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Abstract
Anthrax lethal toxin (LT), a major virulence determinant of anthrax disease, induces vascular
collapse in mice and rats. LT activates the Nlrp1 inflammasome in macrophages and dendritic
cells, resulting in caspase-1 activation, IL-1β and IL-18 maturation and a rapid cell death
(pyroptosis). This review presents the current understanding of LT-induced activation of Nlrp1 in
cells, and its consequences for toxin-mediated effects in rodent toxin and spore challenge models.
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1. Background
Anthrax disease results from introduction of Bacillus anthracis spores into host organisms
by inhalation, ingestion, or penetration of the skin. It requires spores to germinate and to
produce toxins that enable bacterial dissemination. B. anthracis produces three proteins that
make up anthrax lethal toxin (LT) and edema toxin (ET). Protective antigen (PA), the
receptor binding component common to both toxins, delivers lethal factor (LF), a protease
[1], or edema factor (EF), an adenyl cyclase [2], into cells. The vascular collapse associated
with anthrax infection can be largely replicated in animals by challenge with the toxins
alone [3,4,5,6], and immunization against PA is sufficient for protection from infection (for
review see [7]). Animal infections using unencapsulated bacteria in which the toxin
component genes have been knocked out show that while both toxins play a role in
dissemination [8,9], it is principally LT which is responsible for the lethality caused by
anthrax [10,8].

The only substrates known to be cleaved by LF are the mitogen-activated protein kinase
kinases (MAPKKs, MKKs, or MEKs) [11,12,13,14]. Although the MAPK (ERK)1/2, JNK/
SAPK, and p38 signaling pathways disrupted by this toxin are essential to many cellular
functions, a link between their shutdown and LT's induction of lethality has not been found.
Furthermore, the rapid lysis which LT induces in sensitive macrophages from certain inbred
mice [15,16] and rats [17,18] requires more than the cleavage of the MEK substrates,

*Corresponding author Dr. Mahtab Moayeri Building 33, Room 1W20B National Institutes of Health Bethesda, MD 20892 Phone:
301-496-1821 Fax: 301-480-0326 mmoayeri@niaid.nih.gov. Dr. Inka Sastalla Building 33, Room 1W20B National Institutes of
Health Bethesda, MD 20892 Phone: 301-594-2865 Fax: 301-480-0326 sastallai@niaid.nih.gov. Dr. Stephen H. Leppla Building 33,
Room 1W20B National Institutes of Health Bethesda, MD 20892 Phone: 301-594-2865 Fax: 301-480-0326 sleppla@niaid.nih.gov.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errorsmaybe
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Microbes Infect. Author manuscript; available in PMC 2013 May 1.

Published in final edited form as:
Microbes Infect. 2012 May ; 14(5): 392–400. doi:10.1016/j.micinf.2011.12.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



because this cleavage also occurs in macrophages resistant to LT-mediated lysis [14,19]. LF
targeting of the MEK pathways in cells that control the innate immune response, however,
plays a role in disabling their ability to battle infection, thereby aiding bacterial
dissemination and establishment of disease [20,8].

LT induces an atypical cytokine-independent vascular collapse in rodents, which differs
greatly from the effects induced by ET, in that it is not accompanied by hemorrhaging
lesions or fibrin deposition [3,4]. There are almost no classic shock-associated
histopathological changes found in mice or rats challenged with LT, and the tissue necrosis
that is observed appears to result from the hypoxia that follows vascular collapse [4]. Inbred
mice succumb to LT over a period of days and can display a wide range of sensitivities
which are independent of their macrophages' sensitivity to LT [21]. In contrast, when
challenged with saturating doses of toxin, rats succumb in less than one hour, and as rapidly
as 37 minutes [22,23,24]. Rat death is a dichotomous phenotype, with inbred strains divided
on the basis of absolute sensitivity or resistance to LT [18]. Rapid hemodynamic changes are
observed in LT-challenged rats [3,25,26], but the shock induced by LT differs from
endotoxin-induced shock and is resistant to standard therapies [26,27]. The rapidity of rat
death suggests toxin-induced molecular events that result in heart failure and an associated
pulmonary edema [28,29,30]. Interestingly, in a perfused rat heart model, LT had no
significant effect at doses at which ET produced rapid functional changes [31]. The heart is
also one of the earliest organs targeted in mice, although it is unclear if LT's effects on the
heart are direct or result indirectly from targeting of the vasculature at distant sites [32].
Remarkably high levels of cardiac biomarkers are observed in the blood of mice as early as
6–8 hours after toxin treatment [32]. While the sensitivity of mice to anthrax toxin appears
to involve multiple genetic factors ([33,21] and our unpublished work), the sensitivity of rats
to rapid toxin-induced death was recently mapped to a limited number of polymorphisms
present in the first 100 amino acids of the inflammasome sensor Nlrp1 [18].

