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Abstract

an important inflammasome sensor in mice.

Background: Signals of danger and damage in the cytosol of cells are sensed by NOD-like receptors (NLRs), which
are components of multiprotein complexes called inflammasomes. Inflammasomes activate caspase-1, resulting in
IL-1-beta and IL-18 secretion and an inflammatory response. To date, the only known activator of rodent Nirp1 is
anthrax lethal toxin (LT), a protease secreted by the bacterial pathogen Bacillus anthracis. Although susceptibility of
mouse macrophages to LT has been genetically linked to Nlrp1b, mice harbor two additional NirpT paralogs in their
genomes (NlrpTa and Nirpic). However, little is known about their expression profile and sequence in different
mouse strains. Furthermore, simultaneous expression of these paralogs may lead to competitional binding of
NIrp1b interaction partners needed for inflammasome activation, thus influencing macrophages susceptibility to LT.
To more completely understand the role(s) of Nirp1 paralogs in mice, we surveyed for their expression in a large set
of LT-resistant and sensitive mouse macrophages. In addition, we provide sequence comparisons for Nirpla and
report on previously unrecognized splice variants of Nirp1b.

Results: Our results show that macrophages from some inbred mouse strains simultaneously express different
splice variants of Nlrp1b. In contrast to the highly polymorphic Nirp1b splice variants, sequencing of expressed
Nirpla showed the protein to be highly conserved across all mouse strains. We found that Nirpla was expressed
only in toxin-resistant macrophages, with the sole exception of expression in LT-sensitive CAST/EiJ macrophages.

Conclusions: Our data present a complex picture of NIrp1 protein variations and provide a basis for elucidating
their roles in murine macrophage function. Furthermore, the high conservation of Nirpla implies that it might be
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Background

The innate immune response is the initial line of defense
against invading pathogens. The first responder cells of
the immune system express proteins that have evolved
to sense conserved microbial structures and to facilitate
the induction of a protective inflammatory response.
While extracellular microbial stimuli are sensed by
surface-associated Toll-like receptors [1], recognition of
intracellular pathogen and danger-associated molecular
patterns (PAMPs and DAMPs) is mediated by cytosolic
sensor proteins. These sensors, known as Nucleotide
Oligomerization Domain (NOD)-like receptors (NLRs),
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can form multi-protein complexes called inflamma-
somes. Multiple domains have been recognized within
these NLRs (for review, see [2]). The nucleotide-binding
domain (NBD/NACHT) is central to all NLRs and is be-
lieved to oligomerize in an ATP-dependent fashion in
response to specific stimuli, thus leading to NLR activa-
tion. The leucine-rich repeat (LRR) region is involved in
signal sensing. In mouse Nlrplb proteins, the FIIND
(function to find) domain has recently been shown to
undergo autoproteolysis which is required but not suffi-
cient for the activation of this particular inflammasome
by anthrax lethal toxin [3,4]. The C-terminal CARD
(caspase recruitment) domain directly interacts with
caspase-1. Many NLRs also contain a pyrin domain (N-
terminally located in the case of human Nlrpl), with
which they associate with the scaffold protein ASC
(apoptosis-associated speck-like protein) [5]. Rodent
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Nlrpl proteins, however, lack the N-terminal pyrin do-
main found in human Nlrpl, and instead harbor a re-
gion named NR100 [6], that has little homology to
domains of other NLRs.

NLRs have been shown to be activated in response to
a variety of stimuli including viral DNA, pore-forming
toxins, proteases, bacterial flagellin, and crystalline mat-
ter such as alum or uric acid (for review see [2,7,8]). Ac-
tivation of these sensors leads to inflammasome for-
mation, recruitment of caspase-1, and its subsequent
proteolytic activation. Activated caspase-1 then cleaves
the proinflammatory cytokines IL-1p and IL-18, allowing
for their secretion [2].

While some NLRs such as the well-characterized
Nlrp3 are activated by a wide range of seemingly dis-
similar signals [9], others, such as Nlrc4/NAIP5/NAIP6,
gain their specificity due to activation through physical
association with defined motifs in proteins like bacterial
flagellin [10,11]. Similarly, anthrax lethal toxin (LT) is
currently the only known activator of Nlrpl in cells [6].
LT is comprised of the receptor-binding and channel-
forming moiety protective antigen (PA) and lethal factor
(LF), a zinc-dependent protease that cleaves most MAP
kinase kinases [12,13]. While LT does not activate hu-
man Nlrpl, it activates certain rodent Nlrpl proteins in
macrophages, resulting in both the typical inflammatory
response and the programmed cell death called
pyroptosis [6,14]. In rats, the mechanism by which LT
activates the Nlrpl inflammasome has recently been
clarified [15]. Sensitivity of rat macrophages to
pyroptosis in response to LT is directly linked to the
presence of certain short amino acid sequences at the
most polymorphic site within the N-terminal NR100 do-
main. Nlrpl from toxin-sensitive rat macrophages con-
tains a sequence at this site that is cleaved by LEF,
resulting in toxin-mediated inflammasome activation
[16]. Thus, the N-terminal region of rat Nlrpl appears
to be important to its biological function.

