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Abstract

The inflammasome is a multiprotein complex that mediates caspase‐1
activation with subsequent maturation of the proinflammatory cytokines

IL‐1β and IL‐18. The NLRP3 inflammasome is known to be activated by

Staphylococcus aureus, one of the leading causes of bacteremia worldwide.

Inflammasome activation and regulation in response to bacterial infection have

been found to be of importance for a balanced host immune response. However,

inflammasome signaling in vivo in humans initiated by S. aureus is currently

sparsely studied. This study therefore aimed to investigate NLRP3 inflamma-

some activity in 20 patients with S. aureus bacteremia (SAB), by repeated

measurement during the first week of bacteremia, compared with controls.

Caspase‐1 activity was measured in monocytes and neutrophils by flow

cytometry detecting FLICA (fluorescent‐labeled inhibitor of caspase‐1), while
IL‐1β and IL‐18 was measured by Luminex and ELISA, respectively. As a

measure of inflammasome priming, messenger RNA (mRNA) expression of

NLRP3, CASP1 (procaspase‐1), and IL1B (pro‐IL‐1β) was analyzed by

quantitative PCR. We found induced caspase‐1 activity in innate immune cells

with subsequent release of IL‐18 in patients during the acute phase of

bacteremia, indicating activation of the inflammasome. There was substantial

interindividual variation in caspase‐1 activity between patients with SAB. We

also found an altered inflammasome priming with low mRNA levels of NLRP3

accompanied by elevated mRNA levels of IL1B. This increased knowledge of the

individual host immune response in SAB could provide support in the effort to

optimize management and treatment of each individual patient.
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1 | INTRODUCTION

Host innate immune response plays a crucial role in
defending the organism against infection. Pattern‐recog-
nition receptors (PRRs), such as Toll‐like receptors
(TLRs) and NOD‐like receptors (NLRs), are able to
recognize a wide range of microbial components, known
as pathogen‐associated molecular patterns (PAMPs), as
well as sterile molecules of stress and danger, so‐called
damage‐associated molecular patterns (DAMPs). PRRs
thus act as a first line of defense against infections and
host damage. While TLRs are membrane‐bound, NLRs
act as intracellular sensors for pathogens and stress.1,2

Upon sensing, some NLRs oligomerize and assemble
with the adaptor protein ASC (apoptosis‐associated
speck‐like protein containing a CARD) and procaspase‐
1 to form multiprotein complexes known as inflamma-
somes. The assembly mediates caspase‐1 activation,
which subsequently cleaves the proinflammatory cyto-
kines IL‐1β and IL‐18 into their active forms.3–5

The NLRP3 inflammasome is one of the best character-
ized inflammasomes. It is activated by a variety of different
pathogens,6–9 but also by danger molecules, such as
adenosine triphosphate, uric acid, asbestos, and silica.4,7,10,11

In contrast to most other PRRs activated by direct
interaction with a ligand, the NLRP3 inflammasome seems
to act on common sensors of cellular damage, such as
potassium efflux, reactive oxygen species, lysosomal dis-
ruption, and calcium signaling,5,11,12 signals which are
secondary to infection or cellular stress. In general,
activation of the NLRP3 inflammasome is a two‐step
process. The first priming signal is a nuclear factor‐kappa
B‐mediated transcription of NLRP3 protein and pro‐IL‐1β
induced via, for example, TLR signaling. A second NLRP3‐
sensing signal is then required to activate the NLRP3
protein, leading to inflammasome assembling.5,12,13

Staphylococcus aureus is a major pathogen and one of
the leading causes of bacteremia worldwide.14 It is also one
of the pathogens known to activate the NLRP3 inflamma-
some.6,7 The pathogenicity of S. aureus is complex and
involves a large repertoire of virulence factors, such as
adhesion proteins, secreted toxins and enzymes, and
regulatory factors.15 Adhesion proteins may be of impor-
tance for invasiveness,15 whereas pore‐forming toxins,
mainly hemolysins and leukotoxins, have been found to
activate the NLRP3 inflammasome and elicit an inflamma-
tory response.6,16–19 Besides the virulence factors displayed
by the pathogens, host‐related factors play a crucial role in
disease manifestation and recovery.

Complications of S. aureus bacteremia (SAB) are
common, and include infective endocarditis, septic
arthritis, osteomyelitis, and local extension of infection,
such as deep‐seated abscesses.20 It is important to identify

these complications, as a complicated disease course will
strongly affect patient management regarding antibiotic
treatment and other therapeutic strategies.21 In severe
cases, bacteremia can also lead to a life‐threatening organ
dysfunction caused by a dysregulated host response to the
infection (i.e. sepsis)22 that is characterized by both
proinflammatory and anti‐inflammatory responses
occurring early and simultaneously.23 The discovery of
PRR signaling through DAMPs and PAMPs has improved
the understanding of sepsis pathophysiology mechan-
isms.24 Overall, inflammasome activation as well as its
regulation in response to bacterial infection is necessary
for a balanced host response.25,26 Inflammasome activa-
tion initiated by S. aureus has so far mainly been studied
in murine models and in vitro in monocytes, macro-
phages, and their corresponding cell lines.6,16–19 Inflam-
masome activation in neutrophils is less studied but
highly relevant, because neutrophils account for the
majority of leucocytes and are recruited early to the site
of infection. Furthermore, knowledge on inflammasome
signaling in vivo in humans is currently sparse.

