, the largest member of the NLR family, has recently attracted much attention. However, 
in vitro studies have reported inconsistent results about the roles of NLRC5 in host defense and in regulating immune 
signaling pathways. The in vivo function of NLRC5 remains unknown. Here, we report that NLRC5 is a critical 
regulator of host defense against intracellular pathogens in vivo. NLRC5 was specifically required for the expression 
of genes involved in MHC class I antigen presentation. NLRC5-deficient mice showed a profound defect in the ex-
pression of MHC class I genes and a concomitant failure to activate L. monocytogenes-specific CD8+ T cell responses, 
including activation, proliferation and cytotoxicity, and the mutant mice were more susceptible to the pathogen in-
fection. NLRP3-mediated inflammasome activation was also partially impaired in NLRC5-deficient mice. However, 
NLRC5 was dispensable for pathogen-induced expression of NF-κB-dependent pro-inflammatory genes as well as 
type I interferon genes. Thus, NLRC5 critically regulates MHC class I antigen presentation to control intracellular 
pathogen infection.
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Introduction

NOD-like receptors (NLRs) are a recently identified 
family of intracellular proteins [1-5]. NLRs typically 
contain three structural domains: an N-terminal effector-
binding region, such as a caspase recruitment domain 
(CARD), pyrin domain (PYD) or baculovirus inhibitor 
repeat (BIR) domain; a central NBD/NACHT domain, 
which is essential for nucleotide binding and self-oli-
gomerization; and a C-terminal leucine-rich repeat (LRR), 

which is thought to detect conserved microbial patterns. 
Some NLRs play critical roles in directly sensing intra-
cellular pathogens; these include Nod1, Nod2 and IPAF 
[2-4]. NLRP3, one of the best-characterized NLRs, is 
critical in sensing a variety of pathogens, such as bacte-
rial and viral infections, as well as sterile danger signals, 
such as alum and monosodium urate (MSU), although 
NLRP3 may sense these signals indirectly [1, 5, 6]. One 
main feature of NLRP3 activation is the formation of the 
inflammasome complex consisting of NLRP3, the adap-
tor ASC and caspase-1. Activation of the inflammasome 
complex results in caspase-1 activation and consequent 
IL-1β maturation. Bioinformatics analyses reveal that 
there are at least 22 NLRs in humans and at least 34 
NLRs in mice [2]. However, the functions of many NLRs 
are still unknown. 

NLRC5 is the largest NLR member because of its un-
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usually long stretch of C-terminal LRRs, and it is highly 
conserved during vertebrate evolution [7]. Over the past 
two years, several in vitro studies reported the roles of 
NLRC5 in immune regulation and host defense [8, 9]. 
NLRC5 can be upregulated by IFN-γ and bacterial or 
viral pathogens [3, 10, 11]. NLRC5 was originally found 
to negatively regulate the NF-κB and type I interferon-
producing signaling pathways by targeting the IKK com-
plex and RIG-I/MDA5, respectively [12]. A subsequent 
report showed that NLRC5 suppressed LPS-mediated 
inflammatory responses [13]. However, two other studies 
reported the contradictory result that NLRC5 promoted 
type I interferon production to potentiate anti-viral re-
sponses [10, 14]. Interestingly, an in vitro study showed 
that NLRC5 associated with the promoters of MHC 
class I genes and regulated their expression in human 
cell lines in vitro [11]. Further analyses showed that the 
nucleotide-binding domain of NLRC5 was critical for its 
nuclear import and transactivation activity [15]. NLRC5 
was also found to contribute to NLRP3 inflammasome 
activation in vitro [16]. However, one recent in vivo 
study did not find any role for NLRC5 [17]. Therefore, 
the roles of NLRC5 remain unclear. We generated NL-
RC5-deficient mice and found that NLRC5 was required 
for host defense against intracellular pathogen infection. 
NLRC5 critically regulated MHC class I gene expression 
and CD8+ T cell activation, proliferation and cytotoxicity. 
NLRC5 also partially regulated NLRP3 inflammasome 
activation. Our study therefore is the first to demonstrate 
the in vivo functions of NLRC5.

Results

NLRC5 regulates the expression of genes involved in 
MHC class I antigen presentation

To study the in vivo function of NLRC5, we gener-
ated NLRC5-deficient (Nlrc5−/−) mice (Supplementary 
information, Figure S1). Genotyping of the Nlrc5−/− mice 
showed that NLRC5 mRNA was successfully depleted 
(Supplementary information, Figure S1). The Nlrc5−/− 
mice were born normally at the expected Mendelian 
frequency (data not shown). Consistent with a previous 
report [11], we observed both cytoplasmic and nuclear 
localization of NLRC5, and mutation of the nuclear lo-
calization signal in NLRC5 resulted in the disappearance 
of its nuclear localization (data not shown), suggesting 
that NLRC5 may have a role in the nucleus. Interestingly, 
NLRC5 has been reported to regulate MHC class I gene 
expression in a human cell line in vitro [11]. To deter-
mine whether NLRC5 regulates the expression of MHC 
class I genes in vivo, we examined the mRNA expression 
of MHC class Ia genes (H2D and H2K) and Ib genes 