In mice, determining the role of Nlrpl is made diffi-
cult because the genome contains three Nlrpl paralogs,
Nirpla, Nlrplb, and Nirplc, arranged in tandem on
chromosome 11. In contrast to the Nlrplc protein,
which is truncated so as to lack the CARD domain,
Nlrpla and Nlrplb contain all domains characteristic of
murine NLRs. Using a genetic approach, Boyden and
Dietrich [17] linked sensitivity to anthrax LT in mouse
macrophages to Nlrplb. They reported that Nirplb was
the only paralog uniformly expressed in the LT-resistant
and sensitive macrophages from all four inbred mouse
strains examined, whereas Nirpla and Nilrplc were not
expressed in LT-sensitive macrophages of 129S1/Svim]
mice, making the latter two paralogs unlikely candidates
for the LT sensitivity locus. Furthermore, transgenic ex-
pression of an LT-sensitive Nlrplb protein in LT-
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resistant macrophages sensitized them, consistent with
other evidence that sensitivity is a dominant trait. Subse-
quently, after sequencing and comparing Nlrplb from
18 inbred mice, Boyden and Dietrich inferred the exist-
ence of 5 different Nirplb alleles of which 3 are
expressed by LT-resistant macrophages of 9 inbred
strains. Two Nirplb alleles are associated with LT-
sensitivity. Sequence comparisons showed most of the
alleles to be very similar, with the exception of the allele
expressed by C57BL6/], A/], and I/Ln] mice; its protein
contains over 200 polymorphisms when compared to
other alleles [17].

The existence of three paralogs in mice led us to con-
sider whether the simultaneous expression of these pro-
teins, which share over 70% protein sequence homology,
might result in competition for the putative Nlrpl bind-
ing partners needed for inflammasome activation. Thus,
to more completely understand factors that may control
sensitivity to LT-induced cell death, we surveyed the ex-
pression of all three paralogs in LT-resistant and sensi-
tive macrophages derived from a large set of mouse
strains. Furthermore, we provide sequence comparisons
of the previously uncharacterized and highly conserved
Nlrpla protein, evidence for expression of Nirplb splice
variants, and we survey tissue-wide expression of both
Nirpla and Nirplb.

Results

Expression analysis and sequence comparison of Nirpla
in anthrax lethal toxin-resistant and sensitive
macrophages

We analyzed expression of Nlrpla from a large set of in-
bred mice using previously published primers [17].
Complimentary DNA from macrophages of 129S1 Nlrpl
null-mice (Nlrp1~'") having all three paralogs deleted
[18] served as a negative control. We found that Nirpla
expression showed a near-perfect correlation between its
expression and macrophage resistance to LT (Figure 1).
All macrophages resistant to LT (denoted by black labels
in Figure 1) expressed Nlrpla. In contrast, macrophages
sensitive to the toxin (red labels) did not express Nirpla,
with the sole exception of CAST/Ei] macrophages. We
also found Nirpla to be expressed in macrophages of
C57BL/6Tac mice having an LT-resistant (NlrpR/ R)
phenotype, but not in LT sensitive (Nlrp®'®) ones of the
matching congenic mice, which maintain a small region
of 129S1/Svim]J-derived chromosome 11 including the
Nirpl locus (Figure 1) [19]. Analysis of Nirpla expres-
sion in 14 different tissues (bone marrow, spleen, liver,
kidney, heart, lung, brain, stomach, muscle, spinal cord,
thymus, adrenals, uterus, ovaries) also indicated that the
gene was not expressed in Balb/c] (NIrp®’®) mice, but
expressed in a majority of C57BL/6] (NlrpR/ R) tissues
(Additional file 1: Table S1).
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Figure 1 Expression profile of Nirp1a. LT-resistant (black) or sensitive (red) macrophages of indicated mouse strains were PCR analyzed for
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Because of the interesting observation that CAST/Ei]
macrophages were the only LT sensitive macrophages to
express Nilrpla (Figure 1), we wanted to exclude the
possibility that Nilrpla in this strain encodes for a trun-
cated or possibly highly polymorphic protein, which
would then be unable to compete for Nlrplb binding
partners, thus possibly resulting in LT-sensitivity in this
particular strain only through absence of competition
for Nlrplb. Therefore, we sequenced (cDNA) Nirpla
from LT-resistant (I/LnJ, A/J, PWK/PhJ, AKR/], DBA/2J)
and LT-sensitive (CAST/Ei]) macrophages. Figure 2
shows the five identified protein variants for Nlrpla and
the corresponding non-synonymous polymorphisms (in-
dicated by vertical red lines). Comparison of the Nlrpla
protein sequences revealed that in striking contrast to
Nlrplb, which is highly polymorphic across different
mouse strains (as per Figure 3A), Nlrpla was highly con-
served in all strains tested, paralleling the situation for
the single expressed rat Nlrpl paralog [15]. Macrophages
with the most (nine) Nlrpla polymorphisms were those
of the PWK/PhJ mice, while the ones from AKR/] and
CAST/Ei] showed one and six amino acid changes,
respectively, compared to the C57BL/6] sequence
(Figure 2). Interestingly, when comparing our Nirpla se-
quences to published C57BL/6] data, we discovered the

presence of two deposited C57BL/6 transcript sequences
in GenBank (GB) (AY355339 and DQ117601), which
predict translated proteins of 1300 and 1182 amino
acids, respectively (Additional file 2: Figure S1). The
Nirpla macrophage-derived ¢cDNA of the C57BL/6]
mouse that we sequenced corresponded to that of the
shorter protein and we used this sequence as reference
for our alignment. Overall, the high degree of Nirpla se-
quence conservation among different mouse strains, in
contrast to the immediately adjacent highly polymorphic
Nirp1b locus, suggests that this inflammasome sensor is
likely to play an important role in sensing a yet un-
known conserved danger signal.