The aim of this study was therefore to elucidate the
NLRP3 inflammasome activity in patients with SAB at both
transcription and effector levels during the acute phase of
SAB, by investigating caspase‐1 activity in neutrophils and
monocytes, and the production of its downstream cytokines
IL‐1β and IL‐18. Messenger RNA (mRNA) expression of
NLRP3, CASP1 (procaspase‐1), and IL1B (pro‐IL‐1β) was
analyzed, as a measure of inflammasome priming.

2 | MATERIALS AND METHODS

Patients with SAB were prospectively included from July
2012 to June 2014 at Örebro University Hospital, Sweden,
when at least one of the four blood culture bottles
routinely collected on hospital admission yielded growth
of S. aureus. Blood cultures were incubated using the
BACTEC system (Becton Dickinson, Franklin Lakes, NJ),
and species identification was performed by matrix‐
assisted laser desorption ionization‐time of flight mass
spectrometry (Microflex LT and Biotyper 3.1; Bruker
Daltonics, Bremen, Germany). Susceptibility testing was
performed using the disc diffusion method according to
the 2014 EUCAST guidelines.

From enrolment on day 1 (the day blood culture
signaled positive), blood sampling was performed on five
occasions: days 1, 2, 3, 5, and 7, with a clinical assessment
carried out simultaneously. Exclusion criteria were age <18
years, HIV infection, neutrophils <1 × 109/L, and immuno-
suppressive treatment (i.e. chemotherapeutics other than
methotrexate, corticosteroids equivalent to ≥10mg predni-
solone, or tumor necrosis factor‐α inhibitors).
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Sepsis was defined as an acute change in Sequential
Organ Failure Assessment (SOFA) score of ≥2 points due
to the infection, according to the Sepsis‐3 criteria.22 SOFA
score was calculated from the worst recorded values
within 48 hr of hospital admission. Patients with SAB were
also categorized as having noncomplicated or complicated
bacteremia. Complicated SAB was defined as either the
presence of metastatic infection (e.g. infective endocarditis
or osteomyelitis), extension of infection beyond the
primary focus (such as an abscess), embolic stroke,
attributable mortality (i.e. hospital‐related death within
60 days of admission in a patient with persistent signs or
symptoms of infection), or recurrent SAB within 12
weeks.20 All other cases were defined as uncomplicated
SAB. In total, 26 healthy blood donors between the ages of
18 and 60 were included as controls, each sampled once.

2.1 | Caspase‐1 detection

Peripheral blood from patients with SAB and controls
(blood donors) was collected in VACUETTE EDTA tubes
and stained for caspase‐1 activity with FAM‐YVAD‐FMK
(fluorescent‐labeled inhibitor of caspase‐1 [FLICA]; Immu-
nochemistry Technologies, Bloomington, MN) for 1 hr at
37°C, as previously described.8 Leukocytes were labeled
with RPE‐CY5‐conjugated mouse antihuman CD45 (Dako-
Cytomation, Glostrup, Denmark), RPE‐conjugated mouse
antihuman CD11b (DakoCytomation), and ECD‐
conjugated mouse antihuman CD14 (Beckman Coulter;
Immunotech, Marseille, France) to differentiate between
the various leukocyte populations. Neutrophils and mono-
cytes were separated based on side scatter, CD45, and CD14
gating. Furthermore, the data were confirmed based on side
scatter, CD11b, and CD14 gating. Nonspecific binding was
analyzed using an isotypic control IgG1 FITC/RPE/RPE‐
CY5 (DakoCytomation), and found to be nonsignificant.
Caspase‐1 activity was determined via flow cytometry (FC
500 Beckman Coulter, Fullerton, CA) by detecting FLICA
fluorescence as mean fluorescence intensity (MFI) value for
each sample. Acquisition of data was set to count a total of
50,000 events, and the Kaluza software package was used to
analyze the data.

2.2 | Measurement of IL‐18 and IL‐1β
Whole blood from SAB patients and controls was collected
in EDTA tubes and centrifuged at 2000g for 10min to collect
plasma for the detection of cytokine levels. Plasma was
stored at −80°C pending analysis. Levels of IL‐1β were
measured by a commercially available IL‐1β MILLIPLEX
human Cytokine kit according to manufacturer’s instruc-
tions (Millipore Corporation, Billerica, MA), and analyzed
with the Luminex 200 system (MAP technology, Austin,

TX). An ELISA kit (Medical & Biological Laboratory Co Ltd,
Nagoya, Japan) was used to measure plasma concentration
of IL‐18 according to manufacturer’s instructions. The
optical density was measured on a Multiskan Ascent plate
reader (Thermo Labsystems, Norwich, UK) at 450 nm.

