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Abstract
Caspases exert critical functions in diverse cell death pathways, including apoptosis and pyroptosis, but some caspases also
have roles in the processing of cytokines into their functional forms during inflammation. The roles of many caspases have
been unravelled by the generation of knockout mice, but still very little is known about the overlapping functions of caspases
as only a few studies report on double or triple caspase knockout mice. For example, the functions of caspase-12 in cell death
and inflammation, on its own or overlapping with the functions of caspase-1 and caspase-11, are only poorly understood.
Therefore, we generated a novel mutant mouse strain lacking all three inflammatory caspases, caspases-1, -11 and -12.
Analysis under steady state conditions showed no obvious differences between caspase-1/11/12−/− and wildtype (WT) mice.
Since caspases-1 and -11 are involved in endotoxic shock, we analysed the response of caspase-1/11/12−/− mice to high-
dose LPS injection. Interestingly, we could not detect any differences in responses between caspase-1/11/12−/− mice vs.
caspase-1/11 double knockout mice. Furthermore, cell lines generated from caspase-1/11/12−/− mice showed no differences
in their apoptotic or necroptotic responses to a diverse set of cytotoxic drugs in vitro when compared to WT cells.
Importantly, these drugs also included ER stress-inducing agents, such as thapsigargin and tunicamycin, a form of cell death
for which a critical pro-apoptotic function of caspase-12 has previously been reported. Additionally, we found no differences
between caspase-1/11/12−/− and WT mice in their in vivo responses to the ER stress-inducing agent, tunicamycin.
Collectively, these findings reveal that caspase-12 does not have readily recognisable overlapping roles with caspases-1 and
-11 in the inflammatory response induced by LPS and in necroptosis and apoptosis induced by diverse cytotoxic agents,
including the ones that elicit ER stress.

Introduction

Inflammatory caspases play a crucial role in the innate
immune response and are therefore an important part of
defence against pathogenic attack [1]. The murine

inflammatory caspase locus on chromosome 9 encodes
for caspases-1, -11 and -12 [1]. Humans have four
inflammatory caspases (encoded by genes located on
chromosome 11), namely caspases-1, -4, -5 and -12 [1].
Caspases-4 and -5 in humans are thought to be
the orthologues of mouse caspase-11 and probably
arose from the duplication of an ancestral gene [1]. The
inflammatory caspases have N-terminal CARD (caspase
activation and recruitment domains) pro-domains,
and because they can proteolytically activate the effector
caspases (i.e. caspases -3, -6 and -7) they are classified
as initiator caspases [1–3]. This places them alongside
the CARD-containing caspase-9, which plays a role in
the intrinsic apoptotic pathway [4, 5] and the DED-
containing caspase-8, which is essential for death
receptor-induced apoptosis [6] and the prevention of
necroptosis [7, 8]. The CARD and DED pro-domains
function as protein–protein interaction motifs serving
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as activation platforms to convert inactive zymogens into
fully active initiator caspases [1, 9]. This results in the
assembly of multimeric protein complexes, such as the
apoptosome (APAF-1, cytochrome c plus pro-caspase-9)
or inflammasome (NLRP1, NLRC4, or ASC plus pro-
caspase-1) [10, 11].

CARD-containing caspases, such as caspases-1 and −11,
promote inflammation by driving the secretions of func-
tional IL-1β and IL-18 [1]. Upon infection or injury, cas-
pases are required to destroy and rapidly clear the cells.
These processes must be tightly regulated because too much
or too little cell death or inflammation can lead to failure of
clearing an infection, cause auto-inflammatory diseases, or
cancer [12, 13].

Caspase-1, formerly known as ICE (Interleukin-1 Con-
verting Enzyme) was discovered through its ability to
generate the biologically active form of the pro-
inflammatory cytokine IL-1β by cleavage [14, 15].
Caspase-1 becomes activated via two signals: an initial
‘priming’ stimulus provided by the membrane-bound
receptors and an ‘activation’ signal produced by cytosolic
pattern recognition receptors (PRRs) [16]. Stimulation of
membrane receptors by pathogen-associated molecular
patterns (PAMPs), such as TLR4 being activated by bac-
terial LPS or host-derived danger-associated molecular
patterns (DAMPs), triggers signalling cascades that promote
the transcription of the genes encoding pro-interleukin-1β
(pro-IL-1β), intracellular PRRs (i.e. NOD-like receptors,
NLRs) and other mediators of inflammation [10]. Upon
sensing cytosolic DAMPs or PAMPs, the newly expressed
NLRs prime the assembly of a multi-protein scaffold,
termed as inflammasome [17–19]. This structure recruits
and thereby facilitates the activation of caspase-1. This
causes proteolytic activation of the cytokines pro-IL-1β and
pro-IL-18, and induction of pyroptosis. This lytic form of
cell death is driven by caspase-1 or caspase-11mediated
proteolytic activation of gasdermin D, which permeabilises
the plasma membrane [2, 9, 17, 20].

Caspase-11 was shown to function as a cytosolic sensor
for Gram-negative bacteria, such as directly binding the
LPS from Escherichia coli, and like caspase-1, it is
involved in the induction of pyroptosis [21–23]. Further-
more, caspase-11 has been shown to initiate the canonical
NLRP3 inflammasome to support the caspase-1driven
release of IL-1β and IL-18 and it also promotes the secre-
tion of the pro-inflammatory factors IL-1α and high-
mobility group box 1 protein (HMGB1) [22, 24]. Exactly
how caspase-11 triggers inflammasome activation is still
unclear and, as mentioned above, in humans caspases-4 and
-5 are thought to be the orthologues of murine caspase-11
and perform these functions [22].

Only limited insight is available on the other member
of this family, caspase-12. Apart from having two caspase-

11like genes, another difference between mice and humans
is that due to an early stop codon (TGA), all humans of
Asian and Caucasian descent can only express a truncated
version of caspase-12 that contains the CARD, but lacks the
domains critical for proteolytic activity [25, 26]. The
expression of full-length caspase-12 is confined to 20–25%
of people of African descent. A role for caspase-12 in
inflammation in mice (and possibly other species) appears
likely, given its gene is clustered closely with the genes for
caspases-1 and −11 within the inflammatory caspase locus
[25]. Caspase-12 is only expressed in certain cell types and
can be upregulated in response to certain inflammatory
stimuli [27]. Caspase-12 has been implicated in apoptosis
triggered by ER stress in one study [28], but this was not
substantiated by follow-up investigations [27, 29].

