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Abstract Bacterial meningitis is a severe and deadly disease,
most commonly caused by Streptococcus pneumoniae. Dis-
ease outcome has been related to severity of the inflammatory
response in the subarachnoid space. Inflammasomes are intra-
cellular signaling complexes contributing to this inflammatory
response. The role of genetic variation in inflammasome genes
in bacterial meningitis is largely unknown. In a prospective
nationwide cohort of patients with pneumococcal meningitis,
we performed a genetic association study and found that
single-nucleotide polymorphisms in the inflammasome genes

CARD8 (rs2043211) and NLRP1 (rs11621270) are associated
with poor disease outcome. Levels of the inflammasome asso-
ciated cytokines interleukin (IL)-1β and IL-18 in cerebrospinal
fluid also correlated with clinical outcome, but were not asso-
ciated with the CARD8 and NLRP1 polymorphisms. Our
results implicate an important role of genetic variation in
inflammasome genes in the regulation of inflammatory re-
sponse and clinical outcome in patients with bacterial
meningitis.

Keywords Bacterial . Meningitis . Inflammasome .

Inflammation . Genetic Association Study . Infectious
disease

Introduction

Bacterial meningitis is associated with high mortality, even in
developed countries despite the implementation of childhood
vaccination programs and effective antimicrobial agents (van
de Beek et al. 2004, 2006). The most common causative agent
is Streptococcus pneumoniae, with case fatality rates ranging
from 16 to 37% (van de Beek et al. 2004, 2006; Weisfelt et al.
2006), and neurological sequelae, including hearing loss
(Heckenberg et al. 2012), focal neurological deficits, and
cognitive impairment, occurring in 30–52 % of surviving
patients (Hoogman et al. 2007; van de Beek et al. 2002). Host
genetic variation has been shown to influence susceptibility
and outcome of pneumococcal and meningococcal infections
(Brouwer et al. 2009; Brouwer et al. 2010).

The inflammasomes are intracellular signaling complexes
belonging to the Nod-like receptors (NLRs) (Lamkanfi and
Dixit 2011; Schroder et al. 2010; Stutz et al. 2009). To date,
four major inflammasome complexes have been described, of
which the Nod-like receptor protein 3 (NLRP3) inflamma-
some has been investigated most extensively (Lamkanfi and
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Dixit 2011; Schroder et al. 2010; Stutz et al. 2009). The
inflammasomes can be activated by several endogenous as
well as exogenous danger signals, including ATP, changes
in K+ concentration, oxygen radicals, and uric acid released
through cell injury in inflammation (Franchi et al. 2009;
Rathinam et al. 2012). Bacterial components with
inflammasome-activating properties include bacterial DNA
and bacterial toxins. The primary result of inflammasome
activation is the binding and activation of caspase-1 (Franchi
et al. 2009; Rathinam et al. 2012). While several inflamma-
somes are capable of directly converting the inactive pro-
caspase-1 into the active form (e.g., NLRP1 and NLRC4),
some (e.g., NLRP3) require the binding of an adaptor protein
ASC (adaptor apoptosis-associated speck-like protein). The
caspase recruitment domain (CARD) on either NLRP itself or
ASC then binds to a CARD domain on the inactive caspase-1,
which subsequently can be activated. Active caspase-1 con-
tributes to the conversion of the inactive pro-interleukin-1 beta
(pro-IL-1β) and pro-IL-18 into the respective active and se-
creted cytokines (Lamkanfi and Dixit 2011; Schroder et al.
2010; Stutz et al. 2009).

One of the key regulators of caspase activity has been shown
to be caspase-associated recruitment domain-8 (CARD8),
which has been demonstrated to bind the CARD domain of
caspase-1 and negatively regulate IL-1β and IL-18 production
(Razmara et al. 2002).

Several findings in patients and animal models suggest a
pivotal role for inflammasomes in the pathophysiology of
bacterial meningitis (Mook-Kanamori et al. 2011). Firstly, in
adults with bacterial meningitis, cerebrospinal fluid (CSF)
levels of caspase-1 were elevated compared to noninfected
patients (Koedel et al. 2002). Furthermore, in children with
pneumococcal meningitis, IL-1β concentrations in the CSF
were elevated, a finding that also has been observed in
various animal models (Barichello et al. 2010; Saukkonen
et al. 1990; Schmidt et al. 1999). While the role of IL-1β in
the pathogenesis of pneumococcal meningitis has not been
elucidated yet, various clinical effects have been attributed
to caspase-1, IL-1β, and IL-18-mediated processes (Hoegen
et al. 2011; Koedel et al. 2002; Mook-Kanamori et al. 2011;
Saukkonen et al. 1990). Finally, recent pneumococcal men-
ingitis animal studies showed that lack of the inflammasome
components ASC or NLRP3 decreased scores of clinical
and histological disease severity in murine pneumococcal
meningitis (Hoegen et al. 2011).

