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Proteins of the nucleotide-binding domain, leucine-rich re-
peat (NLR)-containing family recently gained attention as
important components of the innate immune system. Although
over 20 of these proteins are present in humans, only a few
members including the cytosolic pattern recognition recep-
tors NOD1, NOD2, and NLRP3 have been analyzed exten-
sively. These NLRs were shown to be pivotal for mounting
innate immune response toward microbial invasion. Here we
report on the characterization of human NLRC5 and provide
evidence that this NLR has a function in innate immune
responses. We found that NLRC5 is a cytosolic protein ex-
pressed predominantly in hematopoetic cells. NLRC5 mRNA
and protein expression was inducible by the double-stranded
RNA analog poly(I'‘C) and Sendai virus. Overexpression of
NLRCS5 failed to trigger inflammatory responses such as the
NEF-kB or interferon pathways in HEK293T cells. However,
knockdown of endogenous NLRC5 reduced Sendai virus- and
poly(I:C)-mediated type I interferon pathway-dependent re-
sponses in THP-1 cells and human primary dermal fibro-
blasts. Taken together, this defines a function for NLRC5 in
anti-viral innate immune responses.

Innate immunity and induction of adaptive immune re-
sponses are based on the recognition of conserved signatures of
microbes and “danger signals” released from infected host cells.
These pathogen-associated molecular patterns (PAMPs)* and
danger-associated molecular patterns (DAMPs) are recog-
nized by so-called pattern recognition receptors in the host
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and trigger inflammatory responses (1). Different types of
pattern recognition receptors show distinct subcellular
localization, allowing the host to react to extracellular, vesic-
ular, and cytosolic presented PAMPs and DAMPs. One class of
pattern recognition receptors, the nucleotide-binding domain,
leucine-rich repeat (NLR)-containing protein family, gained
much attention because it was shown that members of this
family are critically involved in mounting immune responses to
bacterial peptidoglycan fragments and in controlling release of
the key inflammatory cytokine interleukin-18 (2—4). Over 20
NLRs are encoded in the human genome. As a hallmark they
share a tripartite molecular architecture with a centrally located
ATPase domain, a NACHT domain (domain present in NAIP,
CIITA, HET-E, TP-1) that mediates oligomerization and acti-
vation of these proteins, followed by a leucine-rich repeat
region (LRR) at the C terminus. With the only exceptions of
NLRX1 and NAIP, the N-terminal part of the NLRs consists of
adomain that adopts a death domain fold. Most NLR members
thereby have either a caspase activation and recruitment
domain (CARD) or a pyrin domain (PYD), connecting the
respective NLR to different downstream signaling events (2).
Well studied examples of CARD domain-containing
NLRs are NOD1 and NOD2, which react to peptidoglycan frag-
ments and lead to NF-kB, MAPK, and caspase activation (3).
Examples of PYD containing NLRs comprise NLRP1 and
NLRP3, which form high molecular weight platforms, so-called
inflammasomes that lead to activation of caspase-1 and subse-
quent interleukin-13 release upon encounter of DAMPs and
certain PAMPs (4).

NLRC5 (alternatively named NOD27 or CLR16.1) is an
interesting exception in the NLR family. It has a typical NLR
architecture but contains an effector domain, predicted to
adopt a death domain (DD) fold without obvious homology
to the CARD and PYD domains found in other NLRs. Fur-
thermore, it possesses the longest LRR domain of all human
NLR members. Alignment of the LRR domains shows that
within the NLR family NLRC5 is most closely related to

dehydrogenase; IFN, interferon; siRNA, small interfering RNA; GFP, green
fluorescent protein; HRP, horseradish peroxidase; ELISA, enzyme-linked
immunosorbent assay; RANTES, regulated upon activation, normal T cell
expressed, and secreted.
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NOD1, NOD2, and NLRC3 (5). This is further confirmed
by sequence comparison of the NACHT domains, which
puts NLRC5 in evolutionary vicinity to NOD1, NOD2, and
NLRC3 (6,7). NOD1 and NOD2 are well characterized NLRs
with a critical function in controlling immune responses
toward bacterial challenge and likely also viral challenge (2,
8). Moreover, NLRC3 was proposed to function as a negative
regulator in T cells (9). This suggested that NLRC5 might
also be involved in innate immune responses in humans.
Interestingly, all of the mentioned NLRs are localized on the
same chromosomal region. However, the biological rele-
vance of this fact remains elusive (10). In the present study
we characterize human NLRCS5, revealing a function in anti-
viral innate immune responses in human cells.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—Primary human dermal fibroblasts
were obtained by outgrowth from skin explants as previously
described (11). The cells were cultured in Dulbecco’s modified
Eagle’s medium (Biochrom AG) supplemented with 10% heat-
inactivated fetal calf serum (BioWest), 2 mm glutamine, and 100
units/ml each of penicillin and streptomycin (Biochrom AG) in
5% CO, at 37 °C in a humidified atmosphere. The fibroblasts
were passaged by trypsinization at a ratio of 1:2 every 3 days and
used at passages 1—4. HEK293T, HeLa, and CaCo2 cells were
grown at 37 °C with 5% CO, in Dulbecco’s modified Eagle’s
medium containing 10% heat-inactivated fetal calf serum and
penicillin-streptomycin. THP-1 cells were maintained in VLE
RPMI 1640 (Biochrom AG) containing 10% heat-inactivated
fetal calf serum, penicillin-streptomycin, and 100 ug/ml Zeocin
(Invivogen) in the case of THP-1 blue. The cells were continu-
ously tested for mycoplasma contamination by PCR. Poly(I-C),
lipopolysaccharides (ultrapure lipopolysaccharide, Escherichia
coli 0111:B4), muramyl di-peptide, and phorbol 12-myristate
13-acetate were obtained from Invivogen (France).