2.3 | RNA extraction, reverse
transcription, and quantitative PCR

The mRNA expressions of NLRP3, CASP1, and IL1B were
studied using venous blood collected directly in PAXgene
Blood RNA tubes (Preparalytic GmbH, Qiagen Group,
Hilden, Germany). The tubes were stored after sampling at
−80°C pending further analysis. RNA isolation and com-
plementary DNA (cDNA) preparation were performed as
previously described according to manufacturer’s instruction.
Briefly, 100 ng of purified (Qiagen, PreAnalytiX) total RNA
was transcribed to cDNA (Applied Biosystems/Life Technol-
ogies) prior to quantitative PCR. The cDNA (2 µl) was
determined in the following TaqMan gene expression assays
(FAM‐labeled MGB probes; Applied Biosystems/Life Tech-
nologies Europe BV, Stockholm Sweden): NLRP3
(Hs00918082_m1, Lot:1235590), CASP1 (Hs00354836_m1,
Lot:1243286), and IL1B (Hs01555410_m1, Lot:1240086). The
samples were run in duplicates (20 µl) in a 96well fast‐
format on an ABI7900HT (Applied Biosystems) real‐time
PCR machine for 40 cycles, and analyzed with automatic
threshold for the different assays, using water as negative
control. Duplicate samples with high Ct‐variations (SD>
0.17) were rerun together with all of that patient’s samples,
on the same plate. This minimized the variation between
qRT‐PCR values for the patients’ day 1–7 samples. GAPDH
(Hs02758991_g1, Lot:1449046) was used as a reference gene.
The mRNA expressions of target genes in relation to GAPDH
were expressed as ratios calculated by the ΔΔCt method
[2–([CtTarget‐CtNegC]–[CtGAPDH–CtNegC])]. As the negative control
(Ct= 40) always turned out negative, the method could be
described as [2–([CtTarget]–[CtGAPDH])].

The individual ratios had a mean interassay variation
of 23% for all measurements.

2.4 | DNA microarray‐based genotyping

S. aureus isolates were characterized using the StaphyType
DNA microarray kit (Alere Technologies GmbH, Jena,
Germany). This array simultaneously detects 333 target
sequences, including species markers, resistance‐ and
virulence‐associated genes, as well as typing markers
allowing isolates to be assigned to MLST clonal complexes
(CCs). Protocols and procedures as well as primer and probe
sequences have been previously described in detail.27 In brief,
S. aureus isolates were stored at −40°C or −80°C in
commercially available cryotubes (various brands), then
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grown on Columbia blood agar and incubated overnight at
37°C. Staphylococcal cells were enzymatically lysed prior to
DNA preparation using enzymes from the StaphyType DNA
microarray kit, Proteinase K, and commercially available
spin columns (Qiagen, Hilden, Germany). The resulting
purified DNA was used as template in a linear primer
elongation with one primer per target. All targets were
amplified simultaneously, leading to incorporation of biotin‐
16‐dUTP into the single‐stranded amplicons. Amplicons
were stringently hybridized to the microarray, followed by
washing steps. A horseradish‐peroxidase–streptavidin con-
jugate was added, and after further incubation and washing,
hybridizations were visualized by a local dye precipitation.
An image of the microarray was taken and analyzed using a
designated reader, software, and database. This procedure
allowed the detection of individual target genes as well as
assignment of isolates to CCs by an automated comparison of
hybridization profiles with a reference database.

2.5 | Statistical analysis

Descriptive statistics are presented as median and inter-
quartile range (25th, 50th, and 75th percentiles) together
with minimum and maximum values. For comparison
between groups, the non‐parametric Mann–Whitney test
(comparison between two groups) or the Kruskal–Wallis test
(comparison between more than two groups) was used. The
Spearman rho test was used to assess correlations between
two variables. The nonparametric Friedman test was used to
evaluate differences over time. Differences were considered
statistically significant at p< .05. All statistical analyses were
performed with SPSS version 22 (IBM Corp., Armonk, NY).

2.6 | Ethics statement

The study was conducted in accordance with the ethical
guidelines of the Declaration of Helsinki, and was
approved by the Regional Ethical Review Board of
Uppsala, Sweden (ref: 2012/018). Written informed
consent to participate was provided by all patients within
the SAB cohort. For the controls, the study did not
require ethical approval according to paragraph 4 of the
Swedish Act concerning Ethical Conduct in Human
Research (2003:460) as the blood was withdrawn at the
time of blood donation (no extra harm or risk to the
donors), and no personal data were collected.

3 | RESULTS

3.1 | Patient characteristics

Clinical characteristics of the 20 patients with SAB
included in this study are summarized in Table 1.