2. The rodent Nlrp1 inflammasomes
Inflammasomes are multimeric protein complexes which form in response to cytoplasmic
danger signals and provide a scaffold for the activation of caspase-1. Inflammasomes
contain a sensor NLR (Nod-like receptor/nucleotide-binding domain leucine-rich repeat
containing protein) component (see Figure 1) which undergoes a conformational change in
response to a danger signal and recruits inactive pro-caspase-1. The inflammasome complex
then mediates caspase-1 activation, and active caspase-1 processes proinflammatory
cytokines IL-1β and IL-18 to their mature forms, allowing for their rapid secretion from the
cell. In macrophages and dendritic cells, active caspase-1 also targets death substrates which
have yet to be identified, thereby inducing a rapid (1–3 hour) cell death termed pyroptosis.
There are numerous NLRs which sense different pathogen or danger-associated molecular
patterns as well as environmental stimuli. Some of the best studied NLRs include Nlrp3/
Nalp3/Cryopyrin/CIAS1/PYPAF1 (which recognizes fungi, intracellular bacteria, pore-
forming toxins, extracellular ATP, and crystalline material such as silica, urea crystals,
asbestos, amyloid-β, and alum), Nlrc4/IPAF (which recognizes Gram-negative bacteria with
type III or type IV secretion systems and flagellin), and AIM2 (recognizing dsDNA and
DNA viruses) (for review see [34]). Most NLR proteins associate with the scaffold protein
ASC (apoptosis-associated speck-like) via a pyrin domain and once caspase-1 is recruited,
this association with ASC is required for the inflammasome's cytokine processing function
[35]. Caspase-1 induction of pyroptosis, however, does not require ASC [35]. While human
Nlrp1 contains an N-terminal pyrin domain through which it associates with ASC, rodent
Nlrp1 proteins are missing pyrin domains in their N-termini, and instead contain a region
with little to no homology to other NLRs (Figure 1). We have provisionally named this
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unique domain “NR100” (N-terminal domain of rodent Nlrp1 proteins, approximately 100
amino acids) (Figure 1).

In mice, three tandem Nlrp1 genes (Nlrp1a, Nlrp1b and Nlrp1c) are present on chromosome
11 [36]. Sensitivity or resistance of mouse macrophages from different inbred strains to LT-
induced pyroptosis is controlled by Nlrp1b, and sensitivity is a dominant trait [36]. In rats,
there are two paralogs, but only one (Nlrp1) appears to be expressed in most strains and this
protein also controls LT-induced macrophage pyroptosis [18]. Interestingly, in rats the Nlrp1
locus may also control the rapid 37-minute animal death induced by LT [18]. To date, the
only known activator of rodent Nlrp1 is LT and there are no known in vivo activators of
human Nlrp1, although activation by the bacterial ligand muramyl-dipeptide has been
reported in studies with an in vitro reconstituted inflammasome [37,38].

In the following sections we review the current knowledge of the role of the Nlrp1
inflammasome in mouse and rat macrophage death, animal susceptibility to LT, and
susceptibility to spore infection.

