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Abstract

Invasive Staphylococcus aureus infections are frequently associated with bacteraemia. To support clinical decisions on
antibiotic therapy, there is an urgent need for reliable markers as predictors of infection outcome. In the present study in
mice, bacteraemia was established by intravenous inoculation of a clinical S. aureus isolate at the LDso inoculum. As
potential biomarkers for fatal outcome, blood culture (qualitative and quantitative), serum levels of C-reactive protein (CRP),
as well as 31 selected cytokines and chemokines were assessed during the first three days of infection. A positive S. aureus
blood culture, the quantitative blood culture, CRP levels, and levels of eight cytokines were indicative for the presence of S.
aureus bacteraemia. However, only tumor necrosis factor (TNF) o, interleukin (IL) 1o, and keratinocyte chemoattractant (KC;
a functional homologue of human IL-8) were each significantly elevated in eventually non-surviving infected mice versus
eventually surviving infected mice. In severe S. aureus bacteraemia in mice, TNF-qa, IL-10, and KC are biomarkers predicting
fatal outcome of infection. KC was a biomarker elevated irrespective the progression of infection, which is very interesting
regarding clinical application in view of the heterogeneity of patients experiencing bacteraemia in this respect.

Citation: van den Berg S, Laman JD, Boon L, ten Kate MT, de Knegt GJ, et al. (2013) Distinctive Cytokines as Biomarkers Predicting Fatal Outcome of Severe
Staphylococcus aureus Bacteremia in Mice. PLoS ONE 8(3): €59107. doi:10.1371/journal.pone.0059107

Editor: Stephania Ann Cormier, Louisiana State University Health Sciences Center, United States Of Ameica
Received November 12, 2012; Accepted February 11, 2013; Published March 8, 2013

Copyright: © 2013 van den Berg et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was in part supported by Top Institute Pharma project T4-213. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript. No additional external funding was received for this study.

Competing Interests: Louis Boon is employed by Bioceros BV. This does not alter the authors’ adherence to all the PLOS ONE policies on sharing data and
materials. His employment by this company had no influence on this manuscript.

* E-mail: s.vandenberg@erasmusmc.nl

Introduction antibiotic therapy or adjustment of antibiotic choice in therapy
already started in severe bacteremia is highly important. Knowl-
edge of how to predict fatal outcome in patients with S. aureus
bacteremia is currently lacking. To support clinical decisions on
these issues, there is an urgent need for reliable markers that can
be used as predictors of outcome of infection.

Staphylococcus aureus is an important opportunistic pathogen that
causes a variety of infections, from relatively mild infections such
as skin infections and food poisoning, to life-threatening conditions
such as necrotizing pneumonia and osteomyelitis [1]. The invasive
infections are frequently associated with S. aureus bacteremia [2].
Shorr et al. showed that S. aureus was the most common bacterial
isolate in 6,697 bloodstream infections in the USA, and S. aureus
was more strongly associated with mortality than any other
bacterial pathogen [3].

A clinically significant bacteremia is generally defined as the

An obvious candidate biomarker may be C-reactive protein
(CRP), which is the classic acute phase protein. CRP is released by
the liver to the blood, and activates the complement system. This
marker is currently used to determine inflammation and tissue
damage [5]. Systemic levels of CRP are elevated in septic
traumatized patients compared to non-septic traumatized patients

isolation of bacteria from one or more peripheral venous blood [6]. Synthesis of CRP by hepatocytes starts very rapidly, and CRP
culture samples collected from a patient with associated relevant can be detected in plasma after 6-12 hours, and a plateau is

clinical symptoms of systemic infection as defined on the 2001 reached after 20-72 hours. Plasma halflife of CRP is about
International Sepsis Definitions Conference [4]. When sepsis is 19 hours [7-9].
strongly suspected, an appropriate treatment regimen for each
patient is designed.

Blood culture confirms the presence of bacteremia, and allows

Bacteremia can lead to sepsis and multiple organ failure, and
eventually to death when therapy fails. For many years, it was
assumed that sepsis is a consequence of an overwhelming
inflammatory reaction of the patient to microorganisms. Neutral-
ization of single pro-inflammatory cytokines like tumor necrosis
factor (TNF) o or interleukin (IL) 1 in animal models of sepsis
resulted in protection against lethal sepsis [10-14]. In contrast to

identification of the causative infectious agent. Rapid diagnosis
and (antibiotic) treatment of bacteremia is essential, as any delay in
treatment may lead to worse outcome. On the other hand,
antibiotic use should be limited, and proper decision on initiating
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these murine studies, inhibition of these cytokines has not provided
clinical benefit to patients with severe sepsis [15-20]. Therefore, it
is clear that not only the pro-inflammatory reaction forms the basis
for adverse outcome in sepsis, immune suppression by anti-
inflammatory reactions is involved as well. As cytokines are
important in sepsis, they are candidate biomarkers for presence
and fatal outcome of S. awreus bacteremia. Clinical studies
determined cytokine levels in sepsis or sepsis-like situations. Two
studies assessed cytokine levels in healthy volunteers after
lipopolysaccharide injection (LPS) injection. Dandona et al. [21]
found elevated serum levels of TNF-o,, and Van der Poll e al. [22]
described a rise in IL-10 plasma levels. Cytokine levels in septic
patients were measured as well. These studies did not focus on a
single causative infectious agent. Levels of IL-18 [23], TL-2 [24],
IL-6 [23,25-28], IL-8 [24], IL-10 [22,23,26-28], TNF-a
[23,28,29], and IFN-y [28] were elevated in septic patients
compared to normal levels. Levels of IL-6 [23,26], IL-10 [22,30]
and TNF-a [30] were predictive for fatal outcome in patients with
sepsis, while IL-10 [23,26] levels were predictive for survival. It is
difficult to evaluate the value of changes in cytokine profile during
bacteremia in patients due to differences in the causative infectious
agents in these studies. In addition, only a limited number of
cytokines were included in these studies, which hinders the
comparison of results obtained from the various studies.