Expression of Nirp1b and its splice variants

While analyzing Nlrp1b expression in inbred strains, we
noted that for some mice, multiple splice variants (SV)
of Nirplb were deposited in GB. Figure 3A gives an
overview of all the different Nlrplb variants, some un-
published, which were deposited previous to this work.
Upon reviewing these deposited sequences and in light
of our discovery described below, it became apparent
that the initial description of Nlrplb “alleles” is, at least
to some degree, incorrect and misleading. For ease of
reading and for accuracy, we will refer to “alleles” as
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Figure 2 Schematic overview of the five NiIrp1a variants identified in this study. Exon numbers are given on the top, and vertical lines and
amino acid substitutions in exon ovals indicate polymorphisms. Locations of domains were determined according to the annotated Nirpla
protein sequence (GenBank CAM25466). NBD, nucleotide-binding domain; LRR, leucine-rich repeats; FIIND, function-to-find domain; CARD,
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Figure 3 (A) Schematic overview of the Nirp1b (splice) variants deposited prior to this study (roughly to scale). A representative mouse
strain whose macrophages express a particular variant is shown on the right, and LT-sensitivity is indicated in red. The number of amino acid
polymorphisms relative to the 12951/SvimJ variant is indicated in (or below) the respective exons. Exon numbers are given on the top. Nirp1b
12951/SvimJ has exons 6 and 7 duplicated and transcribed, a unique feature not known to be present in other Nirp1b genes. CAST/EiJ splice
variant (SV) 2 contains an additional exon indicated in orange. GenBank accession numbers are shown on the right. NBD and other domain
identifiers are as in Figure 2. Locations of domains were determined according to the annotated NIrp1b C57-SV1 sequence. Schematic was
adapted from [17]. (B) Expression profile of NirpTb splice variants. LT-resistant (black) or sensitive (red) macrophages of indicated mouse strains
were PCR analyzed for expression of Nirp1b using cDNA as template. The upper panel shows the expression profile of C57-SV1 and SV2 of Nirp1b,
the lower panel depicts the expression profile of all other variants.

protein “variants” or to transcripts as “splice variants”.  together with the NBD/NACHT domain needed for
We found that three NilrpIb SVs were deposited for oligomerization and activation (Figure 3A). Furthermore,
C57BL/6] macrophages. The translated C57-SV1 corre- two CAST/Ei] sequences that differ by 24 amino acids in
sponds to the published, highly polymorphic C57BL/6] the FIIND domain (GB DQ1117600 and DQ860103,
sequence of Nlrplb (GB DQ117591) [17], while C57- encoded by CAST-SV1 and CAST-SV2, respectively)
SV2 (GB DQ153214) is a prematurely (after exon 3) were reported. The insertion in the latter sequence oc-
truncated form of C57-SV1 (Figure 3A). In contrast, the  curs between exons 11 and 12 (Figure 3A); thus, CAST-
translated sequence of C57-SV3 (GB EF158039) repre- SV2 appears to incorporate an additional exon, which
sents a protein that differs strikingly from the other two  may impact FIIND domain-mediated activation of the
variants in the first 600 amino acids (encoded by exon 1  translated protein [4]. We also discovered an Nilrplb se-
and 2), where all three share only 69% sequence identity.  quence derived from Mus spretus which resembles the
Interestingly, in these two exons, C57-SV3 is more simi-  C57-SV1 in the N-terminal region, but contains many
lar to Nlrplb variants of mice other than C57BL/6] (ex-  polymorphisms in the C-terminal, usually conserved
cept SPRET/Ei]), sharing 82% identity. Of possible region of the translated Nlrplb protein. This feature
functional importance, this region of Nlrplb encom- makes it different from most other Nlrplb variants;
passes the N-terminal domain of unknown function thus, when referring to “all other Nlrplb variants”
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in this manuscript, we exclude this unique SPRET/Ei] When we surveyed for expression of Nlrplb SVs in
sequence. fourteen other tissues (Additional file 1: Table S1), we
To survey for the expression of different Nlrplb  found that in contrast to Nirpla, Nirplb was expressed
(splice) variants in LT-resistant and sensitive macro- in all tissues of BALB/c] animals, except the stomach.
phages, we designed two exon 2 specific primer sets that  For this particular tissue, it appeared that our primers
allowed us to distinguish the unique C57-SV1 and C57-  cross-reacted with DNA from Roseburia, and it is pos-
SV2 transcripts from C57-SV3 and all other Nlrp1b vari-  sible that preferred sequence amplification led to a loss
ants. We found that indeed, LT-resistant macrophages of  of Nilrplb-specific PCR signals. Likewise, we found evi-
C57BL/6] and of all other mouse strains known to ex- dence of expression for Nlrplb splice variants SV1/2
press the SV1 variant express at least two SVs (Figure and SV3 in all tested C57BL/6] tissues, with the excep-
3B), and sequencing confirmed that they correspond to  tion of the uterus, which lacked expression of SV1/2
the deposited C57-SV1 and SV3 (Figure 3A). Interes- (Additional file 1: Table S1).
tingly, in macrophages of CAST/Ei] mice, our screen
identified the expression of an additional SV (termed Genomic locations of identified Nirp1b splice variants
CAST-SV3, not presented in Figure 3), and subsequent  Prior to this study, it was assumed that Nirp1b “alleles” of
sequence analysis of the amplicon showed it to be 99%  different mouse strains all shared the same genomic loca-
identical to C57-SV1 (over a region of 456 nucleotides, tion. The finding that CAST/Ei] mice express two distinct-
spanning position 1351-1806 of the C57-SV1 sequence) ively different Nlrp1b SVs (CAST-SV3 resembling C57-SV1
(GB NM_001040696). These results show that mouse ,and the CAST-SV1/SV2) led us to more carefully examine
macrophages with opposing LT sensitivities (such as the publically available Nlrplb genomic sequence data to
from CAST/Ei] and C57BL/6] mice) express at least two  identify the exact location of the exons encoding for these