Sendai virus (hen egg allantoid fluid) was obtained from
Charles River Laboratories. For stimulation 133 hemagglutina-
tion units (HAU)/ml were used for HEK293T cells, 160
HAU/ml for HeLa cells and primary fibroblasts, and 80
HAU/ml for THP-1 cells.

Plasmids and Reagents—Human NLRC5 (NP_115582) was
obtained by nested PCR from a human leukocyte cDNA
library (Marathon-ready cDNA; Clontech) using the follow-
ing primers: fwdl, CGTGGGGACCCTAGAGCACCTATCA;
revl, GCATCACTTGGCTGGATTCCAAAGG; fwd2, CTGC-
AGGAATTCGATATCATGGACCCCGTTGGCCTCCAG; and
rev2, CGGGCCCCCCCTCGAGTCAAGTACCCCAAGGG-
GCCTG. The PCR products were cloned by EcoRV-Xhol into
pCMV-Tag2B. The FLAG-NODI1 plasmid is described in Ref.
12, and FLAG-NLRP3 was a kind gift from Fabio Martinon. All
of the plasmids were verified by DNA sequencing.

Generation of Monoclonal Antibodies against NLRC5—Two
peptides of NLRC5 ("'’ HHGLKRPHQSCGSSPRRKQC'?®) and
(**>*FFDNQPQAPWGT#%°) were synthesized and coupled to
bovine serum albumin or ovalbumin (PSL, Heidelberg, Ger-
many). The rats were immunized with 50 ug of peptide-ovalbu-
min using CpG 2006 and incomplete Freund adjuvant as adju-
vants. Anti-NLRC5 3HS8 (epitope amino acids 1855-1866) of
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the rat immunoglobulin G2a (IgG2a) subclass was used in this
study.

RT-PCR and Quantitative PCR—End point RT-PCR was
performed using Tag polymerase (Fermentas) on cDNA ob-
tained from isolated RNA of the indicated cell lines. RNA was
isolated using the RNeasy kit (Qiagen), and 1 ug of total RNA
was transcribed into cDNA using a First Strand cDNA synthesis
kit with an oligo(dT) primer (Fermentas). The following primer
pairs were used: NLRC5fw, CTCCTCACCTCCAGCTTCACG;
NLRC5rev, GTTATTCCAGAGGCGGATGA; NLRC5iso3fw,
AGGCTGTGGGCAGATAGAGA; NLRC5iso3rev, ACCAG-
GCATCCCCAGC; NLRC5iso4fw, TTTGCACTTCAGATCC-
AACG; NLRC5isodrev, GATCAAGCAAACCGGAGATG;
GAPDHfw, GGTATCGTGGAAGGACTCATGAC; and GAP-
DHrev, ATGCCAGTGAGCTTCCCGTTCAG. The RANTES
primers were published in Ref. 13. The PCR products were sep-
arated by agarose gel electrophoresis and visualized using
ethidium bromide.

For gene expression profiling cDNA from human tissues
MTC multiple tissue cDNA panels (Clontech) were used.
Quantitative PCRs for measuring NLRC5 expression were per-
formed on an IQ-5 cycler (Bio-Rad) using SYBR-green Master
mix (Bio-Rad) with the primer pairs indicated above. The data
from triplicate measurements were analyzed using the AADT
method, normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene expression (Bio-Rad IQ5 software pack-
age). The results were verified by end point PCR using an inde-
pendent primer pair specific for NLRC5.

IFN-B and IP-10 mRNA real time PCRs were performed
with the LightCycler™ system using the LC FastStart DNA
MasterPLUS SYBR Green 1 Kit (Roche Applied Science) and
sequence-specific oligonucleotide primer pairs: [FNbfw, 5'-
GCCGCATTGACCATCT-3'; IENbrev, 5'-GCACAGTGAC-
TGTACTCC-3'; IP-10fwd, 5-ACTGTACGCTGTACCT-3';
IP-10rev, 5'-TGGCCTTCGATTCTGGA-3'; GAPDHfw, 5'-
GGTATCGTGGAAGGACT-3';and GAPDHrev, 5'-GGGTG-
TCGCTGTTGAA-3'. For relative quantification, the cDNA
levels were determined relative to GAPDH gene expression and
normalized to a dilution series of calibrator cDNA using the
Relative Quantification Software (Roche Applied Science) as
described (14).

siRNA Knockdown—Gene silencing was performed by trans-
fection of siRNA duplexes (Qiagen) using HiPerfect (Qiagen).
THP-1 cells were differentiated with 100 nm phorbol 12-myris-
tate 13-acetate 16 h prior siRNA transfection. 72 h after siRNA
treatment, the cells were stimulated as indicated. After ad-
ditional 16 h, the supernatant and cells were collected. RNA
was prepared by combining triplicates using the RNeasy kit
(Qiagen) according to the manufacturer’s instructions. For
gene expression analysis, 1 ug of total RNA was transcribed
into cDNA using a First Strand cDNA synthesis kit with an
oligo(dT) primer (Fermentas). HeLa cells were transfected
with 10 nM siRNA using Hiperfect (Qiagen) transfection re-
agent according to the manufacturer’s conditions and stimu-
lated 48 h after siRNA transfection. The following siRNAs were
used: NLRC5-1, CAGGGTTCTCTCCCTGTTAGA; NLRC5-
4, CTGCTGATCTTTGATGGGCTA; and AllStars negative
control (Qiagen). siRNAs for TBK1- and TLR3-specific siRNA
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duplexes were synthesized from Qiagen as described in Refs. 15
and 16.

Luciferase Assays— Activation of inflammatory pathways was
measured using a modification of the luciferase reporter assay
described previously (17). The indicated luciferase-reporter
plasmid (PathDetect system; Agilent Stratagene) and FLAG-
NLRC5 expression plasmid along with a plasmid expressing
B-galactosidase were transfected. The cells were stimulated
immediately after transfection as indicated. After 16 h of incu-
bation, the cells were lysed, and the luciferase activity was mea-
sured. Luciferase activity was normalized to (-galactosidase
activity. The means and standard deviations were calculated
from triplets and are representative of at least three indepen-
dent experiments.

