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The NLR protein, NLRC5 is an important regulator of MHC class I gene expression, how-
ever, the role of NLRC5 in other innate immune responses is less well defined. In the
present study, we report that NLRC5 binds RIG-I and that this interaction is critical for
robust antiviral responses against influenza virus. Overexpression of NLRC5 in the human
lung epithelial cell line, A549, and normal human bronchial epithelial cells resulted in
impaired replication of influenza virus A/Puerto Rico/8/34 virus (PR8) and enhanced IFN-β
expression. Influenza virus leads to induction of IFN-β that drives RIG-I and NLRC5 expres-
sion in host cells. Our results suggest that NLRC5 extends and stabilizes influenza virus
induced RIG-I expression and delays expression of the viral inhibitor protein NS1. We
show that NS1 binds to NLRC5 to suppress its function. Interaction domain mapping
revealed that NLRC5 interacts with RIG-I via its N-terminal death domain and that NLRC5
enhanced antiviral activity in an leucine-rich repeat domain independent manner. Taken
together, our findings identify a novel role for NLRC5 in RIG-I-mediated antiviral host
responses against influenza virus infection, distinguished from the role of NLRC5 in MHC
class I gene regulation.
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Introduction

The innate immune system relies on pathogen sensors to pro-
vide defense against invading pathogens. To detect diverse
pathogen-associated molecular patterns (PAMPs), several classes
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of pattern-recognition receptors (PRRs) have evolved in mammals
including RIG-I-like receptors, Toll-like receptors (TLRs), and
nucleotide-binding domain and leucine-rich repeat containing
receptors (NLRs) [1–3]. Recognition and binding of PRRs to their
cognate ligands often result in conformational changes triggering
downstream innate immune signaling [4].

In recent years, there has been marked progress in our under-
standing of NLRs as critical regulators of innate and adaptive
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immune responses. Emerging evidence suggests that NLR fam-
ily members play crucial roles in antiviral responses [5, 6]. NLR
proteins have a typical tripartite structure: a C-terminal LRR
domain that, in most cases, is associated with PAMP sensing, a
centrally located nucleotide-triphosphatase (NTPase) (NACHT -
domain present in NAIP, CIITA, HET-E, and TP1) domain respon-
sible for self-oligomerization, and an N-terminal effector domain
that mediates protein–protein interactions for initiating down-
stream signaling [5]. Activation of these receptors induces the
production of proinflammatory cytokines, in many cases by the for-
mation of high molecular weight complexes called inflammasomes
that lead to caspase-1 activation. However, some of the family
members such as NLRX1 play a role in modulating innate immune
responses at the level of mitochondria [7–9], whereas class II,
major histocompatibility complex (MHC), transactivator (CIITA)
and NLRC5 act as transcriptional enhancers for MHC gene expres-
sion [10–14]. To date, only a few NLRs have been extensively
characterized and the precise role of their function(s) as innate
immune receptors remains fragmentary. NLRC5 shares the com-
mon NLR architecture but differs from the other NLR members in
having an unusual (i.e. non-PYD non-CARD) death domain (DD)
fold N-terminal effector domain [13, 15]. Moreover, it possesses
the longest LRR domain of all known human NLRs [13, 16]. Only
recently NLRC5 has been experimentally characterized and shown
to contribute to MHC class I gene regulation [11, 12, 17, 18].
Additionally, there is evidence to suggest that NLRC5 plays a
role in the regulation of the inflammasome signaling pathway,
the NF-κB pathway [19], and antiviral innate immune responses
[13, 16, 20]. A role of NLRC5 in antiviral responses was first
reported by Kuenzel et al. [16] as well as by our group [13] for
polyinosinic:polycytidylic acid (polyI:C), cytomegalovirus (CMV),
and Sendai virus induced interferon (IFN) responses in human
cells. A negative role for NLRC5 in antiviral response was reported.
A study by Cui et al. [20] showed that NLRC5 can prevent IFN
induction by directly binding to cytoplasmic receptors such as
RIG-I and MDA5, thereby blocking their binding to mitochondrial
antiviral signaling protein and subsequent downstream signaling.
Surprisingly, IFN and cytokines responses of macrophages and
DCs stimulated with Newcastle disease virus, HSV-1, or polyI:C
were not significantly different between cells derived from NLRC5-
deficient and WT animals [21]. Sequence comparison studies
suggest that human and mouse NLRC5 share 64% amino acid
sequence identity [20]. While a general role for NLRC5 in reg-
ulating host innate immune responses has yet to be established,
discrepancies in these reports need more independent studies to
confirm if NLRC5 performs similar functions in response to viral
infections in both humans and mice. In the current study, we
investigated the role of NLRC5 in influenza A virus infection in
human respiratory epithelial cells.

Despite current prevention and treatment strategies, influenza
virus infection remains a major threat to public health and
accounts for 250,000–500,000 deaths globally each year [21].
The ability of influenza viruses to undergo frequent genetic
changes increases the risk of emergence of drug-resistant strains
with epidemic or pandemic potential (http://www.who.int/csr/

disease/swineflu/notes/h1n1_antiviral_resistance_20090708/en/
index.html) [22–24]. Recently, the evolutionarily conserved
innate immune receptors of the RIG-I-like receptor family have
been shown to play a critical role in protection against single-
and double-stranded RNA viruses [25]. It has been reported
that ligand-induced activation of RIG-I can inhibit influenza
virus replication irrespective of subtypes, drug-sensitivity status,
or virulence [26–30] as well as Ebola virus replication [31].
In the present work, we report that the NLR family member
NLRC5 enhances the RIG-I-dependent antiviral response against
influenza virus (PR8) infection in epithelial cells.

Results

NLRC5 expression impairs influenza A virus
replication in respiratory epithelial cells

To evaluate the role of NLRC5 in influenza virus infection, we
transfected the lung epithelial cell line A549 with myc-NLRC5
expression or human flag-CIITA expression vector as A549 cells
express only very low levels of NLRC5 (Fig. 1). After 24 h, cells
were infected with different doses of PR8 (multiplicity of infection
(MOI) 0.01, 0.1, and 1.0) for a further 24 h, which resulted in
a dose-dependent increase in NS1 expression (Fig. 1G). NLRC5
overexpression significantly reduced PR8 replication compared
with cells transfected with the empty vector at all infection doses
used as determined by viral plaque assays (Fig. 1A). Interestingly,
we observed a more robust inhibition of PR8 replication at lower
MOI (0.01 and 0.1) as compared with an MOI of 1.0 in NLRC5-
transfected cells. In contrast, overexpression of CIITA, an NLRC5-
related NLR protein, did not inhibit virus replication as viral
titers were comparable to that of control vector transfected cells
(Fig. 1A). Accordingly, we observed a significant decrease in nucle-
oprotein (NP) vRNA and NP mRNA copy numbers in infected A549
that had been transfected with NLRC5 expression vector as com-
pared with control vector or CIITA expression vector transfected
A549 cells (Fig. 1B and C). Accordingly, NS1 levels were strongly
reduced in NLRC5-expressing cells (Fig. 1G). Host defense against
viral infection is associated with type I IFN induction. Interest-
ingly, NLRC5 overexpression (Fig. 1G) enhanced mRNA expres-
sion of IFN-β in A549 cells infected with PR8 (Fig. 1D). Of note,
we also observed a significant increase in RIG-I expression in
NLRC5-transfected cells (Fig. 1E), which we and others recently
identified as an important factor to restrict influenza replication
in human cells [26–30]. Increase in IFN-β and RIG-I in NLRC5-
transfected cells was observed only in response to PR8 infection,
which reached a maximum at 0.1 MOI infection dose. This was also
observed for IFN-α, mRNA expression, another type I IFN (Fig. 1F).
By contrast, PR8- induced expression of IFN-β, RIG-I, and IFN-α
was not changed in A549 cells expressing CIITA (Fig. 1G).

