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Abstract. Pseudomonas aeruginosa (PA)-induced keratitis is 
one of the most common and destructive bacterial diseases. 
The pathogenesis of PA infections is closely associated with 
excessive inflammatory responses. Nucleotide oligomerization 
domain (NOD)-like receptor (NLR) family with caspase activa-
tion and recruitment domain (CARD) containing 3 (NLRC3) 
protein has been implicated as a negative regulator of inflam-
mation and antiviral response, but the role of NLRC3 in 
PA-induced keratitis has not been described. In the present 
study, we investigated the effects of NLRC3 in PA-induced 
keratitis and explored the underlying mechanism. We found 
that the expression of NLRC3 was decreased in mouse corneas 
and macrophages after PA infection. Overexpr ession of 
NLRC3 significantly attenuated disease progression, inhibited 
the activation of nuclear factor-κB signaling and decreased the 
production of pro-inflammatory cytokines after PA infection. 
Furthermore, overexpression of NLRC3 promoted K48-linked 
polyubiquitination and degradation of interleukin-1 receptor-
associated kinase 1 (IRAK1). Taken together, we demonstrated 
that NLRC3 has an anti-inflammatory effect on PA-induced 
keratitis, which may provide an improved understanding of 
host resistance to PA infection.

Introduction

Pseudomonas aeruginosa (PA), a Gram-negative opportu-
nistic bacterium, is one of the bacterial species most commonly 

isolated from contact lens users with corneal infection such as 
keratitis. Keratitis caused by PA is characterized by stromal 
infiltrate, epithelial edema and even tissue destruction (1). 
Disease progresses rapidly to cause cornea ulceration and 
can potentially lead to loss of vision from corneal scarring 
without aggressive treatment (2). Even when viable bacteria 
are cleared from the cornea, there is often failure to control 
the immunopathological damage caused by the excessive 
local inflammation through conventional therapies, such as 
antibiotic treatment (3). Hence, it is important to develop new 
therapeutic strategies for the clinical treatment of PA-induced 
keratitis.

The innate host response to invading microbes such as PA 
is primarily mediated by innate immune cells, for example 
macrophages. Once the bacteria break the anatomical barrier, 
macrophages and other immune cells are quickly recruited 
to the infection site to engulf invading microorganisms (4). 
Activated macrophages also produce various pro-inflam-
matory cytokines such as tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6) and IL-1β, which function to enhance 
the antibacterial immune response (5,6). Inflammatory 
mediators promote the elimination of bacteria; nonetheless, if 
uncontrolled, they may augment the inflammatory response, 
leading to perforation, tissue damage and loss of vision in the 
cornea after PA infection. Therefore, it is important to preci-
sely balance pro- and anti-inflammatory responses in ocular 
immune defense.

The nucleotide oligomerization domain (NOD)-like 
receptor (NLR) family proteins are intracellular sensors 
that have many functions, including inflammatory and 
anti-inflammatory roles (7). Family members share three 
characteristic domains: the central NOD, N-terminal 
protein-protein interaction domains and a leucine-rich 
repeat at the C-terminus (8,9). The most commonly studied 
subgroup of NLR proteins is composed of the inflamma-
some-forming NLR proteins (10-12). NACHT, LRR and 
PYD domains-containing protein 1 (NLRP1), NLRP2, 
NLRP3, NLR family caspase activation and recruitment 
domain (CARD) containing 4 (NLRC4), NLRC5, NLRP6 
and NLRP7 are reported each able to form an inflammasome 
complex, which regulates the activation of caspase-1, leading 
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to the secretion of biologically active inflammatory cytokines 
such as IL-1β, IL-18 and IL-33, resulting in effects on the 
process and progression of several inflammatory responses 
and diseases (11,13-18). Thus, exploring the functions and 
mechanisms of NLRs has great significance for the remission 
and treatment of human diseases.