To examine the overall roles of all inflammatory cas-
pases, we generated mice deficient for caspase-1/11/12.
Analysis of these animals reveals that additional loss of
caspase-12 does not further diminish the septic shock
response beyond the attenuation afforded by the combined
loss of caspases-1 and -11. Moreover, we found no evi-
dence for an overall role for these three inflammatory cas-
pases in the response of cells to diverse inducers of
apoptosis or necroptosis in vitro or to inducers of ER stress
in vitro and in vivo.

Results

Generation and validation of caspase-1/11/12 triple
deficient mice

To determine the overall role of inflammatory caspases-1,
-11 and -12 in inflammation and cell death, we generated
mice deficient for these three CARD-containing caspases.
Therefore, the entire locus spanning the coding regions of
caspases-1, −11 and −12 was constitutively deleted in
C57BL/6 ES cells (Fig. 1a). The genomic region encom-
passing caspase-1 including 1.7 kb of genomic sequence
upstream of caspase-1 exon 1 (promoter region), caspase-
11 and caspase-12 (total of 76.3 kb) was replaced with a
FRT-flanked puromycin resistance (PuroR) cassette that
was subsequently removed using site-directed Flp-FRT-
mediated recombination. This resulted in a constitutive
caspase-1/11/12 knockout (ko) allele. Intercrossing cas-
pase-1/11/12+/− mice generated caspase-1/11/12−/− off-
spring at the expected mendalian frequency. The caspase-1/
11/12−/− mice displayed no overt abnormalities, appeared
healthy up to at least 18 months of age and were fertile (data
not shown).

The loss of the three caspase genes was verified by PCR,
amplifying a 413 bp band for the mutant allele and a 245 bp
band for the WT allele (Fig. 1b). To further validate the
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knockout mice, we stimulated primary bone marrow-
derived macrophages (BMDMs) derived from these ani-
mals with LPS and analysed the expression of caspases-1
and -11 by western blotting. This revealed steady state

expression of caspase-1 and LPS-induced upregulation of
caspase-11 in BMDMs from WT mice, while as predicted,
both caspases-1 and -11 were absent in the cells from cas-
pase-1/11/12 triple knockout mice (Fig. 1c). Due to the lack
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of suitable caspase-12 antibodies, we verified the loss of
caspase-12 expression by qRT-PCR (Fig. 1d). As pre-
viously reported [27], we detected caspase-12 mRNA in the
lungs and brain from unchallenged WT mice but, as
expected, this mRNA was absent from the corresponding
tissues from the caspase-1/11/12−/− mice (Fig. 1d).

Next, we conducted a functional assay for caspases-1 and
-11. Both of these caspases are known to be critical for the
production of IL-1β during pyroptosis [22]. BMDMs were
primed with LPS, and caspases-1 or -11 were activated by
the further addition of ATP or transfection of cells with
LPS, respectively (Fig. 1e, f). Substantial levels of IL-1β
were detected in the supernatants of stimulated BMDMs
from wt mice, but no IL-1β was produced by BMDMs from
the caspase-1/11/12 knockout mice (Fig. 1e, f). BMDMs
from caspase-1/11 double knockout mice served as a con-
trol and, as predicted, these cells also did not produce IL-1β
(Fig. 1e, f). Collectively, these findings demonstrate that we
have successfully generated a novel strain of mice deficient
for all three inflammatory caspases-1/11/12.

Caspase-12 mRNA expression is upregulated to a
similar extent in wildtype and caspases-1/
11 deficient cells upon treatment with LPS in vitro

It is possible that the deletion of caspases-1 and -11 may
interfere with caspase-12 gene expression. To investigate
this possibility and determine the expression of caspases-1,
-11 and -12, we treated primary BMDMs with 20 ng/mL or
500 ng/mL LPS and analysed the expression of these genes
using qRT-PCR.

Upon LPS stimulation, the expression of caspase-11
increased ~20-fold in BMDMs from WT mice, but was not
detected in BMDMs from the caspase-1/11−/− mice

(Figure S1). Stimulation with LPS increased the levels of
caspase-1 mRNA in wt BMDMs approximately threefold.
The caspase-1 gene in the caspase-1/11−/− mice lacks parts
of exons 6 and 7 and therefore no functional caspase-1
protein can be produced. However, a shortened caspase-1
transcript that can be recognised by the PCR primers can be
generated in cells from these animals, which explains why a
qRT-PCR signal was obtained in the BMDMs from cas-
pase-1/11−/− mice (Figure S1).

The levels of caspase-12 mRNA were not significantly
different between untreated BMDMs from WT vs. those
from the caspase-1/11−/− mice. Upon LPS stimulation, the
levels of caspase-12 mRNA rose to a similar extent in
BMDMs of either genotype (Figure S1). This reveals that
loss of caspases-1/11 does not affect the levels of caspase-
12 mRNA expression.

Caspase-1/11/12−/− mice do not exhibit noticable
defects in the haematopoietic system

To study the roles of caspases-1, -11 and -12 in the haema-
topoietic system, we performed flow cytometric analysis to
compare the myeloid and lymphoid cell subset composition
between the caspase-1/11/12 knockout and WT mice. In the
thymus no differences were found in the frequencies and
numbers of double-negative (CD4−CD8−; including all
DN1-4 subsets), double-positive (CD4+CD8+) or single-
positive (CD4+ or CD8+) T cells (Fig. 2a and S2a). More-
over, the caspase-1/11/12 knockout mice had normal num-
bers of CD4+ as well as CD8+ mature T cells in their spleens,
with normal distributions of naïve (CD62LhiCD44−), acti-
vated (CD62LloCD44+) and memory (CD62hiCD44+) sub-
sets found in both the CD4+ and CD8+ T cell lineages
(Fig. 2b and S2b). Finally, the caspase-1/11/12 knockout
mice had similar numbers of CD4+FOXP3+ T regulatory
cells (Treg) as WT controls (Fig. 2c and S2c).