We performed a prospective nationwide genetic associa-
tion study in patients with community-acquired bacterial
meningitis to investigate the role of common variants in
genes encoding inflammasome components NLRP1,
NLRP3, NLRC4, AIM2, PYCARD (ASC), as well as reg-
ulator protein CARD8 on clinical outcome. Subsequently,
we determined the principle products of inflammasome
activation, IL-1β and IL-18, in the CSF of patients with

bacterial meningitis and looked for associations with clinical
outcome and the genetic polymorphisms.

Methods

In a nationwide prospective cohort study, we included bacte-
rial meningitis patients older than 16 years of age with positive
CSF cultures who were identified by The Netherlands Refer-
ence Laboratory for Bacterial Meningitis (NRLBM) from
March 2006 to June 2009. The NRLBM provided the names
of the hospitals where patients with bacterial meningitis had
been admitted 2–6 days previously. The treating physician
was contacted, and informed consent was obtained from all
participating patients or their legally authorized representa-
tives. Controls for exposure/susceptibility were patients’ part-
ners or their nonrelated proxies living in the same dwelling.
Data on age, sex, and ethnicity of controls were collected.
Secured online case-record forms were used to collect data on
patient history, symptoms and signs on admission, treatment,
complications, and outcome. Outcomewas graded at discharge
according to the Glasgow Outcome Scale, a well-validated
instrument with good interobserver agreement (Jennett et al.
1976). A score of 1 on this scale indicates death, a score of 2 a
vegetative state, a score of 3 severe disability, a score of 4
moderate disability, and a score of 5 mild or no disability. A
favorable outcome was defined as a score of 5, and poor
outcome as a score of 1–4. The research ethics committee of
the Academic Medical Center approved the study.

Genotyping

We selected nonsynonymous single-nucleotide polymor-
phisms (SNPs) in coding regions of genes involved in the
inflammasome activation (NLRP1, NLRP3, NLRC4,
PYCARD, AIM2, and CARD8) for which a commercial
genotyping assay was available and the reported minor
allele frequency (MAF) was >5 %. Selected SNPs in NLRP1
(rs12150220, rs11651270, and rs2301582), NLRP3
(rs10754558 and rs35829419), PYCARD (rs11648861),
AIM2 (rs2276405), and CARD8 (rs2043211) were geno-
typed using TaqMan SNP Genotyping Assays (Applied
Biosystems, Foster City, CA, USA) in a LightCycler480
(Roche, Basel, Switzerland) using the TaqMan Genotyping
Master Mix (Applied Biosystems), at the Department of
Genome Analysis in the Academic Medical Center, Amster-
dam, The Netherlands. We additionally genotyped one un-
common SNP in NLRP3 (rs35829479; reported MAF
2.5 %) as it was previously described to interact with the
rs2043211 in CARD8 in inflammatory disease (Roberts et
al. 2010). No assays for common nonsynonymous SNPs in
the coding regions of NLRC4 were commercially available.
Laboratory personnel were blinded to clinical information.
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IL-1β and IL-18 measurements in CSF samples of patients
with bacterial meningitis

We measured IL-1β and IL-18 in the CSF of patients with
bacterial meningitis included in the cohort and 19 control
patients with Luminex® technology using a Milliplex assay
(Millipore, Billerica, MA, USA). CSF from the first diag-
nostic tap was collected, centrifuged, and supernatant was
aliquoted and stored at −80 °C until analysis. Control CSF
was obtained from patients evaluated for acute headache,
without signs of meningitis and normal CSF findings. In
these patients, a subarachnoid hemorrhage was excluded as
cause of their headache by CSF examination. Leftover CSF
was collected and centrifuged, and the supernatant was
stored at −80 °C until analysis.

Statistics

The Mann–Whitney U test was used to identify differences
in baseline characteristics among groups with respect to
continuous variables, and dichotomous variables were com-
pared with use of the χ2 test. These statistical tests were
two-tailed, and P<0.05 was regarded as significant. Differ-
ences in genotype frequencies were analyzed with the χ2

or Fishers’ exact tests by use of the programs SPSS 19.
The main analysis was limited to common SNPs (i.e.,
minor allele frequencies >5 %). For the functional SNP
rs2043211 in CARD8, P<0.05 was used to indicate signifi-
cance. For the other four common SNPs, we performed the
analysis both with (P<0.0125) and without (P<0.05) correc-
tion for multiple testing. A further analysis was performed to
determine the effect of having either a variant allele for
rs35829479 (NLRP3) or rs2043211 (CARD8) on outcome,
as this combination was previously described to be asso-
ciated with inflammatory disease, using P<0.05 to indicate
significance.