NLRC3, belonging to the NLRC subfamily of NLRs, 
was firstly identified from human T lymphocytes and is 
predominantly expressed in human immune tissues and cells, 
and it was suggested that NLRC3 functions as a suppressor 
of T cell activation (19). In contrast to most NLRs which 
activate innate immunity, NLRC3 was reported to inhibit 
LPS-induced toll-like receptor (TLR) signaling by inhibiting 
the adaptor TNF receptor-associated factor 6 (TRAF6) (20). 
Recently, NLRC3 was found to be associated with both 
STING and TBK1 and impeded STING-TBK1 interaction 
and downstream type I interferon production in response to 
cytosolic DNA, cyclic di-GMP, and DNA viruses (21). But the 
function of NLRC3 in PA-induced keratitis and the underlying 
mechanism still remain unknown.

In the present study, we showed that NLRC3 expression 
was attenuated in mouse corneas and macrophages in response 
to PA infection. Overexpression of NLRC3 significantly inhib-
ited the activation of nuclear factor-κB (NF-κB) signaling and 
decreased the production of pro-inflammatory cytokines in 
PA-infected corneas and macrophages. We also found that 
NLRC3 could promote K48-ubiquitination and degrada-
tion of IL-1 receptor-associated kinase 1 (IRAK1) after PA 
infection. In conclusion, we revealed an anti-inflammatory 
role of NLRC3 in PA-induced keratitis in the present study, 
and suggest NLRC3 as a potential therapeutic target for 
PA-induced keratitis.

Materials and methods

Cell culture. Human monocytic leukemia cell line THP-1 
and mouse macrophage cell line RAW264.7 were obtained 
from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were cultured at 37˚C under 
5% CO2 in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% FCS (both from Invitrogen Life 
Technologies, Carlsbad, CA, USA), 100 mg/ml streptomycin 
and 100 U/ml penicillin. Differentiation of THP-1 monocytes 
to human macrophages was induced by 0.5 mM phorbol 
12-myristate 13-acetate (PMA) for 4 h. The differentiated cells 
were washed 3 times with phosphate-buffered saline (PBS) 
and followed by the further experiments.

Infection. Eight-week-old female C57BL/6J mice were 
purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). The protocol of PA 
infection was performed as previously described (22,23). Mice 
were anesthetized with ether and placed beneath a stereoscopic 
microscope at x40 magnification. The cornea of the left eye was 
wounded with three 1-mm incisions using a sterile 25-gauge 
needle. A bacterial suspension (5 µl) containing 1x106 colony-
forming units (CFUs) of PA ATCC strain 19660 was topically 
applied to the ocular surface. Eyes were examined 24 h after 
infection or at other times described here to ensure that mice 
were similarly infected and to monitor disease.

Clinical examination. Corneal disease was graded as 
described (24): 0, clear or slight opacity partially or fully 
covering the pupil; +1, slight opacity partially or fully 
covering the anterior segment; +2, dense opacity partially 
or fully covering the pupil; +3, dense opacity covering 
the entire anterior segment; +4, corneal perforation or 
phthisis. The experiments were carried out according to the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals approved by the Animal Ethics 
Committee of the Scientific Investigation Board of Chengde 
Medical University.

Lentivirus preparation and infection. Lentiviral expre-
ssion plasmids for NLRC3 were constructed by MDL 
Biotechnology, Co. (Beijing, China). Briefly, the correspo-
nding coding sequence was inserted into the pWPXL vector 
(Addgene, Cambridge, MA, USA). Lentiviral particles were 
produced through transfection of pWPXL-NLRC3, pMD2.G 
and psPAX2 plasmids (all from Addgene) with a proportion of 
20:15:7 into 293T cells (ATCC); 3 days later the culture was 
harvested and enriched by PEG8000. The enriched lentiviral 
particles (MOI, 50) were used for in vitro cell line infection 
in the presence of 5 µg/ml of polybrene (Sigma-Aldrich, 
St. Louis, MO, USA).