We also found no abnormalities in the B-lymphocyte
compartment of the caspase-1/11/12 knockout mice. They
contained normal frequencies and numbers of pro-B/pre-B
(B220+IgM−), immature B (B220+IgMhiIgDlo) and mature
B cells (B220+ IgMloIgDhi) in the bone marrow and normal
frequencies, and numbers of follicular (B220+IgD+IgMlo),
marginal zone and B-1 B cells in the spleen and lymph
nodes (Fig. 2d, e and S2d, e).

Next, we examined the impact of the combined loss of
caspases-1, -11 and -12 in myeloid cells. At steady state, the
numbers of neutrophils (GR-1+MAC-1+) and monocytes
(GR-1loMAC-1+) were found to be normal in the bone
marrows and spleens of the caspase-1/11/12 knockout mice
(Fig. 2f and S2f). Collectively, these results demonstrate
that the combined loss of caspases-1, -11 and -12 does not
cause detectable abnormalities in the haematopoietic system
of mice under steady state.

Fig. 1 Generation and validation of caspase-1/11-12 triple knockout
mice. a Targeting strategy to generate mice constitutively deficient
(KO) for caspases-1, -11 and -12. b Genotyping of caspase-1/11/12−/−

mice. DNA from WT mice or H2O served as controls. Band sizes, WT:
245 bp, KO: 413 bp. c Western blot analysis to detect caspases-1 and
-11 in BMDMs of the indicated genotypes after 24 h of stimulation
with 20 ng/mL LPS. Left panel: blot probed for caspase-1; right panel:
blot probed for caspase-11. Both membranes were also probed for
HSP70 (loading control) and the left membrane was additionally
probed for pro-IL-1ß. The western blot shown is representative of two
independent experiments. d Raw Ct values from qRT-PCR analysis of
mRNA expression for caspase-12 and HMBS (loading control) in
extracts from the lung (left panel) and brain (right panel) from caspase-
1/11/12 triple knockout and WT control mice. n.d. indicates no RNA
was detected. n= 3. Graphs show the mean ± S.E.M. of triplicate tests.
e, f IL-1ß release from LPS-primed BMDMs of the indicated geno-
types that had been stimulated with e 5 mM ATP or f 2 μg/mL LPS,
that had been transfected into cells using lipofectamine. (Cont., med-
ium alone). All graphs show mean ± S.E.M. of n ≥ 4. Adjusted p values
in Supplementary Table 1 a and b
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The additional loss of caspase-12 does not provide
further protection against LPS-induced septic shock

beyond the protection afforded by combined loss of
caspase-1 and caspase-11

It has previously been shown that mice lacking caspase-11
or both caspases-1 and -11 are resistant to LPS-induced
septic shock [22, 30]. Since caspase-12 is a CARD-
containing caspase encoded by a gene that is co-located in
the inflammatory caspase locus together with the genes
encoding caspases-1 and -11, we hypothesised that it might
play a role overlapping with the functions of these two
caspases in the septic shock response. To test this idea, we
injected WT, caspase-1/11 knockout and caspase-1/11/12
knockout mice with intermediate or high doses of LPS (18
or 54 mg/kg body weight, respectively). As previously
reported [22], the caspase-1/11 knockout mice survived
the septic shock longer than the control WT animals

(Fig. 3a, b). Of note, the caspase-1/11/12 knockout mice did
not show further extended survival compared with the
caspase-1/11 double knockout animals (Fig. 3a, b).

Caspases-1 and -11 exert important functions in the
maturation and secretion of several cytokines. It has been
postulated that caspase-12, as a CARD-containing caspase
being located in the inflammatory caspase locus, may also
play a role in cytokine production. To test this hypothesis,
we measured the cytokine levels 4 h post injection of high-
dose LPS in the blood of mice (Fig. 3b and S3d, e). IL-18
levels were highly elevated in WT mice upon LPS treatment
and this was abrogated in the caspase-1/11 double knockout
mice. Thus, no further reduction in the levels of IL-18 was
possible in the LPS-treated caspase-1/11/12 knockout mice.
Generally, for all cytokines tested, the levels were similar
between the caspase-1/11/12 triple knockout and the cas-
pase-1/11 double knockout mice, both before and after the
treatment with LPS.

At both concentrations of LPS used, there was a trend
towards a reduction in IFN-γ in the WT mice compared
with the caspase-1/11/12 knockout and caspase-1/11
knockout animals (Figure S3c and Figure S3d). This may be
explained by the observation that IFN-γ can be proteolysed
by caspase-1 [31]. Furthermore, multiplex analysis sug-
gested an abnormal increase in the levels of chemokine
Rantes/CCL5 in the caspase-1/11/12 knockout mice after
LPS treatment, but this could not be confirmed in a single
cytokine ELISA (Figure S3e). Collectively, these findings
demonstrate that caspase-12 does not play a major role in
septic shock alongside caspases-1 and -11.

The combined deletion of caspases-1, -11 and -12
does not confer cells with protection against
cytotoxic drugs in vitro

Caspase-12 has been implicated in cell death elicited by
diverse cytotoxic agents [27, 28, 32, 33]. For example, loss
of caspase-12 was shown to protect mouse embryonic
fibroblasts (MEFs) from killing induced by several ER
stress-inducing agents [28]. However, this finding was
challenged in subsequent studies using B16 [27] and several
myeloma-derived cell lines [29]. To examine the overall
roles of all three inflammatory caspases in cell death, we
generated mouse dermal fibroblasts (MDFs) from caspase-1/
11/12 knockout and WT mice, and exposed them to a variety
of cytoytoxic agents, including the ER stressors thapsigargin
and tunicamycin, the microtubule inhibitor taxol and the
DNA-damage-inducing drug etoposide. Furthermore, we
generated primary BMDMs from caspase-1/11/12 knockout
as well as WT mice and treated them with the combinations
of TNF plus a SMAC mimetic (CompA) (T+ S) or TNF,
SMAC mimetic plus caspase inhibitor QVD-OPH (T+ S+
Q), to cause apoptosis or necroptosis, respectively [34]. In