2.1 The Nlrp1 inflammasome and cell death
2.1.1 Nlrp1 and LT-induced rodent macrophage pyroptosis—Macrophages and
dendritic cells from inbred mice and rats exhibit either absolute sensitivity or resistance to
the rapid pyroptosis induced by LT. While pyroptosis-resistant macrophages and dendritic
cells from both rodents succumb to caspase-1-independent apoptosis after longer periods
(>16 hours) of toxin treatment [39,40], sensitive mouse macrophages lyse 60–90 minutes
after treatment with saturating toxin concentrations, and sensitive rat macrophages require
120–150 minutes for lysis [41]. Despite the slightly slower pyroptosis of rat macrophages,
the Nlrp1- and caspase-1-dependent mechanism of cell death appears to be highly similar in
mice and rat cells [41,42]. This cell death requires both caspase-1 activation and expression
of certain Nlrp1 alleles associated with macrophage sensitivity to LT (Nlrp1bS)
[36,43,39,41,42].

Nlrp1b was identified as the candidate Nlrp1 paralog for controlling sensitivity to LT in
mouse macrophages as it is the only paralog expressed in all the 129-lineage mouse strains
that harbor LT-sensitive macrophages ([36] and data not shown). In the original report
identifying this gene as the LT sensitivity locus, expression of Nlrp1bS in mice also
harboring a resistant Nlrp1b allele (Nlrp1bR) was shown to confer sensitivity to LT, and
inhibition of Nlrp1bS expression with interfering RNA was protective [36]. Sequencing of
the locus in a large panel of inbred mice identified five polymorphic Nlrp1b alleles, two
conferring sensitivity and three conferring resistance to LT. However, comparisons of these
alleles did not allow for a correlation of sensitivity with particular amino acid
polymorphisms [36]. Interestingly, the Nlrp1bS in the CAST/EiJ strain is highly similar in
sequence to the Nlrp1bR present in the NOD/ShiLtJ and AKR/J mice. Only sixteen amino
acid differences exist between these Nlrp1bS and Nlrp1bR proteins, offering an opportunity
to dissect the structural basis of sensitivity and resistance. However, the variations in
expression of Nlrp1 paralogs in various inbred strains and the existence of multiple splice
variants complicate the analyses of the role Nlrp1b or its particular domains play in
sensitivity to LT in mice.

In rats, the only expressed Nlrp1 gene is remarkably conserved across all strains [18], and
sequence and phenotypic analyses in 12 rat strains identified two Nlrp1S and three Nlrp1R

alleles. Comparison of these resistant and sensitive Nlrp1 proteins showed a perfect
correlation between the polymorphisms present in the first 100 residues of the protein and
LT sensitivity [18]. This region of Nlrp1 does not contain any recognized functional
domains (Figure 1). The mechanism(s) through which these polymorphisms control the rat
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Nlrp1 response to LT is currently unknown, and even more perplexing is the absence of any
sequence similarity between the key 100-amino acid region of the rat Nlrp1S and any
portion of the mouse Nlrp1b proteins. Although the N-terminal region of rodent Nlrp1 has
no recognized domain structure and no known function, the corresponding region of human
Nlrp1 contains a pyrin domain that is responsible for binding to the inflammasome adaptor
ASC. The absence of a pyrin domain at the N-terminus of mouse and rat Nlrp1 is consistent
with the observation that the LT-induced Nlrp1bS inflammasome complex in macrophages
appears to lack ASC [44]. However, it has been recently reported that while ASC is
necessary for caspase-1 autoproteolytic activation and efficient cytokine processing,
inflammasomes that function independently of ASC induce caspase-1 activation and
pyroptosis even in the absence of caspase-1 autoproteolysis [35]. LT was used as an inducer
of caspase-1 autoproteolysis-independent pyroptosis in these studies. However, caspase-1
always undergoes autorproteolysis in response to LT [45,46,43,41,47,36]. Thus it may be
possible that two distinct Nlrp1 inflammasomes form in response to the toxin, one of which
contains ASC or a yet unknown scaffold leading to caspase-1 autoproteolysis and cytokine
processing, and a separate ASC-deficient inflammasome which results in induction of
pyroptosis.