(H2M3 and H2Qa1) and found that their expression was 
reduced in the NLRC5-deficient spleen (Figure 1A) and 
thymus (Supplementary information, Figure S2A). The 
mRNA expression of the genes involved in MHC class 
I antigen presentation and processing, including B2M, 
LMP2 and TAP1, was also reduced in the NLRC5-defi-
cient spleen (Figure 1A) and thymus (Supplementary in-
formation, Figure S2A), whereas the mRNA expression 
of MHC class II genes, including Aα, Eβ and Oα, was 
not significantly altered under NLRC5 deficiency (Fig-
ure 1A and Supplementary information, Figure S2A). 
These data suggest that NLRC5 specifically regulates 
genes for MHC class I antigen presentation. H2K protein 
expression, as determined by flow cytometry analysis, 
was similarly reduced in the NLRC5-deficient spleen, 
liver, lymph nodes and thymus (Supplementary informa-
tion, Figure S2B). We then investigated whether NLRC5 
regulates MHC class I gene expression in mouse cells in 
vitro. Whereas LPS induced the mRNA expression of the 
MHC class I genes and the genes involved in MHC class 
I antigen presentation and processing in wild-type bone 
marrow macrophages (BMMs), the induction of these 
genes was significantly reduced in NLRC5-deficient 
cells (Figure 1B). LPS also induced NLRC5 expression 
(Figure 1B), indicating that NLRC5 is required for the 
induction of the genes for MHC class I antigen presenta-
tion. As MHC class I antigen presentation is critical for 
host defense against intracellular pathogens, we next 
examined whether NLRC5 regulates MHC class I gene 
expression during infection. We chose the typical intra-
cellular pathogen L. monocytogenes (LM) to infect mice 
and found that the pathogen induced the expression of 
NLRC5 (Figure 1C). Whereas the intracellular pathogen 
induced the expression of the genes involved in MHC 
class I antigen presentation in wild-type mice, the induc-
tion of those genes was severely impaired in NLRC5-de-
ficient mice (Figure 1C). As a control, the expression of 
MHC class II genes was not dramatically induced by LM 
(Figure 1C). The induction of H2K at the protein level 
was also reduced in NLRC5-deficient mice during the 
pathogen infection (Supplementary information, Figure 
S2C). Together, our data show that NLRC5 specifically 
regulates the expression of the genes for MHC class I an-
tigen presentation both in vitro and in vivo. 

NLRC5 regulates CD8+ T cell activation to constrain LM 
infection

MHC class I antigen presentation is critical for CD8+ 
T cell development and activation [18, 19]. We therefore 
evaluated T cell development in NLRC5-deficient mice. 
Whereas CD4+ cell development was normal, the CD8+ 
T cell number was significantly reduced in the spleen 
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of NLRC5-deficient mice (Supplementary information, 
Figure S3A). The cell numbers of CD4 and CD8 double-
positive, single-positive or double-negative T cells were 
not significantly changed in the NLRC5-deficient thymus 

(Supplementary information, Figure S3B), consistent 
with a previous report that these cell numbers in thymus 
are not affected by a deficiency in genes involved in 
MHC class I antigen presentation [18]. As NLRC5 regu-

Figure 1 NLRC5 specifically regulates the expression of genes involved in MHC class I antigen presentation. (A) Quantitative 
RT-PCR analysis of MHC class Ia genes (H2D and H2K), MHC class Ib genes (H2M3 and H2Qa1), MHC class I function-
ally relative genes (B2M, LMP2 and TAP1) and MHC class II genes (Aα, Bβ, Oα) in the spleen tissues from Nlrc5+/+ (WT) and 
Nlrc5−/− (KO) mice. (B) Quantitative RT-PCR analysis of those MHC class I genes and MHC class I-related genes as indi-
cated in A in bone marrow-derived macrophages from Nlrc5+/+ (WT) and Nlrc5−/− (KO) mice that were unstimulated or stimu-
lated with LPS (100 ng/ml) for the indicated times. (C) Quantitative RT-PCR analysis of the genes indicated in B in the spleen 
tissues from Nlrc5+/+ (WT) and Nlrc5−/− (KO) mice infected i.v. with 2 × 104 colony-forming units (CFU) of LM for the indicated 
times. *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t-test). Data represent three independent experiments (n = 4; mean ± 
SEM in A-C).
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lated the expression of the genes involved in MHC class 
I antigen presentation during LM infection (Figure 1C), 
we examined CD8+ T cells at day 7 after the pathogen 
infection, at which time an adaptive immune response 
should have developed. Indeed, the percentage of CD8+ 
T cells was dramatically reduced, whereas the CD4+ T 
cell percentage was not significantly altered in the spleen 
or liver of NLRC5-deficient mice compared to their 
wild-type littermates (Figure 2A-2D). Further analyses 
showed that the total number of CD8+ T cells was dra-
matically decreased, but the total number of CD4+ T cells 
was not significantly altered in the spleen (Figure 2E) or 
liver (Figure 2F) of NLRC5-deficient mice both at day 3 
and at day 7 after LM  infection.