Subconjunctival injection of the lentivirus. The protocol 
was performed as previously described (25). A lentivirus 
expressing NLRC3 (referred as NLRC3-lentivirus below) 
or the appropriate control (referred as control-lentivirus 
below) was subconjunctivally injected into the left eye of 
C57BL/6J mice (5 µl/mouse at a viral titer of 1x108) once a 
week for three times before ocular infection.

Western blot analysis. For western blot analysis, the in vitro 
cultured cells or corneas were harvested after PA infection and 
washed three times by ice-cold PBS (MDL Biotechnology, 
Co.) on ice, and the cells or corneas were lysed with 
RIPA buffer (MDL Biotechnology, Co.) with proteasome 
inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, 
USA), followed by sonication and homogenization. After 
centrifugation for 15 min at 13,000 x g, the supernatants 
were collected and the protein concentration of the lysates 
was measured using Bio-Rad quantification assay (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). Proteins (25 µg) 
were separated using 10% SDS-PAGE and transferred to 
a PVDF membrane (Millipore, Billerica, MA, USA). The 
membrane was then blocked with 2.5% non-fat dry milk 
for 1 h. The antibodies for NLRC3 (no. ab77817), IRAK1 
(no. ab238) or K48-linked ubiquitin (linkage-specific K48, 
no. ab140601) (all from Abcam, Cambridge, MA, USA) 
and the antibodies specific for p65 (no. 8242), phospho-p65 
(no. 3033), IKKβ (no. 2678), phospho-IKKβ (no. 2697) (all 
from Cell Signaling Technology, Inc., Beverly, MA, USA) 
and β-actin (no. sc58673) (Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) were added and incubated overnight 
at 4˚C. After incubation with the corresponding horseradish 
peroxidase-conjugated secondary antibody (Santa Cruz 
Biotechnology, Inc.), the target protein was visualized by 
enhanced chemiluminescence (Thermo Fisher Scientific, 
Bremen, Germany).
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Ubiquitination assay. To detect ubiquitination of IRAK1, 
10 mM N-ethylmaleimide (Sigma-Aldrich) and 1% SDS were 
included in the RIPA buffer (MDL Biotechnology, Co.) with 
proteasome inhibitor cocktail (Roche Diagnostics). The whole 
corneas were collected at indicated times after PA infection 
and were lysed in this RIPA buffer followed by sonication and 
homogenization. The lysates were denatured at 90˚C for 5 min. 
The lysates were diluted with RIPA buffer until the concentra-
tion of SDS was decreased to 0.1%. After centrifugation for 
15 min at 13,000 x g, supernatants were collected and incubated 
with Protein G Plus-Agarose Immunoprecipitation reagent 
(Santa Cruz Biotechnology, Inc.) together with 1 µg IRAK1 
antibody. After 5 h of incubation, beads were washed 4 times 
with immunoprecipitation buffer (MDL Biotechnology, Co.) 
Immunoprecipitates were eluted by boiling with 1% (wt/vol) 
SDS sample buffer, and the samples were analyzed by immu-
noblotting with the indicated antibodies.

Bacterial plate counts. Corneas from C57BL/6J mice treated 
with control-lentivirus or NLRC3-lentivirus were collected 
at 5 days post-infection (n=5/group/time), and the number of 
viable bacteria was quantitated as previously described (42). 
Briefly, individual corneas were homogenized in sterile water 
containing 0.85% (w/v) NaCl and 0.25% BSA. Serial 10-fold 
dilutions of the samples were plated on Pseudomonas isolation 
agar (BD Difco; Becton-Dickinson & Co., Sparks, MD, USA) 
in triplicate, and then the plates were incubated overnight 
at 37˚C. Results are reported as 105 CFU per cornea ± SD.