Fig. 2 Normal haematopoietic cell subset composition in the bone
marrow (both tibia and femur), lymph nodes (axial, brachial and
inguinal), thymus and spleen of caspase-1/11/12 triple knockout mice.
a (Left) Representative flow cytometry plots to examine T cell
development in the thymus. Cell populations during development
defined as CD8+, CD4+ and DP for CD4+CD8+ double-positive
T cells. Additional analysis on double-negative (CD8−CD4−) pro-
genitor cells, denoted DN, using antibodies against CD25 and CD44.
Gating strategy on DN progenitor cells depicted in second flow
cytometry plot from the left to further subdivide into DN1–4 stages
as follows: DN1 (CD44+CD25−), DN2 (CD44+CD25+), DN3
(CD44−CD25+) and DN4 (CD44−CD25−). a (Right) Percentages for
each of these T cell populations in the thymus of caspase-1/11/12
knockout and WT control mice. b (Left) Representative gating strategy
for CD4+ T-cell activation. Naïve T cells that have not yet encountered
an antigen do not express CD44 on the cell surface (top left quadrant).
Upon activation by an antigen, T cells upregulate the CD44 expression
(right panels). T cells with upregulated CD62L expression are con-
sidered memory T cells, whereas the so-called activated CD4+ T cells
circulating in the periphery express low levels of CD62L. b (Right)
Quantification of percentages of naïve, memory and activated CD4+

T cells in the spleen and lymph nodes from caspase-1/11/12 triple
knockout and WT control mice. c (Left) Representative flow cyto-
metry plots of T-cell populations in the lymphoid organs.
Gating on regulatory T cells (Tregs) (CD4

+CD25+FOXP3+). c (Right)
Treg cell percentages in the thymus, lymph nodes and spleen. d (Left)
Representative plots of B cell populations defined as B-1 (IgM
+CD5+B220−) or marginal zone (IgM+B220+CD5−) B cells.
d (Right) Percentages in lymph nodes and spleen are shown for each of
these B-cell populations. e (Left) B-cell development using flow
cytometric analysis. Representative plots showing pro-B/pre-B
(B220+IgM−), immature B (B220+IgMlo), transitional B (B220
+IgMhi) and mature B cells (B220hiIgMlo) in the bone marrow.
e (Right) Quantitative analysis of these B cell populations. f (Left)
Representation of myeloid cell populations analysed by flow cyto-
metry. Top right represents neutrophils (GR-1+MAC-1+) and bottom
right the monocyte population (GR-1−MAC-1+). f (Right) Percentages
of these cells found in the bone marrow and lymph nodes. Graphs
show means ± S.E.M. Cell numbers are presented in Supplementary
Figure 2. n ≥ 5. Symbols represent individual mice. Results tested with
two-way ANOVA or unpaired two-tailed Student's t test
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general, the combined loss of caspases-1/11/12 afforded no
significant protection against any of the cytotoxic agents
tested in either of the two cell types examined (Fig. 4). These
findings reveal that caspases-1, -11 and -12 do not exert
significant roles in the intrinsic or death receptor apoptotic
pathways or in necroptotic cell death.

Caspase-1/11/12 triple deficient mice show a normal
ER stress response in vivo

Caspase-12 has been implicated in ER stress-induced cell
killing in vivo [28]. To examine the overall roles of the
inflammatory caspases in ER stress responses in vivo, we
injected caspase-1/11/12−/− mice and WT controls with
sublethal doses of tunicamycin. Histological analysis revealed
similar damage to the kidneys at 72 h post treatment (Fig. 5a).
Untreated caspase-1/11/12 triple knockout mice exhibited
normal architecture of their kidneys (Fig. 5a). At 72 h post
injection of tunicamycin, the overall architecture was
damaged, especially in the outer medullary areas, and there
were no differences in severity of damage between the cas-
pase-1/11/12 triple knockout and WT mice (Fig. 5a). TUNEL
staining revealed increased numbers of apoptotic cells pre-
dominantly in the outer medullary areas (Fig. 5a, b). Com-
putational analysis of TUNEL+ cells revealed that there were
no consistent differences between the caspase-1/11/12
knockout vs. control WT mice at 72 h post injection of
tunicamycin (Fig. 5b and S4a). Moreover, WT animals treated
with vehicle (DMSO) presented negligible numbers of

TUNEL+ cells in their kidneys (Figure S4a). Untreated
WT and caspase-1/11/12 knockout mice had normal serum
levels of ALT (marker of liver damage) (Supplementary
Figure 4b), demonstrating that the loss of caspases-1, -11 and
-12 had no deleterious impact on these organs. After treatment
with tunicamycin for 24 h, caspase-1/11/12 knockout and
WT mice showed comparable but minor increases in the
serum levels of ALT (Supplementary Figure 4b).

Finally, we examined the expression of the caspase-1,
-11 and -12 genes in the organs examined for ER stress-
induced damage, i.e. the kidneys and liver. In the liver and
kidneys, unstressed mice express the caspase-1, -11 and -12
genes at low levels (Supplementary Table 5; relative
expression compared to actin, depicted as 2−ΔCt values in
Supplementary Figure S5).

Collectively, these results demonstrate that the inflam-
matory caspases overall, and hence caspase-12, have no
discernible role in tunicamycin-induced cell killing as well
as renal or liver damage in vivo.

Discussion

Here, we describe the characterisation of a novel mouse
strain lacking the three murine inflammatory caspases-1, -11
and -12. Loss of these three caspases had no impact on the
general health of the mice. Moreover, extensive flow cyto-
metric analysis revealed that the caspase-1/11/12 knockout
mice had a normal haematopoietic system at steady state.