As NLRC5 regulated the expression of the genes 
involved in MHC class I antigen presentation during in-
fection, the reduced number of CD8+ T cells in NLRC5-
deficient mice could be due to impaired CD8+ T cell 
activation. To address whether this was the case, double 
staining for CD8 and IFN-γ was utilized to detect CD8+ T 
cell activation by flow cytometry. Indeed, the percentage 
or total number of CD8+IFN-γ+ cells was dramatically 
reduced in the spleen and liver of NLRC5-deficient mice 
compared to wild-type control mice (Figure 2G and 2H), 
whereas the percentage or total number of CD4+IFN-γ+ 
T cells was not significantly changed (Supplementary 
information, Figure S3C and S3D), consistent with the 
specific regulation of MHC class I genes but not class 
II genes by NLRC5. ELISAs also showed significantly 
reduced IFN-γ production in the NLRC5-deficient 
spleen and liver after infection (Figure 2I). To determine 
whether NLRC5 deficiency in CD8+ T cells also affected 
their activation capacity, CD8+ T cells from wild-type or 
NLRC5-deficient mice were purified and stimulated with 
anti-CD3 plus anti-CD28 in vitro. TCR activation-in-
duced IFN-γ production was normal in NLRC5-deficient 
CD8+ T cells (Supplementary information, Figure S4A). 
TCR signaling was also not affected in NLRC5-deficient 
CD8+ T cells (Supplementary information, Figure S4B). 
These results indicate that there is no intrinsic defect 
in NLRC5-deficient CD8+ T cells and that the impaired 
CD8+ T cell activation in NLRC5-deficient mice in vivo 
is due to the reduced levels of MHC class I gene expres-
sion. As NLRC5 regulates MHC class I-mediated CD8+ 
T cell activation, it may affect host defense against intra-
cellular pathogens. Indeed, the bacterial titer of LM was 
significantly increased in the spleen (Figure 2J) and liver 
(Figure 2K) of NLRC5-deficient mice compared to wild-
type controls, indicating that NLRC5 is required for host 
defense against intracellular pathogen infections. Togeth-
er, our data suggest that NLRC5 specifically regulates the 
expression of the genes involved in MHC class I antigen 

presentation for subsequent CD8+ T cell activation to kill 
intracellular pathogens.

NLRC5 regulates MHC class I-mediated CD8+ T cell ac-
tivation, proliferation and cytotoxicity

We showed above that NLRC5 regulates MHC class 
I gene expression and CD8+ T cell activation during in-
fection. To further confirm whether NLRC5 regulates 
antigen-specific T cell activation, naive OT-1 CD8+ T 
cells, which carry a TCR that recognizes OVA peptide, 
were mixed with either wild-type or NLRC5-deficient 
bone marrow-derived dendritic cells (BMDCs) that had 
been pulsed with OVA peptide. OVA-induced produc-
tion of IFN-γ was significantly reduced under NLRC5 
deficiency (Figure 3A), indicating that NLRC5 expressed 
in BMDCs is important for antigen-specific CD8+ T 
cell activation. CFSE (carboxyfluorescein succinimidyl 
ester) staining analyses showed that NLRC5 deficiency 
impaired OVA-induced OT-1T cell proliferation (Figure 
3B), indicating that NLRC5 in BMDCs is also impor-
tant for antigen-specific CD8+ T cell proliferation. To 
determine whether NLRC5 regulates MHC class I an-
tigen presentation in target cells that could be lysed by 
antigen-activated CD8+ T cells, BMDCs from NLRC5-
deficient mice or wild-type control mice were pulsed 
with OVA and then used as target cells by mixing them 
with the same antigen-activated OT-1 T cells in vitro. 
The cytolysis results show that activated OT-1 T cells 
killed far fewer OVA-pulsed NLRC5-deficient target 
cells, indicating that MHC class I antigen presentation 
was impaired in NLRC5-deficient cells (Figure 3C). To 
further determine whether NLRC5 regulated antigen-
specific CD8+ T cell cytotoxicity, NLRC5-deficient mice 
or wild-type mice were infected with OVA-expressing 
LM, and the mice were then injected intravenously (i.v.) 
with a mixture of OVA-pulsed and -unpulsed spleno-
cytes. The OVA-specific cytolysis was significantly re-
duced in NLRC5-deficient spleens (Figure 3D and 3E) 
and livers (Figure 3D and 3F). Together, our data suggest 
that NLRC5 regulates antigen-specific CD8+ T cell acti-
vation, proliferation and cytotoxicity.

NLRC5 promotes inflammasome activation
Some NLR members, such as NLRP3, activate the 

inflammasome [5]. To determine whether NLRC5 is in-
volved in inflammasome activation, NLRC5 or a mutant 
with the LRR domain deleted, a mutation that is designed 
to remove the autoinhibitory effect of LRRs, was overex-
pressed to determine the effect on the processing of pro-
caspase-1 and pro-IL-1β. Overexpressed NLRC5 or its 
deletion mutant activated this processing, and the mutant 
also promoted NLRP3 inflammasome activation (Sup-
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plementary information, Figure S5A), consistent with 
recent reports [16, 17]. Also as reported previously [16], 
NLRC5 associated with NLRP3 (Supplementary infor-

mation, Figure S5B), and the NACHT domain of NLRC5 
mediated this association with NLRP3 (Supplementary 
information, Figure S5C). We further found that NLRC5 