RNA isolation and quantitative PCR (qPCR) analysis. 
The samples were frozen and mechanically dissociated in 
TRIzol reagent (Invitrogen Life Technologies). Total RNA 
was extracted with TRIzol reagent according to the manu-
facturer's instructions. A LightCycler (ABI PRISM 7000; 
Applied Biosystems, Foster City, CA, USA) and a SYBR 
RT-PCR kit (Takara Biotechnology Co., Ltd., Dalian, China) 
were used for quantitative PCR analysis. GAPDH was used 
as the internal control, and the 2-ΔΔCT method was used to 
evaluate the relative quantities of each amplified product in 
the samples. For each qPCR analysis, three technical repli-
cates were performed. Primer sequences used in quantitative 
PCR are shown in Table I.

ELISA assay. For in vivo studies, corneas from control-lenti-
virus- and NLRC3-lentivirus-treated mice (n=5/group/time) 
were individually collected at 5 days post-infection and then 
homogenized in 0.5 ml of PBS with 0.1% Tween-20. For in vitro 
studies, the cell supernatants of the control-lentivirus- and 
NLRC3-lentivirus-treated RAW264.7 cells were collected 
at 24 h post PA challenge. Protein levels of IL-1β, IL-6 and 
TNF-α were measured using IL-1β, IL-6, TNF-α ELISA kit 
(R&D Systems, Inc., Minneapolis, MN, USA) according to the 
manufacturer's instructions.

Dual-luciferase reporter gene assays. Luciferase reporter 
construct containing the NF-κB promoter region was cloned 
into pGL3-based vectors, then temporarily transfected with 
1 µg of the promoter reporter plasmid into the control-lenti-
virus- or NLRC3-lentivirus-treated RAW264.7 cells using 
jetPEI®-Macrophage (Polyplus-Transfection, New York, NY, 

USA), and 40 ng of the phRL-TK plasmid were co-transfected 
into the cells to verify transfection efficiency. After 36 h of 
transfection, the luciferase activities were measured on a 
SpectraMax M5 reader (Molecular Devices, Sunnyvale, CA, 
USA) using the Dual Luciferase Reporter Assay System 
(Promega, Madison, WI, USA).

Statistical analysis. The differences in clinical score between 
the control-lentivirus- and NLRC3-lentivirus-treated corneas 
were tested by the Mann-Whitney U test at the indicated days 
post-infection. An unpaired, two-tailed Student's t-test was 
used to determine the significance of the other assays. Data 
were considered significant at P<0.05.

Results

NLRC3 expression is attenuated in mouse corneas after PA 
infection. To investigate the role of NLRC3 in PA-induced 
keratitis, we first examined the expression of NLRC3 in a 
well-established murine model of PA-induced keratitis. As 
shown in Fig. 1A and B, the protein level of NLRC3 was 
consistently expressed in the normal mouse corneas and gradu-
ally decreased at 1, 3 and 5 days after PA infection. Consistent 
with the protein level, the mRNA level of NLRC3 was also 
decreased in mouse corneas infected with PA (Fig. 1C). Taken 
together, these results indicated that NLRC3 expression was 
downregulated at both the mRNA and protein levels in mouse 
corneas after PA infection, and also illustrated that NLRC3 
may be involved in regulating PA-induced keratitis.

NLRC3 expression is decreased in in vitro cultured macro-
phages after PA infection. During PA infection in the cornea, 
macrophages and other inflammatory cells infiltrate in 
the corneal stroma and anterior chamber for the clearance 
of the bacteria (4-6). To explore the relationship between 
PA-mediated downregulation of NLRC3 and infiltrated 

Table I. List of primers used in this study.