We carried out similar studies in normal human bronchial
epithelial (NHBE) cells. As shown in Supporting Information
Figure 1, NHBE cells transfected with NLRC5 expression vector
showed significant reduction in viral titer as compared with vector
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Figure 1. NLRC5 overexpression inhibits
influenza virus PR8 replication and induces
RIG-I and IFN-β expression in A549 cells.
A549 cells were transfected with 2 μg
of vector alone, myc-NLRC5 or flag-CIITA
expression vector. Twenty-four hours post-
transfection, the cells were infected with
PR8 virus (MOI 0, 0.01, 0.1, and 1.0) for 24 h.
(A) Supernatants were tested for viral titers
by plaque assay using MDCK cells. (B–F) The
expression of (B) NP vRNA, (C) NP mRNA,
(D) IFN-β mRNA, (E) RIG-I mRNA, and (F)
IFN-α was analyzed by real-time RT-PCR,
relative to β-actin. Data shown are mean +
SD of three samples per group, pooled from
three independent experiments carried out
in duplicate. (F) Expression of myc-NLRC5
and NS1 was analyzed by immunoblotting
and the immunoblot shown is from one sin-
gle experiment representative of three inde-
pendent experiments. β-Actin was used as
a loading control. ANOVA was performed to
compare vector control versus myc-NLRC5
or flag-CIITA-transfected A549 cells and p
values <0.05 are indicated with an asterisk.

control upon PR8 infection (MOI 1.0) (Supporting Information
Fig. 1A). This NLRC5-mediated inhibition of PR8 replication in
NHBE cells was consistent with a reduction in NP vRNA (Support-
ing Information Fig. 1B). NLRC5 expression also induced IFN-β
(Supporting Information Fig. 1D) and RIG-I mRNA expression
(Supporting Information Fig. 1C) in PR8-infected NHBE cells.
NLRs have also been reported to upregulate expression of many
proinflammatory cytokines including CCL5 (RANTES) [32, 33].
Previously, we have shown that NLRC5 affects RANTES and IFN-β
secretion in PMA-differentiated THP-1 cells and primary human
dermal fibroblasts following Sendai virus infection and polyI:C
stimulation [13]. Analysis of IFN-β and RANTES in NHBE culture
supernatants by ELISA indicates that NLRC5 overexpression also
resulted in increased IFN-β and RANTES levels upon PR8 infection
(Supporting Information Fig. 1E and F). These observations were
further supported by immunohistochemistry where we observed
a significant reduction in NP-positive NHBE cells, transfected with
NLRC5 expression vector (Supporting Information Fig. 1G and H).

Contrary to our findings in A549 and NHBE cells, overexpres-
sion of NLRC5 in HEK293T cells did not affect PR8 replication
irrespective of the virus dose and viral titers (Supporting Informa-
tion Fig. 2A and B). Immunoblot analysis of NS1 expression con-
firmed no change in NS1 expression level in vector- and NLRC5-
transfected HEK293T cells (Supporting Information Fig. 2A). Fur-
thermore, IFN-β promoter activity was not significantly different
in NLRC5-transfected cells following PR8 infection compared with
cells transfected with the empty vector (Supporting Information
Fig. 2C).

These results suggest that NLRC5 plays a role in the induc-
tion of antiviral innate immune responses against influenza
virus infection and that NLRC5 contributes to the restriction of
influenza replication in human respiratory epithelial cells, but not
in HEK293T cells.

Viral NS1 counteracts NLRC5, RIG-I, and IFN-β
expression

NLRC5 expression has been shown to be induced upon viral
infection in different human cell types [13, 16, 19]. Therefore,
we investigated the level of endogenous NLRC5 mRNA in A549
cells in response to PR8 infection. The kinetic of virus infection
was studied by quantitative RT-PCR of NP vRNA and NP mRNA,
which showed a time-dependent increase in their copy numbers
(Fig. 2A and B). Further, quantitative RT-PCR studies showed
that PR8 infection induced NLRC5 mRNA expression in A549 cells
within 3 h of infection (Fig. 2C). However, NLRC5 expression
declined thereafter and reached nearly basal levels by 12 h of
infection. Similar kinetics were observed for RIG-I mRNA expres-
sion (Fig. 2D). We observed only a marginal increase in IFN-β
expression at 6 h following PR8 infection (Fig. 2E). Expression
of many PRRs has been shown to be induced by viral PAMPs as
well as cytokines [34] but viruses have devised potent strategies
to counteract PRR expression, recognition, activation, and sub-
sequent cytokine production. Influenza NS1 has been shown to
suppress RIG-I activation and subsequent IFN-β induction [30,
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Figure 2. Viral NS1 counteracts endogenous
NLRC5, RIG-I, and IFN-β expression. A549 cells were
infected with PR8 or PR8�NS1 (MOI 1.0) for 0, 3, 6,
12, and 24 h and the expression of (A) NP vRNA,
(B) NP mRNA, (C) NLRC5 mRNA, (D) RIG-I mRNA,
(E) IFN-β mRNA, and (F) IFN-α was analyzed by
real-time RT-PCR, relative to β-actin. Data shown
are mean + SD of three samples per group, pooled
from three independent experiments carried out in
duplicate. ANOVA was performed to compare PR8-
infected versus PR8�NS1-infected A549 cells and p
values <0.05 are indicated with an asterisk.

35–38]. To determine the effect of NS1 on virus-induced NLRC5
expression PR8�NS1, a mutant of influenza virus PR8 that lacks
functional NS1 (PR8�NS1) was used. Unlike WT PR8 virus, infec-
tion with PR8�NS1 resulted in a strong IFN-β expression in a
time-dependent manner (Fig. 2E), a concordant increase in RIG-I
(Fig. 2D) and NLRC5 mRNA (Fig. 2C) levels was also observed.