Nlrplb proteins. variants. We used the genomic coordinates for exons 1 and
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Figure 4 (A) Organization of the Nirp1b duplicated exons 1 and 2 on chromosome 11 of CAST/EiJ and C57BL/6J mice and model of
alternative splices. Arrangement of the duplicated exon 1 and 2 pairs encoding for different Nirp1b variants on mouse chromosome 11. We
propose the occurrence of two alternative splice variations. Splice event 1 (shown on left) results in a mature transcript encoding for Nirp1b splice
variant (SV) 1 and 2 in C57BL/6J and for SV3 in CAST/EiJ macrophages (in red). Splice event 2 (shown on right) results in a transcript encoding for
Nirp1b C57BL/6J SV3. In the CAST/EiJ genome, the SV3 sequence is present at this genomic location. The exact locations of the variants on
chromosome 11 and GenBank accession numbers of described protein variants are given. Polymorphisms present in the variant proteins in
comparison to the 12951/SvimJ protein sequence as outlined in Figure 3A are indicated by numbers. (B) Presence of Nirp1b C57BL/6J splice
variant (SV) 1 in the genome of diverse mice. The presence of exon 2 of Nirp1b SV1 in the genome of mice harboring LT resistant (black) or
sensitive (red) macrophages was analyzed. The upper panel shows the amplicons generated when specific primers were used to amplify Nlrp1b
C57-SV1 or SV2, the middle panel shows genomic presence of sequences for all other variants, or of beta actin (control).
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2 of the Nlrplb C57-SV1 (CCDS 36210) and C57-SV3
(CCDS 48839) reported at the NCBI Consensus Coding
sequence (CCDS) database (http://www.ncbi.nlm.nih.gov/
projects/CCDS/CcdsBrowse.cgi) (assembly MGSCv37) to
analyze the corresponding loci for exon 1 and 2 in the gen-
ome sequence of CAST/Ei], available at Sanger (www.
sanger.ac.uk). We found that exons 1 and 2 of C57-SV1
and C57-SV3 are duplicated, leading to a tandem arrange-
ment of these pairs on the genome (Figure 4A). Further-
more, the genomic locus of our newly identified Nirp1b
CAST-SV3 was identical to that of the annotated C57-SV1
(Figure 4A). Additionally, we found that CAST/Ei] mice
also harbor sequences identical to exon 1 and 2 of the C57-
SV3 in their genome, at the same locus as C57BL/6] mice
(Figure 4A). This Nilrplb SV is apparently not expressed in
macrophages of CAST/Ei] mice since all expression screens
performed to date have failed to identify it. Nevertheless,
these findings raised the question of the genomic location
of the exons encoding for the Nlrp1b CAST-SV1 and SV2
sequences. However, although we downloaded CAST/Ei]
chromosome 11 FASTA sequence from the Sanger site
and performed a Blast search [20] for exon 2 of Nlrpib
CAST-SV1, we were unable to identify its location, which

Table 1 Primers used in this study

Page 6 of 10

is likely due to the not yet completed sequencing in the
Nirplb region of the CAST/Ei] genome (www.Sanger.ac.
uk). These results show that CAST/Ei] mice have the gen-
etic information to make at least 3 different NirpIb splice
variants. This observation may open up new avenues for
the investigation of LT-sensitivity in CAST/Ei] mice, which
have also been shown to have some unique characteristics
in LT intoxication studies [21].

To investigate the possibility that in addition to
CAST/Ei], other mice also harbor C57-SV1-like se-
quences in their genomes, we used genomic DNA as
PCR template and our Nirplb C57-SV1 specific primers
(Table 1) to screen for the presence of exon 2. However,
we generated amplicons only for mice that had been
proven positive in our previous expression screen
(Figure 4B), indicating that either the tested mouse
strains do not harbor these sequences, or that they con-
tain polymorphisms, thus escaping recognition by our
primers.

Expression profile of Nirpic
Analysis of Nirplc expression with previously published
primers [17] revealed a 100% correlation with Nlrpla

Name 5’ - 3’ sequence Purpose

Nirpla-1F CAGAAGAGCGTCTTGAAGCAA Sequencing of Nirpla

Nlrpla-2F AAGCTTTACAGGAATGACTTCCAT

NIrpla-3F CCAGCTCAGAGACCTCTGCT

NIrp1a-4F TTCAGCTGAACAGGAAGGTACAG

Nirpla-5F GGATAAAGAAGAAGTGGGTGATAGC

NIrpla-6F CTCCAAGAGGGAATCGTGG

NIrpla-7F CTGCCCAAGATTGCTACAGC

NIrpla-1R GAAGTCATTCCTGTAAAGCTTGC

NIrp1a-2R AGGGTCCTTCTTTGGCAGAC

NIrp1a-3R CCGTAAACTTATGTCCCTGCTG

NIrpla-4R TCATCTTCAGTCCCCAGAGG

NIrp1a-5R AGTACTGCGTAATGCTGTTCCAC

NIrp1a-6R GCTTGTCCAAGAGAGGATCTACAG

NIrpla-7R GTGCTCACTTTTCAGCCACC

Nirpla-F ACAGACATGGACCTCATGGTGGTT Survey of Nirpla expression — 201 bp [17]
NIrpTa-R CAACTCCTCCAGGTTTCTGGCTAAC

NirpTby-F ATGTGATGGTATGGAATTCAAAAGAACTG Survey of Nirp1b (SV1, SV2) expression — 503 bp
NIrp1b,-R AACCATACTGGGCAACTGTCAGCTT

Nlrp1b,-F ACACGGTAATATGGAAATGGACAGAATTG Survey of expression of all other Nirp1b variants— 487 bp
NIrp1b;-R AACCATCCTTGGGGATATCAGTGC