Hence, we hypothesized that cytokines are useful as biomarkers
for fatal outcome of S. aureus bacteremia. The present study in
mice was performed to identify biomarkers predicting fatal
outcome of severe S. aureus bacteremia. We focused on blood
culture, CRP, and selected cytokines. To this aim, we established
an i viwo model of severe S. aureus bacteremia in mice, using a
clinical S. aureus isolate. The use of a S. aureus inoculum resulting in
50% mortality allowed comparing eventually surviving infected
mice and eventually non-surviving infected mice in the same
model.

Materials and Methods

Bacteria

A clinical S. aureus isolate (isolate P), recovered from a septic
patient, was used. This isolate was kindly supplied by G. Buist
(University Medical Centre Groningen, The Netherlands) and
described by Ziebandt et al. (CA-MSSA, MLST type 7, agr-type 1,
pol-negative) [31]. Staphylococci were grown overnight at 35°C on
Colombia III blood agar (Becton Dickinson, Breda, The Nether-
lands). Cultures of . aureus, grown in Brain Heart Infusion broth
(Becton Dickinson, Breda, The Netherlands) until ODsg0 ~ 1.0,
were stored at —80°C.

Animals

Specified opportunistic pathogen-free (SOPF) female BALB/
cBY]J S. auwreus-free mice (11-13 weeks at day of infection) were
obtained from Charles River (Saint-Germain-sur-I’Arbresle,
France), and were given food and water ad libitum. Before each
experiment, S. aureus-free status was checked by culture of fresh
fecal and nasal microbiota as well as by confirming the absence of
anti-staphylococcal IgG levels against 54 antigens using Luminex
technology [32].

Ethics statement

The experimental protocols adhered to the rules specified in the
Dutch Animal Experimentation Act (1977) and the published
Guidelines on the Protection of Experimental Animals by the
Council of the EC (1986). The Institutional Animal Care and Use
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Committee of the Erasmus University Medical Centre Rotterdam
approved the present protocols.

S. aureus bacteremia

A suspension of S. aureus was defrosted and centrifuged for
10 minutes at 14.000xg. . The S. aureus pellet was resuspended in
saline, and diluted to obtain the desired inoculum. To establish
bacteremia, 100 pL of S. aureus isolate P was injected into the tail
vein.

Various S. aureus inocula, resulting in 0 — 100% mortality, were
injected intravenously (n=5 per inoculum) to determine the
inoculum-dependent cumulative mouse mortality. Clinical signs of
illness in each mouse were evaluated twice daily. Mice with bad fur
were scored -2. Mice with bad fur and hunched back were scored -
3. Mice with bad fur and hunched back and that were instable,
were scored -4. These mice showed severe signs of illness and were
euthanized by COq exposure. Euthanized mice were considered as
death, as pilot experiments showed that mice with severe signs of
illness died before the end of the experiment. Animal survival 14
days after inoculation was monitored and cumulative mortality
was calculated. For experiments, groups of mice (n=25) were
infected with a S. aureus inoculum at the 50% lethal dose (LDs).
Animal survival rate, body weight, and discomfort were monitored
over 14 days. From mice that were euthanized due to severe signs
of illness, blood, lung, spleen, liver, and kidneys were cultured to
confirm that they died because of S. aureus infection only.

At various intervals after infection, the bacterial load in blood
and infected organs was determined. Mice (n =4 per time point)
were sacrificed at 1, 17, or 48 hours by COy exposure. A blood
sample was taken via (transcutaneous) cardiac puncture and
collected in a vial containing Lithium Heparin (Sarstedt, Etten-
Leur, The Netherlands). The lung, spleen, liver, and kidneys were
removed aseptically and homogenized (Polytron, Kinematica,
Luzern, Switzerland) in 2 mL of saline for 10 seconds at
30,000 rpm at room temperature. Undiluted homogenate suspen-
sions and blood and 10-fold serial dilutions of homogenates and
blood in saline were plated onto Colombia III blood agar. After
overnight incubation at 35°Ci colonies were counted.

The histopathological changes in infected tissues of non-
surviving, euthanized mice (n=4) were determined in animals
sacrificed using an overdose of pentobarbital (Ceva Sante
Animale, Naaldwijk, The Netherlands). The i situ re-expanded
lungs and the other organs were processed as described before
[33]. Tissue sections (4 um) were stained with haematoxylin and
eosin. A pathologist examined the sections microscopically.

Parameters to monitor infection progression and
outcome

Blood cultures. Blood was withdrawn from the tail artery of
infected mice at 17, 48, and 72 hours after infection (n=25),
collected in a Microvette® CB300 capillary tube containing
Lithium Heparin (Sarstedt, Etten-Leur, The Netherlands) and
cultured as described above.