Very low PR8�NS1 NP vRNA and NP mRNA expression lev-
els confirmed replication deficiency of PR8�NS1 in A549 cells
(Fig. 2A and B). To provide further evidence that NS1 suppresses
NLRC5 induction and antiviral response, we complemented viral
NS1 expression by transfecting a myc-NS1 expression vector into
A549 cells prior to infection with PR8�NS1 (Fig. 3D). Real-time

Figure 3. NS1 complementation inhibits
PR8�NS1-induced NLRC5. A549 cells were
cotransfected with 2 μg of vector or myc-
NS1 expression vector and IFN-β pro-
moter LUC reporter using lipofectamine
2000. Twenty-four hours post-transfection,
these cells were infected with PR8�NS1 for
another 24 h. (A, B) Cells were harvested
and mRNA expression of (A) NLRC5 and
(B) RIG-I was determined by real-time RT-
PCR, relative to β-actin. (C) IFN-β induc-
tion was assayed by LUC reporter assay.
(D) NLRC5, RIG-I, and myc-NS1 expres-
sion was analyzed by immunoblotting. The
immunoblot shown is from one single
experiment representative of three inde-
pendent experiments. β-Actin was used as
a loading control. Data shown are mean
+ SD of three samples per group, pooled
from three independent experiments car-
ried out in duplicate. ANOVA was per-
formed to compare vector control versus
myc-NS1-transfected A549 cells and p val-
ues <0.05 are indicated with an asterisk.
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Figure 4. NS1�PR8 virus induces NLRC5,
IFN-β, RANTES expression, and NFκB acti-
vation in a RIG-I-dependent manner. The
expression of endogenous NLRC5 or RIG-
I was silenced using gene-specific NLRC5
or RIG-I siRNA in A549 cells followed by
infection with PR8 or PR8�NS1 (MOI 1.0).
Cells were also cotransfected with NFκB
promoter LUC reporter using lipofectamine
2000. (A–C) Cells were harvested 24 h
postinfection to assess the expression of
(A) NLRC5 mRNA, (B) IFN-β mRNA, and
(C) RIG-I mRNA, relative to β-actin by
real-time RT-PCR. (D) Cells were ana-
lyzed for endogenous RIG-I, NLRC5, and
β-actin (loading control) protein expression
by immunoblotting and the immunoblot
shown is from one single experiment rep-
resentative of three independent experi-
ments. Cell supernatants were assayed for
(E) IFN-β and (F) RANTES by ELISA. (G) NFκB
activation was measured by LUC reporter
assay. Data shown are mean + SD of
three samples per group, pooled from three
independent experiments carried out in
duplicate. ANOVA was performed to com-
pare PR8-infected versus PR8�NS1-infected
A549 cells and p values <0.05 are indicated
with an asterisk.

RT-PCR revealed that expression of NS1 in the host cells signif-
icantly (p < 0.05) inhibited NLRC5 (Fig. 3A) and RIG-1 mRNA
(Fig. 3B) and protein (Fig. 3D) expression upon viral infection.
LUC reporter assays of the same cells revealed reduced IFN-β pro-
moter activity (Fig. 3C) in response to PR8�NS1 compared with
cells not expressing myc-NS1.

Influenza virus mediated induction of NLRC5 and
type-I IFN requires RIG-I

RIG-I has a well-established role in inhibiting influenza virus repli-
cation [26, 28, 36–38]. We observed a significant increase in RIG-I
expression in response to NLRC5 overexpression in A549 as well as
in NHBE cells upon influenza virus infection (Fig. 1E and Support-
ing Information Fig. 1C). Furthermore, infection with PR8�NS1
induced RIG-I expression (Fig. 2D). This likely is mediated by the
IFN pathway as RIG-I is well known to be IFN inducible [39].
To delineate the specific role of NLRC5 and RIG-I in the antiviral
response, we applied a knockdown approach using gene-specific
siRNAs in A549 cells. A549 cells were transfected with NLRC5
or RIG-I siRNA for 24 h, and subsequently infected with PR8 or
PR8�NS1 for another 24 h. Knockdown efficiency of NLRC5 and
RIG-I was determined by quantitative RT-PCR (Fig. 4A and C) as
well as by Western blot (Fig. 4D). Knockdown of RIG-I expres-

sion completely abrogated the induction of NLRC5 and IFN-β
mRNA (Fig. 4A, B, and D). Analysis of RIG-I expression showed
that NLRC5 knockdown did not affect RIG-I mRNA or protein
expression as compared with control siRNA treated A549 cells
infected with PR8�NS1 (Fig. 4C and D). In contrast, reduction of
NLRC5 mRNA levels partially, but significantly (p < 0.03), inhib-
ited influenza virus induced IFN-β (Fig. 4B), as shown recently
for Sendai virus [13] and CMV [16] in other cell types. In any
case, control siRNA did not alter the expression level of NLRC5
(Fig. 4A and D) or RIG-I (Fig. 4C and D). Release of IFN-β
and RANTES also was fully blunted in RIG-I-specific siRNA-
treated cells and partially reduced in cells that received NLRC5-
specific siRNA (Fig. 4E and F). The RIG-I-dependent antivi-
ral pathway also involves NFκB activation [40], therefore, we
investigated NFκB activation using NFκB gene reporter LUC
assays. As shown in Figure 4G, infection with PR8�NS1, but
not PR8, resulted in increased NFκB promoter activity. Knock-
ing down RIG-I completely inhibited NFκB activation, while
NLRC5 knockdown resulted in partial but significant (p < 0.05)
reduction in NFκB promoter activation. To substantiate these
results, we further tested two independent sets of control
and NLRC5 specific siRNAs. As shown in Supporting Infor-
mation Figure 3A, both of these NLRC5-targeting siRNAs, but
not the control siRNAs, effectively reduced PR8�NS1-induced
NLRC5 protein expression below the detection limit. In contrast,
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Figure 5. LPS-induced IFN-β induction and NFκB activation remain unchanged in the presence or absence of NLRC5. (A–C) The expression of
endogenous NLRC5 in A549 cells was silenced using gene-specific NLRC5 siRNA. (D–F) Alternatively, A549 cells were transfected with 2 μg of vector
alone or myc-NLRC5 expression vector. (A–F) Cells were also cotransfected with IFN-β promoter or NFκB promoter LUC reporter using lipofectamine
2000 and treated with indicated dose of LPS. (A–F) Cells were harvested 24 h post-LPS treatment to assess (A and D) IFN-β induction and (B and E)
NFκB activation by LUC reporter assay. (C and F) Cells were analyzed for myc-NLRC5, RIG-I, and β-actin (loading control) protein expression by
immunoblotting and the immunoblot shown is from one single experiment representative of two independent experiments. Data are shown as
mean + SD of three samples per group, pooled from three independent experiments carried out in duplicate. ANOVA was performed to compare
control siRNA versus NLRC5 siRNA treated A549 cells or vector versus NLRC5-transfected A549 cells and p values <0.05 are indicated with an
asterisk; ns: not significant.

RIG-I protein expression was not affected by the control or NLRC5
siRNAs (Supporting Information Fig. 3A). IFN-β promoter LUC
reporter assays confirmed that the NLRC5-specific siRNAs but not
the control siRNAs efficiently reduced PR8�NS1-induced IFN-β
activation (Supporting Information Fig. 3B).