Fig. 3 Loss of caspase-12 does not provide additional protection
against LPS-induced lethal septic shock above the protection afforded
by combined loss of caspases-1 and -11. a Survival of mice of the
indicated genotypes after i.p. injection with 18 mg/kg LPS (left panel).
Serum levels of IL-18 at 4 h after i.p. injection of 18 mg/kg LPS (Cont.

represents no treatment). b Similar presentation of data as in a, but
mice were injected i.p. with 54 mg/kg LPS. Symbols represent indi-
vidual mice. Data are presented as mean ± S.E.M. Adjusted p values
are supplied in Supplementary Table 2. Results of the levels of cyto-
kines were analysed by one-way ANOVA
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It is well known that caspases-1 and -11 have critical roles
in pyroptotic cell death, the production of IL-1β and IL-18 and
in sepsis [18, 22, 30]. We and others have hypothesised
that caspase-12, closely related and encoded in the same locus
as caspases-1 and -11, may have overlapping functions with
caspases-1 and -11. Therefore, we investigated whether the
additional loss of caspase-12 might further increase the resis-
tance to LPS-induced septic shock that is afforded by the
combined loss of caspases-1 and -11. However, the caspase-1/
11/12 knockout mice were no more resistant to LPSinduced
septic shock than the caspase-1/11 double knockout animals.
The overall condition and body temperature were monitored
until the LPStreated mice reached the ethical endpoint. Upon
LPS injection, signs of morbidity and poor health appeared

later and with reduced severity (at least at early time points) in
the caspase-1/11 knockout and the caspase-1/11/12 knockout
mice compared with the LPStreated WT animals. Since no
significant differences were observed between the caspase-1/
11/12 knockout vs. the caspase-1/11 knockout mice, this
suggests that caspase-12 does not play a significant role in this
septic shock model.

Caspase-12 has also been implicated in ER stress-
induced apoptosis [25, 28, 32, 35]. Moreover, caspases-1
and -11 have recently been implicated in the death of certain
cancer cells by chemotherapeutic drugs [36]. However, we
found that combined loss of caspases-1, -11 and -12 did not
protect several types of haematopoietic cells and fibroblasts
in vitro against a diverse range of cytotoxic drugs. It has

Fig. 4 Combined loss of caspases-1/11/12 does not confer protection against treatment with a broad range of cytotoxic insults to cells in vitro.
a Mouse dermal fibroblasts (MDF) from caspase-1/11/12 triple knockout or WT control mice were treated with thapsigargin (123 nM), taxol
(10 μM), etoposide (300 μM), tunicamycin (1 μM), TNF (100 ng/mL)+ SMAC mimetic (500 nM) and TNF (100 ng/mL)+ SMAC mimetic (500
nM)+ caspase inhibitor Q-VD-Oph (10 μM), and cell survival was measured at the indicated time points by flow cytometry. Graphs shown are for
one representative experiment with n= 3 cell lines per genotype. Data are normalised to untreated control cells. Cell viability was measured by PI
and Annexin V staining, followed by flow cytometric analysis. Data are presented as mean ± S.E.M. and were analysed using two-way ANOVA.
b, c Primary BMDMs from caspase-1/11/12 triple knockout and WT control mice were treated with b TNF+ SMAC mimetic+ caspase inhibitor
QVD-OPH (T+ S+Q) to induce necroptosis or c TNF+ SMAC mimetic (T+ S) to induce apoptosis. Cell viability was measured at the indicated
time points by Annexin V or Annexin V plus PI staining in the case of T+ S+Q treatment, followed by flow cytometric analysis. All data were
analysed using one-way ANOVA test. n ≥ 3. Data are presented as mean ± S.E.M.
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also been reported that caspase-12 deficiency renders mice
resistant to tunicamycin-induced renal damage in vivo that
is associated with induction of apoptosis in this tissue [28].
However, we did not detect any differences in renal damage
and the frequency of apoptotic cells in the kidneys between
caspase-1/11/12 knockout and WT mice. These findings

may indicate that inflammatory caspases are only critical for
cytotoxic drug-induced cell killing in selected cell types.
Moreover, it remains possible that we have not yet tested a
cell death inducer for which caspases-1/11/12 collectively
play critical roles. Activation of the murine inflammatory
caspases-1 and -11 requires a two-step process, namely a

Fig. 5 Combined loss of
caspases-1, -11 and -12 does not
protect mice against ER stress-
induced renal damage.
a Immunohistochemical staining
of kidneys from tunicamycin-
treated (1 mg/kg body weight,
harvested after 72 h) and
-untreated mice to detect
TUNEL+ (dead) cells of
WT mice are shown in the left
panels, and for caspase-1/11/12
triple knockout mice in the right
right panels. One representative
image shown per genotype and
treatment. n ≥ 3. Sections: cortex
(1), outer medulla (2) and inner
medulla (3). Scale bar represents
1 mm, total magnification of
kidney ×20. b Bar graphs
showing quantification of results
from a n ≥ 3 mice per genotype,
two kidney sections per mouse
were scored computationally
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priming signal and a secondary stimulus, called the acti-
vation step [11, 22, 37, 38]. While caspase-1 can be acti-
vated by a broad range of stimuli, caspase-11 is only
induced in cells and therefore capable of being activated
upon sensing Gram-negative bacteria [22, 39]. It is possible
that caspase-12 activation may similarly need specific
priming and activation signals, that have not been identified
yet. In BMDMs as well as in the kidney and liver, the
absence of caspase-1/11 had no impact on the levels of
caspase-12 mRNA.

The substantial LPSinduced increase in the levels of
caspase-12 mRNA suggests a role of caspase-12 in
response to bacterial infection and sepsis. Potential reg-
ulatory effects of caspase-12 on caspases-1 and -11 (ser-
ving as possible effectors) cannot be revealed in our mice
since they lack all three inflammatory caspases.