We calculated whether the genotype frequencies in the
control groups concurred with the Hardy–Weinberg equilib-
rium (HWE) by use of a χ2 and exact test with one degree of
freedom. SNPs deviating from the HWE were excluded.
The genotype frequencies of patients with a favorable out-
come were compared with those with poor outcome as
defined by the Glasgow Outcome Scale. Survival data were
plotted for the different genotypes using a Kaplan–Meier
curve and analyzed using a log rank test. We corrected
for possible confounders (age, sex, immunocompromise,
and prehospital antibiotic treatment) by performing a
multivariate logistic regression analysis including identi-
fied polymorphisms and potential confounders. Further-
more, we performed a test of formal interaction of gender
and CARD8 rs2043211genotype to assess if a gender specific
association of this SNP influenced outcome (Schoultz et al.
2009).

Results

A total of 801 Dutch patients with bacterial meningitis were
included as described previously (Woehrl et al. 2011). In
this study, the distribution of causative organisms was S.
pneumoniae in 576 episodes (72 %), Neisseria meningitidis
in 92 (12 %), Listeria monocytogenes in 41 (5 %), and other
bacteria in 92 (12 %) episodes. The case fatality rate was
18 %, and 38 % of patients had poor clinical functional
outcome as defined as scores of 1–4 on the Glasgow Out-
come Scale. DNAwas available for 531 (66 %) patients and
376 controls. Clinical characteristics of this patient pop-
ulation are provided in Table 1. Genotyping success rate
was >95 % for all assays. Three SNPs that were uncom-
mon (PYCARD rs11648861) or monomorphic (NLRP3
rs35829419, and AIM2 rs2276405) were excluded from
the analysis. The genotype frequency concurred with the
Hardy–Weinberg equilibrium in the control population
for all SNPs. We identified rs2043211 in CARD8 to be
associated with poor outcome of bacterial meningitis
using an additive model (p00.040; Table 2). Patients
with the T/T genotype had the highest risk for poor
outcome [odds ratio (OR), 2.09; 95 % confidence inter-
val (CI), 1.17–3.71; p00.009). In a multivariate analysis
limited to white patients, rs2403211 was an independent
risk factor for unfavorable outcome after correction for
age, sex, causative bacteria, immunodeficiency, and pre-
treatment with antibiotics (OR, 2.10; 95 % CI, 1.04–
4.21; p00.038). The effect of rs2043211 was stronger in
the subgroup of white patients with pneumococcal men-
ingitis (Fig. 1; OR for T/T genotype, 2.19; 95 % CI,
1.15–4.18; p00.018). This effect on outcome seemed to be
driven both by occurrence of systemic (OR T/T genotype,
2.48; 95 % CI, 1.29–4.7; p00.016) and neurological compli-
cations (OR T/T genotype, 3.03; 95 % CI, 1.34–6.85; p0
0.022). When testing the equality of the genotype versus
outcome odds ratios in men and women, we could not dem-
onstrate a statistically significant interaction between geno-
type and gender. Patients with either a variant allele for
CARD8 rs2043211 or NLRP3 rs35829419, which was previ-
ously described to cause a deficient phenotype, were not at
increased risk for death, unfavorable outcome, or complica-
tions. Rs11651270 (Met1154Val) in NLRP1 was associated
with death in pneumococcal meningitis patients using a reces-
sive model (14 % TT genotype vs. 6 % CC/CT genotype; OR,
1.97; 95% CI, 1.01–3.85, p00.047; log rank survival analysis
p00.04, Fig. 2). After correction for age, sex, immunodefi-
ciency, and pretreatment with antibiotics, the effect of
rs11651270 on mortality remained significant (OR, 2.32;
95%CI, 1.12–4.78; p00.023). Using a Bonferroni correction,
the effect of rs11651270 on death was no longer significant.
Other SNPs in NLRP1 and NLRP3 were not associated with
outcome or death.
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CSF was obtained from 289 patients with bacterial
meningitis and 19 control patients. Levels of IL-1β and
IL-18 were elevated in the CSF of patients with bacte-
rial meningitis as compared to controls [median,
1.31 ng/ml (IQR, 0.19–4.40) vs. 0.004 ng/ml (IQR,
0.002–0.006), p<0.001, and 10.76 ng/ml (IQR, 4.00–
25.02) vs. 0.71 ng/ml (IQR, 0.40–0.89), p<0.001 respec-
tively]. High IL-1β levels were associated with occurrence
of systemic complications [Fig. 3; median, 1.94 ng/ml
(IQR, 0.30–5.26) vs. 0.93 ng/ml (IQR, 0.15–3.11), p0
0.003). There was a trend between high IL-1β levels and
neurological complications [median, 1.62 ng/ml (IQR,
0.28–5.04) vs. 0.43 ng/ml (IQR, 0.08–4.73), p00.10],