Patients were evaluated according to disease severity;
13 patients (65%) fulfilled the criteria for sepsis, and 14
patients (70%) had complicated SAB. Comorbidities
according to Charlson score were recorded and 15
patients (75%) had one or more comorbidities. Ten
patients had indwelling devices, of which five had
metastatic foci adjacent to the indwelling material.
Echocardiography was performed in 15 patients, includ-
ing all patients with intracardiac devices. One patient
died on day 3 after enrolment, and was therefore subject
to sampling only on assessment days 1 and 2.

3.2 | Antibiotic susceptibility testing

Antibiotic susceptibility testing revealed that all 20 SAB
isolates were sensitive to cefoxitin, and were thus
classified as methicillin‐sensitive S. aureus.

3.3 | Caspase‐1 activity in neutrophils
and monocytes from patients with SAB
and controls

Flow cytometry was used to determine caspase‐1 activity in
neutrophils and monocytes by repeated measurement over
time during the first week after SAB diagnosis. Patients
with SAB displayed higher caspase‐1 activity in both
neutrophils and monocytes compared with healthy con-
trols, with significant differences at all assessment points,
except for caspase‐1 activity in neutrophils on
day 1 (Figure 1). Caspase‐1 activity was higher in
neutrophils than in monocytes, both in bacteremia patients
and in controls. During the first week after SAB diagnosis,
caspase‐1 activity (measured as median MFI) ranged
between 22.0 (day 1) and 30.8 (day 7) in neutrophils (range
1.2–105.8) and between 4.5 (day 2) and 5.8 (day 7) in
monocytes (range 1.2–65.1). Overall, patients with SAB
demonstrated a higher interindividual variation of caspase‐
1 activity in both neutrophils and monocytes compared
with controls, who displayed a less dispersed level of
caspase‐1 activity (Figure 1). For controls, the median MFI
of the caspase‐1 activity was 17.4 (9.4–25.0) in neutrophils
and 3.6 (3.0–4.9) in monocytes.

The median interval from reported onset of illness to
inclusion was 4 days (range 1–9). There were no
correlations between reported duration of illness and
caspase‐1 activity on day 1 in either monocytes (r= 0.18;
p= .32) or neutrophils (r= 0.24; p= .32).

3.4 | Proinflammatory cytokines IL‐18
and IL‐1β in patients with SAB and
controls

Caspase‐1 activation results in the maturation of the
proinflammatory cytokines IL‐18 and IL‐1β. Our finding
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that patients with SAB had increased caspase‐1 activity
compared with controls prompted us to analyze the
presence of these mature cytokines in parallel to caspase‐
1 activity. IL‐18 plasma levels were significantly elevated
in patients with SAB on all assessment points when
compared with controls (p< .0001; Figure 2). In plasma
from patients with SAB, the lowest median level of IL‐18
was found on day 7 (569 pg/ml; range 283–1294 pg/ml).
The median plasma level of IL‐18 in the controls was
304 pg/ml (range 176–504 pg/ml).

Plasma levels of IL‐1β were low overall, with no
significant differences between the patients with

bacteremia (highest median level was found on day 7;
1.7 pg/ml; range 0.1–11.4 pg/ml) and the controls
(median 1.6 pg/ml; range 0.8–4.2 pg/ml).

3.5 | mRNA expression of NLRP3,
CASP1, and IL1B, representing
inflammasome priming in patients with
SAB and controls

To elucidate NLRP3 inflammasome signaling on a
transcription level, mRNA expressions of NLRP3,
CASP1, and IL1B were analyzed by quantitative PCR
in whole blood of patients with SAB at all assessment
points, and compared with controls. The NLRP3
mRNA ratio levels were downregulated in patients
with SAB compared with controls, with significant
differences at all assessment points (p < .001), while
the CASP1 mRNA levels did not differ between
patients and controls. In contrast to NLRP3 expres-
sion, the mRNA level of IL1B was higher in whole
blood from patients with SAB compared with controls
during the first days of bacteremia, with significant
differences on days 1, 2, and 3 (p = .001, p = .004, and
p = .021, respectively). When analyzing the data on an
individual basis and over time, the mRNA expression
of CASP1 and IL1B coincided and followed the same
pattern. Evaluating the dynamics of CASP1 and IL1B
expression from day 1 to day 7 revealed significant
differences (p = .005 and p = .005, respectively) with
decreasing levels over time, although no differences
were found regarding NLRP3 mRNA expression
(p = .238). In addition, no differences in mRNA
expression for the studied genes at any assessment
point could be observed depending on normal or high
level of neutrophil counts (≤8 × 109/L vs >8 × 109/L).
Neutrophil counts on the different assessment days
for all patients with SAB are provided as supporting
information.