Moreover, similar to caspase-1, the caspase-12 zymogen
may have to bind to an adaptor protein to undergo the con-
formational changes required for activation. An adaptor for
caspase-12 has not yet been identified and it is possible that
the expression of such an activator of caspase-12 may also
need a specific signal. Furthermore, it is possible that caspase-
12 acts as a regulator upstream of caspases-1 and -11. Due to
an early stop codon in one of the human caspase-12 genes,
only a short, truncated version of this protein can be generated
in people of Asian and Caucasian descent as well as in most
Africans. This non-proteolytic form of human caspase-12 is
structurally similar to the so-called CARD-only proteins
(COPs), including ICEBERG and COP/pseudo-ICE. These
proteins that contain a CARD, but lack the domains for
enzymatic activity have previously been shown to have reg-
ulatory functions that impact cytokine secretion, NF-κB sig-
nalling and certain other signalling pathways [40, 41]. It is
therefore possible that caspase-12, particularly the truncated
form expressed in most humans, might fulfil a regulatory
function or serve as a non-catalytic scaffolding platform
in some signalling pathways, similar to the COPs. To
rule out the possibility of upstream regulation, a single
caspase-12deficient mouse strain would be useful for
future studies. Our newly generated caspase-1/11/12 triple
knockout mice will serve as a valuable tool in such investi-
gations and we will make them available to the scientific
community.

In conclusion, we have generated a strain of caspase-
1/11/12 triple knockout mice. The analysis of these
animals failed to identify a critical role of caspase-12,
overlapping with the functions of caspases-1 and -11, in
septic shock induced by LPS or the response of cells to a
broad range of cytotoxic insults. Our caspase-1/11/12
triple knockout mice are expected to help identify
important functions that are safeguarded by extensive
functional overlap between many caspases, such as the
ones operating in the fight against pathogens.

Materials and methods

Generation of caspase-1/11/12 triple knockout mice

The caspase-1/11/12−/− mice were generated by Taconic
Bioscience GmbH. The genomic region encompassing cas-
pases-1, -11 and -12 was deleted using the targeting strategy
in C57BL/6 ES cells depicted in Fig. 1a. The targeting vector
was generated using BAC clones from the C57BL/6J RPCIB-
731 BAC library and was transfected into the Taconic
C57BL/6N Tac ES cell line. The targeting construct contained
a puromycin resistance cassette used for positive selection of
recombinant clones as well as a thymidine kinase for negative
selection. The positive selection cassette was subsequently
excised using Flp-FRT-mediated recombination.

The heterozygous caspase-1/11/12+/− offspring were
intercrossed to obtain caspase-1/11/12−/− mice. Genotyping
(by PCR) confirmed the absence of the caspase-1/11/12
locus. Primer sets used for genotyping: 23:5′cacacctaaaaa-
cagagtaaaaggc, 24: 5′gggactgtatgaagaatggatcc, 25:5′cag-
caccttgaattatgagttgg. PCR programme: 95 °C for 5 min
followed by 95 °C (for 30 s), primer annealing at 60 °C
(30 s) then 72 °C (1 min). All three steps were repeated for a
total of 30 cycles and this was followed by a final single
elongatation step at 72 °C.

Endotoxic shock model

Experiments with mice were conducted according to the
guidelines and with approval from the Walter and Eliza Hall
Institute (Parkville, Victoria, Australia) Animal Ethics
Committee. The caspase-1/11 mice used in these (and other
following) experiments were derived from a caspase-1/11
double knockout colony published previously [42, 43] and
were not littermates from the caspase-1/11/12 triple
knockout mice. Mice were injected intraperitoneally (i.p.)
with 18 or 54 mg/kg body weight ultrapure LPS (E. coli
O111:B4, InvivoGen, catalogue code: tlrl-eblps). Some
treated mice were sacrificed after 4 h for heart bleeds and
cytokine analysis. Mice for survival studies were taken
when showing physical signs of ill health and/or a drop in
body temperature below 33 °C. A scoring sheet was fol-
lowed to assess the overall physical condition of the mice.
This included features, such as posture, respiratory rate,
dehydration, responsiveness and eye closure. The body
temperature and physical condition of each mouse were
checked hourly and every 15 min within the first hour until
sacrifice. Only males were used for these LPS shock
experiments, and all animals were between 6 and 12 weeks
of age. The mice used in these experiments were derived
from independent colonies, namely the C57BL/6 (WT con-
trol), caspase-1/11 double knockout and caspase-1/11/12
triple knockout lines.
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In vivo treatment with tunicamycin

C57BL/6 (WT control) and caspase-1/11/12 triple knockout
mice were injected with 1mg/kg body weight tunicamycin
(Sigma-Aldrich, product code T776) dissolved in DMSO as
per the manufacturer’s instructions and diluted in PBS buffer.
Mice were injected i.p. and sacrificed 24 or 72 h post injection.
The mice were monitored regularly for signs of discomfort
during this period. At sacrifice, kidneys and livers were har-
vested for histological analysis and TUNEL staining. ALT
levels in the sera were measured as described previously [44].

TUNEL staining

After harvesting, the kidneys (and livers) were incubated in
formalin for 12 h at room temperature, followed by treat-
ment with 70% EtOH. Preparation of tissue sections and
staining with haematoxylin and eosin (H&E) were carried
out in-house by the histology department. Dewaxed paraffin
sections were incubated in 20 μg/mL proteinase K (Roche,
product code 03115879001) for 15 min, followed by three
2-min washes in PBS. Endogenous peroxidase activity was
blocked by treatment with 3% H2O2 in methanol for 5 min
at room temperature. Following three 2-min washes in PBS,
each section was incubated in the TUNEL reaction mix
consisting of bio dUTP (0.3 nmol/μL) (Roche, product code
11093070910)+ CoCl2 (25 mM)+ TdT buffer+ TdT (25
U/μL) (Promega, product code M828C)+H2O to a total
volume of 50 μL per section for 1 h at 37 °C in a moist
chamber. This was followed by further washes with PBS
(3 × 2 min). The slides were then incubated with the ABC
reagent (Vectastain Elite ABC Kit, Vector labs, product
code PK-6100) for 30 min at room temperature (as per the
manufacturer’s instructions). After further washes, the sec-
tions were incubated in DAB peroxidase substrate mix for
5 min (Vector labs; SK-4100). Finally, slides were washed
with H2O, counterstained with haematoxylin and mounted
by the in-house histology department. All slides were
scored visually by microscopy. Additionally, two organ
sections for each genotype and treatment were scanned and
computationally analysed. The images were scanned using a
3DHISTEC slide scanner, and quantification of the
TUNEL+ cells was performed using FIJI [45] with a custom
written scoring macro. For Fig. 5, the image contrast and
brightness were adjusted using Adobe Photoshop CS6
version 13.0.4.