Results of the above studies suggest that NLRC5 is involved
in RIG-I-dependent antiviral responses against influenza virus.
Influenza virus is a natural ligand for RIG-I that induces its activa-
tion [41, 42]. In order to establish the specificity of this response,
we carried out studies to investigate if NLRC5 influences other
innate immune responses induced by other PAMPs such as LPS.
A549 cells either transfected with NLRC5 siRNA or NLRC5 expres-
sion vector and/or IFN-β or NFκB promoter LUC reporter plasmids
were treated with PBS or LPS (0.1, 1.0, 10, or 100 ng/mL) for 24 h.
As shown in Figure 5, LPS treatment resulted in a dose-dependent
increase in IFN-β and NFκB promoter activation in A549 cells.
NLRC5 knockdown strongly reduced LPS-induced NLRC5 protein

levels (Fig. 5C). However, this neither significantly altered IFN-β
nor NFκB promoter activation compared with cells treated with
control siRNA (Fig. 5A and B), and this trend was consistent with
all the doses of LPS used in the study. Similarly, overexpression
of NLRC5 in A549 cells followed by LPS treatment also did not
affect IFN-β or NFκB promoter activation (Fig. 5D and E). Fig-
ure 5F shows NLRC5 and RIG-I protein expression in these cells.
These results provide additional support that NLRC5 is involved
specifically in RIG-I-mediated antiviral responses in A549 cells.

We further extended these studies to primary mouse normal
bronchial and tracheal epithelial cells (Supporting Information
Fig. 4). To this end, we knocked down mouse NLRC5 using mouse
gene specific NLRC5 siRNA and infected these cells with PR8 or
PR8�NS1 for 6 h. We observed a strong NLRC5 and RIG-I expres-
sion in response to both PR8 and PR8�NS1 at this time point (Sup-
porting Information Fig. 4A). NLRC5 siRNA effectively reduced
NLRC5 expression without affecting RIG-I expression (Supporting
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Figure 6. NLRC5 is required for robust IFN-β and RIG-I expression. A549
cells transfected with control siRNA or NLRC5 siRNA were infected with
NS1-del PR8 (MOI 1.0). (A–C) Cells were harvested 0, 24, 48, 72, and 96 h
postinfection and analyzed for (A) IFN-β, (B) RIG-I, and (C) NLRC5 mRNA
expression, relative to β-actin by real-time RT-PCR. Data are shown as
mean + SD of three samples per group, pooled from three independent
experiments carried out in duplicate. ANOVA was performed to com-
pare control siRNA versus NLRC5 siRNA treated A549 cells and p values
<0.05 are indicated with an asterisk.

Information Fig. 4A). Analysis of IFN-β and RANTES in culture
supernatants 24 h postinfection by ELISA showed that NLRC5
knockdown significantly reduced IFN-β and RANTES level (Sup-
porting Information Fig. 4B and C). These findings confirm that
our results obtained in cell lines are transferrable to primary
epithelial cells.

To characterize the role of NLRC5 in antiviral response in more
detail, we analyzed the expression level of RIG-I and IFN-β in
infected cells over time. A549 cells treated with control or NLRC5-
specific siRNA were infected with PR8�NS1 for the indicated
time and IFN-β, RIG-I, and NLRC5 mRNA expression was mea-
sured by quantitative RT-PCR (Fig. 6). NLRC5 knockdown resulted
in a significant reduction of IFN-β expression at all time points
(p < 0.03, 0.01, 0.01, and 0.008) (Fig. 6A). Interestingly, RIG-I
mRNA expression was not different in control siRNA versus NLRC5
siRNA treated cells at 24 h postinfection (see also Fig. 4C), how-
ever was significantly lower in the absence of NLRC5 starting from
48 h postinfection (p < 0.04, 0.04, and 0.03) (Fig. 6B). In any case,
NLRC5 mRNA was efficiently reduced by the siRNA treatment
(Fig. 6C). These results strongly suggest that while NLRC5 expres-
sion is RIG-I dependent, NLRC5 contributes to mount a robust
IFN-β induction in response to influenza infection. The type I

IFN, IFN-β, is pivotal for the antiviral host defense. It is involved
in the transcriptional activation of many PRRs including NLRC5
[11, 16], a large number of so-called IFN-stimulated genes as well
as its own production. To examine whether NLRC5 expression is
driven directly by IFN-β also upon influenza infection, we treated
A549 with recombinant human IFN-β and analyzed the expression
of IFN-β, NLRC5, and RIG-I mRNA. As shown in Supporting Infor-
mation Figure 5A, recombinant IFN-β treatment not only induced
the expression of IFN-β, but also the expression of NLRC5 and
RIG-I. Dependency of NLRC5 expression on RIG-I-induced IFN-β
was further confirmed in studies using neutralizing IFN-α/β anti-
bodies, which prevented PR8�NS1-induced expression of RIG-I,
NLRC5, and IFN-β (Supporting Information Fig. 5B).

Taken together, these results confirmed previous findings,
showing that NLRC5 mRNA is regulated by type I IFNs and sug-
gest that it is induced upon activation of RIG-I by influenza virus.
More interestingly, we revealed that NLRC5 positively affects
RIG-I signaling and that NLRC5 is required to maintain a long-
lasting antiviral response toward influenza virus in human host
cells.

The N-terminal and NACHT domains of NLRC5 are
critical for its antiviral function

Next, we examined, which domains of NLRC5 contribute to the
antiviral activity. To this end, myc-tagged wtNLRC5 and dele-
tion mutants thereof [17] were expressed in A549 cells (Fig. 7A).
As expected, transfection of A549 cells with NLRC5 signifi-
cantly reduced influenza viral titers following infection with PR8
(Fig. 7B). By contrast, overexpression of a Walker A mutant of
NLRC5 (NLRC5-K234A) or of a deletion construct that lacks the
N-terminal domain (NLRC5-�DD), contain only the N-terminal
death-fold domain (NLRC5-DD) or of the LRR domain of NLRC5
(NLRC5-LRR), all did not significantly affect viral titers (Fig. 7B).
However, overexpression of isoform 3 of NLRC5 (NLRC5-ISO3),
which lacks the LRR domain [13], inhibited PR8 replication to
a similar extent as wtNLRC5 (Fig. 7B). These results indicate
that NLRC5-mediated restriction of influenza virus replication
is dependent on a functional ATPase domain and the presence
of N-terminal domain of NLRC5. Consistent with these results,
only wtNLRC5 and isoform 3 but not NLRC5-K234A, NLRC5-
�DD, NLRC5-DD, or NLRC5-LRR induced IFN-β mRNA expres-
sion upon infection (Fig. 7C). Further, increased levels of RANTES
were detectable in the supernatants of A549 cells transfected with
wtNLRC5 and NLRC5-ISO3 but not in the supernatants from cells
transfected with the other NLRC5 constructs (Fig. 7D).