Indirect Immunofluorescence—The cells were fixed in 3%
paraformaldehyde in phosphate-buffered saline and perme-
abilized with 0.5% Triton X-100 for 5 min. The cells were
incubated in 3% bovine serum albumin in phosphate-buffered
saline. The primary antibody was mouse anti-FLAG M2 (F3165;
Sigma-Aldrich). The secondary antibody was Alexa 488-conju-
gated goat anti-mouse IgG (Molecular Probes). DNA was
stained with 4',6-diamidino-2-phenylindole, dihydrochloride
(Molecular Probes). The images were acquired on an Olympus
FV-1000 confocal microscope and processed using Image].

Immunoblotting and Immunoprecipitations—Immunopre-
cipitations were conducted as described previously (17). The
proteins were detected after SDS-PAGE and blotting to a nitro-
cellulose membrane by subsequent incubation with primary
and secondary antibodies and by a final incubation with Super-
Signal West Femto maximum sensitivity substrate (Pierce).
The signals were recorded using a Fujifilm LAS4000 ECL cam-
era system.

Primary antibodies were mouse anti-FLAG M2 (Sigma-Aldrich;
antibody F3165), mouse anti-GFP (Roche Applied Science; anti-
body 11814460001), mouse anti-a-tubulin (Sigma; antibody
T7816), rabbit anti-TBK1 (Santa Cruz; antibody sc-52957), rab-
bit anti-GAPDH (Santa Cruz; antibody sc-25778), or rat anti-
NLRCS5 (this study; antibody 3H8). The secondary antibodies
were HRP-conjugated goat anti-mouse IgG (Bio-Rad; antibody
170-6616), HRP-conjugated goat anti-rabbit IgG (Bio-Rad;
antibody 170-6515), HRP-conjugated goat anti-rat IgG (Jack-
son; antibody 112-035-068), and HRP-conjugated rabbit anti-
goat IgG (Bio-Rad; antibody 172-1034).

Detection of Cytokines—For detection of type I interferons,
the secreted alkaline phosphatase reporter HEK-Blue™
IFN-a/B cells (Invivogen) were seeded in 96-well plates and
incubated with the appropriately diluted supernatant for 16 h.
Secreted alkaline phosphatase activity was determined with
QUANTI-Blue™ (Invivogen) according to the manufacturer’s
protocol. Selectivity and specificity of the assay was determined
using recombinant IFN-a and IFN-vy. The measurements were
performed in triplicate. The data are representative of at least
three independent experiments.

For cytokine profiling, human cytokine array kit (R & D
Systems) was used. Quantification was performed by record-
ing the signal on a LAS4000 ECL camera system and densi-
tometric quantification to the internal controls after back-
ground subtraction (Image]). ELISA for IFN-B, RANTES,
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and IP-10 was performed using a MultiAnalyte ELISArray kit
(MEH-007A; SABiosciences) according to the manufactur-
er’s instructions.

RANTES was measured using a human CCL5 ELISA kit
(DY278; R & D Systems) according to the manufacturer’s con-
ditions. The measurements were conducted from at least two
biological replicates in at least two appropriate dilutions.

Statistics—The data were analyzed using two-sided Student’s
t test. The differences were regarded as significant (*) when p <
0.05 and highly significant (**) when p < 0.005.

RESULTS

NLRCS Structure and Expression—Sequence comparisons
of NLRC5 show the same overall multidomain architecture
composed of effector, NACHT, winged helix, superhelical,
and LRR domains, found in all other human NLRs. Differ-
ences exist in the type of effector domain and the signifi-
cantly longer LRR receptor domain. The NLRC5 effector
domain (residues 1-101) is composed of five a-helices and
shows no sequence homology to CARD or PYD domains. This
indicates that the NLRCS5 effector domain is structurally similar
to CARD and PYD domains but features a different interface.
The NACHT domain shows all typical features important for
nucleotide hydrolysis followed by a winged helix domain and a
superhelical domain. Thus, NLRC5 is a typical Apaf-like
ATPase likely capable of ATP hydrolysis required for confor-
mational changes that lead to activation. The LRR domain in
NLRCS5 differs from other LRRs in NLRs in respect to its length
of more than 1000 residues. Structurally, leucine-rich repeats of
that length should form more than a full LRR circle, resulting in
a LRR helix (Fig. 1A).

To decipher the basal expression pattern of NLRC5 mRNA
quantitative PCR and end point PCR were performed with
c¢DNA obtained from different tissue and cell lines, respectively.
NLRC5 was predominantly expressed in select tissues includ-
ing immune cells and organs. In line with available microarray
data (BioGPS), the highest expression of NLRC5 was observed
in cells of the hematopoietic compartment (Fig. 1B). NLRC5
was expressed the highest in T cells (CD4" and CD8") and B
cells (CD19™) and to a lesser extent in macrophages (CD14™")
and tissues such as lymph nodes, spleen, bone marrow, and
tonsils (Fig. 1B). Accordingly, we found high expression of
NLRC5 mRNA in cell lines of thymoid (Jurkat) and myeloid
(THP-1) origin, whereas epithelial cell lines derived from hu-
man embryonic kidney (HEK293T) and colon (CaCo2) only
showed marginal expression of NLRC5 (Fig. 1C). However,
robust basal NLRC5 expression was observed in the cervix car-
cinoma cell line HeLa (Fig. 1C).