Genes  Sequence (5'-3')

NLRC3 F: CTACCCAAGGCATTCAGCCA
(Mus musculus) R: ACACCTCTTGCTTCCTCGTG
NLRC3 F: CCCTGCAGCAATGACTCAAG
(Homo sapiens) R: TGAAGTCGTGTTCCCTCAGC
IL-1β F: ACCTTCCAGGATGAGGACATGA
(Mus musculus) R: AACGTCACACACCAGCAGGTTA
IL-6 F: ACAACCACGGCCTTCCCTAC
(Mus musculus) R: CATTTCCACGATTTCCCAGA
TNF-α F: GCCACCACGCTCTTCTGTCT
(Mus musculus) R: TGAGGGTCTGGGCCATAGAAC
GAPDH F: AATGACCCCTTCATTGAC
(Universal primer) R: TCCACGACGTACTCAGCGC

F, forward; R, reverse; IL-1β, interleukin-1β; TNF-α, tumor necrosis 
factor-α.
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macrophages, we examined the mRNA expression of 
NLRC3 in macrophage-like RAW264.7 cells and human 
THP-1-derived macrophages (Fig. 2A). Consistent with the 
expression data in mouse corneas, mRNA expression of 
NLRC3 was significantly decreased in RAW264.7 cells and 
THP-1-derived macrophages infected with PA. Furthermore, 
we confirmed that the expression level of NLRC3 protein was 
also significantly downregulated in these in vitro cultured 
macrophages after PA infection (Fig. 2B and C). Taken 
together, we hypothesized that the decreased expression of 
NLRC3 may be related with the infiltration of macrophages.

NLRC3 delays the disease progression of PA-induced kera-
titis. To determine the potential role of NLRC3 in PA-induced 
keratitis, C57BL/6 mice were subconjunctivally injected with 
recombinant lentivirus containing the overexpression plasmid 
of NLRC3 or a lentivirus containing a control empty vector, 

followed by PA infection. The overexpression of NLRC3 in 
mouse corneas was confirmed by quantitive PCR (qPCR) and 
western blot analysis (Fig. 3A and B). The overexpression of 
NLRC3 resulted in less corneal opacity in the PA infected mouse 
corneas (Fig. 3C). A reduced bacterial load was detected in the 
infected corneas of NLRC3-overexpressing mice compared 
to the control group (Fig. 3D). Clinical scores showed that 
NLRC3-overexpressing mice exhibited less disease severity at 
1, 3 and 5 days after PA infection (Fig. 3E). Taken together, 
these results indicated that overexpression of NLRC3 delayed 
the disease progression of PA-induced keratitis in mice.

NLRC3 inhibits pro-inflammatory cytokine expression after 
PA infection. To explore the mechanism by which NLRC3 
delays the disease progression of PA-induced keratitis, we 
first examined the expression of pro-inflammatory cytokines 
by qPCR and ELISA in lentivirus-treated corneas and 
macrophages after PA infection. Overexpression of NLRC3 

Figure 2. NLRC3 expression is decreased in in vitro cultured macrophages 
after Pseudomonas aeruginosa (PA) infection. (A) qPCR analysis of NLRC3 
mRNA expression in RAW264.7 cells or THP-1-derived macrophages 
infected with PA for the indicated times. (B) Western blot analysis of NLRC3 
protein expression in RAW264.7 cells or (C) THP-1-derived macrophages 
infected with PA for the indicated times (left); band intensity was quantitated 
and normalized to the β-actin control (right). Data are representative of three 
independent experiments (mean ± SD).

Figure 1. NLRC3 expression is attenuated in mouse corneas after 
Pseudomonas aeruginosa (PA) infection. (A) Western blot analysis of NLRC3 
protein expression in mouse corneas infected with PA for the indicated times; 
2 mice/time-point. (B) Band intensity was quantitated and normalized to the 
β-actin control in A. (C) qPCR analysis of NLRC3 mRNA expression in 
mouse corneas infected with PA for the indicated times; 5 mice/time-point. 
Data are representative of three independent experiments (mean ± SD).
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significantly inhibited the mRNA level of pro-inflammatory 
cytokines such as IL-1β, IL-6 and TNF-α, in both mouse 
corneas and in in vitro cultured RAW264.7 macrophages 
after PA infection (Fig. 4A and B). Consistent with the 
mRNA data, the ELISA data indicated that protein expression 
levels of IL-1β, IL-6 and TNF-α were also decreased in the 
RAW264.7 cells and corneas infected with PA (Fig. 4C and D). 
Taken together, these results illustrate that NLRC3 inhibited 
pro-inflammatory cytokine expression after PA infection 
in vivo and in vitro.