Interestingly, an inflammasome reconstitution study in fibroblasts has suggested that
Nlrp1bS and caspase-1 alone are sufficient to form an LT-responsive inflammasome which
cleaves IL-1β and results in a modest degree of fibroblast death in response to the toxin [48].
The killing of fibroblasts by LT implies that the NADPH oxidase activity and reactive
oxygen species limited to macrophages and previously suggested to be essential to LT-
mediated pyroptosis [49], are not absolutely required for the toxin's induction of cell death.
These results also suggest that any tissues in which Nlrp1 and caspase-1 are expressed in
sufficient quantity should be susceptible to pyroptosis.

As is the case for most NLRs and inflammasomes, little is known about the actual signal or
mechanism by which LT activates rodent Nlrp1 proteins. Similar to other well-characterized
inflammasomes [50], potassium efflux is required for activation of rodent Nlrp1
inflammasomes [43,51], and this event appears to be upstream of caspase-1 cleavage. LT
has recently been reported to enhance activity of both Kir and Kv potassium channels in
mouse macrophages independent of Nlrp1b sequence and caspase-1 activation [52].
Expression of a dominant negative form of Kir in Nlrp1bS-expressing macrophages blocked
the LT-induced caspase-1 activation and subsequent IL-1β release, supporting a direct link
between potassium channel function and toxin-mediated Nlrp1b activation [52]. However,
since potassium efflux is a common requirement for activation of other NLR sensors [50], it
is unclear why the Nlrp1b-independent alteration in channel function would not lead to
activation of a number of NLR sensors in an LT-independent fashion. Thus, it appears that
potassium efflux alone is not sufficient as a signal for LT's activation of the Nlrp1
inflammasome.

A unique trait of LT-induced activation of Nlrp1 is its susceptibility to inhibition by
proteasome inhibitors [43,53,51,41]. This inhibition is independent of LF's proteolytic action
on MEK substrates and can be achieved even with very late addition of these inhibitors, as
long as caspase-1 activation has not progressed [43,53,51,54]. It is possible that one or more
host proteins that could function either as Nlrp1 inhibitors or as LT substrates must be
broken down by the proteasome for Nlrp1 activation. It is likely that the putative target of
the proteasome in LT-treated macrophages is subject to the N-end rule of protein breakdown
[55], because type-2 destabilizing amino acid derivative inhibitors of this pathway such as
phenylalanine amide also protect against LT [56]. The only currently identified N-end rule
substrate targeted for proteasome breakdown by LT is cIAP1, a member of the inhibitor of
apoptosis protein (IAP) family [56]. Proteasome-mediated breakdown of the IAP family of
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proteins has been associated with other pathways of cell death, but not with pyroptosis; thus,
a link between this protein and caspase-1-dependent cell death has not yet been
demonstrated.

Other proteins and pathways have also been implicated in LT-induced, Nlrp1-dependent cell
death at steps that are downstream of toxin entry and cleavage of the MEK substrates. For
example, Nlrp1bS -harboring macrophages having reduced expression of the mitochondrial
proteins Bnip3 and Bnip3L (Bcl2/adenovirus E1B-interacting proteins 3 and 3L) are
resistant to LT, while Nlrp1bR-harboring macrophages in which these proteins are
overexpressed are sensitized to the toxin [57]. This suggests involvement of mitochondrial-
associated events, as Bnip3 has been implicated in death pathways involving mitochondrial
membrane permeabilization, ROS production and rapid changes in plasma membrane
integrity [58] and LT also induces similar changes in macrophages [54]. Recently, AMP
deaminase 3, which converts AMP to IMP, was also implicated in LT-induced pyroptosis
[59]. Knockout of the gene in macrophages harboring an Nlrp1bS allele results in resistance
to LT-induced pyroptosis, but its role in caspase-1 activation or possibly in protective
mechanisms occurring downstream of caspase-1 is unknown.