as well as unfavorable outcome [median, 1.53 ng/ml
(IQR, 0.28–5.19) vs. 1.03 ng/ml (IQR, 0.17–3.63), p0
0.08]. High IL-18 levels were also associated with
systemic complications [Fig. 3; median, 15.13 ng/ml
(IQR, 6.36–26.89) vs. 8.84 ng/ml (IQR, 3.09–19.91),
p00.004] and poor outcome [median, 14.48 ng/ml
(IQR, 5.26–26.59) vs. 9.43 ng/ml (IQR, 3.37–22.68),
p00.039]. In the subgroup of patients with pneumococcal
meningitis (n0207), associations with systemic complications
remained significant. CSF levels of IL-1β and IL-18 between
patients were not associated with rs2043211 and rs11621270
genotypes, also after a correction for total CSF protein levels
was applied.

Table 1 Clinical characteristics of 531 patients with community acquired bacterial meningitis [data are number/number evaluated (percentage) or
mean±SD]

Characteristic Value/total Characteristic Value/total

Age (years) 55±17 Indexes of CSF inflammationb

Male sex 262 (49 %) Opening pressure (mmH2O) 34±11

Pretreatment with antibiotics 63/527 (12 %) WBC (/mm3) 6778±13319

Predisposing conditions 227 (43 %) WBC < 1,000/mm3 142/496 (27 %)

Otitis or sinusitis 191 (36 %) Protein (g/l) 4.3±3.0

Pneumonia 77 (15 %) CSF blood: glucose ratio 0.14±0.19

Immunocompromise 124 (23 %) Positive blood cultures 346/463 (75 %)

Symptoms and signs on presentation Complications

Headache 411/479 (85 %) Systemic complications 166 (31 %)

Neck stiffness 398/510 (78 %) Neurological complications 327 (62 %)

Systolic blood pressure (mmHg) 146±29 Glasgow Outcome Scale

Heart rate (bpm) 99±21 1—Death 40/528 (8 %)

Body temperature (°C) 38.7±1.3 2—Vegetative state 1/528 (0.2 %)

Score on Glasgow Coma Scalea 11±3 3—Severe disability 21/528 (4 %)

<8 indicating coma 70/527 (13 %) 4—Moderate disability 78/528 (15 %)

Focal neurological deficits 141/528 (27 %) 5—Good recovery 388/528 (73 %)

a Glasgow coma scale score was evaluated in 527 patients
b CSF pressure was evaluated in 123 patients, CSF WBC in 496, CSF protein in 505, and CSF blood to glucose ratio in 498

Table 2 Genotyping results of six genetic polymorphisms in inflammasome genes in 531 bacterial meningitis patients of which 388 patients with a
good outcome and 143 with poor outcome

Gene SNP Good outcome (GOS 5)a Poor outcome (GOS 1–4) Model P value

ID A B AA AB BB A B AA AB BB

CARD8 rs2043211 525 237 183 159 39 169 107 57 55 26 Additive 0.04

NLRP1 rs12150220 433 327 127 179 74 173 103 57 59 22 Recessive 0.21

NLRP1 rs11651270 406 356 105 196 80 165 109 51 63 23 Recessive 0.12

NLRP1 rs2301582 473 299 143 187 56 183 97 58 67 15 Recessive 0.14

NLRP3 rs10754558 433 331 120 193 69 161 119 49 63 28 Recessive 0.65

NLRP3 rs35829419 701 35 334 33 1 227 7 110 7 0 Dominant 0.43

a Glasgow Outcome Scale Score
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Discussion

Our results implicate an important role of the inflamma-
somes in bacterial meningitis. We found that SNPs in the
inflammasome genes CARD8 (rs2043211) and NLRP1
(rs11621270) are associated with death and poor disease
outcome. IL-1β and IL-18 levels in CSF of patients with
bacterial meningitis correlated with development of systemic
complications and poor prognosis.