3.6 | Inflammasome signaling in
patients with complicated versus
uncomplicated SAB and sepsis versus no
sepsis

There was no significant difference in caspase‐1 activity,
nor cytokine levels of IL‐18 and IL‐1β depending on
disease severity assessed as complicated (n= 14) versus
uncomplicated (n= 6) SAB, or sepsis (n= 13) versus no
sepsis (n= 7). However, some of the patients presenting
with both sepsis and complicated bacteremia generally
showed more extreme interindividual variation in cas-
pase‐1 levels with either high or low levels, although
there was an overlap with other patients with SAB

TABLE 1 Clinical characteristics of the study patients

Patient characteristics (N=20)No. (%)a

Age, y, median (range) 79 (41–92)
Male sex 16 (80)

Sepsis and bacteremia classification
Sepsis‐3 (acute change in SOFA score ≥2) 13 (65)
Complicated bacteremia 14 (70)
Uncomplicated bacteremia 6 (30)

Comorbidity (Charlson score)
Congestive heart failure or a history of
acute myocardial infarction

9 (45)

Chronic renal insufficiency 2 (10)
Immunosuppression 2 (10)
Diabetes mellitus 4 (20)
Chronic obstructive pulmonary disease 2 (10)
Cerebrovascular lesions 3 (15)
Dementia 1 (5)
Malignancy 1 (5)
Connective tissue disease 1 (5)

Other predisposing conditions
Intravenous drug use 1 (5)
Alcoholism 1 (5)

Indwelling prosthesisb

Cardiac valve, pacemaker, implantable
cardioverter defibrillator

6 (30)

Prosthetic joint devices, other orthopedic
implants

5 (25)

C‐reactive protein (CRP) level
CRP level (mg/l) on day 1c, median (range) 249 (57–432)

Days of adequate antimicrobial treatment at
inclusion
0–1 11 (55)
2 8 (40)
3 1 (5)

Acquisition of bacteremia
Health care 9 (45)
Community 11 (55)

Primary focus of infection
Infective endocarditis 4 (20)
Osteomyelitis and/or septic arthritis 6 (30)
Deep‐seated abscesses 4 (20)
Skin and soft tissue infection 1 (5)
Catheter‐associated SAB 3 (15)
Sepsis with no identifiable focus 2 (10)

aUnless indicated otherwise.
bPatients may have more than one indwelling prostheses.
cData missing for two patients.
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(Figure 3). In addition, inflammasome signaling mea-
sured as caspase‐1 activity in neutrophils, IL‐18, or IL‐1β
did not differ between SAB patients with (n= 15) or
without comorbidities (n= 5) on any of the sampling
days.

When evaluating mRNA levels, patients with
complicated SAB generally expressed lower mRNA
levels of NLRP3, CASP1, and IL1B compared with

patients with uncomplicated SAB as shown in
Figure 4a–c. However, significant differences between
complicated and uncomplicated SAB were found
only for mRNA NLRP3 ratio on day 1 (p = .001) and
on day 7 (p = .046), and for CASP1 ratio on day 1
(p = .020). Yet, there was no difference in mRNA
levels when comparing SAB patients with and without
sepsis.

FIGURE 1 a–b Caspase‐1 activity in
neutrophils and monocytes in patients
with SAB and controls. Whole blood from
patients with SAB (n= 20) was analyzed
for caspase‐1 activity in (a) neutrophils
and (b) monocytes by repeated
measurement during the first week from
SAB diagnosis and compared with healthy
controls (n= 20). Caspase‐1 activity was
analyzed by flow cytometry detecting
FLICA. Values are presented as medians
and interquartile ranges. The
nonparametric Mann–Whitney test was
used to compare patients and controls.
Asterisks (*) represent significant
differences between patients with SAB
and controls for each day. Circles (○)
represent outliers more than 1.5 box
lengths from the box, and filled circles (•)
represent outliers more than 3 box lengths
from the box
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3.7 | Inflammasome signaling
in survivors and nonsurvivors

Six patients died within 60 days according to attributable
mortality definition; their median time to death was

16 days (range 3–60 days). Median age was 84 years for
nonsurvivors and 74 years for survivors. Overall, non-
survivors showed higher caspase‐1 activity in neutrophils
compared with survivors, with statistically significant
differences between the groups on day 3 (p= .044) and

FIGURE 2 Levels of IL‐18 during
SAB. Levels of IL‐18 were measured with
ELISA in plasma in patients with SAB
(n= 20) and compared with healthy
controls (n= 26). Data are presented as
medians and interquartile ranges. The
Mann–Whitney test was used to compare
patients and controls. Asterisks (*)
represent significant differences between
patients with SAB and controls for each
day. Circles (○) represent outliers more
than 1.5 box lengths from the box, and
filled circles (•) represent outliers more
than 3 box lengths from the box

