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Listeria monocytogenes is a facultative intracellular, grampositive organism which causes severe infections in immunocompromised hosts. In the adult population, Listeria is the
third most common pathogen in community-acquired infective
meningitis (10, 25). Murine listeriosis has been used to study
cell-mediated immunity against intracellular bacterial infections (36). Gamma interferon (IFN-␥)-driven T helper 1
(Th1)-type immune responses are central to the control and
clearance of intracellular infections. Interleukin-18 (IL-18)
participates with IL-12 in innate and acquired immunity
against intracellular organisms (33). IL-18 has been shown to
play an important role in responses to intracellular infection
with Cryptococcus neoformans and Yersinia enterocolitica (4, 22,
45).
Apoptosis has also been implicated as a mechanism contributing to the host defense against intracellular pathogens (18,
30, 32, 35). Some pathogens, including the mycobacteria, block
apoptotic pathways to evade host defenses (31, 44). In murine
listeriosis, apoptosis has been demonstrated in hepatocytes
involved in microabscesses (11, 35). It has been speculated that
programmed cell death of infected hepatocytes serves to limit
the spread of infection.
Caspase-11 (Cas11) is a member of a family of cysteine
proteases initially identified as the mammalian homologs of
the Caenorhabditis elegans death gene family. Caspases act as
effector molecules which, when activated, can result in programmed cell death (14, 15). The caspases have been linked to

inflammatory response pathways. Cas11 is upregulated upon
stimulation with lipopolysaccharide (LPS) and participates in
the systemic inflammatory response by cleaving inactive procaspase-1 (interleukin-␤-converting enzyme) into the active
form (43), acting as an upstream regulator of Cas1 (42). Active
Cas1 initiates a complex pathway which can result in cell death
and activates the proinflammatory cytokines IL-1␤ (5, 38) and
IL-18 (formerly known as IFN-␥-inducing factor) (13, 16).
Cas11-deficient (Cas11⫺/⫺) mice are resistant to doses of endotoxin which are lethal in control animals (43). Resistance to
LPS is thought to be the result of decreased processing of
proinflammatory cytokines. Unlike in wild-type mice, levels of
IL-1␣ and IL-1␤ in serum do not increase with intraperitoneal
LPS challenge in Cas11-deficient mice. In LPS-challenged
macrophages, Cas1 is required for IL-18 maturation (16, 39).
Apoptosis is induced in vitro in both Cas1- and Cas11-transfected fibroblasts (27, 42). Both Cas1 and Cas11-deficient mice
show only minor defects in apoptosis in vivo and develop
normally without early lethality (23, 24, 43). However, in a
mouse model of cerebral stroke, Cas11 deficiency has been
shown to result in reduced apoptosis (20). In a mouse model of
multiple sclerosis, experimental autoimmune encephalomyelitis, oligodendrocytes of Cas11⫺/⫺ animals were highly resistant
to cell death, and susceptibility to experimental autoimmune
encephalomyelitis was significantly reduced in Cas11⫺/⫺ mice
(17).
In this study, we assessed the role of Cas11 in Listeria infection in vivo and in vitro. Given the role of Cas11 in cytokine
maturation and apoptosis, it was hypothesized that Cas11deficient mice would not be able to clear infection with L.
monocytogenes. Our data demonstrate that the absence of
Cas11 did not change the susceptibility in terms of survival and

* Corresponding author. Mailing address: Infectious Disease Division, Massachusetts General Hospital, 149 13th St., 5th Floor, Charlestown, MA 02129. Phone: (617) 726-5777. Fax: (617) 726-5411. E-mail:
jfishman@partners.org.
2657

Downloaded from http://iai.asm.org/ on October 1, 2017 by guest

Caspase-11 (Cas11) is a cysteine protease involved in programmed cell death and cytokine maturation.