Measurement of cytokine levels in the serum of the
mice

Blood from mice was taken at death or 4 h after treatment
with LPS by cardiac puncture. The levels of cytokines were
determined using ELISA (IL-1β from R&D; IL-18 from

MBL International Corp.). The levels of all other cytokines
and chemokines in the sera from the mice were quantified
by using the Bio-Rad Bio-Plex Pro mouse cytokine 23-plex
assay (product code M60-009RDPD).

Flow cytometric analysis

Mice were euthanised and organs were harvested into sterile
BSS supplemented with 5% foetal calf serum (FCS, Sigma-
Aldrich, 12003C). For the detection of cell surface markers,
the following rat or hamster monoclonal antibodies that had
been conjugated to FITC, APC, R-PE or biotin (made in-
house or purchased from eBioscience) were used: TER119
(TER119), MAC-1 (M1/70), NK1.1 (PK136), B220 (14.8 or
RA3-6B2), CD3 (145-2C11), CD4 (GK1.5, H129 or
YTA3.2.1), CD8 (53-6.7 or YTS169), TCRβ (H57-597),
CD44 (IM781), CD25 (PC61), IgD (11-26C), IgM (5.1),
CD62L (MEL-14), CD5 (53-7.3) and GR-1 (RB6-8C5).
Streptavidin conjugates to PE-Cy7 or APC (BioLegend) were
used for the detection of biotin-conjugated antibodies. Cells
were washed in BSS supplemented with 2% FCS and ana-
lysed using a LSR-II flow cytometer (BD Biosciences). Dead
cells (PI+) were excluded from analysis by staining with
propidium iodide (PI, 5 μg/mL; Sigma-Aldrich). Intracellular
staining for FoxP3 (clone FJK-16s) was performed using the
eBioscience FoxP3/transcription factor staining buffer set. All
data were analysed using FlowJo 9.9.4 software.

Cell death assays

Three independent MDF cell lines were generated from
caspase-1/11/12 triple knockout and WT mice each. The
fibroblasts were isolated from the dermis of mice and sub-
sequently immortalised by transfection with an expression
vector encoding the SV40 large T antigen. Primary
BMDMs were generated (see below) and plated on non-
coated 96-well plates over night with 1 × 104 cells seeded
into each well containing 100 μL Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FCS (Sigma-
Aldrich, product code 12003C), 100 U/mL penicillin,
100 μg/mL streptomycin (complete medium) and supple-
mented with 20% L929 cell conditioned medium (a source
of M-CSF). For immortalised MDFs, 1–2 × 104 cells per
well were plated out on regular 96-well coated tissue culture
plates in complete medium the night before the treatment.
All cell types were treated with the drugs as indicated. The
treatments used in these assays included TNF (100 ng/mL,
made in-house), SMAC mimetic (CompA from Tetralogic,
500 nM), the caspase inhibitor QVD-Oph (10 μM, MP
Biomedicals, OPH109), thapsigargin (Sigma, product code
T9033), taxol (paclitaxel from Sigma-Aldrich, product code
T7402), tunicamycin (Sigma, product code T7765) and
etoposide (Sigma, product code T7402). At the
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indicated time points, cells were harvested and stained with
1–5 μg/mL propidium iodide alone or in combination with
Annexin V-FITC (produced in-house). Cell survival was
measured in a BD FACS Calibur flow cytometer. All cell
survival data are presented in a manner normalised to
untreated control cells unless data for untreated cells are
shown separately. Untreated cells were cultured in complete
medium.

In vitro assays with BMDMs

Primary BMDMs were generated from single-cell suspen-
sions of bone marrow that had been flushed with PBS
containing 2% FCS from mouse tibiae and femora and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FCS (Sigma-Aldrich, 12003C), 100 U/mL
penicillin and 100 μg/mL streptomycin (complete medium)
and supplemented with 20% L929 conditioned medium (a
source of M-CSF) for 6 days before plating out on treated
tissue culture plates. Approximately 1 × 106 cells were
plated per well on coated 12-well tissue culture plates in
1 mL of complete medium plus M-CSF. On day 7, the cells
were stimulated with 20 ng/mL ultrapure LPS (LPS from E.
coli O111:B4, InvivoGen, catalogue code: tlrl-eblps) for 24
h before harvesting the supernatants and cell pellets sepa-
rately. For qRT-PCR analysis of the expression of caspases-
1, -11 and -12, BMDMs were treated with 20 ng/mL or
500 ng/mL LPS for 3 h. The cell pellet was subsequently
washed twice with ice-cold PBS and lysed in 1 mL TRIzol
(Thermo Fisher Scientific product code 1559-6018).

Western blot analysis

Cell pellets were lysed in Onyx buffer (20 mM Tris/HCL
pH 7.4, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1%
Triton X-100, 10% glycerol in H2O) with protease inhibitor
cocktail (Roche, 4693159001) added fresh, and samples of
varying concentration (between 10 and 30 μg, depending on
protein abundance) were loaded onto NuPAGE Novex 10%
Bis–Tris protein gels (Thermo Fisher Scientific) for size
fractioning and run in MES buffer. Transfers were carried
out on the iBlot 2 dry blotting system (Invitrogen, IB21001)
onto nitrocellulose membranes (Invitrogen, IB23001 or
IB23001). Membranes were blocked in 5% skim milk
powder in PBS with 0.1% Tween-20 and then probed with
monoclonal antibodies against caspase-1 (clone 1H11;
made in-house; see below, and available from Enzo Life-
Sciences), caspase-11 (4E11; made in house; see below
available from Adipogene and Enzo LifeSciences) or
HSP70 (clone N6, a gift from Dr. Robin Andersson, Peter
MacCallum Cancer Centre, Melbourne, Australia); the
last one used as a loading control. Bound primary
antibodies were detected by goat anti-rat IgG or goat

anti-mouse IgG antibodies conjugated to HRP (Southern
Biotech). The ECL reaction was used for detection, and
blots were developed using the ChemiDoc Touch System
(Bio-Rad Laboratories). Protein concentrations were deter-
mined by Bradford assay using Protein Assay Dye Reagent
Concentrate as per the manufacturer’s instructions (product
code 5000006).