We identified the rs2043211 polymorphism in CARD8 to
contribute to outcome of bacterial meningitis by influencing
the risk of systemic complications. The A allele of rs2043211
generates a premature stop codon (Cys10X) and leads to a
severely truncated CARD8 protein, which has been associated

with various inflammatory diseases such as inflammatory
bowel disease, Crohn’s disease, and rheumatoid arthritis
(Kastbom et al. 2010; McGovern et al. 2006; Roberts et al.
2010; Schoultz et al. 2009; Yang et al. 2011). Several func-
tions have been attributed to CARD8. First is the inhibition of
pathways to nuclear factor kappa B (NF-κB) activation
(Bouchier-Hayes et al. 2001); (Fontalba et al. 2007). In vitro
studies have demonstrated that CARD8 interferes with NF-κB
activation by established NF-κB activators, possibly through
direct interaction between CARD8 and IkB kinase complex
(Bouchier-Hayes et al. 2001). Second, CARD8 also has anti-
apoptotic properties through the inhibition of caspases, includ-
ing caspase-1, caspase-8, and caspase-9 (CARD8 is also
known as TUNCAN, tumor-upregulated CARD containing
antagonist of caspase-9) (Checinska et al. 2006). Through
direct interaction with caspase-1, CARD8 can negatively reg-
ulate caspase-1 dependent IL-1β generation in vitro (Razmara
et al. 2002). Lastly, CARD8 forms a physical component of
the multiprotein complex of the NLRP3 inflammasome
(Agostini et al. 2004; Dinarello 2004). However, in vitro
knockdown studies have shown that CARD8 may not be a
requirement for the activation of the NLRP3 inflammasome in
response to viral infection (Allen et al. 2009).

The truncated form of CARD8, therefore, has the poten-
tial to disrupt cytokine regulation at several key stages and
could lead to higher levels of NF-κB mediated proinflam-
matory (pro)cytokines, incomplete NLRP3 assembly, and a
limited caspase-1 activation, resulting in limited secretion of
activated IL-1β and IL-18. Conversely, the normal form of
CARD8 (T/T genotype) may lead to NF-κB inhibition and
lower proinflammatory (pro)cytokines. Despite proper
NLRP3 assembly with CARD8, this could also lead to
limited secretion of IL-1β and IL-18. Indeed, we do not
see a difference in CSF levels of IL-1β and IL-18 between
CARD8 genotypes. The suppressed noncaspase-dependent
inflammation may, however, be insufficient to battle bacte-
rial infection, resulting in the observed increased risk of
systemic and neurological complications in patients with
bacterial meningitis.

Our findings support the hypothesis that genetic variation
in the inflammasome genes can influence the threshold for
activation of the inflammatory response, presenting a
double-edged sword: A more readily activated system will
predispose to chronic inflammation (rheumatoid arthritis
and inflammatory bowel disease), while a normally controlled
system may result in suboptimal activation and less control of
severe infection (bacterial meningitis).

We identified rs11651270 SNP in NLRP1 to influence
mortality in bacterial meningitis, although the effect was no
longer significant after correction for multiple testing. The
exact function ofNLRP1 remains unclear, though its relevance
is underlined by associations between SNPs in NLRP1 and
autoimmune diseases such as vitiligo, autoimmune Addison’s
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Fig. 1 Rate of mortality, systemic, and neurological complications by
CARD8 rs2043211 genotype in pneumococcal meningitis patients.
CARD8 rs2043211 was associated with poor outcome an additive
model (P00.040). Patients with the T/T genotype had the highest risk
for poor outcome [odds ratio (OR), 2.09; 95 % confidence interval
(CI), 1.17–3.71). This effect on outcome seemed to be driven both by
occurrence of systemic (OR T/T genotype, 2.48; 95% CI, 1.29–4.7; p0
0.016) and neurological complications (p00.022; OR T/T genotype,
3.03; 95 % CI, 1.34–6.85)

Fig. 2 Kaplan–Meier survival curve in patients with pneumococcal
meningitis according to rs11651270 genotype
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disease, type 1 diabetes, and Alzheimer’s disease (Franchi
et al. 2009; Jin et al. 2007; Magitta et al. 2009). To our
knowledge, this is the first report of rs11651270 to be associ-
ated the outcome of infectious disease. As the effect of
rs11651270 was not significant after correction for multiple
testing, this result should be regarded as explorative and needs
validation in other populations before a firm conclusion can be
drawn.