Through activation of Cas1 (interleukin-1␤ [IL-1␤]-converting enzyme), Cas11 is directly involved in the
maturation of IL-1␤ and IL-18. Apoptosis is mediated through Cas3. Given the role of apoptosis and cytokine
signaling during the innate immune response in intracellular infection, we examined Cas11-deficient
(Cas11ⴚ/ⴚ) mice during infection with Listeria monocytogenes. Cas11ⴚ/ⴚ and wild-type C57BL/6 mice were
equally susceptible to intravenous infection with L. monocytogenes, resulting in similar bacterial burdens in
tissue and similar survival rates. By contrast, enhanced susceptibility was observed in control mice on a mixed
genetic 129/C57BL/DBA2 background. Cas11ⴚ/ⴚ and wild-type mice infected with Listeria had similar hepatic
microabscess formation in terms of histologic appearance, size, and number. Apoptosis of L. monocytogenesinfected hepatocytes in vivo and in vitro in primary culture was not altered by the absence of Cas11. Serum
IL-18 and IL-1␤ levels were similar in Cas11ⴚ/ⴚ mice and controls. Endotoxin (lipopolysaccharide [LPS])challenged Cas11ⴚ/ⴚ mice were deficient in the production of gamma interferon. IL-1␤ responses in Cas11ⴚ/ⴚ
were normal with intravenous administration of LPS but decreased with intraperitoneal administration. Our
findings suggest that Cas11 deficiency does not impair the immune response to infection with L. monocytogenes.
Apoptosis and maturation of IL-18 and IL-1␤ were normal despite Cas11 deficiency. LPS-induced proinflammatory pathways are altered by the absence of Cas11. While Cas11-mediated Cas1 and Cas3 activation is
crucial for cytokine maturation and apoptosis during inflammation, alternative pathways allow normal inflammatory and apoptotic responses during infection with L. monocytogenes.
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bacterial burden of infection with L. monocytogenes in mice.
Accordingly, no difference was observed in the histologic and
apoptotic responses of Cas11⫺/⫺ and wild-type mice. Growth
of L. monocytogenes in primary hepatocyte cultures in vitro was
not affected by Cas11 deficiency. During L. monocytogenes
infection in vivo, IL-1␤ and IL-18 maturation was not dependent on Cas11. In contrast, IL-1␤ and IFN-␥ production was
altered when Cas11-deficient mice were challenged with LPS.
MATERIALS AND METHODS

dish and gently teased apart. The resulting cell suspension was centrifuged at 50
⫻ g for 2 min, resuspended in a 45% Percoll–PBS solution, and recentrifuged at
500 ⫻ g for 5 min. The final pellet consisted of ⬎98% hepatocytes by morphological criteria and were ⬎ 92%viable as determined by the trypan blue exclusion
method. Hepatocytes were cultured in Waymouth’s medium supplemented with
10% heat-inactivated fetal bovine serum, 0.1 M bovine insulin, and gentamicin
(25 g/ml), when appropriate.
Cytokine assays. IL-18 was measured by capture enzyme-linked immunosorbent assay (ELISA) with ELISA development reagents (R&D Systems, Minneapolis, Minn.). Ninety-six-well microtiter plates (Costar, Corning, N.Y.) were
coated with monoclonal rat anti-mouse IL-18 antibody (4 g/ml in PBS) overnight at room temperature (RT). Plates were blocked for 2 h in PBS–1% bovine
serum albumin–5% sucrose at RT. Standards consisting of recombinant mouse
IL-18 (ranging from 1,000 to 15.6 pg/ml) and samples were loaded in duplicate
and incubated at RT for 2 h. The plates were washed, and the second antibody
(biotinylated anti-mouse IL-18) was added (0.2 g/ml). The detection reagent
(horseradish peroxidase-conjugated streptavidin [1:200]; 20 min at RT), followed
by the substrate solution (tetramethylbenzidine-hydrogen peroxidase, 1:1) (all
from R&D Systems), was added. The reaction was stopped after 10 to 15 min
with 1 N H2SO4. The optical density was measured at 450 nm. IL-18 concentrations were determined by comparison with a standard curve. IFN-␥, IL-12p70,
and IL-1␤ were measured in the same manner using DuoSet ELISA kits (R&D
Systems) according to the manufacturer’s recommendations. The lower detection limits of the cytokine assays were as follows: IFN-␥, 30 pg/ml; IL-18, 15
pg/ml; IL-12p70, 25 pg/ml; and IL-1␤, 15 pg/ml.
Histopathological analyses and apoptosis detection by in situ TUNEL assay.