C-reactive protein. For quantification of CRP, blood was
withdrawn from the tail artery of infected mice at 1, 17, or
48 hours after infection. Blood was collected in a Microvette
CB300 capillary tube (Sarstedt, Etten-Leur, The Netherlands) and
sera were prepared and stored at —80°C. To exclude effects of
animal handling, a control group receiving saline only was
included (n=10). CRP was measured via solid phase ELISA kit
(LifeDiagnostics, West Chester, PA) according to the manufactur-
er’s instructions, as described by Reichelt et al. [34]. All samples
were run in duplicate and reported as an average of two
determinations.
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Cytokines. Cytokine concentrations in serum were assessed
at 1, 17, or 48 hours after infection. To exclude effects of animal
handling on cytokine levels, a control group receiving saline only
was Included (n = 10). Cytokine levels were determined using the
Milliplex® MAP kit (Millipore, Amsterdam, The Netherlands) in
duplicate, following the manufacturer’s user manual using the
Luminex 100 instrument (Biomedical Diagnostics, Antwerpen,
Belgium). Selected cytokines were: granulocyte colony stimulating
factor (G-CSF), granulocyte monocyte colony stimulating factor
(GM-CSF), macrophage colony stimulating factor (M-CSF),
mterferon (IFN) vy, leukemia inhibitory factor (LIF), tumor necrosis
factor (TNF) o, interleukin (IL) 1o, IL-1B, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, and IL-17A.
Selected chemokines were: eotaxin (CCLI), IFN-y inducible
protein of 10 kDa (IP-10; CXCL10), keratinocyte chemoattractant
(KC; CXCLI; functional homologue of human IL-8 [35]),
lipopolysaccharide induced CXC chemokine (LIX; CXCL5-6),
monocyte chemoattractant protein 1 (MCP-1; CCL2), monokine
induced by IFN-y (MIG; CXCL9), macrophage inflammatory
protein lo (MIP-1o; CCL3), MIP-1B (CCL4), MIP-2 (CXCL2),
the chemokine regulated-upon-activation normal T-cell expressed
and secreted (RANTES; CCL5), and vascular endothelial growth
factor (VEGF). Selected cytokines and chemokines are represen-
tative for both pro- and anti-inflammatory cytokines.

Statistical analysis. Quade’s rank analysis of covariance was
used to compare body weight of placebo-inoculated mice,
surviving infected mice and non-surviving infected mice. Fisher
exact test was used to compare numbers of mice with positive
blood cultures in groups of surviving infected mice versus non-
surviving infected mice. Also, S. aureus counts in blood and organs,
and serum levels of CRP and cytokines in groups of placebo-
inoculated mice, surviving infected mice and non-surviving
infected mice were compared using the Mann-Whitney U test.
Binary logistic regression analysis using all variables associated
with presence or fatal outcome of S. aureus bacteremia in the
Mann-Whitney U test (P-values < 0.01) was performed to
determine the biomarkers for presence and fatal outcome of S.
aureus bacteremia. Receiver operating characteristic (ROC) curves
were constructed and markers with area under ROC curve > 0.8
are considered indicative as biomarker.

Results

Course of S. aureus bacteremia

To establish the LDs5y inoculum in the S. aureus bacteremia
model, groups of mice were intravenously infected with different
inocula (data not shown). S. aureus at 1 x 10* CFU did not result in
mortality, while 2 x 10° CFU S. aureus resulted in 100% mortality.
The LDj5q inoculum was calculated to be 3 X 10° CFU. The
survival of mice infected with the LDsy inoculum declined
gradually over 14 days (Fig. 14). After this time point, no changes
in animal survival were observed. Infected mice decreased in body
weight compared to placebo-inoculated mice. Body weight of
eventually non-surviving infected mice was significantly lower
compared to eventually surviving infected mice and to placebo-
inoculated mice (P < 0.01; Quade’s rank analysis of covariance;
Fig. 1B). Discomfort increased in all infected mice from two days
after infection. In surviving infected mice, this remained stable
until day 10 after infection and then decreased again, whereas the
discomfort score in non-surviving infected mice further increased.
Animals that showed severe signs of illness were euthanized and
were scored —4 (Fig. 1C). During the course of bacteremia, S. aureus
load in blood and organs did not significantly change over time
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(Fig. 2). Only in kidneys, S. aureus load tended to increase over
time.

The course of S. aureus bacteremia was further characterized by
histopathology of lungs, spleen, liver, and kidneys. Organs of
infected mice that had to be euthanized early (day 4-5) and mice
that had to be euthanized later (day 10-11) were compared (Fig.
3). Most striking were renal bacterial abscesses in all euthanized
mice. Bronchopneumonia was observed in both early euthanized
mice and in one of the late euthanized mice. Bronchioles were
filled with neutrophils. The hepatic sinusoids were dilated with a
subtle increase of sinusoidal neutrophils in mice that had to be
euthanized early. Mice that had to be euthanized late also
developed hepatic microabscesses. The spleen showed lymphode-
pletion, which was more profound in late euthanized mice
compared to early euthanized mice. S. aureus was primarily found
intra- and perivascularly.