A number of other protective treatments have been reported to inhibit LT-mediated
activation of the Nlrp1 inflammasome, and the steps at which they function have been
elucidated. Examples include reports showing a heat shock-induced trapping of pro-
caspase-1 in a large complex, therefore preventing its autoproteolytic activation [45],
celesterol-induced inhibition of proteasome activity [60], auranofin-mediated inhibition of
caspase-1 activity [47], as well as a role of idebenone, which acts as an inhibitor of
potassium channels, and synergizes with auranofin for increased protection [47]. Inhibition
of cathepsin B activity with drugs such as CA-074Me can also inhibit LT's activation of the
Nlrp1 inflammasome and cell death [61,46]. However it is unclear whether cathepsin B acts
upstream of caspase-1 activation or is part of a feedback loop that requires active caspase-1.
In either case, the lysosomal membrane permeabilization that leads to increases in
cytoplasmic cathepsin B activity is a hallmark of Nlrp1S-dependent pyroptosis, much in the
manner observed for other inflammasomes [61,46]. It should be noted that cathepsin B has
also been suggested to play a different role in delivery of LF to the cytosol following
endosome-lysosome fusion and autophagic flux [62].

2.1.2 Nlrp1 and LT targeting of MEK pathways—The only identified substrates for
LF are MEK 1, 2, 3, 4, 6 and 7. The cleavage of these kinases by LF leads to the inactivation
of the ERK1/2, p38, and SAPK/JNK signaling pathways. However, no link has been found
between LF's action on these substrates and the toxin's activation of the Nlrp1
inflammasome, and MEK substrates are cleaved in all cells independent of their sensitivity
to pyroptosis. It is however possible that the cleavage of the MEK proteins is sensed
differentially by the Nlrp1 proteins in sensitive and resistant macrophages. Early work
suggested that in macrophages, LF-mediated inhibition of the p38 pathway results in cell
death; however, these findings related to the delayed apoptosis induced by LF that occurs in
cells expressing either Nlrp1bS or Nlrp1bR [63]. In a more recent report, the same
investigators used MEK6 constructs that are resistant to LF-mediated cleavage to suggest
that inhibition of p38 is the primary mechanism by which cell death is induced in B.
anthracis-infected macrophages. This study indicated that cell death induced by infection
with LT-expressing bacteria led to ATP leakage which was the cause of a “bystander”
activation of the Nlrp1b inflammasome [64]. Perplexingly, all the experiments in this report
were performed in cells isolated from C57BL/6J mice and knockout strains, all harboring
the Nlrp1bR protein which is LT-nonresponsive. Adding another level of complexity is that
these studies used bacterial infections with B. anthracis strains which express LF or are
mutated for its production, and it is highly likely the bacteria provide numerous other stimuli

Moayeri et al. Page 5

Microbes Infect. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



capable of activating other inflammasomes. It is therefore possible that many observations in
this study result from the activation of Nlrp3 or other inflammasomes by bacterial infection,
and that the expression of LF, through targeting of the MEK pathways, is simply modulating
the infected cell's ability to function. Furthermore, previous studies using more specific
inhibitors of the P2X7 receptor eliminated ATP leakage as the mechanism for the rapid cell
death caused by LT [65]. LT-treated Nlrp1bS-macrophages have no paracrine effect on
Nlrp1bR macrophages even when growing on or with membrane-to-membrane contact, and
ATP hydrolyzing enzymes have no protective effect against LT (Moayeri et al.
unpublished).

Another recent report investigating the link between the inactivation of MEK pathways and
pyroptosis used a different approach. An LF mutant which was defective in its ability to
induce pyroptosis in Nlrp1bS-expressing macrophages was isolated [66]. This mutant toxin
could not activate the inflammasome (as measured by IL-1β cleavage) in a reconstituted
system where Nlrp1bS, caspase-1, and IL-1β were expressed in fibroblasts, but it still
inhibited the MEK 1/2/ERK signaling pathways as efficiently as wild type toxin. However,
the LF mutant was inefficient in cleavage of MEK3/6 and thus not able to prevent activation
of the p38 pathway, suggesting that the MEK3/6 pathway provides a protective mechanism
against pyroptosis and that inactivation of this pathway may contribute to inflammasome-
induced death. Alternatively, it is possible the mutant LF was defective in cleavage of an
unknown substrate required for inflammasome-mediated cell death.