The TUNEL assay detects nuclear DNA fragmentation occurring during apoptosis. The assay was performed with the TACS blue label apoptosis detection kit
(R&D Systems). Sections of formalin-fixed and paraffin-embedded tissue were
rehydrated and deparaffinized. Cells were fixed in 3% formaldehyde. After permeabilization with proteinase K and quenching of endogenous peroxidase with
H2O2, DNA fragments were labeled by incorporating biotinylated nucleotides by
use of TdT. Using a streptavidin-horseradish peroxidase conjugate followed by
TACS blue label substrate, labeled DNA fragments were detected by light
microscopy. Eosin was used for counterstaining. Positive controls consisted of
samples treated with nuclease, which generates DNA breaks in the majority of
cells. Staining with TdT omitted served as a negative control. Microabscess
formation was assessed by light microscopy of hematoxylin-eosin-stained sections.
Statistical analysis. Student’s t test was used to determine the significance of
differences between controls and experimental groups. The log rank test was
used to determine differences in survival curves. A difference was considered
statistically significant when the P value was ⬍0.05.

RESULTS
Absence of Cas11 does not alter lethality or bacterial replication of Listeria monocytogenes. Initial studies compared the
survival of Cas11⫺/⫺ mice on a mixed 129, DBA2, and
C57BL/6 background with that of inbred C57BL/6 mice and
found that the knockout mice were significantly more susceptible to intravenous and intraperitoneal infection with L.
monocytogenes. This difference in survival was reflected in
higher bacterial burdens in livers and spleens of Cas11⫺/⫺ mice
and recrudescence of bacteremia at 48 to 72 h after infection.
Cas11⫺/⫺ mice backcrossed to the C57BL/6 background for
five generations (n ⫽ 7) and wild-type (Cas11⫹/⫹) control mice
(n ⫽ 4) were also infected with 3 ⫻ 104 Listeria organisms
intravenously. Survival was assessed daily. No statistically significant difference was observed between the two groups (Fig.
1). Blood, liver, and spleen cultures from wild-type and
Cas11⫺/⫺ mice were assessed. Listeria titers in blood, spleen,
and liver at 72 h after intravenous infection with 3.4 ⫻ 104 (n
ⱖ 4)) or 4.1 ⫻ 105 (n ⱖ 4) Listeria organisms resulted in
comparable bacterial burdens in liver and spleen and similar
blood levels in Cas11⫺/⫺ and wild-type animals (Fig. 2). In
susceptible mouse strains, enhanced bacterial replication was
observed in liver, spleen, and blood at 72 h after infection.
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Reagents. Escherichia coli LPS serotype 055:B5 was purchased from Sigma (St.
Louis, Mo.). Hepatocytes were cultured in Waymouth’s medium supplemented
with 0.1 M insulin, 10% heat-inactivated fetal bovine serum (Life Technologies,
Rockville, Md.), and 25 g of gentamicin (Sigma) per ml, when appropriate.
Collagenase type 1 was from Worthington Biochemical Corporation (Lakewood,
N.J.). Percoll, bovine serum albumin and collagen type 1 were obtained from
Sigma.
Mice. Cas11 knockout (Cas11⫺/⫺) mice were from the original breeding population of knockout mice described by Wang et al. (43), maintained at Taconic
Farms, Germantown, N.Y. In brief, 129/Sv ES cell clones carrying a null mutant
Cas11 allele were injected into C57BL/6 blastocytes. The chimeric males were
mated with C57BL/6 ⫻ DBA2 females. The homozygous absence of the Cas11
gene in experimental animals was repeatedly checked by PCR using specific
primers. Except where mentioned, all studies were conducted with Cas11⫺/⫺
mice on a mixed background with male inbred C57BL/6 control mice purchased
from Charles River Laboratories, Wilmington, Mass. Survival and bacterial burden studies were also performed with Cas11 knockout mice backcrossed to the
C57BL/6 background for five generations. Backcrossed mice on a C57BL/6
background (F4 generation) were kindly provided by J. Yuan, Harvard Medical
School. After one additional backcrossing, heterozygous offspring of the F5
generation were mated. The resulting offspring were used to create breeding
pairs homozygous for the Cas11⫺/⫺ or wild-type allele. Offspring of these breeding pairs were used at 8 weeks of age, and all animals used in experiments were
genotyped. Animals were housed in laminar flow racks in a microisolator (BL2
containment) in the animal care facility of the Massachusetts General Hospital.
All animal protocols were approved by the institutional animal use and care
committee.
Experimental Listeria infection. L. monocytogenes was cultivated from a clinical isolate from a patient with Listeria meningitis and bacteremia (Massachusetts
General Hospital Clinical Microbiology Laboratory). Bacteria were grown at
37°C overnight in shaking cultures in Luria-Bertani (LB) broth. Aliquots were
frozen in 10% glycerol–phosphate-buffered saline (PBS) and stored at ⫺70°C.