NLRC3 inhibits NF-κB activation after PA infection. NF-κB 
has represented a paradigm for signal transduction and 
pro-inflammatory cytokine production implicated in numerous 
diseases including PA-induced keratitis (26,27). Therefore, 
we ascertained wheather NLRC3 regulates PA-induced 
keratitis through the NF-κB signaling pathway. We used Dual-
Luciferase reporter assay to examine the activation of NF-κB 
signaling, and we found that the promoter activation of NF-κB 
was significantly suppressed in the NLRC3-overexpressing 
RAW264.7 macrophages compared with the control group 
after infection with PA for the indicated time (Fig. 5A). In 

mouse corneas, NLRC3 overexpression also suppressed the 
phosphorylation of p65 and IKKβ, indicating inhibition of 
the NF-κB pathway (Fig. 5B and C). Interestingly, no change 
in NF-κB activation was detected between the NLRC3 
overexpression and control group in the normal uninfected 
RAW264.7 macrophages or corneas. Taken together, these 
findings indicated that NLRC3 inhibits NF-κB activation after 
PA infection.

NLRC3 promotes degradation and K48-linked polyubiqui-
tination of IRAK1 in PA-infected macrophages and mouse 
corneas. IRAK1 is essential for IL-1, TLR and TNF-α-induced 
NF-κB activation (28). After bacterial infection, IRAK1 is 
phosphorylated and activated by IRAK4, leading to activa-
tion of TRAF6-dependent signaling (29,30). NLRC3 was also 
reported to inhibit LPS-induced TLR signaling via inhibition 
of the adaptor TRAF6 (20). To further ascertain the mechanism 
by which NLRC3 inhibits the activation of NF-κB signaling, 
we examined the relationship between NLRC3 and IRAK1. 
Dual-Luciferase reporter assay was used to examined the 
activation of NF-κB signaling induced by the IRAK1 plasmid. 
Activation of NF-κB was significantly inhibited in the NLRC3-

Figure 3. NLRC3 delays the disease progression of Pseudomonas aeruginosa (PA)-induced keratitis. (A) NLRC3 mRNA level and (B, upper image) protein 
level were examined in the control-lentivirus- or NLRC3-lentivirus-treated mouse corneas at 5 days after PA infection to confirm the efficiency of in vivo over-
expression of NLRC3. (B, lower image) The efficiency of in vitro overexpression of NLRC3 in RAW264.7 cells was also confirmed. (C) Images of PA-infected 
eyes at 5 days post-infection in the control-lentivirus- or NLRC3-lentivirus-treated mice. (D) Bacterial load in the infected corneas was examined by plate 
count in the control-lentivirus- or NLRC3-lentivirus treated mice at indicated times after PA infection. (E) Clinical scores were recorded in the control-len-
tivirus- or NLRC3-lentivirus-treated mice at the indicated times after PA infection. Data are representative of three independent experiments (mean ± SD). 
*P<0.05, **P<0.01 and ***P<0.001.
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overexpressing RAW264.7 macrophages compared with the 
control group after PA infection (Fig. 6A). Overexpression of 
NLRC3 also significantly decreased the protein level of IRAK1 
in the PA-infected RAW264.7 cells (Fig. 6B). K48-linked protein 
ubiquitination leads to the degradation of the corresponding 
protein through 26S proteasome. Therefore, we examined the 
K48-linked ubiquitination of IRAK1 in mouse corneas after PA 
infection. The K48-linked ubiquitination level of IRAK1 was 
increased in the corneas with overexpressed NLRC3 (Fig. 6C). 
Taken together, these data indicate that NLRC3 promotes the 
degradation and K48-linked polyubiquitination of IRAK1 in 
PA-infected macrophages and mouse corneas.