Taken together, these data suggest that the DD and NACHT
ATPase domain are sufficient for NLRC5-mediated antiviral
responses toward influenza. Of note, a construct comprising only
these domains is unable to promote MHC class I expression
[17], functionally separating the role of NLRC5 in RIG-I-mediated
antiviral immunity from its contribution to MHC-I-dependent anti-
gen presentation.
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Figure 7. The NLRC5 death domain and nucleotide-binding domain is critical for NLRC5-mediated antiviral function. A549 cells were transfected
with vector alone or with myc-tagged wtNLRC5, NLRC5-K234A, NLRC5-ISO3, NLRC5-�DD, NLRC5-DD, or LRR domain of NLRC5 and subsequently
infected with PR8 (MOI 1.0) for 24 h. (A) The upper panel shows the schematic representation of the NLRC5 constructs used and the lower panel
shows expression of NLRC5 constructs in the cells by immunoblotting. β-Actin was used as a loading control. (B, C) Supernatants were collected
and cells were harvested to determine (B) viral titers by plaque assay and (C) IFN-β mRNA expression, relative to β-actin by real-time RT-PCR.
(D) Secretion of CCL5 (RANTES) in cell supernatants was measured by ELISA. Data are shown as mean + SD of three samples per group, pooled
from three independent experiments carried out in duplicate. ANOVA was performed to compare control vector versus myc-NLRC5 expression
vectors transfected A549 cells and p values <0.05 are indicated with an asterisk.

NLRC5 forms a complex with RIG-I and influenza
virus protein NS1

Viruses can suppress host innate immune responses. Influenza NS1
has been shown to interact directly with RIG-I and other PRRs to
dampen host innate immune activation [28, 30, 35, 38, 43–46].
Our observation that the antiviral activity of NLRC5 is depen-
dent on RIG-I prompted us to investigate if NLRC5 might act in
a physical complex with RIG-I. To this end, we carried out coim-
munoprecipitation studies. A549 cells, transfected either with vec-
tor or myc-tagged wtNLRC5, were infected with PR8 24 h post-
transfection. Cells were harvested at the indicated time postin-
fection and protein expression of RIG-I, myc-NLRC5, and viral
NS1 was determined by immunoblotting (Fig. 8A). In vector-
transfected A549 cells, RIG-I protein expression was detected at
3 h post-PR8 infection and rapidly declined starting 6 h postinfec-
tion, and was undetectable after 9 h. Consistent with our quan-
titative RT-PCR data (Fig. 1E), NLRC5 overexpression increased
and prolonged RIG-I expression that was still detectable up to
12 h p.i. Notably, NLRC5 expression also delayed the expression
of NS1 in PR8-infected A549 cells. In vector-transfected cells, NS1

was detectable starting at 6 h following PR8 infection, whereas
in NLRC5-transfected A549 cells, NS1 appeared only after 9 h
postinfection and its expression appeared to be lower than in
vector-transfected A549 cells, consistent with the lower viral titer
found in these cells (Fig. 8A). To examine if NLRC5 formed a
complex with endogenous RIG-I or viral NS1, coimmunoprecip-
itations were conducted at 6, 12, and 24 h postinfection using
anti-myc, anti-RIG-I, and anti-NS1 antibodies to precipitate myc-
NLRC5, RIG-I, and NS1, respectively. Precipitation of myc-NLRC5
copurified RIG-I at 6 h post-PR8 infection but not at the later time
points. Notably, NS1 bound to NLRC5 at 12 and 24 h postinfec-
tion but not at 6 h, suggesting that NLRC5 can form a complex
with NS1 and RIG-I upon infection at the time when these pro-
teins are most highly expressed (Fig. 8A). Precipitation of RIG-I
copurified NLRC5 at 6 h postinfection. Notably, at this time point,
NS1 was absent in A549 cells (Fig. 8A). NS1 coprecipitated with
RIG-I at 12 h post-infection, however, we did not detect NLRC5
in coimmunoprecipitate at this time point despite its presence in
the cells (Fig. 8A). These data indicate that while RIG-I is capable
of interacting with NLRC5, NS1 can prevent this interaction. Pre-
cipitation of NS1 using NS1-specific antibodies copurified RIG-I in
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Figure 8. NLRC5 stabilizes RIG-I. (A) A549 cells transfected with vector alone or myc-wtNLRC5 were infected with PR8 (MOI 1.0) for 0, 3, 6, 9, 12, 18,
24, 48, and 72 h and harvested for NLRC5, RIG-I, and NS1 expression and coimmunoprecipitation assay. β-Actin was used as a loading control. Cell
lysates from 6, 12, and 24 h were immunoprecipitated with anti-myc, anti-NS1, or anti-RIG-I antibodies and immunoprecipitates were analyzed
for the presence of RIG-I, NS1, and NLRC5 by immunoblotting. (B) To map the domain responsible for NLRC5 interaction with RIG-I and NS1,
A549 cells were transfected for 24 h with myc-vector alone or with myc-tagged wtNLRC5, NLRC5-K234A, NLRC5-ISO3, NLRC5-�DD, NLRC5-DD, or
NLRC5-LRR mutants and then infected with PR8 (MOI 1.0) for 3 or 9 h. Cell lysates were immunoprecipitated with anti-myc, anti-NS1, or anti-RIG-I
antibodies and immunoprecipitates were analyzed for the presence of RIG-I, NS1, and NLRC5 by immunoblotting. β-Actin was used as a loading
control. The input for the immunoblot was about 5% of the total cell lysate. (C) A549 cells transfected with wtNLRC5 were infected with PR8 (MOI
1.0) in the presence or absence of actinomycin D (5 μg/mL)/cyclohexamide (20 μg/mL) combination. Cell lysates were analyzed for RIG-I and NLRC5
expression at 0, 3, 6, and 9 h postinfection by immunoblotting. Data shown are from one single experiment representative of two independent
experiments.

vector-transfected cells 6 h postinfection. At this time point, NS1
was absent in NLRC5 transfected cells (Fig. 8A). NS1 copurified
NLRC5 at 12 and 24 h postinfection suggesting NS1 can bind to
NLRC5 regardless of the presence of absence of RIG-I (Fig. 8A).