NLRP1 is activated by two known factors: anthrax lethal
toxin derived from spore-forming bacterium Bacillus
anthracis, and muramyl dipeptide and myramyl dipeptide,
a peptidoglycan constituent of both Gram-positive and
Gram-negative bacteria (Dowling and O’Neill 2012). Un-
like NLRP3, NLRP1 has its own CARD domain and does
not require ASC or CARD8 to activate caspase-1 (although
the presence of ASC substantially increases caspase activa-
tion) (Rathinam et al. 2012). However, as the rs11651270
polymorphism does not seem to influence levels of IL-1β or
IL-18 in the CSF of our patients, a caspase-dependent
mechanism does not seem likely.

NLRP1 and CARD8 share a “function-to-find domain”
(FIIND), which is a highly conserved domain only present
in these two proteins. FIIND has an intraproteolytic function,
of which the relevance is incompletely understood (D’Osualdo
et al. 2011). Interestingly, the aforementioned NLRP1 SNP lies
in, and the CARD8 SNP is situated before the respective
FIIND regions (D’Osualdo et al. 2011). Although the influence
of rs11651270 on the function of FIIND is unknown, one can
hypothesize that a disruption of the FIIND domain could
affect NLRP1 function and thereby influence clinical outcome
following bacterial meningitis.

IL-1β and IL-18 levels in CSF were found to correlate with
outcome, but were not associated with the polymorphisms in
NLRP1 or CARD8. A possible explanation for this discrepan-
cy could be that IL-1β and IL-18 are also being produced in an
inflammasome-independent manner. This was previously
shown for IL-1β, which can be produced by neutrophil-
derived serine proteases or pathogen-derived proteases (Netea

et al. 2010). Therefore, a small potential decrease in cytokine
production due to NLRP1 and CARD8 polymorphisms may
not be measurable in the total amount of IL-1β and IL-18
produced. Another explanation may be that the impact of
these polymorphisms on secreted active IL-1β and IL-18
levels is limited, and NLRP1 and CARD8 may be involved
in alternative inflammatory roles (Netea et al. 2010). Further
functional studies of rs2043211 and rs11621270 are needed
determine the influence on these SNPs on the immune
response after stimulation with S. pneumoniae.

Our study has several limitations. First, our findings
regarding the NLRP1 and CARD8 SNPs should be replicat-
ed in independent case–control study to validate our obser-
vations. However, currently, no such studies are available
for us to confirm our findings. Second, in this study, we
show an association between the polymorphisms rs2043211
and rs11621270, and poor outcome and death, but we did
not demonstrate changes in protein functionality or a causal
relationship with outcome. Once the associations have been
confirmed, further mechanistic studies of the functionality
of these SNPs during infection should be performed.

In conclusion, our results implicate an important role of
genetic variation in inflammasome genes in bacterial men-
ingitis. Interference with inflammasome activation may
therefore be a promising target for adjunctive therapy in
bacterial meningitis.

Acknowledgments We thank all Dutch physicians who participated
in the MeninGene study.

Financial disclosure This study was supported by The Netherlands
Organization for Health Research and Development [ZonMw NWO-
Veni grant 2006 (916.76.023) and ZonMw NWO-Vidi grant 2010
(917.11.358), both to DB], the Academic Medical Center (AMC
Fellowship 2008 to DB), and European Research Council [ERC Starting
Grant (281156) to DB]. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the
manuscript.

Fig. 3 Median levels of IL-1β
and IL-18 in CSF of patients
with bacterial meningitis. a
Elevated IL-1β was associated
with systemic complications,
and there was trend towards
more neurological complica-
tions. b High IL-18 levels were
associated with both systemic
complications and unfavorable
outcome

14 Immunogenetics (2013) 65:9–16



References

Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN,
Tschopp J (2004) NALP3 forms an IL-1beta-processing inflam-
masome with increased activity in Muckle–Wells autoinflamma-
tory disorder. Immunity 20:319–325

Allen IC, Scull MA, Moore CB, Holl EK, McElvania-TeKippe E,
Taxman DJ, Guthrie EH, Pickles RJ, Ting JP (2009) The NLRP3
inflammasome mediates in vivo innate immunity to influenza A
virus through recognition of viral RNA. Immunity 30:556–565

Barichello T, dos Santos I, Savi GD, Simoes LR, Silvestre T, Comim
CM, Sachs D, Teixeira MM, Teixeira AL, Quevedo J (2010)
TNF-alpha, IL-1beta, IL-6, and cinc-1 levels in rat brain after
meningitis induced by Streptococcus pneumoniae. J Neuroimmunol
221:42–45