Figure 2 NLRC5 regulates CD8+ T cell activation to constrain LM infection. (A, B) Splenocytes (A) or hepatic leukocytes (B) 
were harvested from Nlrc5+/+ (WT) and Nlrc5−/− (KO) mice infected i.v. with LM (2 × 104 CFU) for 7 days, and stained with 
antibodies against CD8α-FITC and CD4-PE for flow cytometry analysis. Numbers in the quadrant indicate the percentage of 
cells. (C, D) Bar graphs represent the percentage of CD4+ or CD8+ T cells in the spleen (C) or liver (D). (E, F) Splenocytes 
(E) or hepatic leukocytes (F) from WT and Nlrc5−/− (KO) mice infected as in A for the indicated times were analyzed by flow 
cytometry for the total number of CD4+ or CD8+ T cells per spleen (E) or per liver (F). (G) Splenocytes or hepatic leukocytes 
isolated from WT and Nlrc5−/− (KO) mice infected as in A were untreated or stimulated with HKLM overnight. Cells were then 
stained with antibodies against CD8α-FITC and IFN-γ-PE and analyzed by flow cytometry. Numbers in the quadrant indicate 
the percentage of cells. (H) Bar graphs represent the percentage or total number of CD8+IFN-γ+ T cells. (I) IFN-γ level in the 
supernatant of the cultured cells as in G was measured by ELISA. (J, K) Bacterial burden was determined in the spleens (J) 
and livers (K) of WT and Nlrc5−/− (KO) mice infected as in A. *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t-test). Data are 
representative of three (A-B, J-K) or two (C-F, H-I) independent experiments (n = 4; mean ± SEM in C-F, H-K).
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interacted with the inflammasome complex components 
ASC and caspase-1 (Supplementary information, Figure 
S5D). Thus, NLRC5 likely contributes to inflammasome 
activation.

To investigate whether NLRC5 regulates the NLRP3 
inflammasome in mouse cells, NLRC5-deficient BMMs 

were treated with the NLRP3 ligand MSU, alum or LPS 
plus ATP. Immunoblotting analyses showed that the 
MSU- or LPS plus ATP-mediated processing of pro-
caspase-1 or pro-IL-1β was reduced, although not se-
verely impaired, under NLRC5 deficiency (Figure 4A). 
ELISAs also showed that MSU-, alum- or LPS plus 

Figure 3 NLRC5 regulates MHC class I-mediated CD8+ T cell activation, proliferation and cytotoxicity. (A, B) Purified naive 
OT-1 CD8+ T cells labeled with 4 µM CFSE were cultured with WT or Nlrc5−/− (KO) BMDCs that had been pulsed with OVA at 
a series of concentrations (from 100 pM to 1 µM) at a ratio of 3:1 in plate-bound assays for 3 days. IFN-γ levels in the super-
natant were determined by ELISA and represent T cell activation (A). CFSE intensity in T cells was determined by flow cy-
tometry, representing OT-1 CD8+ T cell proliferation (B). (C) OT-1 T cells were treated with OVA peptide and used as effector 
cells. BMDCs from WT or Nlrc5−/− mice were pulsed with OVA (100 pM) for 1 h at 37 °C and used as target cells. The effector 
and target cells were co-cultured at the ratios indicated. Cytotoxic T lymphocyte-mediated killing was determined by LDH re-
lease using a cytotoxicity detection kit. (D) C57BL/6 splenocytes labeled with CFSE were untreated (un) or OVA-pulsed (ova), 
then co-injected i.v. into naive mice or Nlrc5−/− and wild-type (WT) control mice that had been infected with LM-OVA (2 × 104 
CFU) for three days. In vivo cytolysis was assessed 16 h later by flow cytometry. Histograms were gated on CFSE-positive 
target cells, and the numbers above each peak represent the percent of specific killing, which was calculated as described in 
Materials and Methods. (E, F) Bar graphs indicate the percentage of specific lysis in the spleen (E) or liver (F) as analyzed in D. 
*P < 0.05; **P < 0.01 (Student’s t-test). Data are representative of three (A-C, n = 3) or two (D-F, n = 4) independent experi-
ments (mean ± SEM in A, C, E, F). 
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Figure 4 NLRC5 partially regulates inflammasome activation. (A, B) Bone marrow-derived macrophages (BMMs) from wild-
type (WT) or Nlrc5−/− (KO) mice were primed with LPS (500 ng/ml) for 6 h and subsequently stimulated with MSU (150 µg/
ml or 250 µg/ml), alum (500 µg/ml), LPS (500 ng/ml) + ATP (5 mM) or poly(dA:dT) (1 µg/ml) for 6 h. Immunoblotting of cell 
lysates and culture supernatants was performed with the indicated antibodies for caspase-1 and IL-1β cleavage (A). Super-
natants were also analyzed for IL-1β by ELISA (B). (C, D) WT or Nlrc5−/− (KO) mice were injected intraperitoneally with PBS 
(control) or MSU crystals (2 mg per mouse). Neutrophil influx was quantified 6 h later by flow cytometry (D), and superna-
tants of the influx were analyzed for IL-1β by ELISA (C). (E) BMMs from WT mice or Nlrc5−/− (KO) mice were primed with LPS 
(500 ng/ml) for 3 h and subsequently infected with the indicated doses of LM for 30 min. Immunoblotting of cell lysates and 
culture supernatants was performed with the indicated antibodies for caspase-1 and IL-1β cleavage (E). Supernatants were 
also analyzed for IL-1β by ELISA (F). (G) Spleens and livers from WT and Nlrc5−/− (KO) mice infected with LM for 1 day were 
homogenized, and the supernatants were evaluated for IL-1β cleavage by ELISA. (H, I) Splenocytes or hepatic leukocytes 
from WT and Nlrc5−/− (KO) mice infected with LM for 1 day (H) or three days (I) were stained with the antibodies anti-CD11b-
FITC and anti-Ly6G-PE to quantify the neutrophils by flow cytometry. (J, K) Bacterial burden was determined in the spleens 
and livers of WT and Nlrc5−/− (KO) mice infected with LM for 1 day (J) or three days (K). *P < 0.05; **P < 0.01; ***P < 0.001 
(Student’s t-test). Data are representative of three independent experiments (A-G, n = 3; H-I, n = 4; J-K, n = 7) (mean ± SEM 
in B-D, F-K).
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ATP-induced mature IL-1β secretion was significantly 
reduced in NLRC5-deficient cells compared to wild-type 
cells (Figure 4B). Although we observed that NLRC5 as-
sociated with AIM2 upon NLRC5 overexpression (data 
not shown), the IL-1β production induced by the AIM2 
ligand poly(dA:dT) was not affected by NLRC5 defi-
ciency (Figure 4B), indicating that NLRC5 is not gener-
ally involved in inflammasome activation. Further in vivo 
investigation showed that MSU-induced mature IL-1β 
production was significantly reduced in NLRC5-deficient 
mice (Figure 4C). As NLRP3-mediated IL-1β production 
is required for MSU-induced neutrophil recruitment [20], 
MSU-induced recruitment of neutrophils was similarly 
reduced in NLRC5-deficient mice (Figure 4D). These 
data suggest that NLRC5 promotes, but is not essential 
for, NLRP3 inflammasome activation. 