Our domain mapping studies revealed that the antiviral activ-
ity of NLRC5 depended on the DD and NACHT domain. We next
investigated if the N-terminal DD and the central NACHT domain
also participate in the above observed interaction with RIG-I and
NS1. To this end, we overexpressed myc-tagged wtNLRC5 or
the NLRC5 constructs NLRC5-K234A, NLRC5-ISO3, NLRC5-�DD,
NLRC5-DD, or NLRC5-LRR domain in A549 cells and subsequently
infected these cells with PR8 influenza virus. Cell lysates were
harvested at 3 and 9 h postinfection and were analyzed for the
expression of NLRC5, RIG-I, and NS1 by immunoblotting (Fig. 8B).
These time points were chosen due to the high abundance of RIG-I,

myc-NLRC5, and/or NS1 at these times. RIG-I expression was well
detectable at 3 h post-PR8 infection irrespective of the expression
of the NLRC5 constructs, whereas NS1 was not detectable at that
this time. As expected RIG-I was not detectable at 9 h postinfection
in mock-treated cells, however it was readily detected in cells
expressing wtNLRC5 or the ISO3 construct (Fig. 8B). In any case,
NS1 was detectable at 9 h postinfection (Fig. 8B). Immunoprecip-
itation of NLRC5 showed that wtNLRC5 and NLRC5-ISO3 but also
the N-terminal DD of NLRC5 interacted with RIG-I at 3 h post-PR8
infection. However, at 9 h postinfection, we did not detect RIG-I
in any coimmunoprecipitation, although RIG-I was clearly present
in cells expressing wtNLRC5 or ISO3 (Fig. 8B). Interestingly,
NS1 coimmunoprecipitated with all the NLRC5 constructs 9 h
postinfection, however not in control immunoprecipitations in
both directions (Fig. 8B). Immunoprecipitation of RIG-I copurified
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Figure 9. Schematic representation of the role of NLRC5 in influenza virus infection. NLRC5 induces a RIG-I-dependent robust antiviral response
against influenza virus and induced type I IFN. Type I IFN upregulated NLRC5, RIG-I expression, and subsequently its own production (left). Absence
of NLRC5 results in a weaker type-I IFN response. NS1 can suppress the NLRC5-mediated antiviral response by interacting with the RIG-I/NLRC5
complex or by sequestering NLRC5 and preventing its interaction with RIG-I (top right). While 5′PPP-RNA is a natural ligand for RIG-I, it is not
known if NLRC5 binds to viral RNA or undergoes conformational changes (bottom left and right). (Protein–protein interactions shown in the figure
do not represent the specific domains responsible for binding.)

wtNLRC5, NLRC5-ISO3, and NLRC5-DD. Notably, NLRC5-DD
did not induce antiviral effects (Fig. 7). Immunoprecipitation of
NS1 copurified RIG-I in wtNLRC5 and NLRC5-ISO3 expressing
A549 cells at 9 h postinfection when RIG-I was present only in
wtNLRC5 or NLRC5-ISO3 expressing A549 cells (Fig. 8B).

NLRC5 overexpression enhanced RIG-I expression in PR8-
infected cells, and RIG-I was detectable up to 12 h by immunoblot-
ting. In contrast, in vector-transfected cells, PR8-induced RIG-I
was detectable only up to 6 h postinfection (Fig. 8A). This could
be a result of enhanced transcription and/or translation of RIG-I or
decreased RIG-I degradation. To understand the role of NLRC5 in
enhanced RIG-I expression, we treated NLRC5-transfected A549
cells with actinomycin D and cyclohexamide to block transcription
and translation, and subsequently infected these with PR8 (MOI
1.0). Cells were harvested at 0, 3, 6, and 9 h postinfection to ana-
lyze expression of RIG-I by immunoblotting. These data show that
treatment with actinomycin D and cyclohexamide did not reduce
the steady-state levels of RIG-I suggesting that NLRC5 affects the
half-life of the RIG-I protein (Fig. 8C).

In summary, our results suggest that NLRC5 extends and sta-
bilizes influenza virus induced RIG-I expression and delays NS1
expression. NS1 counteracts NLRC5-mediated enhancement of
RIG-I activity by competing for binding to RIG-I and/or by interact-
ing with NLRC5 thereby preventing the binding of NLRC5 to RIG-I.

RIG-I interaction with NLRC5 required the NLRC5 DD, which was
sufficient for binding, though a Walker A mutant of NLRC5 failed
to interact with RIG-I despite the presence of DD.

Discussion

Members of NLR protein family are known for their primary
role in mediating inflammatory response upon pathogenic insult.
Recently, several members of this family including NLRC5 have
been proposed to function as critical regulators of antiviral
responses [5, 13, 16, 20, 47, 48]. NLRC5 has been shown to con-
tribute to type I IFN signaling and MHC class I gene expression
[10–12, 17, 18, 49–52], both pathways that are pivotal for the
host to combat viral infection. NLRC5 is predominantly expressed
in cells of the lymphoid lineage, in spleen, thymus, BM, and LNs,
and, in addition, in mucosal epithelial surfaces such as the lung,
small intestine, colon, and the uterus that are in direct contact
with pathogens [13, 16, 19]. Several isoforms of NLRC5 have
been reported, which differ in the composition of the LRR domain
[13]. The presence and expression of these isoforms are tissue and
cell-type specific, however, their functional roles remain elusive.
NLRC5 has been reported to be a cytosolic protein [13, 16, 19, 53]
that can shuttle to the nucleus, which is consistent with the
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function of NLRC5 as a transcriptional enhancer and its contri-
bution to cytosolic type I IFN pathways.

Abundant expression of NLRC5 in lung tissue and immune cells
[20] prompted us to investigate its role in influenza virus infec-
tion. We observed a partial but significant reduction in viral titers
as well as increased expression of IFN-β and RIG-I expression in
human respiratory epithelial cell lines overexpressing NLRC5, sug-
gesting an involvement of NLRC5 in the antiviral innate immune
response. These results confirm previous findings, showing that
Sendai virus and polyI:C-mediated type I IFN responses are par-
tially dependent on NLRC5 in different human cells [13] and that
both CMV- or polyI:C-induced type I IFN and proinflammatory
cytokines are reduced in NLRC5 knockdown fibroblasts compared
with control cells [16]. In contrast, NLRC5 was also reported to
negatively regulate antiviral signaling and type I IFN production
by interacting with IKKα/β, and RIG-I and MDA5 [20]. The rea-
sons for these discrepant findings are unclear. However, different
cell types have been used in these studies with different outcomes.
A study by Kumar et al. suggests that NLRC5 deficiency does not
influence cytokine induction by virus and bacterial infection in BM-
derived cells in NLRC5 KO mice [21]. Also, Tong and colleagues
found little effect of the NLRC5 status on PAMP stimulation of
BM-derived cells, however they reported increased IFN-γ and IL-
6 in mouse embryonic fibroblast derived from NLRC5 KO mice
[47]. This might suggest that NLRC5-mediated host responses
vary greatly among different cell types and in response to diverse
stimuli. Accordingly, we could not detect endogenous NLRC5 in
HEK293T cells even upon PR8 or PR8�NS1 infection. Moreover,
NLRC5 overexpression did not result in enhanced antiviral effect
against influenza in these cells, which is consistent with our previ-
ous study that showed that NLRC5 does not positively affect type
I IFN responses in HEK293T cells [13]. This might not come as a
surprise as influenza virus primarily infects respiratory epithelial
cells; and HEK293T cells are not a natural target for influenza
virus infection and thus may not have evolved to response to flu
the same way as the lung epithelial cells do.