NIrplc-FW GACAAGGGCAGTGACAATTGAGATT Survey of Nirpic

Nlrp1c-RV ACATTTGGGGTCCTCAGTGTCACT expression — 451 bp

Actin-F TACAGCTTCACCACCACAGC beta-actin control in genomic DNA - 206 bp
Actin-R AAGGAAGGCTGGAAAAGAGC
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expression data (data not shown). This intriguing
observation and the high DNA sequence homology be-
tween the paralogs prompted us to sequence the pre-
sumed Nlrplc amplicons produced from macrophages of
C57BL/6]J, NOD/Lt], DBA/], and CAST/Ei] mice. Sur-
prisingly, only the C57BL/6]-derived amplicon had a
100% match to Nirplc, while the PCR fragments
obtained from cDNA of all other mice had sequences
exactly matching Nilrpla. Therefore, we designed a new
reverse primer based on an insertion sequence uniquely
occurring in the 3-prime end of Nlrplc, immediately
after the last codon of exon 8 (Table 1), and used it in
combination with the published forward primer. With
these primers, only certain LT-resistant macrophages,
mainly derived from mice known to harbor an Nirplb
C57-SV1 and from the wild-derived mice PWD/PhJ and
PWK/PhJ, expressed Nirplc (Figure 5). These results
imply that when NlrpIc is expressed, the previously pub-
lished primers amplify it; however, in the absence of
Nirplc, they amplify Nilrpla. Our results indicate that
Nirplic is expressed only in macrophages of LT-resistant
C57BL/6], A/], I/LnJ, PWD/PhJ, and PWK/PhJ mice.

Discussion

It has been known for years that macrophages from cer-
tain inbred mouse strains are rapidly lysed by anthrax
LT, while macrophages from other strains are resistant
[22]. In recent years it has been demonstrated that this
cell death is mediated by activation of the Nlrplb
inflammasome [17]. However, mice contain three highly
homologous, tandemly-arranged Nirpl gene paralogs,
which presumably arose by gene duplication, perhaps to
provide an increased ability to respond to diverse stim-
uli. To date, there is limited information on expression
of these paralogs in mice, nor on how the potential in-
teractions of the resulting proteins might affect the re-
sponse of mice to LT and other stimuli. We initiated an
expression survey of all three paralogs in a set of inbred
mice with the intent to elucidate whether the paralog
proteins could act in a competitive manner in impacting
sensitivity to LT-induced, Nlrplb-mediated macrophage
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pyroptosis. The idea that the products of genes arising
from duplication may acquire novel functions [23] and
that they can modulate the activity of their paralogs is
not novel. For example, in plants, the products of many
of the R genes controlling responses to different patho-
gen effector proteins appear to have arisen by gene du-
plication [24]. Similarly, the mammalian protein cFLIP,
which is a caspase-8 paralog lacking enzymatic activity,
modulates procaspase-8 activation by heterodimerization
[25,26]. Nlrpla and Nlrplc share over 70% protein se-
quence homology with Nlrplb, and may thus act by
competitively binding effector proteins, or by forming
heterodimers with Nlrplb, resulting in modulation of
inflammasome activation. Thus, we investigated expres-
sion of all three paralogs in LT-resistant and sensitive
macrophages from a large set of mice.

Our analysis of Nirpla expression showed a near-
perfect correlation between toxin sensitivity and expres-
sion; however, macrophages of the LT-sensitive CAST/
EiJ mice also expressed Nirpla, and its protein sequence
was nearly identical to that of resistant mice, as deter-
mined by sequence analysis. Like most Nlrplb proteins,
Nlrpla contains all domains necessary for inflam-
masome activation. To date, no danger signal resulting
in activation of the Nlrpla inflammasome has been de-
scribed. However, it was recently shown that the tran-
scription factor SREBP-1 (for sterol regulatory element
binding protein-1), which has been linked to the regula-
tion of cellular lipid levels, activates gene expression of
Nirpla and/or NlirpIc, likely by binding directly to pro-
moter regions, but not of Nlrplb [27]. The fact that
Nirpla expression can be influenced by a cellular regula-
tor implies that it may have importance as an intracellu-
lar sensor. Since in our study nearly all macrophages
sensitive to LT did not express Nirpla, it may be inter-
esting to investigate whether SREBP-1 can activate
Nirpla gene expression in these macrophages, and
whether this may change their sensitivity to LT. Further-
more, the outlier strain expressing Nlrpla (CAST/Ei])
has been shown to have an interesting and rapid early
response to LT in whole animal challenges with the

expression of NirpTc using cDNA as template.
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Figure 5 Expression profile of Nlrpic. LT-resistant (black) or sensitive (red) macrophages of indicated mouse strains were PCR analyzed for

Nirp1c
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toxin, and it is tempting to speculate on a role for
Nlrpla in that response [21]. This strain is also highly
susceptible to LT relative to all other inbred strains [28],
and it has been shown to have a deficient interferon
gamma response during viral infection [29]. Thus, it ap-
pears that besides the expression of multiple Nirplb
splice variants, CAST/Ei] mice have many more unique
characteristics. Also intriguing is recent data that show
Nilrpla and Nirplb expression in resting neutrophils
[30], which could have an additional impact on animal
susceptibility to infection [19].

Perhaps the most interesting result from comparison
of Nlrpla sequences of different inbred strains was the
discovery of the extreme conservation. In light of the
fact that the closest gene to Nlrpla in the mouse gen-
ome is Nirplb, it is remarkable that Nlrpla is highly
conserved in all analyzed strains whereas Nlrplb appears
to be highly polymorphic. These findings are likely indi-
cative of independent evolutionary pressures on each
gene, in the form of the danger signals they recognize or
sense. In the case of Nlrplb, it is interesting to speculate
that the evolutionary pressure may be exposure to an-
thrax infection. The activator and function of Nlrpla re-
mains to be determined. Interestingly, murine Nlrpla is
more closely related to the only expressed rat Nlrpl
orthologs than to murine Nlrplb or Nlrplc [15]. The
conservation of Nlrpla suggests an important role for
this gene, perhaps when expressed in other cell types.
Our expression analysis showed lack of Nlrpla expres-
sion in tissues of BALB/c] mice; however, it cannot be
excluded that gene expression is induced only in re-
sponse to the (yet unknown) Nlrpla danger signal.