Bouchier-Hayes L, Conroy H, Egan H, Adrain C, Creagh EM,
MacFarlane M, Martin SJ (2001) CARDINAL, a novel caspase
recruitment domain protein, is an inhibitor of multiple NF-kappa B
activation pathways. J Biol Chem 276:44069–44077

Brouwer MC, de Gans J, Heckenberg SG, Zwinderman AH, van der
Poll T, van de Beek D (2009) Host genetic susceptibility to
pneumococcal and meningococcal disease: a systematic review
and meta-analysis. Lancet Infect Dis 9:31–44

Brouwer MC, Read RC, van de Beek D (2010) Host genetics and
outcome in meningococcal disease: a systematic review and meta-
analysis. Lancet Infect Dis 10:262–274

Checinska A, Giaccone G, Hoogeland BS, Ferreira CG, Rodriguez JA,
Kruyt FA (2006) TUCAN/CARDINAL/CARD8 and apoptosis
resistance in non-small cell lung cancer cells. BMC Cancer 6:166

D’Osualdo A, Weichenberger CX, Wagner RN, Godzik A, Wooley J,
Reed JC (2011) CARD8 and NLRP1 undergo autoproteolytic
processing through a ZU5-like domain. PLoS One 6:e27396

Dinarello CA (2004) Unraveling the NALP-3/IL-1beta inflammasome:
a big lesson from a small mutation. Immunity 20:243–244

Dowling JK, O’Neill LA (2012) Biochemical regulation of the inflam-
masome. Crit Rev Biochem Mol Biol 47:424–443

Fontalba A, Martinez-Taboada V, Gutierrez O, Pipaon C, Benito N,
Balsa A, Blanco R, Fernandez-Luna JL (2007) Deficiency of the
NF-kappaB inhibitor caspase activating and recruitment domain
8 in patients with rheumatoid arthritis is associated with disease
severity. J Immunol 179:4867–4873

Franchi L, Eigenbrod T, Munoz-Planillo R, Nunez G (2009) The
inflammasome: a caspase-1-activation platform that regulates im-
mune responses and disease pathogenesis. Nat Immunol 10:241–
247

Heckenberg SG, Brouwer MC, van der Ende A, Hensen EF, van de
Beek D (2012) Hearing loss in adults surviving pneumococcal
meningitis is associated with otitis and pneumococcal serotype.
Clin Microbiol Infect 18:849–855

Hoegen T, Tremel N, Klein M, Angele B, Wagner H, Kirschning C,
Pfister HW, Fontana A, Hammerschmidt S, Koedel U (2011) The
NLRP3 inflammasome contributes to brain injury in pneumococcal
meningitis and is activated through ATP-dependent lysosomal ca-
thepsin B release. J Immunol 187:5440–5451

Hoogman M, van de Beek D, Weisfelt M, de Gans J, Schmand B
(2007) Cognitive outcome in adults after bacterial meningitis. J
Neurol Neurosurg Psychiatry 78:1092–1096

Jennett B, Teasdale G, Braakman R, Minderhoud J, Knilljones R
(1976) Predicting outcome in individual patients after severe
head-injury. Lancet 1:1031–1034

Jin Y, Mailloux CM, Gowan K, Riccardi SL, LaBerge G, Bennett DC,
Fain PR, Spritz RA (2007) NALP1 in vitiligo-associated multiple
autoimmune disease. N Engl J Med 356:1216–1225

Kastbom A, Johansson M, Verma D, Soderkvist P, Rantapaa-Dahlqvist
S (2010) CARD8 p.C10X polymorphism is associated with

inflammatory activity in early rheumatoid arthritis. Ann Rheum
Dis 69:723–726

Koedel U, Winkler F, Angele B, Fontana A, Flavell RA, Pfister H-W
(2002) Role of caspase-1 in experimental pneumococcal menin-
gitis: evidence from pharmacologic caspase inhibition and
caspase-1-deficient mice. Ann Neurol 51:319–329

Lamkanfi M, Dixit VM (2011) Modulation of inflammasome
pathways by bacterial and viral pathogens. J Immunol 187:597–
602

Magitta NF, Boe Wolff AS, Johansson S, Skinningsrud B, Lie
BA, Myhr KM, Undlien DE, Joner G, Njolstad PR, Kvien
TK, Forre O, Knappskog PM, Husebye ES (2009) A coding
polymorphism in NALP1 confers risk for autoimmune Addi-
son’s disease and type 1 diabetes. Genes Immun 10:120–
124