It is well established that influenza viruses activate RIG-I
[26, 28, 54]. Here, we confirmed interaction of NLRC5 with
RIG-I and expanded on this finding by revealing a novel role of
human NLRC5 in antiviral response toward influenza infection.
NLRC5 overexpression significantly reduced PR8 replication and
enhanced antiviral effects in both A549 and NHBE cells. A spe-
cific role of NLRC5 in innate immune responses toward influenza
virus was confirmed by overexpressing an unrelated NLR family
protein CIITA in A549 cells, which did not reduce PR8 replication
or enhanced RIG-I or type I IFN induction. NLRC5 was neither
necessary nor sufficient for viral induction of RIG-I expression,
however, NLRC5 knockdown significantly reduced IFN-β induc-
tion. Conversely, RIG-I knockdown completely abrogated virus-
induced NLRC5 expression as well as type I IFN. Importantly, we
confirmed the contribution of NLRC5 to influenza induced innate
immune responses in primary mouse normal bronchial and tra-
cheal epithelial cells, showing that our results in cell lines were
not affected by the transformed state of these cells. Moreover,
NLRC5 did not affect LPS-induced responses in A549 cells sug-

gesting that the effect of NLRC5 on influenza virus induced IFN
responses is rather specific.

We and others have reported that initial induction of IFN-β by
viral PAMPs can strengthen antiviral response by increasing PRRs
expression and subsequent IFN-β production in an autocrine and
paracrine manner [26, 55, 56]. In fact, this is crucial for the antivi-
ral response in early stages of infection, where viral PAMPs might
be limiting to induce strong antiviral response [42]. This gener-
ally accepted hypothesis is also supported by our findings that
treatment with IFN-β induced an antiviral response, whereas neu-
tralizing antibodies against IFN-α/β abolished the antiviral effect.
The final outcome of host defense against pathogens depends on
the strength and duration of the antiviral response. Our studies
indicate that NLRC5 expression was required for a robust RIG-I-
dependent type I IFN response and inhibition of virus replication,
in particular, at later time points postinfection.

Human NLRC5 is the largest protein among the human NLR
family members and consists of an N-terminal domain that
comprises a predicted DD. The predicted NACHT domain is
located between position N-terminal and C-terminal domains.
The predicted C-terminal LRR region consists of 713 amino
acid residues and is largest among NLR members [13]. We
and others have identified that these domains contribute to
NLRC5 subcellular localization and are involved in its transit
through nucleus [17, 53]. In order to determine the role of
these domains in antiviral signaling, we used a series of NLRC5
mutants and truncated versions as described in materials and
methods section. Results indicated that the DD along with the
NACHT domain (referred to as NLRC5 isoform 3 (NLRC5-ISO3))
were sufficient for the NLRC5 function in antiviral responses.
By contrast, a point mutation in the conserved lysine (K234) of
the Walker A motif of NLRC5 (NLRC5-K234A) resulted in loss
of NLRC5 function. Of note, NLRC5 isoform 3 (NLRC5-ISO3),
which lacks the entire LRR domain, was found to be equally
potent as wtNLRC5. In contrast, NLRC5-�DD, a deletion mutant
that lacks DD or the DD alone and the LRR domain alone, failed
to induce an antiviral response. This showed that the DD and
NACHT domain are needed, whereas the LRR domain of NLRC5
is dispensable for the antiviral effect of NLRC5 described here.
We and others have recently shown that both the DD and LRR
domain are critical for NLRC5-dependent MHC class I activation
[12, 17]. Notably, NLRC5 isoform 3 is unable to activate MHC
class I expression despite its competence to shuttle to the nu-
cleus [17]. In contrast, this isoform was sufficient to enhance the
influenza-induced type I IFN response. Our results provide evi-
dence that the functions of NLRC5 in MHC class I gene expression
and in the regulation of type-I IFN responses are mediated through
different domains in NLRC5. Whether cytoplasmic availability or
nuclear localization of NLRC5 is the limiting factor for its antiviral
function is not known and needs further investigation.

Based on our findings that human NLRC5 contributes to
influenza-induced RIG-I activation, we wanted to explore if NLRC5
might form a complex with RIG-I and which domains of NLRC5
are involved in such an interaction. We used an in vitro influenza
virus infection model to study the interaction of NLRC5 with
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endogenous RIG-I and viral NS1 protein. NLRC5 did interact with
RIG-I and the N-terminal DD of NLRC5 appeared to be involved
in this interaction. Consistent with a loss of function, the Walker
A mutant K234A of NLRC5 did not pull down RIG-I despite the
presence of the DD. It is not clear if NLRC5 undergoes structural
rearrangements needed for protein–protein interaction upon acti-
vation like other PRRs. If so, a functional ATPase NACHT domain
might be required to achieve this. RIG-I interaction with NLRC5
has also been shown by Cui et al. [20], however, these authors
identified a negative regulation of antiviral response by NLRC5.
Discrepancies between Cui et al. and our findings in the func-
tional outcome of the NLRC5 and RIG-I interaction might be due
to different cell types or experimental conditions, and certainly
requires more independent investigations. We provide evidence
that NLRC5 can stabilize the RIG-I protein upon influenza virus
infection to enhance RIG-I signaling, suggesting that at least in
human epithelial cells, which have not been analyzed by Cui
and co-workers, NLRC5 positively contributes to RIG-I-dependent
antiviral responses

To evade host antiviral response, pathogens have evolved var-
ious strategies to escape the innate immune system. We [35] and
others [28, 30, 57] have reported that influenza virus NS1 protein
can target innate immune receptor RIG-I and its signaling com-
ponents to suppress host innate immune defenses. In the present
study, we found that while influenza virus PR8 only modestly
induced NLRC5 expression and IFN-β, PR8�NS1, which lacks the
NS1 protein, induced robust expression of NLRC5 as well as IFN-β.
Ectopic expression of NS1 in human cells not only inhibited type I
IFN but also significantly decreased NLRC5 and RIG-I mRNA lev-
els. It is known that NS1 protein directly interacts with RIG-I by
coimmunoprecipitation studies [28]. Our data cannot discriminate
if NS1 interacts with NLRC5 directly, if it targets an NLRC5/RIG-I
complex, or if it sequesters NLRC5 protein thereby preventing its
interaction with RIG-I. However, in human cells NS1 coimmuno-
precipitated with all of the tested NLRC5 constructs, supporting
an interaction of NS1 with multiple domains of NLRC5. Moreover,
the presence of RIG-I was not needed for its interaction.

In summary, we show that during early influenza virus
infection, NLRC5 binds to RIG-I to form a complex in an
LRR-independent manner. This interaction stabilizes RIG-I and
enhances downstream type I IFN responses. Viral NS1 interferes
with the NLRC5/RIG-I complex formation to inhibit antiviral sig-
naling. This might be due to direct interaction with NLRC5 and/or
RIG-I. NS1 interaction with NLRC5 may also sequester NLRC5
thereby preventing formation of RIG-I/NLRC5 complex and acti-
vation of antiviral defenses. Of note, this is the first report of a role
for NLRC5 in antiviral immunity that is functionally distinguish-
able from the well-established function of NLRC5 in MHC class
I gene expression, which, in contrast to the antiviral activity of
NLRC5, depends on the LRRs of NLRC5 [17]. Differential expres-
sion of isoforms of NLRC5 that lack part or all of the LRRs might,
therefore, relate to different antiviral activities of the correspond-
ing cell types.