When surveying the sequences for Nlrp1b deposited at
GB, we discovered the presence of splice variants that
have not been described and characterized before. The
presence of these alternative splice variants in macro-
phages is of particular interest, as alternative splicing
could occur in a tissue-specific manner, resulting in an
increased variety of proteins depending on the cellular
environment. It has been suggested that 90-95% of hu-
man pre-mRNAs from multi-exon genes can undergo
alternative splicing [31,32]. To receive a complete assess-
ment of Nlrplb genes expressed in LT-sensitive and re-
sistant macrophages, we designed primers that allowed
for the differentiation between splice variants. We then
surveyed expression of Nlrplb and found it to be
expressed in macrophages of all strains, excluding the
Nirpl /= control and the SPRET/Ei] mouse (Mus
spretus), the latter being a wild-derived mouse closely re-
lated to Mus musculus. The GB sequence for Nirplb of
this mouse was named “allele 6” and it resembles the
translated protein of C57-SV1 with 83% identity. Unlike
the Mus musculus Nlrplb variants which are highly con-
served in the C-terminus, the Nlrplb protein expressed
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by SPRET/Ei] shows many polymorphisms in this part
of the protein. Because of sequence differences, it is
likely that our primers were not specific enough for the
amplification of this variant.

A surprising finding in our Nlrplb expression screen
was the fact that LT-sensitive macrophages of CAST/EiJ
mice appeared to express at least two splice variants of
which one appeared identical to the C57-SV1 Nirplb
expressed by LT-resistant macrophages. These results in-
dicate that in some mice, genes encoding for two Nlrplb
protein variants (or at least parts thereof) with opposing
LT sensitivities can be expressed at the same time. Also,
with the discovery of this additional splice variant
(CAST-SV3) in CAST/Ei] macrophages, it becomes ap-
parent that the previous annotation of Nirp1b SVs as “al-
leles” is misleading, since Nlrplb “alleles” of different
mouse strains do not share the same genomic location.
We hope that our new annotation of (splice) variants
will not only allow to more clearly distinguish between
true alleles and transcript variations thereof, but to also
accommodate potential new splice variants that may be
discovered in macrophages or in other cell types.

The paralog Nirplc is different from Nilrplb and
Nirpla since it does not encode for a full-length
inflammasome sensor, but it is truncated after exon 8.
We  nevertheless included this likely inactive
inflammasome sensor in our study since we could not
exclude that although it is truncated, it could still inter-
act with and compete for yet unidentified N-terminal
Nlrplb inflammasome binding partners. In contrast to a
previous Nlrplc expression screen in mouse macro-
phages, we did not observe expression of this paralog in
macrophages of mice belonging to the groups defined by
Boyden and Dietrich as allelic groups 3 (AKR/] and
NOD/Lt]), 4 (DBA/]), and 5 (CAST/Ei]) [17]. We were
able to explain this discrepancy by showing that primers
used in the first study were non-specifically amplifying
Nirpla in the absence of Nilrplc expression. This discov-
ery accentuates the necessity to carefully compare
paralog sequences when analyzing gene expression.
Nevertheless, our results indicate that macrophages of
only a few mouse strains express this paralog, and that
there is no obvious correlation between macrophage
sensitivity to LT and its expression.

Although our survey did not allow us to establish a
direct correlation between Nlrpl paralog expression and
macrophage sensitivity to LT, it gave us important infor-
mation on the presence of paralog transcripts and high-
lights the complexity of Nlrpl expression in mice. A
summary of our results is given in Table 2.

Conclusions
Our results indicate that the presence of multiple Nirp1b
splice variants in different inbred mice complicates the
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Table 2 Expression profile of Nirp1a, Nirp1b (splice)
variants, and Nirp1ic

Nirp1a

Mouse strain Nirp1b Nirp1b

(SV1, SV2) (all other variants)
BALB/cJ - - +
SWR/J
FVB/J
12951/Svim)J
C57BL/6Tac Nirp*’s
C57/L)
CAST/EiJ
C57BL/6)
AJ
I/LnJ
C57BL/6Tac NIp™®
AKR/J
NOD/LtJ
DBA/2J
PWD/PhJ
PWK/Ph)J
SPRET/EJ
12951/SvmlJ Nirp ™~

Mouse strain names written in bold letters indicate that they harbor lethal
toxin sensitive macrophages. +/— refers to presence or absence of
PCR product.

Nirpic

|+ [+ ]+

+ |+ |+

R I T T [ T [ I T R T

N e e e e I IR IR IR IR IS

investigation of Nlrplb-dependent responses to LT, to
infection with B. anthracis, and perhaps more import-
antly, to yet-to-be-identified other stimuli. Of particular
interest, the high degree of conservation of Nlrpla com-
pared to Nlrplb suggests the importance of Nlrpla as a
likely functional sensor of a more common danger signal
capable of exerting a more consistent evolutionary pres-
sure. The Nirpl paralogs may have arisen by gene dupli-
cation, but they likely have evolved to sense different
danger signals.

Methods

Ethics statement

All animal experiments were performed in accordance
with guidelines from the NIH and the Animal Welfare
Act and were approved by the Animal Care and Use
Committee at the National Institute of Allergy and In-
fectious Diseases, National Institutes of Health.

Mice

Unless otherwise indicated, mice were purchased from
Jackson Laboratories (Bar Harbor, Maine). Mice har-
boring LT-sensitive macrophages used in this study
were 129S1/Svim], Balb/cJ, FVB/NJ, SWR/], CAST/Ei],
and C57/LJ. Mice with LT-resistant macrophages were
C57BL/6), A/], 1/Ln], SPRET/Ei], PWK/PhJ, PWD/PhJ,
AKR/J, NOD/LtJ, and DBA/2]. The congenic C57BL/
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6Tac Nlrp1®® and Nlrpl®® mice were previously de-
scribed [19]. Nlrp1 knockout mice having a 129S51/Svim]
background were created by one of the authors of this
manuscript (SL Masters) and are described in [18].