Next, we cloned the NLRC5 open reading frame from a
human leukocyte cDNA library. During the cloning proce-
dure, different splice variants were obtained. Five of these
have been reported in databases. All shared a conserved 5’
region encoding the DD and the NACHT domain but dif-
fered in the length of the LRRs (Fig. 1D). Modeling of the
NLRC5 structure indicated that the unusually long LRR
domain of NLRC5 might form a large helical conformation
(Fig. 1A). Thus, the cloned isoforms with truncated LRRs
might give rise not only to different elicitor sensing specific-
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FIGURE 1. NLRC5 structure and expression. A, model of the NLRC5 structure. The N-terminal effector and
NACHT domain with a bound ATP molecule (blue) are based on the Apaf-1 effector domain structure (Protein
Data Bank entry 1z6t). The C-terminal LRRs (red to yellow) are based on the TLR4 LRRs (Protein Data Bank entry
2z64). The figure was prepared with Pymol. The positions of the domains are indicated. B, quantitative PCR
analysis of NLRC5 mRNA expression in the indicated human tissue and blood cells. The expression level of
NLRC5 mRNA normalized to GAPDH expression relative to NLRC5 expression in CD4+ cells (setto 1) = S.D. (n =
3) is shown. The order was determined by increasing expression levels. C, RT-PCR analysis of NLRC5 mRNA
expression in the indicated cell culture lines. Amplification of GAPDH served as control. D, schematic represen-
tation of putative NLRC5 splice variants. Position of the DD, NACHT, and LRR domains are indicated by shaded
boxes. The italic numbers refer to amino acid (aa) positions. E, RT-PCR analysis of the indicated tissue and cell
culture lines using specific primer pairs to amplify NLRC5 full-length and isoform 3 expression and to detect the
deletion in isoform 4 and 5 mRNA. Plasmids encoding NLRC5 full-length (fl), isoform 3, or isoform 4 cDNA
served as controls. Amplification of GAPDH served as standard. WT, wild type.

structed primer pairs that allowed
for the specific amplification of
isoform 3 and a primer set able to
detect the deletion of exon 25
presentinisoform 4 and isoform 5.
The selected primer pairs were
able to specifically amplify the cor-
responding isoforms as shown by
PCR using plasmids containing the
cloned NLRC5 full-length or
NLRC5 isoform c¢DNA (Fig. 1E).
According to the presence of ISO3
¢DNA in our leukocyte library, we
detected NLRC5 isoform 3 in CD4 ™"
and CD8™ cells, lymph node, and
colon (Fig. 1E). ISO4/5, however,
was detected only at low levels in
CD4™ cells, lymph node, and colon
but was more strongly expressed in
CD8™ cells. In contrast, both iso-
forms were not detectable in cDNA
from muscle where full-length
NLRC5 was also not present (Fig.
1E). This also ruled out that the
band obtained with the isoform-
specific primer pairs was due to
DNA contamination. In HeLa and
THP-1 cells that express full-length
NLRC5, NLRCS5 isoform 3 was not
robustly detectable; however, iso-
form 4/5 was expressed at low levels
in THP-1 cells (Fig. 1E).

To analyze protein expression
of NLRC5, we generated rat mono-
clonal antibodies specific for NLRC5.
The clone 3H8 was able to specifi-
cally detect overexpressed NLRC5
from HEK293T cells, migrating at
~180 kDa (Fig. 2A). siRNA knock-
down experiments in THP-1 cells,
using two different siRNAs that had
been evaluated by targeting ectopi-
cally expressed NLRC5 in HEK293T
cells (data not shown), clearly
demonstrated the identity of the
detected 180-kDa band in THP-1
cells as endogenous NLRC5 (Fig.
2B). NLRCS5 has a predicted molec-
ular mass of 204 kDa; the observed
somewhat faster migration in SDS-
PAGE of both the endogenous and

ities of NLRC5 but might also change the LRR domain from
the helical to a classical horseshoe-like structure found in
other NLRs. Of note, isoform 3, which lacks the whole LRR
region, was the prevalent cDNA obtained during the cloning.
This splice variant arises by differential splicing of exon 5
introducing a stop codon in the mRNA. To elucidate the
expression of the splice variants ISO3 and ISO4, we con-
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ectopically expressed protein could be due to the unusually
long LRRs, which might adopt a particular compacted structure
or harbor post-translational modifications. Of note, we observed a
double band for overexpressed NLRC5, whereas endogenous
NLRCS5 appeared as a single band (Fig. 2, A and B). This indi-
cated that overexpression might activate NLRC5, leading to
post-translational modifications. To explore the subcellular
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FIGURE 2. NLRC5 protein expression. A, characterization of the 3H8 anti-
NLRC5 monoclonal antibody. Western blot analysis of lysates of HEK293T (—)
and HEK293T cells transfected with FLAG-NLRC5 (+) are shown. As control for
expression of the NLRC5 plasmid, a similar blot was probed with anti-FLAG
(M2) antibody (left panel). Running of a protein standard is indicated. B, THP-1
cells were treated for 48 h with a control (CTRL) or two NLRC5 specific siRNA
duplexes. The cells were lysed in SDS-PAGE loading buffer, and NLRC5 was
detected using the 3H8 antibody. Probing for a-tubulin served as a control for
equal loading. Running of a protein standard is indicated. C, indirect immu-
nofluorescence micrograph of Hela cells, transiently transfected with FLAG-
NLRC5 using anti-FLAG antibody. Co-staining with 4’,6-diamidino-2-phe-
nylindole, dihydrochloride (DAPI, blue) is shown in the left panel. Bar, 10 um.

localization, FLAG-NLRC5 was expressed in HeLa cells. This
showed that NLRC5 exhibited a cytoplasmic localization (Fig.
2C). Taken together, our data support the presence of mul-
tiple splice variants of NLRC5 and demonstrated that
NLRCS5 is expressed predominantly in tissues of the hema-
topoietic system in humans, suggesting an involvement of
NLRC5 in immune specific pathways.