2.1.3 Outstanding questions—Although a limited number of polymorphisms in the N-
terminus of rat Nlrp1S are sufficient to determine whether the protein is activated by LT, the
same polymorphisms are not present in any mouse Nlrp1bS proteins – and yet both mouse
and rat Nlrp1 are activated in response to LT, resulting in a similar pyroptosis. It is unclear
how LT activates the inflammasome, or how caspase-1 activation leads to cell death. MEK
cleavage by LF, which occurs equally in sensitive and resistant macrophages [14,19], has
not yet been definitively linked to the caspase-1-induced events required for pyroptosis.

2.2 Nlrp1 and LT-induced rodent death
Inbred mice display a wide range of sensitivities to LT challenge, with some strains being
resistant (NOD/ShiLtJ; DBA/2J) and others highly sensitive (Balb/cJ; CAST/EiJ) [67].
Injection of LT into mice that harbor Nlrp1bS alleles leads to Nlrp1b activation, macrophage
lysis, and release of large amounts of IL-1β within 1–2 hours after injection [4,21].
Inflammasome activation by LT in vivo and the associated remarkable IL-1β release do not
require a second, e.g., TLR-mediated signal, as seen for other inflammasomes. Furthermore,
we find that congenic C57BL/6NTac mice harboring two Nlrp1bS alleles always succumb to
LT 36–48 hours earlier than mice harboring two Nlrp1bR alleles (Figure 2). These mice are
similar at >98% of all other genomic loci, indicating that the IL-β release that rapidly results
in an extensive cytokine storm in mice harboring Nlrp1bS alleles may exacerbate LT-
mediated vascular collapse, though it is not necessary for LT-induced lethality [4,21].
Accordingly, inhibition of macrophage lysis in LT-treated Balb/cJ (Nlrp1bS) mice by
proteasome inhibitors increases survival time [42]. However, it should be noted that some
studies have not observed a more rapid death of LT-challenged transgenic animals in which
Nlrp1bS is expressed in a resistant background [68]. Whether the Nlrp1bS dependent
cytokine storm accelerates the toxin's effects in mice or not, the vascular shock LT induces
is not dependent on macrophage lysis [4,21,68]. Further supporting the conclusion that
Nlrp1-mediated macrophage pyroptosis is not required for the mouse lethality induced by
LT is the fact that myeloid-lineage specific anthrax toxin receptor-deficient mice [8] and
macrophage-deficient mice [21] are also fully sensitive to LT challenge. Thus, it appears
that other genetic loci control animal sensitivity to toxin. These may include proteins
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encoded by multiple loci on mouse chromosome 11 [33] or genes linked to the murine
endocrine system, which has been shown to have a striking contribution to the lethality
induced by LT [69].

In contrast to mice, rats do not exhibit intermediate sensitivities to LT and either succumb to
saturating doses of LT in under one hour or they are completely resistant. The LT dose (10
µg) that kills a sensitive 200-g rat in 60 minutes has little effect on an LT-sensitive 20-g
mouse. Thus, despite a similar vascular collapse event accompanied by cardiac failure, LT-
induced death occurs with very different timing and dose requirements in mice and rats, and
therefore may involve different tissue and cell targets.