S. aureus load in blood in surviving infected mice versus
non-surviving infected mice

We determined whether conventional blood culture is indicative
for fatal infection outcome (Fig. 4). The number of animals with
positive blood cultures was not significantly different between
groups of surviving infected mice and non-surviving infected mice
at all time points. Quantitative blood cultures showed substantial
inter-individual variability. At 72 hours, CFU counts tended to be
higher in non-surviving infected mice compared to surviving
infected mice, although this was not statistically significant. Blood
cultures were negative in all surviving infected animals at 2 weeks
after inoculation (data not shown).

C-reactive protein levels in surviving infected mice versus
non-surviving infected mice

We determined whether serum CRP levels are indicative for
presence and fatal outcome of S. aureus bacteremia in mice (Fig. 5).
CRP levels were significantly elevated in infected mice compared
to placebo-inoculated mice at both 17 and 48 hours after infection
(P < 0.01). No significant differences were found between
surviving infected mice and non-surviving infected mice.

Cytokines in surviving infected mice versus non-surviving
infected mice

Serum levels of 31 selected cytokines were assessed. Significant
differences between S. aureus-infected mice versus placebo-inocu-
lated mice as well as between non-surviving infected mice versus
surviving infected mice are shown in Table 1.

Comparing infected mice to placebo-inoculated mice, 21
cytokines were elevated in infected mice (P < 0.01; Mann-
Whitney U test). From these, 3 cytokines (ITNF-a, IL-6, and KC)
were already elevated early at 1 hour after infection and remained
elevated at 17 and 48 hours after infection. IL-10 was elevated at 1
and 17 hours as well, but was not elevated anymore at 48 hours.
At both 17 and 48 hours after infection, 12 cytokines were
elevated (G-CSF, M-CSF, IFN-y, IL-1a, IL-1p, IL-12p70, IL-15,
IL-17A, IP-10, MCP-1, MIG, and MIP-10) in infected mice
compared to placebo-inoculated mice. GM-CSF, MIP-1o, MIP-2,
and RANTES were only elevated at 17 hours, while eotaxin was
only elevated at 48 hours after infection. Logistic regression
analysis showed that G-CSF, TNF-o, IL-1a, IL-6, IL-12p70, IP-
10, KC, and MIP-1a were discriminative between infected mice
and placebo-inoculated mice. Levels of these 8 cytokines in
individual mice are shown in Fig. 6. Levels of G-CSF showed an
impressive increase between 1 and 17 hours after infection, and
remained high at 48 hours. Levels of IL-12p70, IL-1a, IL-6, KC,
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Figure 1. Time course of bacteremia in mice infected with S. aureus at the LDs, inoculum. A Survival of infected mice (n=25). B Mouse
body weight, shown as mean = SD (error bars). Body weight of non-surviving infected mice was significantly lower compared to surviving infected
mice and to placebo-inoculated mice (P < 0.01; Quade’s rank analysis of covariance). C Discomfort score, shown as mean = SD (error bars).
Discomfort score -2: bad fur. Discomfort score -3: bad fur, hunched back. Discomfort score -4: bad fur, hunched back, instability, euthanasia needed.
Placebo-inoculated mice (@ n=12), surviving infected mice (Bl n=25), non-surviving infected mice (4 n=25).

doi:10.1371/journal.pone.0059107.g001

and MIP-1lo showed an increase between 1 and 17 hours as well,
although this increase was less pronounced than for G-CSF. The
levels of these 5 cytokines remained elevated at 48 hours. IP-10
levels showed an initial increase between 1 and 17 hours as well,
but decreased again between 17 and 48 hours. Levels of TNF-a
were elevated at 1, 17, and 48 hours. The elevated cytokine levels

PLOS ONE | www.plosone.org

in infected mice were not the result of animal handling during
blood drawing of blood, as cytokine levels in placebo-inoculated
mice were consistently low. Cytokine levels in surviving infected
mice decreased over time, and were near or comparable to those
in placebo-inoculated mice 2 weeks after inoculation (data not
shown).
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Figure 2. S. aureus counts in blood and organs from mice with bacteremia. At indicated time points after intravenous inoculation of S.
aureus at the LDso inoculum, mice were sacrificed and quantitative cultures of blood and organs were performed (n=4 per time point). Results are
expressed as mean * SD (error bars). Statistically significant differences (Mann-Whitney U test) in S. aureus load were not found. h, hours.

doi:10.1371/journal.pone.0059107.9g002

Comparing non-surviving infected mice to surviving infected
mice, we also found differences in the cytokine levels. Serum levels
of 5 cytokines were elevated in non-surviving infected mice
compared to surviving infected mice (P < 0.01; Mann-Whitney U
test). From these, KC was already elevated early at 1 hour after
infection in non-surviving infected mice, and remained elevated at
17 and 48 hours after infection. The other 4 cytokines (TNF-o, IL-
la, IL-1P, and eotaxin) were elevated in non-surviving infected
mice only at 48 hours after infection. Logistic regression analysis
showed that TNF-a, IL-1a, and KC were discriminative between
non-surviving infected mice and surviving infected mice. Each of
the three cytokines showed an area under ROC curve > 0.8.
Combining these cytokines in the analysis did not further improve
the area under ROC curve.