NLRCS Induction and Signaling—Expression of many NLRs
is induced by PAMPs and inflammatory cytokines. For
example, NOD2 expression is up-regulated by bacterial chal-
lenge, single-stranded RNA, IFN-v, and tumor necrosis fac-
tor (8, 18, 19). Furthermore, it was recently shown that
NEF-«kB-mediated signaling is a prerequisite of NLRP3 acti-
vation by inducing NLRP3 expression (20). We therefore
asked whether NLRC5 expression might also be influenced
by PAMP stimulation and/or inflammatory mediators. In a
first set of experiments THP-1 cells were treated with a vari-
ety of bacterial PAMPs and tumor necrosis factor. All of the
tested compounds induced inflammatory responses in the
cells, monitored by induction of interleukin-8 mRNA. How-
ever, no obvious changes in NLRC5 mRNA levels were
observed (Fig. 34). We next used HeLa cells, which, com-
pared with THP-1 cells, showed a lower although detectable
basal NLRC5 mRNA expression (Fig. 1C). Treatment with
the TLR3 ligand poly(I‘C), a double-stranded RNA mimic,
robustly increased the mRNA expression of NLRC5 in these
cells (Fig. 3B). Moreover, whereas NLRC5 protein levels
were at the detection limit in untreated HeLa cells, NLRC5
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was robustly detectable after 24 h of poly(I:C) treatment
(Fig. 3C). In contrast, poly(I'‘C) did not significantly induce
NLRC5 mRNA (data not shown) or protein levels in THP-1
cells (Fig. 3C). Furthermore, poly(I'‘C) failed to induce
NLRC5 expression in the colon cell line CaCo2 (Fig. 3C).
CaCo2 cells are known to be deficient of TLR3 signaling (21,
22), indicating that NLRC5 expression is induced by
poly(I:‘C) in a TLR3-dependent manner. To substantiate that
the induction of NLRC5 was mediated by the TLR3 pathway
and not by other pattern recognition receptors activated by
poly(I:‘C), siRNA-mediated knockdown of TLR3 and its
downstream kinase TBK1 were performed. Efficient knock-
down of TBK1 was assured by Western blot analysis (Fig. 3D)
and demonstrated that NLRC5 induction by poly(I:C) was
mediated by the TLR3/TBK1 pathway (Fig. 3D). In line with
the up-regulation by poly(I‘C), infection of cells with the
single-stranded RNA containing Sendai virus (SeV) led to an
approximately 6-fold increase in NLRC5 mRNA levels in
HeLa cells (Fig. 3E) and increased protein expression (Fig.
3F). In contrast, as with poly(I-C), only a marginal (below
2-fold) induction of NLRC5 mRNA was obtained in THP-1
cells upon SeV infection (Fig. 3E). This showed that not only
double-stranded RNA but also single-stranded RNA or other
viral signatures on SeV are able to induce NLRC5 expression.
Furthermore, these experiments revealed that NLRC5 is dif-
ferentially inducible in different cell types.

Next, we wanted to elucidate the signaling pathways
linked to NLRCS5. For the NLR proteins NOD1 and NOD2, it
is well documented that overexpression in human cells
induces autoactivation, which is mediated by oligomeriza-
tion of these proteins (23, 24). We assumed that this prop-
erty is shared by NLRC5. Indeed, overexpression of NLRC5
in HEK293T cells induced specific homo-oligomerization of
NLRC5, whereas NLRC5 did not strongly interact with
NLRP3 or NOD1 (Fig. 4A). Increasing amounts of NLRC5
were expressed in HEK293T cells, and activation of inflam-
matory pathways was monitored using luciferase-reporter con-
structs. NF-«B, IFN-B, IRF3 (data not shown), IRF7, and ISRE
reporter were tested, because they represent the most relevant
innate immune pathways induced by viral and bacterial patho-
gens. Whereas appropriate controls significantly induced these
reporters in our system, no activation was observed upon
NLRC5 overexpression (Fig. 4B). To rule out the possibility that
the failure of NLRC5 to induce inflammatory pathways was due
to negative regulation by its LRRs, we repeated the experiments
with a form of NLRCS5 lacking the LRR domain (Isoform 3; Fig.
1D). This protein when overexpressed in HEK293T cells
formed a SDS stable dimer, likely being indicative for robust
autoactivation (data not shown). However, using this construct
we obtained virtually the same result as with full-length NLRC5
(data not shown), suggesting that NLRC5 indeed is unable to
activate the tested pathways upon overexpression in HEK293T
cells.

In conclusion, NLRC5 overexpression failed to induce the
tested canonical inflammatory pathways in HEK293T cells,
suggesting either that an essential adaptor for NLRC5 signaling
is lacking in HEK293T cells or that NLRC5 is linked to signaling
pathways that have not been tested here.

JOURNAL OF BIOLOGICAL CHEMISTRY 26227

0T0Z ‘Sz 1snNBny Uo ‘3ay1ol|qigreausz - usysuaniy wniuaz zijoywaH e Blo aglmmm woly papeojumoq


http://www.jbc.org/

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2010/06/10/M110.109736.DC1.html

NLRC5 Characterization

NLRCS e wnmn s sssns  sveee

[T\ —————

THP-1 6h

30 7 Hela C

RT-PCR

v y)

HelLa

CaCo2

differentiated THP-1 cells, because
they showed the highest basal
expression of NLRC5 (Fig. 1C).
siRNA transfected cells were
treated for 16 h with SeV and super-
natant, and cells were collected.
Type I interferons are predomi-
nately induced by SeV in human
cells (25). We therefore measured
secreted IFN-a/fB using a type I
interferon-specific reporter cell

THP-1 line-based bioassay. NLRC5 knock-

N
(%}

poly(l:C) t +

N
o

NLRC5 mRNA
[fold induction]
S @

down reduced secretion of IFN-f3
compared with mock treatment
with a nontargeting siRNA (control)