In rats, a perfect correlation between macrophage sensitivity and rat susceptibility to LT is
seen among all tested inbred strains as well as among recombinant inbred rats from the
HXB/BXH collection [18]. This collection, developed by two gender-reciprocal matings of
the SHR/Ola rat (LT-resistant) with the BN-Lx rat (LT-sensitive), allowed mapping of rat
sensitivity to toxin-induced death to a region of chromosome 10 containing Nlrp1.
Surprisingly, the N-terminal sequence polymorphisms associated with LT-sensitive
macrophages (as described in the previous section) also correlate perfectly with rat
susceptibility to death. Furthermore, proteasome inhibitors which prevent caspase-1
activation by LT can delay or protect against toxin-induced rat death [42,41]. Thus Nlrp1 is
the primary candidate for conferring rat sensitivity to LT. However, it is unlikely that toxin-
induced pyroptosis or IL-1β/IL-18 signaling plays an important role in LT-mediated rat
death. For example, we have found that macrophages from heterozygous rats harboring one
sensitive and one resistant allele of Nlrp1 require >8 hours to die in response to LT, while
the animals themselves succumb in 1 hour. Furthermore, bone marrow chimera studies, cell
transfusions, macrophage depletion analyses, anakinra (IL-1 receptor antagonist) treatment,
and neutralizing IL-1β/IL-18 studies demonstrate that irradiation-sensitive myeloid cells and
IL-1β/IL-18 signaling do not play a role in the rat death caused by LT (Moayeri et al.,
unpublished). Thus, activation of Nlrp1 in other, unidentified cells and tissues appears to
play a key role in causing toxin-induced rat death. In contrast to the earlier view that NLR
sensors and caspase-1 function primarily in myeloid, first responder innate immune cells, it
is now recognized that NLR proteins also have roles in a variety of non-myeloid tissues
[70]. The large number of caspase-1 substrates that have been identified [71] is consistent
with the view that this protease plays an important role in many different cell types. Of
course the possibility cannot be excluded that rat susceptibility to LT is controlled by a
different gene closely linked with Nlrp1 on chromosome 10 that does not segregate at a
detectable frequency. A similar situation exists in mice, where almost all polymorphisms in
the Kif1c gene, which is co-inherited with the Nlrp1a-b-c locus, also correlate with the
Nlrp1b polymorphisms that are associated with LT susceptibility [21,72]. However, the
likelihood is low that LF targets two different proteins encoded by adjacent genes on the
chromosome, one controlling macrophage lysis and the other animal death. Thus, we believe
that it is Nlrp1 which is controlling LT-mediated rat death through unknown mechanisms
that involve yet to be identified target tissues.

2.3 Nlrp1 and anthrax infection
Early studies hypothesized that macrophages act as a vessel for the dissemination of anthrax
spores and bacteria [73], and later studies suggested that anthrax toxins play a role in
allowing bacteria to survive the macrophage's phagocytic and bacteriocidal activities
[74,75]. More recently, mouse genetics has provided indisputable evidence on the role of LT
in battling the host innate immune response [8]. Nlrp1bR mice in which anthrax toxin
receptors were knocked out only in the myeloid cell population were made more resistant to
anthrax infection, strongly arguing that MEK pathways essential to macrophage and/or
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neutrophil function are targeted by LT as a key step during establishment of anthrax
infections [8].

It is not surprising that macrophages play a role in protection against infection independent
of the Nlrp1 response to LT. However, the differential response of Nlrp1bS and Nlrp1bR

expressing macrophages to LT has a separate, potent effect on infection in the mice
harboring them. The basis for the effect of Nlrp1b status on infection was actually observed
many years before the gene was identified. Early studies noted the surprising finding that
macrophage sensitivity to LT (and even animal sensitivity to LT for some species) was
inversely correlated with susceptibility to anthrax infection [76,77]. These findings would
suggest that LT-mediated pyroptosis is actually detrimental to establishing infection. Recent
studies using large panels of inbred strains, as well as Nlrp1b congenic/transgenic mice
(described in the previous section) have allowed a better dissection of this inverse
relationship [68,78]. Mice harboring Nlrp1bS alleles are resistant to infection at doses at
which Nlrp1bR counterparts succumb [68,78]. The protection is independent of infection
route or spore germination, and is amazingly potent in that it acts even against injection of
large numbers of vegetative bacteria directly into the bloodstream [78]. The Nlrp1bS allele
can no longer impart resistance when caspase-1 and IL-1 receptor are knocked out in mice
harboring the allele, suggesting it is likely activation and release of IL-1β/IL-18 in an
Nlrp1bS-dependent fashion is crucial to protection against spore infection [78]. The IL-1
receptor antagonist anakinra also reverses Nlrp1bS-mediated resistance in mice, supporting a
role for caspase-1-dependent IL-1 signaling in protection [78]. It is highly likely that the
differential sensitivity of Nlrp1bS- and Nlrp1bR-harboring mice to infection is due to
differences in the response of these proteins to LT, although the possibility does exist that
other bacterial components are sensed by Nlrp1bS. However, the higher IL-1β and resultant
circulatory neutrophil levels seen in Nlrp1bS mice in response to LT are likely linked to the
mechanism through which this inflammasome sensor ultimately contributes to resistance to
infection [78].