FIGURE 3 Individual dynamics of caspase‐1 activity in neutrophils for patients with SAB. Whole blood from patients with SAB (n= 20)
was analyzed for caspase‐1 activity in neutrophils, by flow cytometry detecting FLICA. In total, 13 patients fulfilled the criteria for sepsis,
and 14 patients had complicated SAB. Patients with sepsis and complicated SAB (red line; n= 10) are shown in relation to those with sepsis
and uncomplicated SAB (blue line; n= 3), no sepsis but complicated SAB (green line; n= 4), and finally patients with no sepsis and
uncomplicated SAB (black line; n= 3). Nonsurvivors (patients who died within 60 days according to attributable mortality definition) are
indicated in figure with dagger (†) [Color figure can be viewed at wileyonlinelibrary.com]
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day 5 (p= .034; Figure 5). Analyzing the individual
caspase‐1 levels in neutrophils for each SAB patient,
nonsurvivors mainly showed either high or low levels,
and all six patients who died fulfilled the criteria for both
sepsis and complicated bacteremia (Figure 3). No
difference in caspase‐1 activity was detected in mono-
cytes of survivors and nonsurvivors. One patient, who
died on day 3, demonstrated undetectable caspase‐1

activity in monocytes and very low caspase‐1 activity in
neutrophils on day 1 and day 2.

As for caspase‐1, IL‐18 secretion was more pro-
nounced in nonsurvivors compared with survivors,
with a significant difference found on day 7 (p = .007;
Figure 5). Levels of IL‐1β did not differ between
survivors and nonsurvivors at any time point. In
addition, survivors and nonsurvivors did not differ in

(a) (b)

(c)

FIGURE 4 a–c. Dynamic variation in mRNA ratio of CASP1 (procaspase‐1), NLRP3, and IL1B (pro‐IL‐1β) in patients with
uncomplicated (n= 6) or complicated (n= 14) SAB and in controls (n= 20). The mRNA levels of (a) CASP1, (b) NLRP3, and (c) IL1B were
measured by qPCR on cDNA from mRNA, isolated from whole blood. Ratios were calculated in relation to the reference gene GAPDH. Data
are presented as medians and interquartile ranges. Differences in mRNA ratios between patients with complicated and uncomplicated SAB
were compared with the Mann–Whitney test, and asterisks (*) represent significant differences between those SAB groups. Circles (○)
represent outliers more than 1.5 box lengths from the box, and filled circles (•) represent outliers more than 3 box lengths from the box.
cDNA, complementary DNA; mRNA, messenger RNA; qPCR, quantitative PCR
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terms of mRNA expression of NLRP3, CASP1, and
IL1B, with the exception of NLRP3 expression on day 5
(p = .014).

3.8 | DNA microarray analysis

DNA microarray analysis demonstrated assignment of
SAB isolates to nine different CCs, of which CC45 (n= 5),

CC15 (n= 4), and CC1 (n= 3) were the most prevalent.
The remaining CCs (CC6, 7, 12, 25, 30, and 97) comprised
one to two isolates each.

The isolates were distributed between agr groups I, II,
and III. Ten SAB isolates harbored agr group I alleles,
while agr group II and agr group III alleles were found in
five isolates each. The isolates carried surface‐associated
capsular polysaccharide genes associated with either

FIGURE 5 a–b. Caspase‐1 activity
and levels of IL‐18 in plasma during SAB
in survivors and nonsurvivors. Whole
blood from patients with SAB (n= 20)
was analyzed for (a) caspase‐1 activity in
neutrophils by flow cytometry detecting
FLICA and (b) plasma levels of IL‐18 were
measured with ELISA. Data are presented
as medians and interquartile ranges.
Survivors (n= 14) were compared with
nonsurvivors (n= 6) using the
Mann–Whitney test, and asterisks (*)
represent significant differences between
groups for each day. Circles (○) represent
outliers more than 1.5 box lengths from
the box, and filled circles (•) represent
outliers more than 3 box lengths from the
box
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serotype 5 (n= 3) or serotype 8 (n= 17). Of the S. aureus
pore‐forming toxins known to activate the NLRP3
inflammasome, the hla gene encoding α‐hemolysin and
the hlgA gene encoding γ‐hemolysin were found in all
isolates, whereas the hlb gene encoding β‐hemolysin was
harbored by 10 isolates. The Panton–Valentine leukoci-
din genes (lukF‐PV, lukS‐PV) were found in only one
isolate, whereas the leukocidin genes lukA and lukB were
present in all isolates.

There were no significant differences in caspase‐1
activity in either monocytes or neutrophils depending on
clonality, agr group assignment, capsular polysaccharide
type, or prevalence of the β‐hemolysin gene.

4 | DISCUSSION

Previous studies focusing on S. aureus‐mediated NLRP3
inflammasome activation have mainly been performed in
vitro or in murine models.6,7,16–19 This study investigated
the activation of the caspase‐1 inflammasome during the
acute phase of infection, by repeated measurement over
time, in a cohort of patients with SAB, all with methicillin‐
sensitive S. aureus. We found, in comparison to healthy
controls, that patients with SAB generally displayed higher
caspase‐1 activity in both neutrophils and monocytes during
the first week of bacteremia, as well as elevated plasma
levels of the proinflammatory cytokine IL‐18. In addition,
the mRNA expression of NLRP3, CASP1, and IL1B was
altered in patients with SAB compared with healthy
controls, indicating a modified priming state of the NLRP3
inflammasome during bacteremia.