5 GAPDH —
° 2h 6h 24 h
+ poly(I:C)
D - poly(l:C) - poly(l:C)
SiRNA /\VQ?’ é\@’ /\VQ?’ C,)\@’ @D C,)\qy @{: é\qw

Hela

THP-1

m

| HelLa 1.67

NLRC5 mRNA
[fold induction]

1T 1
- + - +
NLRC5 — -—
(3H8) -- - — BG
| ————

(Fig. 5A). NLRC5 knockdown effi-
ciency was controlled in cell lysates
of the same experiment and showed
robust reduction of NLRC5 protein
F levels (Fig. 5B). Moreover, we meas-

ured IFN-B mRNA levels by quanti-
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cells lacking NLRC5 (Fig. 5C).
This was also observed for IP-10
(CXCL10) mRNA, another target
of the interferon pathway (data
not shown). Although the results
were highly reproducible, vari-
ances in the siRNA efficiency
between experiments impaired the
generation of highly significant
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FIGURE 3. Induction of NLRC5 expression by viral PAMPs. A, mRNA levels of NLRC5 after PAMP treatment in
THP-1 cells. THP-1 cells were treated with 50 ng/ml tumor necrosis factor (TNF), 1 um muramyl di-peptide
(MDP), 50 ng/ml lipopolysaccharide (LPS), 0.5 um phorbol 12-myristate 13-acetate (PMA), or 100 ng/ml
Pam3CSK. 6 h after PAMP stimulation, RNA was prepared, and RT-PCRs were conducted amplifying NLRC5 and
GAPDH cDNA as control. Interleukin-8 cDNA amplification served as an internal control for successful stimula-
tion. B, quantitative PCR analysis of NLRC5 expression in Hela cells treated for the indicated time with 100
g/ml poly(I-C). The data are normalized to GAPDH expression (n = 3). C, Western blot analysis of HeLa, CaCo2,
and THP-1 cells treated for 24 h with 100 wg/ml poly(I-C). Detection with the anti-NLRC5 antibody 3H8 is shown.
Probing with a GAPDH-specific antibody served as loading control. BG indicates background bands. D, Hela
cells were treated for 48 h with either TAK1- or TBK1-specific siRNA or nontargeting siRNA (CTRL) as control. The

+SeV duction of the cytokine responses

correlated with the knockdown effi-
ciency of the two siRNA duplexes
used, making it unlikely that the
effect was due to off-target effects of
the used siRNAs.

To substantiate these results, we
also assayed SeV-induced cytokines
in THP-1 cells treated with the

cells were stimulated for an additional 24 h with 100 wg/ml poly(l-C) where indicated or left untreated (—).

Probing with a GAPDH-specific antibody served as loading control. Knockdown of TBK1 is shown by probing
with specific antibody (bottom panel). E, quantitative PCR analysis of NLRC5 expression in HeLa and THP-1 cells
treated for the indicated time with Sendai virus. The data are normalized to GAPDH expression (n = 3). F, West-
ern analysis of Hela cells treated for 24 h with Sendai virus. Detection with the anti-NLRC5 antibody 3H8 is

shown. Probing for a-tubulin served as a loading control.

NLRCS Involvement in Mounting Interferon Responses to
Viral Infection—Because we observed that Sendai virus and
poly(I‘C) induced NLRC5 expression, we next wanted to eluci-
date a possible role for NLRC5 in viral recognition. To explore
whether endogenous NLRC5 might have an impact on SeV-
mediated responses, we set up a system to conduct siRNA-
mediated gene knockdown in phorbol 12-myristate 13-acetate

26228 JOURNAL OF BIOLOGICAL CHEMISTRY

NLRC5 siRNA in comparison with
mock treated cells. This showed a
reduced release of RANTES (CCL5),
MIP1la (CCL3), and IP-10, all cyto-
kines well known to be induced by
SeV in primary human cells (25, 26) (supplemental Fig. S1).
Significant reduction of RANTES secretion in NLRC5 knock-
down cells was confirmed by ELISA (Fig. 5D). RT-PCR con-
firmed reduced RANTES mRNA expression in cells lacking
NLRCS5 after SeV challenge (Fig. 5E). Furthermore, poly(I-C)-
induced type [ interferon responses were also reduced in THP-1
cells lacking NLRC5 (data not shown).
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404 ™ 50004 ogy to the CARD and PYD domains
20 found in other NLRs and (ii) has an
0 Loy o LEN sope wemm NN | unusually long LRR domain. Model-
0 5 10 30 TNF 0 5 10 30 Sev ing of this LRR domain of NLRC5
suggested that it forms a large heli-
8000+ IFN-B 10001 IRF7 . cal conformation (Fig. 14). How-
5 6000- 5 800 ever, because this interpretation is
Eé' 40004 Eé' 600+ purely based on modeling, it is also
- 4004 possible that it adopts a torroid-like
20004 200+ structure or connected circles as
0 1— . . . . 0 — recently proposed by others (5). The
0 5 10 30 TBKi 0 5 10 30 TBKt1I LRR domains of the human NLR pro-
W pos.ctrl NLRC5[ng] pose¥ teins are essential for sensing of their

FIGURE 4. NLRC5 signaling. A, co-immunoprecipitation of FLAG-tagged NLR proteins and GFP-NLRC5 tran-
siently expressed in HEK293T cells. FLAG NLRs were precipitated with anti-FLAG antibody, and GFP-NLRC5 was
detected in the lysate (Input) and the immunoprecipitations (IP). B, effect of overexpression of NLRC5 on the
indicated pathways. HEK293T cells were transfected with increasing amounts (5, 10, and 30 ng) of FLAG-NLRC5
along with the indicated luciferase reporter constructs in 96-well plates. TBK1 overexpression, tumor necrosis
factor treatment, or Sendai virus infection served as positive control for the reporter. Read-out was performed
16 h after transfection. Normalized relative light units (nRLU) of triplicate measurements =+ S.D. representative
of three independent experiments are shown. Upper right inset, Western blot showing expression of NLRC5 in

the ISRE assay. Probing for GAPDH served as a loading control.