As NLRP3 is important for LM-mediated inflam-
masome activation [21], we investigated whether 
NLRC5 contributed to the pathogen-induced IL-1β se-
cretion. NLRC5 was partially required for the infection-
induced processing of pro-caspase-1 and pro-IL-1β to 
mature caspase-1 and IL-1β, respectively, as determined 
by immunoblotting and ELISA (Figure 4E and 4F). Sim-
ilarly, the infection-induced IL-1β secretion was partially 
blocked in the spleen and liver of NLRC5-deficient mice 
compared to wild-type mice (Figure 4G). Consistent with 
the reduced IL-1β secretion, the induced recruitment of 
neutrophils to the spleen and liver was significantly re-
duced at day 1 and day 3 after LM infection in NLRC5-
deficient mice compared to wild-type mice (Figure 4H 
and 4I). The bacterial number was significantly increased 
in the spleen at day 3 and in the liver both at day 1 and 
at day 3 after the pathogen infection in NLRC5-deficient 
mice (Figure 4J and 4K), probably due to the reduced 
neutrophil recruitment. Together, our data suggest that 
NLRC5 partly regulates NLRP3 inflammasome activa-
tion, which may contribute to host innate immunity 
against intracellular pathogen infection through IL-1β-
mediated recruitment of neutrophils.

NLRC5 regulates neither the expression of NF-κB-
dependent genes nor the expression of type I interferon 
genes

NLRC5 negatively regulates LPS-induced and IKK-
mediated NF-κB activation as well as its downstream 
pro-inflammatory gene expression [12]. We examined 
whether NLRC5 deficiency affects the NF-κB activa-
tion pathway. There was no obvious difference in LPS-
induced NF-κB activation or MAPK activation between 
NLRC5-deficient cells and wild-type control cells 
(Supplementary information, Figure S6A). Similarly, 
LPS-induced expression of downstream genes, includ-

ing IL-6, TNFα and IL-1β, was not significantly altered 
under NLRC5 deficiency, although LPS induced NLRC5 
expression (Supplementary information, Figure S6B). 
Similar to LPS, downstream gene expression induced 
by poly(I:C) and poly(dA:dT), which mimic pathogenic 
double-stranded RNA and DNA, respectively, was not 
affected by NLRC5 deficiency, although both stimuli in-
duced NLRC5 expression (Supplementary information, 
Figure S6C and S6D). Similarly, LM-induced expres-
sion of IL-6, TNFα, IL-1β and IL-10 was not affected by 
NLRC5 deficiency, but the pathogen did induce NLRC5 
expression (Figure 5A). Thus, these data suggest that 
NLRC5 does not regulate NF-κB-dependent genes dur-
ing pathogen infection.

NLRC5 has been reported to either negatively or 
positively regulate type I interferon production through 
targeting RIG-I or MDA5 [10, 12, 14]. To define whether 
NLRC5 deficiency affected IFN-β induction, we stimu-
lated wild-type or NLRC5-deficient bone marrow-
derived macrophages with poly(dA:dT) or poly(I:C) and 
found that NLRC5 deficiency did not affect stimulus-
induced IFN-β production (Figure 5B and 5C). Simi-
larly, LM-induced expression of IFN-β was not affected 
under NLRC5 deficiency (Figure 5D), although the LM 
induced NLRC5 expression (Figure 5A). Therefore, our 
results strongly suggest that NLRC5 does not regulate 
pathways for type I interferon production.

Discussion

The in vivo function of NLRC5 has remained un-
known until recently. By generating and analyzing NL-
RC5-deficient mice, we showed that NLRC5 is critical 
for host defense against intracellular bacterial infection. 
NLRC5 specifically regulated the expression of genes 
involved in MHC class I antigen presentation and conse-
quently, antigen-specific CD8+ activation, proliferation 
and cytotoxicity during infection with the intracellu-
lar pathogen LM. NLRC5 regulated IFN-γ production 
through MHC class I-mediated CD8+ T cell activation, 
and IFN-γ potently upregulated NLRC5 expression, sug-
gesting that this positive-feedback loop is critical for 
hosts to efficiently kill intracellular pathogens. NLRC5 
also partly regulated NLRP3 inflammasome activation 
during LM infection. Thus, NLRC5 regulates both innate 
and adaptive immunity in host defense against intracel-
lular pathogens.