Caspase‐1 activity was measured by flow cytometry in
both neutrophils and monocytes, and a clear difference
was observed in caspase‐1 activity between the two
leukocyte populations. Overall, caspase‐1 activity was
higher in neutrophils than in monocytes, in line with
previous results from our group.8 So far, studies have
mainly focused on the NLRP3 inflammasome signaling
in monocytes and macrophages,6,7 whereas the immune
response involving the NLRP3–caspase‐1–IL‐1β axis in
neutrophils is less studied. In humans, neutrophils
maintained in the circulation can rapidly be recruited
to the site of infection and thereby play a highly
important protective role in the immune response against
S. aureus infections. In addition, expression of the NLRP3
protein and other inflammasome components has been
demonstrated in neutrophils,28 and neutrophil‐mediated
IL‐1β has been suggested to play a major role in the
innate immune response.29 Increased caspase‐1 activity
in neutrophils has also been demonstrated during
Helicobacter pylori infection.9 These studies, taken
together with our data showing a significant caspase‐1

activity in neutrophils, highlight the importance of
neutrophils in NLR signaling during infections such as
SAB.

In accordance with the finding of an increased
caspase‐1 activity, plasma levels of the caspase‐1‐
mediated cytokine IL‐18 were elevated in patients with
bacteremia compared with controls, as previously re-
ported in neonates with sepsis.30 However, in contrast to
IL‐18, levels of IL‐1β were low in both patients with
bacteremia and controls. It is possible that an initial
release of IL‐1β had occurred already before collection of
the first study sample, as IL‐1β is known to be present
during the early phase of bacteremia or sepsis.

Considering the inflammasome activation on an in-
dividual basis, most but not every one of the patients with
bacteremia showed increased caspase‐1 activity compared
with controls. Furthermore, there was a large interindivi-
dual difference in both caspase‐1 activity and plasma levels
of IL‐18 among patients with bacteremia. These results are
in agreement with our previous findings demonstrating
interindividual variations in caspase‐1 activity upon stimu-
lation ex vivo of Propionibacterium acnes.8 Host factors as
well as pathogen virulence factors may have an impact on
innate immune signaling, and in addition, the inflamma-
some activation may be tissue specific.31 In patients
presenting with complicated SAB or sepsis, the variation
in caspase‐1 activity was more pronounced, indicating the
importance of a balanced activation of the inflammasome
for disease manifestation.

In our limited cohort of patients with SAB, the
attributable mortality was 30%. Plasma levels of IL‐18
were higher in nonsurvivors than in survivors at all
assessment points, with significant differences on day 7.
These results are in agreement with previous studies
pointing out IL‐18 as an important predictor of mortality
in humans with severe sepsis and septic shock,32 as well
as an IL‐18‐dependent increase in mortality in neonates
with sepsis.30 Moreover, we observed a propensity for
increased caspase‐1 activity among nonsurvivors com-
pared with survivors. Kebaier et al.16 found NLRP3‐
deficient mice to have less severe S. aureus pneumonia,
which could indicate a potential therapeutic role of
NLRP3 inhibition as an adjuvant treatment in S. aureus
infections.16 By contrast, one patient in our study who
died on assessment day 3 displayed undetectable caspase‐
1 activity in monocytes on the day prior to death. These
data suggest that patients who are either high or
extremely low responders in NLRP3 inflammasome
signaling might be more vulnerable to S. aureus disease
progression and death. In recent years, a host response of
simultaneous pro‐ and anti‐inflammatory nature has
been recognized to prevail during sepsis, and a balanced
response is now considered to produce a more favorable
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disease outcome.23 It is of interest to note that caspase‐1
is also responsible for the maturation of the anti‐
inflammatory cytokine IL‐37, which binds to IL‐18R.33

Future studies should determine the levels of this
cytokine in parallel to, for example, IL‐1β and IL‐18.
Such a panel of pro‐ and anti‐inflammatory cytokines
would describe the immune status of each patient at a
certain time point during the course of bacteremia and
sepsis.

Various S. aureus clones display different combina-
tions of virulence genes encoding important virulence
factors, such as exotoxins.15 Pore‐forming toxins known
to activate the NLRP3 inflammasome include hemolysins
and leukotoxins.6,7,16–19 In particular, α‐hemolysin has
been found to cause inflammasome assembling with
subsequent release of IL‐1β.6,16,17 The leukotoxin PVL
and the more recently discovered leukocidin A/B have
also been shown to activate caspase‐1.18,19 Our data using
DNA microarray analysis showed that all SAB isolates
carried the hla‐gene encoding α‐hemolysin and the hlgA‐
gene encoding γ‐hemolysin. These genes are also known
to be within the core genome of S. aureus. The genes
encoding PVL were harbored by only one bacteremia
isolate and did not elicit a higher caspase‐1 activity
compared with others. Bacterial load and pathogen
virulence are factors that may influence the magnitude
of a host response.34 Still, we did not find caspase‐1
activity to be associated with S. aureus clonal lineages, of
which the predominant CCs in this study are known to
be among the more prevalent lineages of S. aureus in
other Western European settings.35