To expand our results to primary cells, we used primary
human dermal fibroblasts. As observed for HeLa cells, treat-
ment of human fibroblasts with 100 ug/ml poly(I-C) for 16 h led
to significant induction of type I interferons (Fig. 6B) and
induced NLRC5 mRNA expression in cells derived from two
different donors (male and female) (Fig. 6A). Next we con-
ducted siRNA-mediated knockdown of NLRC5 in these cells
for 72 h. Knockdown of NLRC5 with two different siRNA
duplexes led to reduced type I interferon and RANTES release
both after poly(I-C) and after SeV treatment (Fig. 6, Band C).
As seen in THP-1 cells both siRNA duplexes reduced the
responses to different levels, correlating to their knockdown
efficiency as evaluated by RT-PCR from the same experiment
(Fig. 6D). These results were further confirmed in cells derived
from a third donor, where again a good correlation between
knockdown efficiency measured by quantitative PCR and phe-
notype was obtained (supplemental Fig. S2). Although all
donors showed slight variations in the response to poly(I:C) and
SeV, the quality of the responses upon NLRC5 knockdown was
comparable in all experiments. This led us to conclude that
NLRC5 is needed for the efficient induction of anti-viral
responses induced by the interferon pathway in human cells.

AUGUST 20, 2010+VOLUME 285-NUMBER 34

cognate PAMPs and DAMPs (2). Fur-
thermore, evidence for changes of
the LRR composition of innate im-
mune receptors exists. One in-
triguing example is given by the
ancient VLR proteins in agnathes,
which can generate diverse sensing
variety by changing the composi-
tion of their LRR domains (27). The
unusual structure of the NLRC5 LRR domain might thus be
indicative for NLRC5 to respond to quite different stimuli than
other NLRs. Accordingly, the isoforms of NLRC5 described here
that encoded for changed LRR structures might give rise to
changed elicitor sensing spectra of the corresponding proteins.
Although the detailed biological function of these NLRC5 iso-
forms awaits establishment in vivo, we found tissue-specific
expression of at least two splice variants of NLRC5 lacking the
LRRs or parts thereof. High expression of a variant lacking the
whole LRR region (isoform 3) in T cells might be indicative of a
regulatory role of the encoded protein in these cells. Future
studies shall address in detail the function of this isoform.
NLRC5 mRNA was found to be expressed in hematopoietic
cells including monocytes, T cells, and B cells. Of note, this
basal expression pattern in primary tissue mimics that of
NLRC3, a NLR suggested to be involved in negative regulation
of T cells (9), making it tempting to speculate that these two
NLRs might be functionally linked. NLRC5 mRNA and protein
levels were induced by the TLR3 ligand poly(I:C) and Sendai
virus infection in nonhematopoietic cells such as HeLa. Thus,
NLRCS5 is up-regulated by both single-stranded and double-
stranded RNA viruses and/or viral signatures. Notably, in
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HEK293T (data not shown), sug-
gesting that HEK293T cells might
lack an essential adaptor for NLRC5
signaling. In line, overexpression of
NLRC5 did not yield activation of
other canonical inflammatory path-
ways in HEK293T cells (Fig. 4),
including p38 MAPK (data not
shown). We thereby can exclude that
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FIGURE 5. NLRC5 impacts on Sendai virus-mediated type | interferon responses. THP-1 cells were NLRC5 in type I interferon
treated with the indicated siRNA duplexes. 72 h after transfection, the cells were stimulated with Sendai responses (supplemental Fig. 53).

virus or left untreated as controls. A nontargeting siRNA (CTRL) was used as negative control. A, type |
interferon secretion was assayed using a type | interferon secreted alkaline phosphatase reporter cell line

This effect was likely due to titration

(HEK-Blue IFN-a/pB)-based bioassay. The data are shown relative to control siRNA set to 100%. B, efficient  of a factor involved in the type I

reduction of NLRC5 protein levels shown by Western analysis using the NLRC5-specific 3H8 antibody,
probing with a-tubulin served as loading control. C, quantitative PCR analysis of IFN-B expression in the

interferon pathway. Co-immuno-

cells of A. The data are normalized to GAPDH expression (n = 2) and are presented relative to CTRLsiRNA ~ precipitation experiments using
set to 100%. D, RANTES cytokine levels were measured in the supernatant of cells treated asin Aafter 16 h  educated guesses, including TBK1,
of SeV exposure (gray bars) or mock treatment (white bars). E, RT-PCR analysis of RANTES mRNA expression

in THP-1 cells treated with control (ctrl) or NLRC5_4 siRNA for 72 h prior to SeV exposure for 24 h. Ampli- SINTBAD, TANK1, NAPI, IKKe,

fication of GAPDH served as a loading control.

THP-1 cells we only observed a marginal induction of NLRC5
levels after poly(I‘C) and Sendai virus challenge, respectively
(Fig. 3). In line with the observed high basal NLRC5 expres-
sion in THP-1 cells and its low expression in HeLa cells, this
suggests that NLRC5 expression is differentially regulated in
various cell types; although myeloid cells have already high
basal expression levels of NLRC5, assuring sufficient re-
sponse to the cognate stimulus, nonhematopoietic cells
might be required to gain NLRC5 competence by induction
of NLRC5 expression upon exposure to inflammatory
milieu. Such a positive feedback loop is known for other
NLRs. Although our data, in particular direct targeting of the
TLR3 pathway, suggested that NLRC5 expression is under
direct control of the type I interferon pathway, we cannot
exclude that the induction is due to release of secondary
effectors upon interferon activation by an autocrine loop.
To elucidate the molecular connection of NLRC5 to innate
immune pathways, we further aimed to identify interaction
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and IRF3, 7, and 5, as well as unbi-

ased yeast two-hybrid screening of
NLRC5 and its DD, were conducted to address this observation
in more detail (data not shown). Unfortunately, the results did
not allow us to link NLRC5 to any known component of the
type I interferon pathway yet. Of note, recent studies also failed
to reveal robust interactions between NLRC5 and known NLR
adaptor proteins such as RIP2K and ASC (29, 30).