NLRC5 is found both in the cytosol and in the nucleus 
[9, 11, 13]. The nuclear localization signal (NLS) in 
NLRC5 is required for its nuclear localization [11]. In-
terestingly, NLRC5 is phylogenetically most closely re-
lated to CIITA, another NLR member that also contains 
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an NLS and critically regulates the expression of MHC 
class II genes and other genes associated with MHC 
class II antigen presentation [9, 22]. Whereas CIITA also 
regulates MHC class I gene expression in vitro, there 
is no reduction in MHC class I expression in CIITA-
deficient mice [9, 23]. Here, we found that MHC class II 
gene expression was normal in NLRC5-deficient mice, 
suggesting that NLRC5 and CIITA specifically regulate 
genes involved in MHC class I antigen presentation and 
MHC class II antigen presentation, respectively. CIITA 
associates with the MHC enhanceosome to regulate 
MHC class II genes [9, 24]. Although NLRC5 binds to 
the promoters of MHC class I genes [11], it remains to 
be determined how NLRC5 regulates the expression of 
MHC class I genes. Whereas NLRC5 may associate with 
the enhanceosome utilized by CIITA, NLRC5 likely re-
quires uncharacterized co-factors to specifically regulate 
the promoter activation of MHC class I genes.

In vitro studies have reported that NLRC5 negatively 
[12, 13] or positively [10, 14] regulates type I interferon-
producing signaling pathways for host anti-viral re-

Figure 5 NLRC5 is dispensable for pathogen-induced expression of NF-κB-dependent genes and the IFN-β gene. (A) BMMs 
from Nlrc5+/+ (WT) or Nlrc5−/− (KO) mice were infected with LM (MOI = 50) for the indicated times. The expression of NF-κB-
dependent genes (IL-6, TNFα, IL-1β, and IL-10) was determined by quantitative real-time PCR. (B, C) BMMs from Nlrc5+/+ (WT) 
or Nlrc5−/− (KO) mice were transfected with poly(dA:dT) (1 µg/ml) (B) or poly(I:C) (1 µg/ml) (C) for the indicated times. IFN-β 
expression was determined by quantitative real-time PCR. (D) IFN-β expression was determined in the BMMs infected as in A, 
by quantitative real-time PCR. Data are representative of three independent experiments (A-D) (n = 4; mean ± SEM in A-D).

sponses. NLRC5 also suppresses LPS-, TNF- or IL-1β-
induced NF-κB-dependent gene production by directly 
targeting the IKK complex [12]. However, analyses 
of our NLRC5-deficient mice showed normal NF-κB-
dependent gene expression as well as normal type I 
interferon production in response to LPS, poly(I:C) and 
poly(dA:dT), which bind the receptors TLR4, RIG-I and 
AIM2, respectively. Our study is consistent with a recent 
report showing that NLRC5 is dispensable for PAMP-
mediated induction of NF-κB-dependent genes or type I 
interferon in vivo [17].

NLRC5 regulates NLRP3 inflammasome activation 
in vitro [16]. Our in vivo study found that NLRC5 partly 
promoted NLRP3-mediated IL-1β maturation and con-
tributed to innate immunity in response to LM infection 
by regulating neutrophil influx. However, this phenotype 
was not observed in one recent in vivo study [17]. One 
possible reason for this discrepancy might be the dif-
ferent targeting strategies. Our mice were generated by 
targeting exon 1 through exon 4 so that the first ATG 
codon in exon 1 was deleted, thus eliminating the poten-
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tial for a truncated NLRC5. Although NLRC5 associ-
ates with NLRP3 through its NACHT domain, the exact 
mechanism by which NLRC5 promotes inflammasome 
activation remains to be determined. Although NLRC5 
partially regulated NLRP3 inflammasome activation, it 
did not contribute to the AIM2 ligand (poly(dA:dT))-
induced IL-1β production, which suggests that NLRC5 is 
not generally involved in inflammasome activation.

In conclusion, NLRC5 specifically regulates the ex-
pression of MHC class I genes and other genes associ-
ated with MHC class I antigen presentation and CD8+ T 
cell activation in response to intracellular bacterial infec-
tion. NLRC5 also contributes to host innate immunity by 
partly promoting NLRP3 inflammasome activation. This 
is the first study demonstrating the in vivo function of 
NLRC5.