For use, each inoculum was diluted in 0.9% saline and injected in a lateral tail
vein. The inoculum dose was assayed for each inoculation by plating serial
dilutions of the injected suspension. For Listeria infection studies in vitro, organisms were added to medium to obtain a multiplicity of infection (MOI) of 1:1
or 10:1 in primary hepatocyte cultures as specified. For apoptosis studies, Listeria-containing medium was replaced by gentamicin-containing medium to kill
extracellular bacteria 7 h after infection. At 24 h after the initial infection, cells
were washed and fixed in 3.7% paraformaldehyde and stained by terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling
(TUNEL) as described below. Using an ocular micrometer, 200 TUNEL-positive
and -negative cells per view field were counted to determine the percentage of
apoptotic cells. At this time point, no bacterial growth was detectable in the
supernatant. For intracellular growth studies, Listeria-inoculated medium was
removed and replaced by gentamicin-containing medium after 2 h. At defined
time points cells were washed and then lysed once with 0.5% Triton X-100 in 1⫻
PBS, and serial dilutions were cultured on LB plates.
CFU in organ homogenates. Mice were sacrificed by cervical dislocation while
anesthetized. Blood was drawn by heart puncture. Spleens and livers were removed aseptically, and segments were homogenized in PBS after being weighed.
Serial dilutions were plated on plates of LB agar. Viable counts were determined
after 24 h of incubation at 37°C.
Primary hepatocyte cultures. Hepatocytes were prepared by a two-step technique. The inferior vena cava of anesthetized animals was cannulated, and the
liver was perfused with a modified Krebs-Ringer solution (12.5 mM HEPES, 57.7
mM NaCl, 0.5 mM KH2PO4, 5 mM KCl) containing 0.5 mM EGTA (pH 7.5) (all
from Sigma) after clamping of the superior vena cava and incision of the portal
vein. The second perfusion consisted of the modified Krebs-Ringer buffer containing 88 U of collagenase type 1 per ml. The livers were transferred to a petri
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Cytokine regulation in Listeria-infected Cas11ⴚ/ⴚ mice.
Cas11 is an upstream regulator of Cas1 which has been shown
to activate IL-18 and IL-1␤ (17, 23, 43). IL-18 and IL-12 are
key inducers of IFN-␥, a cytokine central to the host response
to intracellular infection. In order to assess the basis for observed differences in susceptibility between Cas11⫺/⫺ (129/
DBA2/C57BL/6) and Cas11⫹/⫹ (C57BL/6) mice, cytokine profiles were examined in these groups. After infection of
Cas11⫺/⫺ and wild-type mice with 104 Listeria organisms intravenously, serum samples were assessed for cytokine production by ELISA. IFN-␥ was first detectable in the serum at 12 h
after infection in both Cas11⫺/⫺ and Cas11⫹/⫹ control mice.
At 24 h, serum IFN-␥ levels in control animals peaked at a
level significantly higher than that in Cas11⫺/⫺ mice. At 48 and
72 h, serum IFN-␥ had markedly decreased in the control
group. Levels of IFN-␥ in Cas11⫺/⫺ mice remained elevated,
however, without attaining the peak level of the control group
(Fig. 3A). Serum IL-18 levels at 24 and 48 h were not different
in control and Cas11⫺/⫺ animals (Fig 3B). At 72 h, IL-18 levels
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were significantly higher in the Cas11⫺/⫺ group. Levels of
IL-12, an inducer of IFN-␥, in serum were not significantly
different throughout the infection (Fig. 3C). No difference in
serum IL-1␤ levels was detected at 24 and 48 h. At 72 h, similar
to the case for IL-18, IL-1␤ levels were significantly higher in
the knockout mice, possibly due to the higher infectious burden (Fig. 3D).
Abscess formation and apoptosis in the liver and spleen
during Listeria infection. Bacteremia due to Listeria is cleared
largely by hepatic Kupffer cells. In the setting of excessive
infection, Listeria spreads to hepatocytes, which are unable to
control intracellular growth (35). Microabscess formation is
the histologic hallmark of the Listeria-infected liver (9). Abscesses can be found as early as 16 h after infection. Apoptosis
is a mechanism by which the uncontrolled growth of Listeria is
interrupted during acute infection (35).