Discussion

Early diagnosis of §. aureus bacteremia is crucial to reduce
mortality rates. In addition, optimization of antibiotic use is of
high importance. To this aim, novel and reliable markers as
predictors of infection outcome are urgently needed. In this study
in mice, we determined whether blood culture, CRP, and
cytokines are potential biomarkers for presence and outcome of
S. aureus bacteremia. We have established a model of S. aureus
bacteremia in mice that were S. aureus-free before infection. In this
way, all (immune) responses in these animals were due to the
moculated S. aureus strain only. A clinical S. aureus isolate recovered
from a septic patient was used at an inoculum resulting in 50%
mortality of mice. This experimental design allowed comparison of
surviving and non-surviving mice infected with the same S. aureus
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inoculum. Staphylococci mainly migrated to the kidneys, resulting
in an increase of bacterial load and bacterial microabscesses in the
kidneys were observed. Similar observations were described by
Cheng ¢t al. [36]. The model proved to be very reproducible, and
provides a robust experimental system to investigate S. aureus
bacteremia.

When a patient is suspected of bacteremia, blood is drawn for
identification of the causative infectious agent, and cultured in
broth to make sure that low bacterial blood counts will also be
detected. Using this method, a quantitative blood culture cannot
be assessed. In the current study in mice, we investigated whether
presence of S. aureus bacteremia or S. aureus quantitative blood
counts are biomarkers predicting fatal outcome of S. aureus
bacteremia. A positive S. aureus blood culture did not discriminate
between eventually non-surviving infected mice and eventually
surviving infected mice. The S. aureus blood counts tended to be
higher in non-surviving infected mice compared to surviving
infected mice, but this was not statistically significant. We
concluded that neither the positive S. aureus blood culture nor
the S. aureus counts in blood could be used as biomarkers indicative
for fatal infection outcome.

We included CRP as a potential biomarker for presence and
fatal outcome of S. aureus bacteremia as this marker is frequently
used in clinical practice to determine and monitor inflammation
and infection in general. Circulating CRP levels directly reflect the
intensity of the pathological processes that stimulate the CRP
production [7]. The present study showed that CRP can be used
as a biomarker for presence of severe S. aureus bacteremia in mice.
However, serum CRP levels were not discriminative between
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kidneys

Figure 3. Representative histopathological features in lungs, spleen, liver and kidneys of mice with S. aureus bacteremia.
Haematoxylin and eosin stained tissue sections are shown. Lungs (200 x), spleen (100 x), liver (100 %), and kidneys (100 x). Uninfected mice; mice with
S. aureus bacteremia that were euthanized early (day 4-5); mice with S. aureus bacteremia that were euthanized later (day 10-11). In lungs, asterisk
indicates bronchopneumonia with neutrophils. In liver, arrow indicates hepathic microabscesses with neutrophils. In kidneys, arrows indicate
abscesses in kidneys.

doi:10.1371/journal.pone.0059107.g003
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Figure 4. S. aureus counts in blood from mice with bacteremia at indicated time points. Mice were inoculated intravenously with S. aureus
at the LDsg inoculum (n=25). Each symbol represents a single mouse. Median values are indicated by horizontal lines. Surviving infected mice (H),
non-surviving infected mice (). Statistically significant differences in numbers of animals with positive blood cultures (Fisher exact test) or S. aureus
counts (Mann-Whitney U test) between groups of surviving infected mice versus non-surviving infected mice were never observed. h, hours.
doi:10.1371/journal.pone.0059107.g004
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Figure 5. Serum C-reactive protein (CRP) levels in mice with S. aureus bacteremia at indicated time points. Mice were inoculated
intravenously with S. aureus at the LDso inoculum. Each symbol represents a single mouse. Red squares represent surviving infected mice (n=10);
black diamonds represent non-surviving infected mice (n=10); green circles represent placebo-inoculated mice (n=10). Median values are presented
by horizontal lines. Statistically significant differences between infected mice and placebo-inoculated mice are indicated. Statistically significant
differences were never found between surviving infected mice and non-surviving infected mice. P-values < 0.01 (Mann-Whitney U test) are shown. h,
hours.

doi:10.1371/journal.pone.0059107.g005

Table 1. Cytokines in serum from mice with S. aureus bacteremia at various time points after infection.

Elevated in non-surviving infected mice versus surviving

Elevated due to infection? infected mice?