However, clear physiological evidence for a role of NLRC5 in
anti-viral responses could be obtained by controlled siRNA
studies in the myeloid-like THP-1 cell line. Knockdown of
endogenous NLRCS5 in these cells robustly impaired the type I
interferon response as shown by reduced IFN-f release and
lower IFN-B and IP-10 mRNA induction upon SeV infection
(Fig. 5 and supplemental Fig. S1). We expanded these findings
by analyzing other SeV-induced cytokines (supplemental Fig.
S1). This revealed that among others the induction and release of
the important early phase chemokine RANTES (CCL5) was also
negatively affected upon NLRC5 knockdown (Fig. 5). RANTES is
known to be released upon SeV infection also from primary
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FIGURE 6. Analysis of NLRC5 function in primary human dermal fibroblasts. A, quantitative PCR analysis of
NLRC5 expression in cells treated for 24 h with 100 wg/ml poly(l-C). The data are normalized to GAPDH expres-
sion. CTRL, mock treated cells. B, cells were treated with the indicated NLRC5-specific siRNA duplexes (columns
1 and 4) for 72 h and subsequently stimulated with poly(I-C) (left panel) or Sendai virus (right panel). A nontar-
geting siRNA (CTRL) was used as a negative control. Type | interferon secretion was assayed using a type |
interferon secreted alkaline phosphatase reporter cell line (HEK-Blue IFN-a/B)-based bioassay. The data are
shown relative to CTRL siRNA set to 100%. C, RANTES cytokine levels measured in the supernatant of cells of B
after 16 h of induction with poly(I-C) or SeV (gray bars) or mock treatment (white bars). D, RT-PCR analysis of
NLRC5 mRNA expression in the cells shown in B and C treated with control (CTL) or NLRC5 siRNA for 72 h.

Amplification of GAPDH served as a loading control.

human cells (25, 26). Indeed, we could substantiate the observa-
tion made in THP-1 cells in primary human dermal fibroblast
from different donors (Fig. 6) where knockdown of NLRC5 by two
different siRNA duplexes led again to a robust reduction of both
SeV-and poly(I'C)-induced type I interferon and RANTES release
in these cells. Importantly, IP-10, IFN-3, and RANTES induction
is directly dependent on activation of IRF3 by the interferon path-
way (31, 32), suggesting that NLRC5 has an impact on this path-
way. In conclusion, our data show that NLRCS5 is involved in reg-
ulating the type I interferon pathway.

Taken together, our data support a role for NLRC5 in viral
innate immune responses and put it on the list of NLR proteins

AUGUST 20, 2010+VOLUME 285-NUMBER 34

overexpressed proteins.® Although
the biological relevance of these
findings remains elusive for endog-
enous proteins, one could envision a
scenario where NLRC5 might not
only induce responses to viral infec-
tions but at the same time might
impact on NOD2-mediated responses.

Further studies are needed to
understand the function of this in-
teresting new NLR protein in innate
immune responses to viral pathogens
and its interplay with other NLR members in more detail. Based on
our results, however, we assume that a lack of NLRC5 or hypo-
morphs negatively affects the fitness of the host upon viral
challenge.

During the preparation of this manuscript, NLRC5 was found
independently to have a role also in cytomegalovirus-induced
immune responses (28). This further supports our findings and
suggests that NLRC5 might be involved in anti-viral responses

3 A. Neerincx, K. Lautz, M. Menning, R. Schwarzenbacher, and T. A. Kufer,
unpublished results.
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more in general because cytomegalovirus contains a double-
stranded DNA genome.
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Neerincx et al. supplemental figure legends

Fig.S1. NLRCS5 reduces Sendai virus induced cytokine responses. A. Analysis of the cytokine
secretion profile after SeV infection of THP-1 cells treated with control siRNA (CTRL) or the NLRC5
specific NLRC5 4 siRNA using a Western-based array. Densitometric quantification of the signals for
RANTES and MIPla, normalized to the controls are shown in the right panel. B. ELISA of the
supernatants from (Fig. 5A) for IFN-B, RANTES and IP-10 protein levels.

Fig.S2. Analysis of NLRCS5 function in primary human dermal fibroblasts. A. Cells from
donor 3 were treated with the indicated NLRCS5 specific siRNA duplexes (1 and 4) for 72 h and
subsequently stimulated with poly(I:C) (left panel) or SeV (right panel). A non-targeting siRNA
(CTRL) was used as negative control. Type I interferon secretion was assayed using a type | interferon
SEAP reporter cell-line (HEK-Blue IFNa/B) based bioassay. Data is shown relative to CTRL siRNA
set to 100 %. B. RANTES cytokine levels measured in the supernatant of cells of (A) after 16 h of
induction with poly(I:C) or SeV (gray bars) or mock treatment (white bars). C. Quantitative PCR
analysis of NLRC5 mRNA expression in the cells of (A,B) treated with control (CTL) or NLRC5
siRNAs for 72 h. Expression normalized to GAPDH is shown. n.d.: not detectable.

Fig.S3. NLRCS5 over-expression negatively influences type I interferon reporter activation in
HEK293T cells. A. Effect of NLRC5 on signalling responses in HEK293T cells. The indicated
amounts of FLAG-NLRCS5 were co-transfected along with a NF-kB responsive reporter plasmid in 96-
well plates and cells were treated with 100 ng/ml TNF (upper panel). Alternatively, an IFN-
[ luciferase reporter construct was transfected and activated by TBK1 over-expression (middle panel)
or Sendai virus (lower panel), respectively. Normalized relative light units (RLU) of triplicate
measurements, + S.D., representative of three independent experiments are shown.
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