Materials and Methods

Mice
Nlrc5−/− mice were generated by Shanghai Biomodel Organ-

ism Science & Technology Development Co., Ltd. A targeting 
vector was constructed by replacing a 4.6-kb fragment including 
the Nlrc5 open reading frame (exon 1-4) with a neomycin resis-
tant gene cassette, and an HSV-thymidine kinase gene driven by 
the PGK promoter was inserted for negative selection (Supple-
mentary information, Figure S1A). After the targeting vector 
was electroporated into embryonic stem cells (ESCs), G418 and 
ganciclovir double-resistant colonies were selected and screened 
by PCR. Homologous recombinant ESCs were microinjected into 
C57BL/6 female mice, and heterozygous F1 progenies were in-
tercrossed to obtain Nlrc5−/− and Nlrc5+/+ mice. Nlrc5−/− (KO) mice 
and littermate Nlrc5+/+ mice at 6-8 weeks of age were used for 
experiments. The genotyping primers for KO allele are 5′-GGC-
CTACCCGCTTCCATTGCTC-3′ and 5′-GTTCACCTGTTTTC-
CTTCCTCTCTG-3′; for wild-type allele are 5′-GTTCACCT-
GTTTTCCTTCCTCTCTG-3′ and 5′-AAGGTACATCAAGCTC-
GAAGCACAG-3′. OT-1 TCR transgenic mice, specific for OVA 
peptide (SIINFEKL) in the context of H-2Kb, were provided by 
Dr H Wang (Institute of Biochemistry and Cell Biology, Shanghai, 
China). C57BL/6 mice were purchased from Shanghai Labora-
tory Animal Center, Chinese Academy of Sciences. All mice were 
maintained in pathogen-free conditions. All animal studies were 
performed in compliance with the guide for the care and use of 
laboratory animals and are approved by the Institutional Biomedi-
cal Research Ethics Committee of the Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sciences.

Reagents
Mouse antibodies for FACS, including anti-CD4-PE, anti-

CD8α-PE, anti-CD8α-FITC, anti-CD8α-APC, anti-H-2Kb-FITC, 
anti-Ly6G-PE, anti-CD80-PE, anti-CD11b-FITC, anti-CD11c-PE, 
anti-IFN-γ-PE and anti-IFN-γ-FITC were from eBioscience. CFSE 
was from Invitrogen. Antibodies to human IL-1β, p-I-κBα, p-p38 
and p-JNK were from Cell Signaling Technology. Antibodies to p-
ERK, I-κBα, mouse caspase-1P10 were from Santa Cruz Biotech-

nology, Inc. Antibodies to actin, M2 (Flag), caspase-1P20 were 
from Sigma-Aldrich (St. Louis, MO, USA). Anti-hemagglutinin 
(HA) (MMS-101R) was from Covance. Mouse IL-1β antibody, 
mouse IL-1β and IFN-γ ELISA kits were obtained from R&D 
Systems (Minneapolis, MN, USA). Anti-CD8α microbeads were 
from Miltenyi Biotec (Auburn, CA, USA). CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit was from Promega. Multiple-
color flow cytometric analysis was performed using FACSAria 
(BD Biosciences, Franklin Lakes, NJ, USA). LPS, ATP, poly(I:C), 
poly(deoxyadenylicthymidylic) acid sodium salt (dA:dT), Alum 
(Imject Alum Adjuvant) were from Sigma-Aldrich. MSU was pre-
pared as previously described [20].

Cell culture
HEK293 cells were maintained in DMEM supplemented with 

10% (vol/vol) FBS (Hyclone), 100 µg/ml penicillin G, and 100 
µg/ml streptomycin. HEK293 cell line stably expressing HA-ASC, 
HA-caspase-1 and Flag-IL-1β was prepared as follows: The N-
terminal HA-tagged human procaspase-1, HA-tagged human ASC 
or Flag-tagged human IL-1β was cloned into pMSCV-puromycin 
vector, respectively. The pMSCV plasmids and helper vectors 
were transfected into 293FT cells (a clonal isolate of HEK293 
cells transformed with the SV40 large T antigen; Invitrogen) for 
viral packaging. At 60 h after transfection, virus was collected to 
infect 293T cells in the presence of polybrene (10 mg/ml; Sigma). 
At day 3 after infection, cells were selected for stable cell clones 
using puromycin, and live cells were used for experiments.

Preparation of BMDCs and BMMs
BMDCs were generated as described previously [25]. Briefly, 

bone marrow cells were flushed from the femurs and tibias of 
Nlrc5−/− or wild-type mice and subsequently depleted of red cells 
with ammonium chloride. Cells were cultured at 1 × 106 cells per 
well in 24-well plates in RPMI-1640 medium containing 10% (vol/
vol) FBS, 100 mg/ml penicillin, 100 mg/ml streptomycin, and 10 
ng/ml GM-CSF. The cultures were usually fed every 2 days by 
gently swirling the plates, aspirating off 75% of the medium, and 
adding back fresh medium with GM-CSF. On day 8, LPS (10 ng/
ml) was added for DC maturation. On day 9, cells were collected 
for further experiments. BMMs were prepared as follows: Briefly, 
bone marrow cells were prepared the same as BMDCs. Cells were 
then cultured at 3 × 106 cells per well in 6-well plates in DMEM 
containing 10% (vol/vol) FBS, 100 mg/ml penicillin, 100 mg/ml 
streptomycin, and 30% L929 conditioned medium. Nonadherent 
cells were removed carefully, and fresh medium was added every 
2 days. On day 6, cells were collected for further experiments.

Preparation of CD8+ T cells
CD8+ T cells were isolated from the spleens by MACS anti-

CD8α microbeads according to the manufacturer’s instruction 
(Miltenyi Biotec). The purity of sorted cells in this study was con-
sistently > 95%.