Discussion

In the present study, we investigated the expression and func-
tion of NLRC3 in mouse corneas and in in vitro cultured 
macrophages after infection with PA. To the best of our knowl-
edge, this study is the first publication showing the relationship 
between NLRC3 and PA-induced keratitis, and it also extends 
our understanding of NLRC3 function.

PA-induced keratitis is a rapidly progressive corneal disease 
which often leads to inflammatory epithelial edema, corneal 
ulceration, and even tissue destruction or vision loss (1). It 
accounts for approximately three quarters of all cases of contact 

Figure 4. NLRC3 inhibits pro-inflammatory cytokine expression after Pseudomonas aeruginosa (PA) infection. (A) mRNA expression levels of 
interleukin-1β (IL-1β), IL-6 and tumor necrosis factor-α (TNF-α) were examined by qPCR in RAW264.7 cells or (B) THP-1-derived macrophages treated with 
control-lentivirus or NLRC3-lentivirus followed by PA infection for the indicated times. (C) Protein expression levels of IL-1β, IL-6 and TNF-α determined 
by ELISA assay in the THP-1-derived macrophages or (D) mouse corneas treated with control-lentivirus or NLRC3-lentivirus at 24 h (C) or 5 days (D) after 
PA infection. Data are representative of three independent experiments (mean ± SD). *P<0.05, **P<0.01 and ***P<0.001.
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Figure 5. NLRC3 inhibits nuclear factor-κB (NF-κB) activation after Pseudomonas aeruginosa (PA) infection. (A) RAW264.7 cells were treated with 
control-lentivirus or NLRC3-lentivirus, followed by transfection with NF-κB reporter plasmid together with phRL-TK plasmid (internal control); 36 h later 
the cells were infected with PA for 24 h and the activation of NF-κB promoter was measured by Dual-Luciferase reporter gene assay. (B) Phosphorylation 
of p65 and IKKβ was examined by western blot analysis in control-lentivirus- or NLRC3-lentivirus-treated mouse corneas at 5 days after PA infection. 
(C) Quantification of the protein level of p-p65 and p-IKKβ in B. Data are representative of three independent experiments (mean ± SD). **P<0.01 and 
***P<0.001.

Figure 6. NLRC3 promotes degradation and K48-linked polyubiquitination of interleukin-1 receptor-associated kinase 1 (IRAK1) in Pseudomonas aerugi-
nosa (PA)-infected macrophages and mouse corneas. (A) RAW264.7 cells were treated with control-lentivirus or NLRC3-lentivirus, followed by transfection 
with nuclear factor-κB (NF-κB) reporter plasmid, phRL-TK plasmid, together with control or IRAK1 expression plasmid; 36 h later the activation of NF-κB pro-
moter was measured by Dual-Luciferase reporter gene assay. (B) Western blot analysis of IRAK1 expression in RAW264.7 cells treated with control-lentivirus 
or NLRC3-lentivirus, followed by infection with PA for 24 h. (C) Western blot analysis of K48-linked polyubiquitination level of IRAK1 in control-lentivirus- or 
NLRC3-lentivirus-treated corneas at 5 days after PA infection. Data are representative of three independent experiments (mean ± SD). **P<0.01.
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lens-associated microbial infection (31). Clinically, doctors often 
use different types of antibiotics to eradicate the bacteria (32-34). 
However, even when the viable bacteria are cleared from the 
cornea, sometimes these treatments do not prevent ocular 
pathology which is due to the immunopathological damage trig-
gered by the host inflammatory response (35). Therefore, it is 
of great significance to explore the pathogenesis of keratitis and 
search for appropriate drug targets.