McGovern DP, Butler H, Ahmad T, Paolucci M, van Heel DA, Negoro
K, Hysi P, Ragoussis J, Travis SP, Cardon LR, Jewell DP (2006)
TUCAN (CARD8) genetic variants and inflammatory bowel dis-
ease. Gastroenterology 131:1190–1196

Mook-Kanamori BB, Geldhoff M, van der Poll T, van de Beek D
(2011) Pathogenesis and pathophysiology of pneumococcal men-
ingitis. Clin Microbiol Rev 24:557–591

Netea MG, Simon A, van de Veerdonk F, Kullberg BJ, Van der Meer
JW, Joosten LA (2010) IL-1beta processing in host defense:
beyond the inflammasomes. PLoS Pathog 6:e1000661

Rathinam VA, Vanaja SK, Fitzgerald KA (2012) Regulation of inflam-
masome signaling. Nat Immunol 13:333–2

Razmara M, Srinivasula SM, Wang L, Poyet JL, Geddes BJ, DiStefano
PS, Bertin J, Alnemri ES (2002) CARD-8 protein, a new CARD
family member that regulates caspase-1 activation and apoptosis.
J Biol Chem 277:13952–13958

Roberts RL, Topless RK, Phipps-Green AJ, Gearry RB, Barclay ML,
Merriman TR (2010) Evidence of interaction of CARD8 rs2043211
with NALP3 rs35829419 in Crohn’s disease. Genes Immun 11:351–
356

Saukkonen K, Sande S, Cioffe C, Wolpe S, Sherry B, Cerami A,
Tuomanen E (1990) The role of cytokines in the generation of
inflammation and tissue damage in experimental gram-positive
meningitis. J Exp Med 171:439–448

Schmidt H, Stuertz K, Bruck W, Chen V, Stringaris AK, Fischer FR,
Nau R (1999) Intravenous granulocyte colony-stimulating factor
increases the release of tumour necrosis factor and interleukin-
1beta into the cerebrospinal fluid, but does not inhibit the growth
of Streptococcus pneumoniae in experimental meningitis. Scand J
Immunol 49:481–486

Schoultz I, Verma D, Halfvarsson J, Torkvist L, Fredrikson M, Sjoqvist
U, Lordal M, Tysk C, Lerm M, Soderkvist P, Soderholm JD
(2009) Combined polymorphisms in genes encoding the inflam-
masome components NALP3 and CARD8 confer susceptibility to
Crohn’s disease in Swedish men. Am J Gastroenterol 104:1180–
1188

Schroder K, Zhou R, Tschopp J (2010) The NLRP3 inflammasome: a
sensor for metabolic danger? Science 327:296–300

Stutz A, Golenbock DT, Latz E (2009) Inflammasomes: too big to
miss. J Clin Invest 119:3502–3511

van de Beek D, de Gans J, Spanjaard L, Weisfelt M, Reitsma JB,
Vermeulen M (2004) Clinical features and prognostic factors
in adults with bacterial meningitis. N Engl J Med 351:1849–
1859

van de Beek D, de Gans J, Tunkel AR, Wijdicks EF (2006)
Community-acquired bacterial meningitis in adults. N Engl J
Med 354:44–53

van de Beek D, Schmand B, de Gans J, Weisfelt M, Vaessen H,
Dankert J, Vermeulen M (2002) Cognitive impairment in adults
with good recovery after bacterial meningitis. J Infect Dis
186:1047–1052

Immunogenetics (2013) 65:9–16 15



Weisfelt M, van de Beek D, Spanjaard L, Reitsma JB, de Gans J (2006)
Clinical features, complications, and outcome in adults with
pneumococcal meningitis: a prospective case series. Lancet Neu-
rol 5:123–129

Woehrl B, Brouwer MC, Murr C, Heckenberg SG, Baas F, Pfister HW,
Zwinderman AH, Morgan BP, Barnum SR, van der Ende A,

Koedel U, van de Beek D (2011) Complement component 5
contributes to poor disease outcome in humans and mice with
pneumococcal meningitis. J Clin Invest 121:3943–3953

Yang SK, Kim H, Hong M, Lim J, Choi E, Ye BD, Park SK, Song K
(2011) Association of CARD8 with inflammatory bowel disease
in Koreans. J Hum Genet 56:217–223

16 Immunogenetics (2013) 65:9–16


	Genetic variation in inflammasome genes is associated with outcome in bacterial meningitis
	Abstract
	Introduction
	Methods
	Genotyping
	IL-1β and IL-18 measurements in CSF samples of patients with bacterial meningitis
	Statistics

	Results
	Discussion
	References