Listeria infections and CFU assays
LM strain 10403 s or LM-expressing full-length ovalbumin 

protein (LM-OVA) was prepared by shaking the bacteria overnight 
at 37 °C in brain heart infusion (BHI) broth with 50 µg/ml strep-
tomycin. In some experiments, heat-killed LM (HKLM) (70 °C 
for 1 h) was used. For in vivo infections, LM were grown to mid-
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logarithmic phase, pelleted, washed, resuspended in PBS three 
times, and quantified by visible spectrometry readings at 600 nm. 
Bacterial titer for infection was measured by plating serial dilu-
tions on BHI/streptomycin agar plates. For intravenous injection, 
bacteria were diluted in PBS and 200 µl was injected into mice 
through the lateral tail vein with the dose of 2 × 104 CFU for all 
the experiments except for the experiment to check early innate 
immunity with a higher dose (2 × 106 CFU) for a short-time infec-
tion (1 day). For determination of bacterial load (CFU), mice were 
killed and livers or spleens were homogenized in 0.5% Triton-X 
solution. Serial dilutions of homogenates were plated on BHI/
streptomycin agar plates and colonies were counted after growth at 
37 °C for 24-36 h.

ELISA
The cytokine production from the sera of Listeria-treated mice 

was assessed with IL-1β and IFN-γ ELISA kits (R&D Systems) 
according to the manufacturer’s instructions. A standard curve was 
generated using known amounts of the respective purified recom-
binant mouse cytokines.

RNA isolation and real-time quantitative PCR
Total RNA was extracted from cells or mouse tissues with 

TRIzol reagent according to the manufacturer’s instructions (Invit-
rogen). For cDNA synthesis, RNA was reverse-transcribed with a 
PrimeScript RT Reagent kit (TaKaRa), then cDNA was amplified 
by real-time PCR with a SYBR Premix ExTaq kit (TaKaRa) on an 
AbiPrism 7900 HT cycler (Applied Biosystems). The expression 
of target genes was normalized to expression of housekeeping 
gene RPL13A.

Immunoprecipitation and immunoblot analysis
The detailed protocols are followed as previously described 

[26].

In vitro assays of CD8+ T cell activation and proliferation
CD8+ T cells purified from the spleen of OT-1 mice were la-

beled with CFSE and 1 × 105 cells were cultured with 3 × 104 BM-
DCs that had been pulsed with OVA for 1 h at 37 °C and washed 
twice prior to culture. After 3 days, supernatant was analyzed by 
IFN-γ ELISA for CD8+ activation, while cells were harvested and 
labeled with anti-CD8-APC and then analyzed by flow cytometry 
for dilution of CFSE intensity of CD8+ cells for CD8+ T cell prolif-
eration.

Cytotoxic T lymphocytes killing (CTL) assay
CTL assay was measured using a non-radioactive method based 

on release of lactate dehydrogenase (LDH) from target cells [27]. 
Briefly, to obtain peptide-specific CTLs, the spleen cells from na-
ive OT-1 mice were stimulated in vitro in the presence of 10 nM 
OVA peptide for 6 days. Cells were centrifuged and cultured with 
fresh PRMI-1640 medium, and IL-2 (100 U/ml) was added on day 
3. On day 6, BMDCs were incubated with the OVA peptides (100 
pM) for 1 h at 37 °C. After three times of washing, 2 × 104 BM-
DCs in 100 µl were added to 100 µl of various numbers of effector 
cells that had been plated in 96 round-well plates to obtain target: 
effector cell ratios of 1:1.25, 1:2.5, 1:5 or 1:10. After 4 h of incu-
bation, the supernatant was collected to measure killing efficiency. 
The medium or the target cells alone were used as the low-level 

control (spontaneous LDH release). For the high-level control 
(maximum LDH release), lysate buffer was added to the target 
cells. The mixed cells were incubated for 4 h and assayed for LDH 
release using a cytotoxicity detection kit (LDH) (Roche Applied 
Science). The percentage of cell-mediated cytotoxicity was deter-
mined by the following equation: cytotoxicity (%) = {[(effector 
target cell mix − effector cell control) − low-level control] / (high-
level control − low-level control)} × 100. 

In vivo cytotoxicity assay
The in vivo cytotoxicity assay was performed as described 

previously [28]. In brief, splenocytes from syngeneic mice were 
plused with OVA (1 µM) or untreated at 37 °C for 1 h and then 
these splenocytes served as target cells, which had been labeled 
with cytosolic dye CFSE at a dose of 15 µM for untreated spleno-
cytes or 1.5 µM for OVA-plused splenocytes. Both of the labeled 
cells were then mixed (1:1) and transferred i.v. with 2 × 107 cells 
in 200 µl per mouse. After 15 h of in vivo killing, lymphocytes 
were isolated from the spleens and livers and analyzed by flow 
cytometry for target cell clearance. Target cells were differentially 
recognized from recipient cells based on CFSE staining and inten-
sity. Through gating CFSE positive cells, the percentage of spe-
cific killing was calculated as follows: 100 − [(% peptide pulsed in 
LM infected / % unpulsed in LM infected) / (% peptide pulsed in 
uninfected / % unpulsed in uninfected)] × 100.

Statistical analysis
Differences in the expression of genes between the groups were 

analyzed by the Mann-Whitney U test. Two-tailed Student’s t-test 
was used to analyze the differences between the groups. One-way 
analysis of variance was initially performed to determine whether 
an overall statistically significant change existed before using the 
two-tailed paired or unpaired Student’s t-test. A P-value of < 0.05 
was considered statistically significant. 
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