NLRs are intracellular sensors which comprise a large 
receptor family of more than 20 members, and nearly half 
of the NLRs have not been characterized in any detail. 
Most NLRs positively influence inflammatory responses, 
particularly the inflammasome NLRs. Recently, physiological 
roles for inhibitory NLR proteins have been described. Intri-
guingly, all inhibitory NLRs studied to date have been found 
to inhibit NF-κB activation. NLRP12 appears to interact 
with NF-κB-inducing kinase (NIK), TRAF3 and IRAK1.
The interactions appear to regulate the phosphorylation of 
IRAK1 and the degradation of NIK, resulting in inhibition 
of the NF-κB pathway (36,37). NLRX1 was reported to 
interact with TRAF6 and diminish its function, leading to the 
inhibition of NF-κB activation in transformed cells (38,39). 
Examination of NLRC3-knockout macrophages showed that 
there was enhanced NF-κB activation downstream of TLR 
signaling (20). In previous studies, it was also reported that 
silencing of the NLRP3 inflammasome reduced the level of 
IL-1β/IL-18 secretion and decreased the level of autophagy, 
which impaired the elimination of PA in macrophages (40), 
and NLRC4 (also known as IPAF) inflammasome was shown 
to play critical roles in the activation of caspase-1 and IL-1β 
secretion in PA-infected macrophages (16). However, the 
roles of NLRs in PA-induced keratitis remain unknown. In 
the present study, we found that NLRC3 inhibited NF-κB 
activation in PA-infected macrophages and mouse corneas, 
and overexpression of NLRC3 significantly inhibited 
the production of pro-inflammatory cytokines, therefore 
ameliorating the disease progression of PA-induced keratitis.

Upon ligand binding to TLR or IL-1R, MyD88 interacts 
with the receptor, and IRAK1 binds to MyD88. Then IRAK4 
phosphorylates and activates IRAK1. Phosphorylated IRAK1 
disengages from MyD88 and forms a cytosolic IRAK1-TRAF6 
complex. TRAF6 then interacts with TAK1, resulting in even-
tual activation of the NF-κB and MAPK pathways (41). Thus, 
the regulation of IRAK1 plays an essential role in NF-κB 
signaling activation. In this study, we illustrated that NLRC3 
could promote degradation of IRAK1. Furthermore, we 
found that overexpression of NLRC3 significantly increased 
the K48-linked ubiquitination of IRAK1, which may lead to 
IRAK1 degradation. These results suggest that NLRC3 is an 
inhibitory regulator of IRAK1 and enhance our understanding 
of the regulation of IRAK1 and the NF-κB pathway.

Interestingly, we found that NLRC3 expression was signifi-
cantly decreased in PA-infected corneas and macrophages. 
This phenomenon may be related to the protective role of 
NLRC3. We supposed that after PA infection, PA could produce 
different types of virulence factors to inhibit the inflammatory 
responses of the host, and NLRC3 expression may inhibit 
these factors therefore leading to the immune escape of PA. 
Furthermore, we observed that K48-linked ubiquitination was 
improved by NLRC3 overexpression. We know that NLRC3 

only does not have the ability to modulate protein ubiquitina-
tion due to the lack of E3 ligase activity. Thus, we hypothesized 
that there are two possibilities: one is that NLRC3 recruits 
another E3 ligase which directly promotes the K48-linked 
ubiquitination of IRAK1; another one is that NLRC3 inhibits 
the interaction between IRAK1 and its specific deubiquitinase. 
However, the mechanisms by which NLRC3 regulates IRAK1 
ubiquitination still need further study.

In conclusion, in the present study, we found that the 
expression of NLRC3 was decreased in mouse corneas and 
macrophages after PA infection. Overexpression of NLRC3 
by a lentivirus significantly attenuated PA-induced keratitis 
progression, inhibited the activation of the NF-κB signaling 
pathway and decreased the production of pro-inflammatory 
cytokines after PA infection. Furthermore, we observed that 
overexpression of NLRC3 promoted K48-linked polyubiqui-
tination and degradation of IRAK1 which plays a critical role 
in NF-κB activation. We revealed an anti-inflammatory role 
of NLRC3 in PA-induced keratitis, and suggest NLRC3 as a 
potential therapeutic target for PA-induced keratitis.
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