Generation of rat monoclonal antibodies against
caspase-1 and caspase-11

Monoclonal antibodies against caspase-1 and caspase-11
were produced as we have described previously [46, 47].
Briefly, Wistar rats were initially immunised by sub-
cutaneous injection (s.c.) with the p20 fragment of mouse
caspase-1, a KLH conjugated mouse caspase-1 peptide (aa
206–220) or the p20 fragment of mouse caspase-11 dis-
solved in complete Freund’s adjuvant (Difco, Detroit, MI).
Two subsequent boosts with each of the immunogens
resuspended in incomplete Freund’s adjuvant (Difco) were
given 3 and 6 weeks later. A final boost with the immu-
nogen dissolved in phosphate-buffered saline (PBS) was
given i.v. and i.p. 4 weeks later. Three days later, spleen
cells from each of the immunised rats were fused with the
SP2/0 myeloma cell line as previously described [47].
Hybridomas producing antibodies against either caspase-1
or caspase-11 and their isotypes were identified by a
screening strategy that we have previously described.
Briefly, 293T cells were transiently transfected with an EE-
tagged inactive cysteine mutant of either mouse caspase-1
(to screen for antibodies against casapse-1) or caspase-11
(to screen for antibodies against casapse-11), fixed in 1%
paraformaldehyde/PBS, permeabilised with 0.3% saponin
(Sigma) and stained with hybridoma supernatants. Bound
antibodies were revealed with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rat Ig antibodies (Southern
Biotechnology) and analysed by flow cytometry. A single
peak of low immunofluorescence indicated that a particular
antibody did not recognise caspase-1 or caspase-11. A
single peak of high intensity indicated binding to molecules
other than caspase-1 or caspase-11. A double peak histo-
gram of low and high intensity staining, due to the presence
of both non-transfected and transfected cells, identified
hybridomas producing antibodies specific to either caspase-
1 or caspase-11. Antibodies against the EE epitope tag
(BabCO) were used as a positive control and hybridomas
producing antibodies against KLH were eliminated.
Hybridomas producing antibodies of the desired specificity
were cloned twice and adapted for growth in low serum
medium. The caspase-1 antibody producing hydridoma
clone 1H11 and the caspase-11 antibody producing hybri-
doma clone 4E11 were selected for further use. For pro-
duction of large amounts of antibodies, hybridomas were
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cultured for several weeks in the miniPERM classic 12.5-kd
production and nutrient modules (Heraeus). Antibodies
were purified on protein G-sepharose columns (Pharmacia)
according to the manufacturer’s instructions.

In vitro stimulation with LPS and ELISA to detect
IL-18

For in vitro stimulation of caspase-1, primary BMDMs were
primed with 20 ng/mL ultrapure LPS (LPS from E. coli O111:
B4, InvivoGen, catalogue code: tlrl-eblps) for 3 h and sub-
sequently activated using 5mM ATP (Sigma, product number
A 2383) for 1 h, after which the cells and supernatants were
harvested individually. For caspase-11 activation, the cells
were primed with 500 ng/mL ultrapure LPS for 3 h before
activation with 2 μg/mL ultrapure LPS that was transfected
into the cells using lipofectamine (LPS: lipofectamine was
used at a ratio of 1:1.3). Priming and activation were per-
formed in reduced serum opti-MEMmedia (Gibco). After 6 h,
this medium was replaced with complete medium supple-
mented with 20% L929 cell conditioned medium (a source of
M-CSF), and after an additional 16 h incubation the super-
natants as well as cell pellets were harvested. The levels of
cytokines and chemokines in the cell supernatants were
determined by ELISA (IL-1β and Rantes/CCL5 from R&D,
lL-18 from MBL International Corp.).

qRT-PCR analysis

For measuring the levels of mRNA expression, total RNA
was isolated from the organs or cultured cells and cDNA
was synthesised by using the SuperScript III first-
strand synthesis system (ThermoFisher). qRT-PCR was
performed in triplicates using TaqMan assay from Ther-
moFisher Scientific with primers for mouse caspase-1
(Mm00438023_m1), caspase-11 (Mm00432304_m1),
caspase-12 (Mm00438038_m1), β-actin (Mm026195
80_g1) and hmbs (Mm01143545_m1) (loading control).
qRT-PCR was run using Viia7 real-time PCR and an
ABI7900 machine. β-actin was chosen as a internal control
gene and ΔCt calculation was performed as fallows: ΔCt=
(Ct gene of interest−Ct internal control). 2−ΔΔCt values
were calculated as described in ref. [48] using the equation:
2−ΔΔCt=ΔCt (treated sample)−ΔCt (untreated sample).
The relative difference of gene expression was calculated
using β-actin as a reference for comparison. To set a
threshold qRT-PCR cycle number for each gene of interest
(considered as background noise), we tested Ct values for
caspase-1, caspase-11 and caspase-12 in cells from cas-
pase-1/11/12 triple knockout mice (data not shown). For
caspase-1 expression, the maximum cycle threshold was set
at 35 cycles, anything over 37 cycles in the case of caspase-

11 and higher Ct than 39 for caspase-12 were considered as
no RNA detected.

Statistical analysis

Mouse survival curves were generated and analysed with
GraphPad Prism (GraphPad Software Inc., La Jolla, CA,
USA). Mouse survival cohorts were compared using the
log-rank Mantel–Cox test. P values of <0.05 were con-
sidered significant. In vitro cell survival data were plotted
and analysed with GraphPad Prism using one-way or two-
way ANOVA statistical test. For ELISA data on cytokine
levels in the sera from the mice, graphs were plotted using
Prism software and examined by using the ordinary one-
way ANOVA test. ELISA data on the levels of cytokines in
the supernatants from cultured cells were evaluated by using
Prism, applying a two-way ANOVA tests. Data are pre-
sented as standard error of the mean (±S.E.M.).
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