Part of the inflammasome activity is its priming,
including transcriptional upregulation of NLRP3 and
IL1B (the gene encoding pro‐IL‐1β).10 We found that SAB
patients displayed an altered priming in comparison to
healthy controls, with significantly lower mRNA levels of
NLRP3 accompanied by elevated levels of IL1B and
CASP1 (the gene encoding procaspase‐1). The individual
patients’ responses to SAB were, however, highly varying
in all three gene expressions. Interestingly, each patient
displayed mRNA expressions of IL1B and CASP1 that
coincided over time, and even if the peaks in expression
did not always take place during the first assessment
days, their presence declined over time in all patients.
While previous studies have found the NF‐κB‐mediated
priming signal to trigger transcription of NLRP3 and
IL1B, a parallel pattern of CASP1 and IL1B has not
previously been reported.

When analyzing patients regarding disease severity,
patients with uncomplicated SAB generally had higher
CASP1 mRNA and IL1B mRNA levels than patients with
complicated SAB, and this pattern was pronounced on
day 1. This may indicate the benefit of an adequate

inflammatory response early in the bacteremia phase. By
contrast, the low levels of NLRP3 mRNA, particularly in
patients with complicated SAB, suggest an immunosup-
pressed state, where the low expression level of NLRP3
becomes the limiting step that prevents the assembling of
the inflammasome and thereby its maturation of IL‐1β,
even with IL1B mRNA present at an elevated level. Such
an immunosuppressed state could explain the more
complicated disease course of these patients. A sup-
pressed immune response involving downregulated
mRNA expression of NLRP1 accompanied by normal
levels of IL1B and CASP1 mRNAs has been observed in
ex vivo stimulated monocytes in patients with trauma,36

and reduced NLRP3 gene expression in patients suffering
polytrauma has also been discussed.37 In addition, the
patients with complicated SAB in the present study
displayed downregulated mRNA levels of the immuno-
suppression marker human leucocyte antigen‐DRA,
HLA‐DRA, recently shown by our group,38 indicating
an immunocompromised state.23

We used GAPDH as a reference gene, and found that it
worked well in the healthy controls. However, GAPDH
mRNA levels were not completely stable among the
patients; instead, there were interindividual variations in
the Ct value. This is a phenomena recently noted in
patients with sepsis,39 and brings into question the
suitability of GAPDH as a reference gene when analyzing
mRNA in cells from individuals with severe inflamma-
tion. These findings indicate a different immunological
response in vivo compared with in vitro, and suggest the
regulation of the immune response during severe
inflammation to be far more complex than seen in
the in vitro models studied previously. In addition, the
GAPDH mRNA levels were generally more increased in
patients compared with controls. If taken this into
calculation, the expression of NLRP3 (shown in Figure
4b) will in fact turn out to be even more suppressed in
patients with SAB. As GAPDH is a regulatory component
of glucose metabolism, our finding of an unstable GAPDH
is of greatest interest in regard to metabolic regulation of
the immune system, known as immunometabolism, a
phenomenon suggested to regulate immunoparalysis.40

Blocking GAPDH has recently been found to induce
inflammasome formation, caspase‐1 activation, and IL‐1β
secretion in an NLRP3‐dependent manner.41 Our data
support this reversed interrelationship between GAPDH
and NLRP3, by showing opposite expression on the
transcriptional level. However, it is still not known
whether, and in what way, the interrelationship between
GAPDH and NLRP3 contributes to protection against
pathogens or plays an important role in sepsis.

Besides the use of GAPDH as a reference gene, this
study has other limitations. Most importantly, the
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relatively small sample size means that it might be
difficult to draw conclusions regarding host innate
immune response in general, considering the hetero-
geneous disease manifestation of SAB. Furthermore, the
cleavage process of IL‐1β/IL‐18 is complex, including
other routes of activation than caspase‐1, such as
enzymatic activity of serine proteases,42 which was not
taken into consideration in this study.

In conclusion, our study shows that caspase‐1 activity
was induced in innate immune cells, with subsequent
release of IL‐18, in patients during the acute phase of
SAB, indicating activation of the inflammasome. The
large interindividual variations in caspase‐1 levels among
patients with SAB suggest an important role of this part
of the innate immune system for disease manifestation
and outcome during bacteremia. It is tempting to suggest
that individuals with the ability to activate the NLRP3
inflammasome signaling cascade in a balanced way,
neither too strongly nor too weakly, may have the most
favorable outcome. The mechanisms responsible for the
substantial interindividual variations in host immune
response deserve further evaluation. A better under-
standing of the individual host immune response in SAB
could help tailor management and treatment of each
individual patient.
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