Cytokine/chemokine 1h 17h 48h 1h 17h 48h
G-CSF <0.0001 <0.0001

GM-CSF 0.0044

M-CSF 0.0039 0.0099

IFN-y <0.0001 0.0017

TNF-o <0.0001 <0.0001 <0.0001 0.0004
IL-10 0.0073 0.0001 0.0065
IL-1B 0.0037 0.0031 0.0028
IL-6 <0.0001 <0.0001 <0.0001

IL-10 0.0001 0.0003

IL-12p70 <0.0001 0.0001

IL-15 0.0001 0.0003

IL-17A 0.0002 0.0007

eotaxin (CCL1) 0.0012 0.0025
IP-10 (CXCL10) <0.0001 0.0008

KC (CXCL1) 0.0089 <0.0001 <0.0001 0.0043 0.0025 0.0090
MCP-1 (CCL2) <0.0001 <0.0001

MIG (CXCL9) 0.0001 0.0008

MIP-1a: (CCL3) 0.0001 0.0019

MIP-1 (CCL4) 0.0015

MIP-2 (CXCL2) 0.0003

RANTES (CCL5) 0.0024

doi:10.1371/journal.pone.0059107.t001
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“Only P-values for the 21 cytokines that were significantly elevated (Mann-Whitney U test, P < 0.01) in infected mice (n=20) compared to placebo-inoculated mice
(n=10) are shown. Cytokines for which area under ROC curve was > 0.8 (logistic regression analysis) are indicated in bold.
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Figure 6. Serum cytokine levels elevated due to S. aureus bacteraemia in mice at indicated time points. Mice were inoculated
intravenously with S. aureus at the LDso inoculum. Each symbol represents a single mouse. Red squares represent surviving infected mice (n=10);
black diamonds represent non-surviving infected mice (n=10); green circles represent placebo-inoculated mice (n=10). Median values are presented
by horizontal lines. Statistically significant differences in cytokine levels between infected mice versus placebo-inoculated mice are indicated above
the x-axis. Statistically significant differences in cytokine levels between surviving infected mice versus non-surviving infected mice are indicated
below the x-axis. P-values < 0.01 (Mann-Whitney U test) are shown. h, hours.

doi:10.1371/journal.pone.0059107.g006

surviving infected mice and non-surviving infected mice, and
therefore CRP is not a biomarker for fatal outcome of infection.
These data in mice are in concordance with findings in bacteremic
patients, as CRP is a biomarker for presence of S. aureus
bacteremia, but does not predict outcome of infection [6]. As
CRP is not specific for S. aureus infection, elevated CRP levels will
not indicate bacteremia caused by S. aureus only.

In addition, we assessed whether cytokines can be used as
biomarker in . aureus bacteremia. According to the binary logistic
regression analysis, TNF-a, IL-10, KC, G-CSF, IL-6, IL-12p70,
IP-10, and MIP-la are indicative for presence of S. aureus
bacteremia in mice, while TNF-a, IL-lo,, and KC were also
potential biomarkers for fatal outcome of this infection. As the last
three cytokines each had a very high area under ROC curve, and
combination of these cytokines did not improve this, each of these
can be used individually as biomarkers for fatal outcome.
Diagnosis of S. aureus bacteremia cannot be based solely on
elevated levels of these cytokines, as cytokine levels will rise in
other infections as well. Until now, cytokine levels in mice with S.
aureus bacteremia are not well studied. Ashare et al. assessed
cytokine levels in a murine model simulating polymicrobial sepsis
and showed that levels of TNF-a and IL-1p in liver were elevated
in septic mice compared to controls [37]. Osuchowski ¢t al., using
the same murine model, showed that plasma levels of MCP-1,
MIP-2, and TNF-a had a robust correlation with outcome of
infection [38]. Discrepancies between these studies and the present
study could be explained by differences in the biomaterial in which
cytokines were measured, differences in the causative infectious
organism(s), and differences in cytokines included for assessment in
these studies. In the present study, we selected a broad panel
containing 31 cytokines, covering the main cytokines found in
related studies, and including both pro- and anti-inflammatory
cytokines. Most other studies measured only a limited number of
cytokines, up to 16.

In the present study, 3 cytokines (ITNF-o, IL-lo, and KC)
emerged as biomarkers for fatal outcome of S. aureus bacteremia.
TNF-o is primarily produced by activated macrophages and
stimulates the acute phase reaction. It induces apoptotic cell death,
attracts neutrophils and stimulates phagocytosis. IL-1a is also
mainly produced by activated macrophages early after onset of
infection, and plays one of the central roles in the regulation of
immune responses. It activates lymphocyte proliferation and
increases number of blood neutrophils. KC is the murine
functional homologue of human IL-8 [35] and is an important
neutrophil chemoattractant. Neutrophils appear to be important
in S. aureus sepsis, as TNF-o, IL-1ot and KC/IL-8 all attract these
cells. In patients with S. awreus bacteremia, neutrophils are
activated as well [39]. At both 1 and 17 and 48 hours after
infection, KC was elevated in non-surviving infected mice
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compared to surviving infected mice. A biomarker elevated
irrespective the progression of infection, such as KC, is very
interesting for clinical application in view of the heterogeneity of
patients experiencing bacteremia in this respect.

In the present study, we exhaustively examined blood culture,
CRP and cytokines as biomarkers for presence of severe S. aureus
bacteraemia and fatal outcome of infection in mice. This study
provides evidence that in severe S. aureus bacteremia in mice, TINF-
o, IL-10, and KC each can be useful as biomarkers predicting fatal
outcome of infection. Blood cultures (qualitative or quantitative)
and CRP are not discriminative in this respect. As elevated levels
of these cytokines are indicative for S. aureus bacteremia, these
cytokines cannot be used to diagnose S. aureus bacteremia; instead
these cytokines might be useful as biomarkers for outcome of
infection in patients already diagnosed with S. aureus bacteremia.
Several clinical studies have shown that it is difficult to evaluate
changes in cytokine profile during bacteremia in patients, and this
1s mainly due to differences in causative infectious agents. Studies
focused on a single, known causative infectious organism might be
more informative. In the clinical setting, infecting S. aureus strains
will vary between patients. In the present study in mice, only one
S. aureus clinical isolate was used. So, we should be careful in
extrapolating the results obtained in mice to the clinical setting. As
the host as well as the S. awreus strain are both important
determinants in the infectious process, and only one mouse strain
and one S. aureus strain were included in the present study, it is
currently unknown whether the observations obtained can be
generalized. Therefore, we conclude that the current results in
mice suggest that cytokines might be reliable biomarkers for fatal
outcome of S. aureus bacteremia in patients. Currently, data on
appropriate biomarkers are lacking and only when bacteremia is
strongly suspected in patients, antibiotic treatment is started. Based
on the present study in mice, a clinical study on the role of selected
cytokines in predicting the infection outcome is warranted. These
data will improve decisions on the start and choice of antibiotic
therapy.