Livers and spleens of Listeria-infected animals were formalin
fixed at 72 h after intravenous infection with 104 Listeria organisms, and sections of tissues were stained by the TUNEL
method. Infection of livers of both Cas11⫺/⫺ and wild-type
mice resulted in the development of organized microabscesses.
The architecture, size, and number of abscesses did not differ
between the Cas11⫺/⫺ mice and controls (Fig. 4). Serial sections were stained with hematoxylin-eosin and TUNEL, allowing a direct comparison between hematoxylin-eosin- and
TUNEL-stained sections. Apoptotic cells appeared to be
largely hepatocytes. Cas11⫺/⫺ and wild-type livers had similar
distributions and numbers of apoptotic cells. Surrounded by
intact liver parenchyma with an occasional apoptotic hepatocyte, the main apoptotic activity that could be detected was
within and surrounding the microabscesses. The absence of
Cas11 does not appear to impair abscess formation or apoptotic control of infection in the liver (Fig. 4). In the spleen,
diffuse apoptosis was observed in Cas11⫺/⫺ and control mice,
with no apparent difference between the two groups.
Replication and apoptosis in Listeria-infected primary hepatocyte cultures. To examine possible differences in the ability of primary hepatocytes to contain Listeria or to undergo
apoptosis upon infection with Listeria, Cas11⫺/⫺ and Cas11⫹/⫹

FIG. 2. Blood, livers, and spleens of F5 mice on a C57BL/6 background were infected with 4.1 ⫻ 105 Listeria organisms intravenously and
harvested at 72 h. Serial dilutions of blood or ground tissues were plated on LB agar plates. The CFU in 30 l of blood (A) or the log10 CFU
(adjusted for total organ weight) in liver and spleen (B) were determined for Cas11⫺/⫺ mice (n ⫽ 11) and wild-type controls (n ⫽ 4). Mean values
from individual mice (⫾ standard errors of the means) are shown. There was no significant difference for liver, spleen, and blood as determined
by the unpaired Student t test.
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FIG. 1. Cas11⫺/⫺ (n ⫽ 7) and Cas11⫹/⫹ (n ⫽ 4) mice on a C57BL/6
background (F5) were infected intravenously with 3 ⫻ 104 Listeria
organisms. Survival was similar in both groups (no significant difference as determined by the log rank test).
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primary hepatocyte cultures were infected with Listeria at various MOIs and assessed for intracellular growth and apoptosis.
Two hours after infection of a monolayer of primary hepatocytes with an MOI of 1:1, the inoculum was replaced by gentamicin-containing medium. At various time points after initial infection, the medium was removed and the cells were lysed. Serial
dilutions were plated on LB plates. No Listeria was detected in the
supernatants of any cultures. Listeria replicated at the same rate
in Cas11⫺/⫺ and wild-type control hepatocytes (Fig. 5).
Apoptosis of infected hepatocytes was assessed by TUNEL
staining. In hepatocytes infected with an MOI of 10:1, all cells
in both Cas11⫺/⫺ and wild-type hepatocytes were apoptotic.
Using an MOI of 1:1 in multiple independent experiments, the
percentage of apoptotic cells was assessed. In Cas11⫹/⫹ hepatocytes, 65% of cells were apoptotic, compared to 67% in
Cas11⫺/⫺ hepatocytes (not a significant difference).
Levels of IFN-␥, IL-1␤, IL-12p70, and IL-18 in plasma after
LPS challenge. Protection against an otherwise lethal LPS
challenge is the phenotypic hallmark of Cas11-deficient mice
(43). Cas11 is involved in cytokine processing through the
activation of Cas1, which then activates IL-18 and IL-1␤. Prior
studies by Wang et al. showed that Cas11⫺/⫺ mice, when chal-

lenged with 40 mg/kg of body weight intraperitoneally, produce
no detectable IL-1␤ and very low levels of IL-1␣; IL-1␤ was
strongly induced in wild-type mice (43). Cas11⫺/⫺ and wildtype mice were given a dose of 5 mg of LPS/kg of body weight
intravenously or 40 mg/kg of body weight intraperitoneally and
sacrificed at various time points. Serum was assessed for IL-1␤,
IL-12p70, IL-18, and IFN-␥ by ELISA. The IFN-␥ output was
diminished in Cas11⫺/⫺ mice (Fig. 6A). IL-18 and IL-12 production was not significantly different between Cas11⫺/⫺ and
wild-type mice (Fig. 6B and C). Interestingly, IL-1␤ was detected in similar amounts in both Cas11⫺/⫺ and Cas11⫹/⫹ mice
when LPS was given intravenously (Fig. 7A). However, when
LPS was administered intraperitoneally, minimal production
of IL-1␤ was observed in the Cas11⫺/⫺ mice, consistent with
observations by Wang et al. (Fig. 7B) (43). Thus, the Cas11⫺/⫺
mouse responds differently to peritoneal and intravenous endotoxin, a phenomenon not described previously.