Cell culture

1929 mouse fibroblasts which secrete macrophage colony-
stimulating factor needed for monocyte proliferation, were
cultured at 37°C and 5% CO, in complete Dulbecco’s modi-
fied Eagles’s medium (complete DMEM) containing 10%
fetal bovine serum, 10 mM HEPES, and 50 pg/ml gentami-
cin (all from Invitrogen, Carlsbad, CA). Bone marrow cells
were isolated from mice and cultured in two thirds
complete DMEM and one third 1L929-conditioned culture
supernatant for 7 days with medium changes every 2-3
days.

RNA isolation, cDNA synthesis, and PCR

RNA was isolated from bone marrow-derived macro-
phages (BMDMs) or from organ tissues by Trizol extrac-
tion as per the manufacturer’s protocol (Invitrogen),
followed by DNasel treatment. Synthesis of cDNA was
performed with the Superscript III First Strand Synthesis
System (Invitrogen). One pl of ¢cDNA or 100-200 ng
genomic DNA isolated from mouse tissue using the
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia,
CA) was used as template for PCR reactions with Illustra
PuRe Taq PCR beads (GE Healthcare, Piscataway, NJ).
The cycling conditions were the following: 95°C for 1
min, 40 cycles of 95° 30 sec, 58° 30 sec, 72° 60 sec, and
72° for 10 min. All primers are listed in Table 1. For
Nirplc expression analysis, the designed reverse primer
anneals to a sequence located immediately downstream
of the last coding exon (exon 8).

GenBank accession numbers

The DNA and translated protein sequences of all 5
Nlrpla variants were deposited with GenBank and can
be accessed under the following numbers: KC539856 (A/
J); KC539857 (AKR/]); KC539858 (CAST/Ei]); KC539859
(DBA/2J); KC539860 (I/LnJ); KC539861 (PWK/PhJ).

Data analyses

Protein and DNA sequence alignments were performed
with MegAlign using ClustalW, sequencing data was an-
alyzed using Seqman, and reverse complement analyses
and protein translations were performed with EditSeq
(all from Lasergene DNA Star version 8). Sanger se-
quence data for different mouse strains was retrieved
from ftp://ftp-mouse.sanger.ac.uk/current_denovo, and
exonic sequences were analyzed using the LookSeq site
at the Sanger Center. Blast searches were performed
using the blast program available at http://blast.ncbi.
nlm.nih.gov.
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Additional file 2: Figure S1. Protein sequence alignment of the two
deposited Nirpla sequences. Accession numbers are shown on the left
and colors indicate different domains: green, nucleotide-binding domain;
yellow, leucine-rich repeats; blue, function-to-find domain; red, caspase
recruitment domain. Grey color shows differences between the two

deposited sequences.

Competing interest
The authors declare that they have no competing interests.

Authors’ contributions

SHL, MM, and IS conceived the study. IS and MM designed the experiments.
IS and DC conducted the experiments. AM performed BLAST analyses. SLM
generated Nlrp1—/— mice. IS, MM, and SHL wrote the manuscript. All authors
read and approved the final manuscript.

Acknowledgements
This research was supported by the Intramural Research Program of the NIH,
National Institute of Allergy and Infectious Diseases.

Author details

'Microbial Pathogenesis Section, Laboratory of Parasitic Diseases, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, 33
North Drive, Bethesda, MD 20892-3202, USA. *The Walter and Eliza Hall
Institute of Medical Research, Inflammation Division, 1G Royal Parade,
Parkville, Victoria 3052, Australia.

Received: 27 November 2012 Accepted: 6 February 2013
Published: 18 March 2013

References

1. Takeda K, Kaisho T, Akira S: Toll-like receptors. Annu Rev Immunol 2003,
21:335-376.

2. Martinon F, Mayor A, Tschopp J: The inflammasomes: guardians of the
body. Annu Rev Immunol 2009, 27:229-265.

3. D'Osualdo A, Weichenberger CX, Wagner RN, Godzik A, Wooley J, Reed JC:
CARD8 and NLRP1 undergo autoproteolytic processing through a ZU5-
like domain. PLoS One 2011, 6(11):227396.

4. Frew BC, Joag VR, Mogridge J: Proteolytic processing of Nirp1b is required
for inflammasome activity. PLoS Pathog 2012, 8(4):e1002659.

5. Srinivasula SM, Poyet JL, Razmara M, Datta P, Zhang Z, Alnemri ES: The
PYRIN-CARD protein ASC is an activating adaptor for caspase-1. J Biol
Chem 2002, 277(24):21119-21122.

6. Moayeri M, Sastalla |, Leppla SH: Anthrax and the inflammasome. Microbes
Infect 2012, 14(5):392-400.

7. Martinon F, Petrilli V, Mayor A, Tardivel A, Tschopp J: Gout-associated uric
acid crystals activate the NALP3 inflammasome. Nature 2006,
440(7081):237-241.

8. Li H, Willingham SB, Ting JP, Re F: Cutting edge: inflammasome activation
by alum and alum's adjuvant effect are mediated by NLRP3. J Immunol
2008, 181(1):17-21.

9. Jin C, Flavell RA: Molecular mechanism of NLRP3 inflammasome
activation. J Clin Immunol 2010, 30(5):628-631.

10.  Kofoed EM, Vance RE: Innate immune recognition of bacterial ligands by
NAIPs determines inflammasome specificity. Nature 2011,
477(7366):592-595.

11. Zhao Y, Yang J, Shi J, Gong YN, Lu Q, Xu H, Liu L, Shao F: The NLRC4
inflammasome receptors for bacterial flagellin and type Il secretion
apparatus. Nature 2011, 477(7366):596-600.