Surprisingly, in rats, Nlrp1S-mediated control of anthrax infection is not seen (Moayeri et
al., unpublished). Studies using six different inbred rats show that although rats are
generally extremely resistant to anthrax infection, when they do succumb it is in accordance
to their toxin sensitivity (and thus, Nlrp1 status) (Moayeri et al., unpublished). The IL-1β/
IL-18 response to LT challenge as well as anthrax infection in Nlrp1S rats is extremely low
and may explain the absence of protection in rats (Moayeri et al., unpublished).
Interestingly, there is precedent for these findings. LT challenges studies performed in the
1960s showed striking differences between the NIH black (Nlrp1R) and Fischer (Nlrp1S)
rats [79,77]. Although the NIH black rat was very resistant to toxin treatment, it was highly
sensitive to bacterial dissemination during B. anthracis infections, and far higher numbers of
bacteria were measured in its bloodstream than in that of similarly infected Fischer (Nlrp1S)
rats. However, despite the lower bacterial load in the highly LT-sensitive Fischer rat, these
animals died more rapidly from the infection, much in the manner observed in our current
studies [79,77]. Investigators interpreted their findings as reflecting two phases of anthrax
disease, a first battle to establish infection, followed by succumbing to toxins later in
disease. In rats, sensitivity to toxin-mediated death appears to be more important than any
role Nlrp1 may play in establishing infection.

3. Concluding remarks: What about anthrax infection in humans?
Having discussed the role of Nlrp1 in mice and rats, it must be asked how the insights
gained from these experimental animal models might apply to anthrax disease in humans.
To date, all macrophages isolated from human volunteers and tested in our laboratory and
many others have been found to be resistant to LT. As mentioned before, human Nlrp1
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differs substantially from rodent Nlrp1 proteins in that it harbors an N-terminal pyrin
domain, and this can be expected to confer responsiveness to LT that differs from that of
rodent Nlrp1 proteins. In any case, the apparent “resistance” of the human Nlrp1 allele could
imply that humans are among the species having higher susceptibility to anthrax infection,
much in the manner of Nlrp1bR mice, since the potent and potentially protective LT-
induced, Nlrp1bS-dependent cytokine responses are absent. It remains to be seen if human
Nlrp1 responds to anthrax infection in a manner independent of LT. In any event, the studies
on the very interesting rodent Nlrp1 proteins which were discussed above provide useful
information about the nature of inflammasome activation and caspase-1 action in general,
and this are likely to have value in understanding the innate immune response to infectious
diseases in humans.
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Figure 1.
Schematic overview of the domains of the intracellular sensor Nlrp1 from human, rat, and
mouse. The genomes of mice contain three Nlrp1 paralogs on chromosome 11 (Nlrp1a,
Nlrp1b, and Nlrp1c) and different mouse strains express two or three of these proteins, as
well as different splice variants. Human Nlrp1 contains an ASC-interacting pyrin domain
that is absent in rodent Nlrp1s. Rodent Nlrp1s have a unique N-terminal region (NR100, for
“N-terminal domain of rodent Nlrp1of about 100 amino acids”) with no sequence homology
to human Nlrp1 and limited homology between the rodent species and paralogs, as indicated
by shading in the figure. Other domains shown are: NBD/NACHT, nucleotide binding
ATPase domain; LRR, leucine-rich repeats; FIIND, function-to-find domain; CARD,
caspase-1 recruitment domain. Please note that the relative size of domains is not to scale,
and the number of LRR domain repeats differs based on species and paralog and can also
vary depending on the algorithms used to assign them.
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Figure 2.
Mice (n=11/group) were injected with PA (100 μg) + LF (100 μg) intraperitoneally and
monitored for survival for ten days.
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