DISCUSSION
Cas11 has been shown to be involved in both the inflammatory (cytokine maturation) and apoptotic response to patho-
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FIG. 3. Cas11⫺/⫺ mice and wild-type controls were infected with 104 Listeria organisms intravenously. At 24, 48, and 72 h, animals were bled by
cardiac puncture and levels of IFN-␥ (A), IL-18 (B), IL-12p70 (C), and IL-1␤ (D) in serum were assessed by ELISA. Results are presented as pooled
data from at least three independent experiments per point (n ⫽ 12 mice total in each group). Mean values from individual mice (⫾ standard errors of
the means) are shown. P values were determined by the unpaired Student t test (ⴱ, significantly different from wild-type values [P ⬍ 0.05]).
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FIG. 4. At 72 h postinfection, livers of Cas11⫺/⫺ and wild-type
control mice infected with 104 Listeria organisms intravenously were
fixed in 10% formalin and embedded in paraffin. Consecutive sections
were stained with hematoxylin-eosin (A) and by the TUNEL method
(B), allowing for direct comparison. Both panels show wild-type liver,
which was representative for abscesses found in livers of all Listeriainfected Cas11⫺/⫺ and Cas11⫹/⫹ mice. By TUNEL staining, the distributions of apoptotic cells were similar in both groups. Apoptotic
cells could be found concentrated at the margin of the abscess. The
liver parenchyma between the abscesses appeared normal, and an
occasional apoptotic hepatocyte could be found (as in uninfected control livers). The architecture of the abscesses and the sizes and numbers of abscesses per field did not differ between Cas11⫺/⫺ and
Cas11⫹/⫹ animals. Magnification, ⫻100.

logical stimuli (17, 20, 43). Whereas the importance of cytokines (the most important being IFN-␥) in the host response to
Listeria is well established (40), apoptosis has only recently
emerged as an important component of host defenses (44). In
this study, we investigated the role of Cas11 in the host response to L. monocytogenes. These data indicate that Cas11 is
not involved in host defenses against L. monocytogenes. These
findings are in marked contrast to the pivotal role of the Cas11
in cytokine maturation and apoptosis during inflammatory processes (17, 20, 43).
Cas11⫺/⫺ mice on a 129/C57BL/DBA background were
more susceptible to listeriosis than were inbred C57BL/6 control mice, in terms of both survival and bacterial burden. This
advantage disappeared in resistance studies with F5 backcrossed Cas11⫺/⫺ mice on a C57BL/6 background. We believe
that the observed differences, including the reduced IFN-␥
output, are related to the murine genotype. Infectious challenge of mice of different genetic backgrounds has resulted in
differences in IFN-␥ production and in survival (1, 3, 19). In
particular, mice of both backgrounds used for the production
of Cas11⫺/⫺ mice (DBA2 and 129) are more susceptible than
C57BL/6 mice when challenged with Listeria (6, 7). The un-

derlying genetic mechanisms of the high susceptibility of inbred 129 and DBA2 mice during Listeria infection have been
only partly elucidated. In F5 backcrossed mice, survival was not
different between wild-type and knockout animals. In accordance with this, the kinetics of Listeria infection were not
altered by Cas11 deletion.