Acknowledgments

We would like to thank Lisette de Vogel for processing of the tissues for
histopathology, and Joep Kurstjens for his help with analysis of the CRP
data.

Author Contributions

Conceived and designed the experiments: SvdB JL LB HV JN IBW.
Performed the experiments: SvdB MtK GdK RV. Analyzed the data: SvdB
JL LB RV JN IBW. Contributed reagents/materials/analysis tools: RV.
Wrote the paper: SvdB JL LB RV HV JN IBW.

3. Shorr AF, Tabak YP, Killian AD, Gupta V, Liu LZ, et al. (2006) Healthcare-
associated bloodstream infection: A distinct entity? Insights from a large U.S.
database. Crit Care Med 34: 2588-2595.

4. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, et al. (2003) 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference.
Crit Care Med 31: 1250-1256.

March 2013 | Volume 8 | Issue 3 | 59107



20.

21.

. Pepys MB, Baltz ML (1983) Acute phase proteins with special reference to C-

reactive protein and related proteins (pentaxins) and serum amyloid A protein.
Adv Immunol 34: 141-212.

. Lausevic Z, Vukovic G, Stojimirovic B, Trbojevic-Stankovic J, Resanovic V, et

al. (2010) Kinetics of C-reactive protein, interleukin-6 and -10, and
phospholipase A2-II in severely traumatized septic patients. Vojnosanit Pregl

67: 893-897.

. Pepys MB, Hirschfield GM (2003) C-reactive protein: a critical update. J Clin

Invest 111: 1805-1812.

. Vigushin DM, Pepys MB, Hawkins PN (1993) Metabolic and scintigraphic

studies of radioiodinated human C-reactive protein in health and disease. J Clin
Invest 91: 1351-1357.

. Meisner M (2002) Pathobiochemistry and clinical use of procalcitonin. Clin

Chim Acta 323: 17-29.

. Beutler B, Milsark IW, Cerami AC (1985) Passive immunization against

cachectin/tumor necrosis factor protects mice from lethal effect of endotoxin.

Science 229: 869-871.

. Mathison JC, Wolfson E, Ulevitch RJ (1988) Participation of tumor necrosis

factor in the mediation of gram negative bacterial lipopolysaccharide-induced
injury in rabbits. J Clin Invest 81: 1925-1937.

. Ohlsson K, Bjork P, Bergenfeldt M, Hageman R, Thompson RC (1990)

Interleukin-1 receptor antagonist reduces mortality from endotoxin shock.
Nature 348: 550-552.

. Tracey KJ, Fong Y, Hesse DG, Manogue KR, Lee AT, et al. (1987) Ant-

cachectin/TNF monoclonal antibodies prevent septic shock during lethal
bacteracmia. Nature 330: 662-664.

. Wakabayashi G, Gelfand JA, Burke JF, Thompson RC, Dinarello CA (1991) A

specific receptor antagonist for interleukin 1 prevents Escherichia coli-induced
shock in rabbits. FASEB J 5: 338-343.

. Abraham E, Wunderink R, Silverman H, Perl TM, Nasraway S, et al. (1995)

Efficacy and safety of monoclonal antibody to human tumor necrosis factor
alpha in patients with sepsis syndrome. A randomized, controlled, double-blind,
multicenter clinical trial. TNF-alpha MAb Sepsis Study Group. JAMA 273:
934-941.

. Cohen J, Carlet J (1996) INTERSEPT: an international, multicenter, placebo-

controlled trial of monoclonal antibody to human tumor necrosis factor-alpha in
patients with sepsis. International Sepsis Trial Study Group. Crit Care Med 24:
1431-1440.

. Fisher CJJ, Jr., Dhainaut JF, Opal SM, Pribble JP, Balk RA, et al. (1994)

Recombinant human interleukin 1 receptor antagonist in the treatment of
patients with sepsis syndrome. Results from a randomized, double-blind,
placebo-controlled trial. Phase III rhlL-Ira Sepsis Syndrome Study Group.

JAMA 271: 1836-1843.
. Fisher CJ, Jr., Slotman GJ, Opal SM, Pribble JP, Bone RC, et al. (1994) Initial

evaluation of human recombinant interleukin-1 receptor antagonist in the
treatment of sepsis syndrome: a randomized, open-label, placebo-controlled
multicenter trial. Crit Care Med 22: 12-21.

. Opal SM, Fisher CJ, Jr., Dhainaut JF, Vincent JL, Brase R, et al. (1997)

Confirmatory interleukin-1 receptor antagonist trial in severe sepsis: a phase III,
randomized, double-blind, placebo-controlled, multicenter trial. The Interleu-
kin-1 Receptor Antagonist Sepsis Investigator Group. Crit Care Med 25: 1115~
1124.