Further studies will help to determine the structural and func-
tional role of the domains involved in the NLRC5/RIG-I/NS1 com-

plex formation during viral infection and to gain insights into
developing novel targets for next-generation antiviral agents.

Materials and methods

Plasmids and reagents

Myc-tagged NLRC5 full-length (NP 115582; flag-NLRC5 or myc-
NLRC5) and mutants (NLRC5-K234A, NLRC5-ISO3, NLRC5-�DD,
NLRC5-DD, and NLRC5-LRR) are described previously [13]. Flag-
tagged CIITA was a kind gift from Victor Steimle, Sherbrook Uni-
versity, Canada. The myc-NS1 expression vector used in this study
has been described previously [35]. NFκB and IFN LUC reporter
plasmid was obtained from Dr. Rongtuan Lin, McGill University,
Canada. Anti-RIG-I and anti-NS1 antibodies were purchased from
Santa Cruz Biotechnology (CA, USA). Actinomycin D, cyclohex-
amide, anti-flag, anti-myc, and anti-β-actin antibodies were pur-
chased from Sigma Aldrich (St. Louis, USA). Anti-CIITA and anti-
IFN-α/β neutralizing antibodies were purchased from Millipore
(MA, USA). Anti-NLRC5 monoclonal antibody 3H8 was described
previously [13]. The anti-influenza A virus NP antibody and lab-
oratory strain A/Puerto Rico/8/34 [(PR8); H1N1] were obtained
from the Influenza Reagents Repository, Centers for Disease Con-
trol and Prevention (CDC), Atlanta, USA; the NS1-del mutant
(PR8�NS1) was provided by Adolfo Garćıa-Sastre, Mount Sinai
School of Medicine, NY, USA. Human and mouse IFN-β and CCL5
ELISA kits were from R&D system Inc. (MN, USA).

Cell cultures and virus infection

Human lung epithelial cell line A549, HEK293T (ATCC, VA,
USA), and NHBE cells (Lonza, Switzerland) were maintained as
described [13, 26]. Mouse normal bronchial and tracheal epithe-
lial cells were purchased from (CHI Scientific, MA, USA) and main-
tained as per manufacturer instructions. 106 cells in six-well plates
were transfected with the empty vector or NLRC5 expression vec-
tors for 24 h. Cells were then infected with PR8 or PR8�NS1
virus at an MOI of 1.0 or 1.0 focal forming units with trypsin sup-
plement as described previously [26]. Twenty-four hours postin-
fection, cells were harvested for RNA and protein analysis and
cell-culture supernatants were collected and stored at –80°C for
determination of viral titer by plaque assay as described previously
using MDCK cells [26]. Three independent experiments were per-
formed at different times with each treatment carried out in dupli-
cate cultures.

siRNA knockdown studies

Gene-specific siRNAs to silence NLRC5 [13] or RIG-I [26] in A549
or NHBE or mouse normal bronchial and tracheal epithelial cells
were purchased from Thermo Fisher Scientific (Lafayette, CO,

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



770 Priya Ranjan et al. Eur. J. Immunol. 2015. 45: 758–772

USA), and were used as described in the manufacturer’s proto-
col. Briefly, cells were plated at a density of 106/well in a six-well
plate and transfected with 75 nM each of the gene-specific siRNA
24 h prior to infection with PR8 or PR8-NS1-del virus. After 24 h,
transfected cells were harvested and analyzed for NLRC5, RIG-I,
IFN-β, or NS1 expression by real-time PCR or Western blot.

Real-time RT-PCR

Total RNA was isolated from cells using the RNAeasy kit (Qiagen,
Valencia, CA, USA) and real-time RT-PCR was conducted using
a Stratagene Mx3005P Q-PCR machine for mRNA expression of
NLRC5, RIG-I, IFN-β, IFN-α NP vRNA, RANTES, and β-actin. For
each sample, 2 μg of RNA was reverse-transcribed using Super-
script II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Parallel reactions
without reverse transcriptase were included as negative controls.
Reverse transcription reactions were analyzed using syber green
Q-PCR reagents (Sigma Aldrich, St. Louis, USA). PCR conditions
were as follows: 95°C for 15 s, annealing at 57 °C for 30 s, and
extension at 72 °C for 30 s for a total of 45 cycles. The threshold
cycle number for cDNA was normalized to that of βactin mRNA,
and the resulting value was converted to a linear scale. Data from
three independent experiments were used for analysis. Primer sets
used for these studies have been described previously [13, 26, 28].

Immunoblotting and coimmunoprecipitation

Cells plated in 100-mm tissues culture plates were harvested in
RIPA buffer (Sigma Aldrich), and cell lysates were incubated with
primary antibody overnight at 4°C followed by incubation with
protein A Dynabeads (Invitrogen) for 2 h. The beads were washed
three times with PBS, suspended in Laemmli buffer (62.5 mM Tris-
HCl pH 6.8, 25% glycerol, 2% SDS, 0.01% Bromophenol blue),
boiled for 10 min, and centrifuged at 12 000 × g for 10 min at 4°C.
Supernatants were collected and analyzed by Western blotting as
described previously [26].

LUC assay

A549 or NHBE cells were cotransfected with IFN-β or NFκB pro-
moter LUC reporter plasmid and harvested at indicated time points
for LUC activity using dual LUC assay kit (Promega, WI, USA) as
per manufacturer’s instructions. Mean and SDs were calculated
from duplicate or triplicate cultures and are representative of at
least three independent experiments.

Confocal microscopy

A549 or NHBE cells were cultured on collagen-coated glass cover
slips and transfected with vector or wtNLRC5 using lipofectamine

as described previously [28] followed by PR8 infection. Cells on
the cover slips were washed with cold PBS and fixed with 4%
paraformaldehyde for 10 min. Cells were permeabilized in 0.1%
Triton X-100 in PBS and blocked with 1% BSA and 5% normal
goat serum in PBS. Following blocking, cover slips were incubated
overnight with anti-myc mouse monoclonal antibodies (1:1000
dilution), and anti-influenza A virus NP mouse monoclonal anti-
body (1:2 500). Alexa 488 conjugated anti-mouse IgG (LifeTech-
nologies, USA) was used as the secondary antibody. Nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI). Cells were
mounted on slides with Prolong Antifade Mounting Media (Molec-
ular Probes). Images were examined using an LSM 710 inverted
confocal microscope (Zeiss, Oberkochen, Germany). For calcu-
lating NP-positive cells, five independent ×20 image fields with
approximately 100 cells/field from each condition were evaluated.
The total number of NP-positive cells was divided by the total num-
ber of DAPI positive cells for each field to estimate the percent of
NP positive cells. Data are represented as the percentage ± SD of
five ×20 fields from each experimental condition.

Statistical analysis

To determine the statistical significance, we used analysis of vari-
ance (ANOVA) using GraphPad PRISM 5 and a value of- p �

0.05 was considered significant when compared with respective
controls.
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