Consistent with these data, Listeria-infected Cas11⫺/⫺ mice
formed microabscesses in liver and spleen, which appeared to
be normal in terms of size, number, and architecture. Unanue’s
group has reported that L. monocytogenes infection results in
apoptosis of lymphocytes in spleen and lymph nodes and of
0infected hepatocytes in vivo (26, 35). The absence of Cas11
did not alter the ability of hepatocytes in vivo or in vitro to
undergo apoptosis during Listeria infection. The number and
distribution of apoptotic cells in infected livers did not differ
between Cas11 knockout and control groups and were comparable to findings reported by Rogers et al. (35). Based on
histologic appearance, apoptotic cells appeared to be hepatocytes. This is consistent with observations made in other models in which Listeria-associated apoptosis has been observed in
hepatocytes but not in macrophages (including Kupffer cells)
and in neutrophil-depleted mouse models, in which apoptosis
was detectable in hepatocytes (2, 35). In our hands, apoptosis
of hepatocytes from lethally infected wild-type animals was
more frequent than in studies by Miura et al. (28). These
differences may reflect the different mouse strains studied. We
conclude that Cas11 is not required to induce apoptosis in
hepatocytes in vivo and in vitro during infection with L. monocytogenes. It is possible that direct activation of Cas1 by Listeria
or other mediators of the host response is responsible for
induction of apoptosis. This has been shown for HeLa cells, in
which IFN-␥-mediated cell death is initiated through expression of Cas1 (8). Other apoptosis-inducing pathways (e.g., Fas)
may also be involved in the response of Listeria-infected hepatocytes. Of interest is a recent observation that IFN-␥-induced
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FIG. 5. Primary Cas11⫺/⫺ and Cas11⫹/⫹ hepatocytes were harvested as described in the text. At 24 h after plating, hepatocytes were
infected with Listeria at an MOI of 1:1. After 2 h, the medium was
removed and replaced by gentamicin-containing medium to restrict
extracellular growth. At 4, 6, and 8 h after infection, cells were lysed
and CFU were determined by culturing serial dilutions. Results are the
means (⫾ standard errors of the means) from four wells per time
point.
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apoptosis in murine hepatocytes was independent of Cas11
(21).
A role for IL-12, tumor necrosis factor alpha, IL-1, IL-6, and
IFN-␥ has been described previously for early Listeria infection. In addition, macrophages, NK cells, and neutrophils have
been implicated in the response to murine Listeria infection
(41). During challenge with Listeria, regulation of IL-1␤ and
IL-18 did not differ in Cas11⫺/⫺ and wild-type mice. In addition, IL-12 levels were similar in both groups. In susceptible
strains, the cytokine profile included reduced peak synthesis of
IFN-␥ despite enhanced production of IL-18. While Cas11 did
not seem to be involved in cytokine regulation during Listeria
infection, it proved to play an important role in LPS-induced

inflammation. Intravenous LPS resulted in diminished IFN-␥
production in Cas11⫺/⫺ mice, while IL-1␤, IL-12, and IL-18
production was normal. Previously described diminution of
IL-1␤ production was confirmed in response to intraperitoneal
LPS challenge but not with intravenous challenge (43). It is
possible that IL-1␤ and IL-18 are processed via Cas1- and
Cas11-independent pathways during Listeria infection. Tsutsui
et al. have shown that murine macrophages deficient in Cas1
are capable of mature IL-18 secretion by a Fas-mediated pathway (39). Cas1-independent IL-1␤ production via Fas ligand
activation has also been demonstrated (29). Direct activation
of Cas1 has been demonstrated in other systems, including a
model of influenza virus infection (34).
The Cas11-Cas1 axis is an important pathway in systemic
LPS-induced inflammation. Wang et al. have shown that
Cas11⫺/⫺ mice were resistant to challenge with a lethal dose of
LPS intraperitoneally (43). While IL-1␤ levels were reduced in
knockout mice after intraperitoneal challenge with LPS, no
differences were found when LPS was administered intravenously. Thus, host response mechanisms in the peritoneum and
in the circulation differ. In a related model of local inflamma-

FIG. 7. Groups of three to five mice were injected with 5 mg of E. coli LPS (055:B5)/kg of body weight intravenously (iv) (A) or with 40 mg/kg
of body weight intraperitoneally (ip) (B). At 2, 4, and 6 h after LPS challenge, mice were bled by cardiac puncture and serum IL-1␤ was measured
by ELISA. Results are means ⫾ standard errors of the means (ⴱ, significantly different from wild-type controls [P ⬍ 0.05]).
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FIG. 6. Groups of five mice were injected intravenously with 5 mg
of E. coli LPS (055:B5)/kg of body weight. At 2, 4, and 6 h after LPS
challenge, mice were bled by cardiac puncture and levels of IFN-␥ (A),
IL-18 (B), and IL-12p70 (C) in serum were measured by ELISA.
Results are the means ⫾ standard errors of the means (ⴱ, significantly
different from wild-type controls [P ⬍ 0.05]).
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