Reinhart K, Wiegand-Lohnert C, Grimminger F, Kaul M, Withington S, et al.
(1996) Assessment of the safety and efficacy of the monoclonal anti-tumor
necrosis factor antibody-fragment, MAK 195F, in patients with sepsis and septic
shock: a multicenter, randomized, placebo-controlled, dose-ranging study. Crit
Care Med 24: 733-742.

Dandona P, Nix D, Wilson MF, Aljada A, Love ], et al. (1994) Procalcitonin
increase after endotoxin injection in normal subjects. J Clin Endocrinol Metab

79: 1605-1608.

PLOS ONE | www.plosone.org

10

23.

28.

29.

30.

32.

34.

36.

37.

38.

39.

Biomarkers in Staphylococcus aureus Bacteremia

. van der Poll T, de Waal Malefyt R, Coyle SM, Lowry SF (1997)

Antiinflammatory cytokine responses during clinical sepsis and experimental
endotoxemia: sequential measurements of plasma soluble interleukin (IL)-1
receptor type II, IL-10, and IL-13. J Infect Dis 175: 118-122.

Arnalich F, Garcia-Palomero E, Lopez ], Jimenez M, Madero R, et al. (2000)
Predictive value of nuclear factor kappaB activity and plasma cytokine levels in
patients with sepsis. Infect Immun 68: 1942-1945.

. Balc IC, Sungurtekin H, Gurses E, Sungurtekin U, Kaptanoglu B (2003)

Usefulness of procalcitonin for diagnosis of sepsis in the intensive care unit. Crit
Care 7: 85-90.

. Mathiak G, Neville LF, Grass G, Boehm SA, Luebke T, et al. (2001)

Chemokines and interleukin-18 are up-regulated in bronchoalveolar lavage fluid
but not in serum of septic surgical ICU patients. Shock 15: 176-180.

. Arnalich F, Lopez J, Codoceo R, Jim nez M, Madero R, et al. (1999)

Relationship of plasma leptin to plasma cytokines and human survivalin sepsis
and septic shock. J Infect Dis 180: 908-911.

Grobmyer SR, Barie PS, Nathan CF, Fuortes M, Lin E, et al. (2000) Secretory
leukocyte protease inhibitor, an inhibitor of neutrophil activation, is elevated in
serum in human sepsis and experimental endotoxemia. Crit Care Med 28:
1276-1282.

Seishima M, Kato G, Shibuya Y, Matsukawa S (2009) Cytokine profile during
the clinical course of toxic shock syndrome. Clin Exp Dermatol 34: ¢632-635.
Cohen J, Abraham E (1999) Microbiologic findings and correlations with serum
tumor necrosis factor-alpha in patients with severe sepsis and septic shock. J
Infect Dis 180: 116-121.

Gogos CA, Drosou E, Bassaris HP, Skoutelis A (2000) Pro- versus anti-
inflammatory cytokine profile in patients with severe sepsis: a marker for
prognosis and future therapeutic options. J Infect Dis 181: 176-180.

. Ziebandt AK, Kusch H, Degner M, Jaglitz S, Sibbald MJ, et al. (2010)

Proteomics uncovers extreme heterogeneity in the Staphylococcus aureus exopro-
teome due to genomic plasticity and variant gene regulation. Proteomics 10:
1634-1644.

van den Berg S, Bowden MG, Bosma T, Buist G, van Dijl JM, et al. (2011) A
multiplex assay for the quantification of antibody responses in Staphylococcus aureus
infections in mice. J] Immunol Methods 365: 142-148.

. De Steenwinkel JE, De Knegt GJ, Ten Kate MT, Van Belkum A, Verbrugh

HA, et al. (2009) Immunological parameters to define infection progression and
therapy response in a well-defined tuberculosis model in mice. Int J
Immunopathol Pharmacol 22: 723-734.

Reichelt ME, Ashton KJ, Tan XL, Mustafa SJ, Ledent C, et al. (2011) The
adenosine A(2A) receptor - Myocardial protectant and coronary target in
endotoxemia. Int J Cardiol.

. Bozic CR, Kolakowski LF, Jr., Gerard NP, Garcia-Rodriguez C, von Uexkull-

Guldenband C, et al. (1995) Expression and biologic characterization of the
murine chemokine KC. J Immunol 154: 6048-6057.

Cheng AG, Kim HK, Burts ML, Krausz T, Schneewind O, et al. (2009) Genetic
requirements for Staphylococcus aureus abscess formation and persistence in
host tissues. FASEB J 23: 3393-3404.

Ashare A, Powers LS, Butler NS, Doerschug KC, Monick MM, et al. (2005)
Anti-inflammatory response is associated with mortality and severity of infection
in sepsis. Am J Physiol Lung Cell Mol Physiol 288: 1L633-640.

Osuchowski MF, Welch K, Yang H, Siddiqui J, Remick DG (2007) Chronic
sepsis mortality characterized by an individualized inflammatory response. J
Immunol 179: 623-630.

Johansson D, Shannon O, Rasmussen M (2011) Platelet and neutrophil
responses to gram positive pathogens in patients with bacteremic infection. PLoS

One 6: ¢26928.

March 2013 | Volume 8 | Issue 3 | 59107