12.  Leppla SH: Bacillus anthracis toxins. In The Comprehensive Sourcebook of
Bacterial Protein Toxins. 3rd edition. Edited by Alouf JE, Popoff MR.
Burlington, MA: Academic Press; 2006:323-347.

13.  Duesbery NS, Webb CP, Leppla SH, Gordon VM, Klimpel KR, Copeland TD,
Ahn NG, Oskarsson MK, Fukasawa K, Paull KD, et al: Proteolytic inactivation
of MAP-kinase-kinase by anthrax lethal factor. Science 1998,
280(5364):734-737.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Page 10 of 10

Fink SL, Bergsbaken T, Cookson BT: Anthrax lethal toxin and Salmonella
elicit the common cell death pathway of caspase-1-dependent
pyroptosis via distinct mechanisms. Proc Natl Acad Sci U S A 2008,
105(11):4312-4317.

Newman ZL, Printz MP, Liu S, Crown D, Breen L, Miller-Randolph S, Flodman
P, Leppla SH, Moayeri M: Susceptibility to anthrax lethal toxin-induced rat
death is controlled by a single chromosome 10 locus that includes
NIrp1. PLoS Pathog 2010, 6(5):¢1000906.

Levinsohn JL, Newman ZL, Hellmich KA, Fattah R, Getz MA, Liu S, Sastalla |,
Leppla SH, Moayeri M: Anthrax lethal factor cleavage of Nirp1b is
required for activation of the inflammasome. PLoS Pathog 2012, 8(3):
e1002638.

Boyden ED, Dietrich WF: Nalp1b controls mouse macrophage
susceptibility to anthrax lethal toxin. Nat Genet 2006, 38(2):240-244.
Masters SL, Gerlic M, Metcalf D, Preston S, Pellegrini M, O'Donnell JA,
McArthur K, Baldwin TM, Chevrier S, Nowell CJ, et al: NLRP1 Inflammasome
Activation Induces Pyroptosis of Hematopoietic Progenitor Cells.
Immunity 2012, 37(6):1009-1023.

Moayeri M, Crown D, Newman ZL, Okugawa S, Eckhaus M, Cataisson C, Liu
S, Sastalla |, Leppla SH: Inflammasome sensor NIrp1b-dependent
resistance to anthrax is mediated by caspase-1, IL-1 signaling and
neutrophil recruitment. PLoS Pathog 2010, 6(12):21001222.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ:
Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res 1997, 25(17):3389-3402.

Terra JK, France B, Cote CK, Jenkins A, Bozue JA, Welkos SL, Bhargava R, Ho
CL, Mehrabian M, Pan C, et al: Allelic variation on murine chromosome 11
modifies host inflammatory responses and resistance to Bacillus
anthracis. PLoS Pathog 2011, 7(12):21002469.

Friedlander AM: Macrophages are sensitive to anthrax lethal toxin
through an acid-dependent process. J Biol Chem 1986, 261(16):7123-7126.
Conant GC, Wolfe KH: Turning a hobby into a job: how duplicated genes
find new functions. Nat Rev Genet 2008, 9(12):938-950.

Meyers BC, Kozik A, Griego A, Kuang H, Michelmore RW: Genome-wide
analysis of NBS-LRR-encoding genes in Arabidopsis. Plant Cell 2003,
15(4):809-834.

Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, Bodmer
JL, Schroter M, Burns K, Mattmann C, et al: Inhibition of death receptor
signals by cellular FLIP. Nature 1997, 388(6638):190-195.

Kataoka T: The caspase-8 modulator c-FLIP. Crit Rev Immunol 2005,
25(1):31-58.

Im SS, Yousef L, Blaschitz C, Liu JZ, Edwards RA, Young SG, Raffatellu M,
Osborne TF: Linking lipid metabolism to the innate immune response in
macrophages through sterol regulatory element binding protein-1a.
Cell Metab 2011, 13(5):540-549.

Moayeri M, Martinez NW, Wiggins J, Young HA, Leppla SH: Mouse
susceptibility to anthrax lethal toxin is influenced by genetic factors in
addition to those controlling macrophage sensitivity. Infect Immun 2004,
72(8):4439-4447.

Earl PL, Americo JL, Moss B: Lethal Monkeypox Virus Infection of CAST/EiJ
Mice is Associated with a Deficient Interferon-gamma Response.

J Virol 2012.

Mankan AK, Dau T, Jenne D, Hornung V: The NLRP3/ASC/Caspase-1 axis
regulates IL-1beta processing in neutrophils. Eur J Immunol 2012,
42(3):710-715.

Wang ET, Sandberg R, Luo S, Khrebtukova |, Zhang L, Mayr C, Kingsmore SF,
Schroth GP, Burge CB: Alternative isoform regulation in human tissue
transcriptomes. Nature 2008, 456(7221):470-476.

Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ: Deep surveying of alternative
splicing complexity in the human transcriptome by high-throughput
sequencing. Nat Genet 2008, 40(12):1413-1415.

doi:10.1186/1471-2164-14-188
Cite this article as: Sastalla et al: Transcriptional analysis of the three
NlIrp1 paralogs in mice. BMC Genomics 2013 14:188.



http://www.biomedcentral.com/content/supplementary/1471-2164-14-188-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-14-188-S2.jpeg

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Expression analysis and sequence comparison of Nlrp1a in anthrax lethal toxin-resistant and sensitive macrophages
	Expression of Nlrp1b and its splice variants
	Genomic locations of identified Nlrp1b splice variants
	Expression profile of Nlrp1c

	Discussion
	Conclusions
	Methods
	Ethics statement
	Mice
	Cell culture
	RNA isolation, cDNA synthesis, and PCR
	GenBank accession numbers
	Data analyses

	Additional files
	Competing interest
	Authors’ contributions
	Acknowledgements
	Author details
	References

