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Host genetic variations play a significant role in con-
ferring predisposition to infection. In this study, we
examined the immune mechanisms underlying the
host genetic predisposition to severe Staphylococcus
aureus infection in different mouse strains. Whereas
C57BL/6 mice were the most resistant in terms of
control of bacterial growth and survival, A/J, DBA/2,
and BALB/c mice were highly susceptible and suc-
cumbed to infection shortly after bacterial inocula-
tion. Other strains (C3H/HeN, CBA, and C57BL/10)
exhibited intermediate susceptibility levels. Suscepti-
bility of mice to S. aureus was associated with an
inability to limit bacterial growth in the kidneys and
development of pathology. Resistance to S. aureus in
C57BL/6 mice was dependent on innate immune
mechanisms because Rag2-IL2R��/� C57BL/6 mice,
which are deficient in B, T, and NK cells, were also
resistant to infection. Indeed, neutrophil depletion
or inhibition of neutrophil recruitment rendered
C57BL/6 mice completely susceptible to S. aureus ,
indicating that neutrophils are essential for the ob-
served resistance. Although neutrophil function is
not inhibited in A/J mice, expression of neutrophil
chemoattractants KC and MIP-2 peaked earlier in the

kidneys of C57BL/6 mice than in A/J mice, indicating
that a delay in neutrophil recruitment to the site of
infection may underlie the increased susceptibility of
A/J mice to S. aureus. (Am J Pathol 2008, 173:1657–1668;

DOI: 10.2353/ajpath.2008.080337)

Staphylococcus aureus is an important human pathogen
capable of causing a diverse spectrum of diseases rang-
ing from mild cutaneous to severe invasive infections
such as sepsis, pneumonia, or endocarditis. Estimates of
the overall incidence of S. aureus infections vary, but
some studies suggest that S. aureus accounts for 11 to
38% of cases of both community- and hospital-acquired
bacteremia. The reported mortality from septicemia
ranges from 20 to 90%.1–5 One of the most severe com-
plications of S. aureus infections is the development of
septic and toxic shock syndromes associated with vas-
cular damage and multiple organ failure.6,7

Apart from its ability to cause a diverse range of life-
threatening infections, an additional problem associated
with S. aureus is its extraordinary potential to develop
antimicrobial resistance.8 The emergence of multidrug-
resistant S. aureus, especially methicillin-resistant and
vancomycin-resistant strains is generating an enormous
public health concern. S. aureus infections are usually
hospital-acquired, although the incidence of community-
acquired infections has been increasing in recent
years.9–12 These pathogens are capable of causing se-
vere and even fatal infections with limited options for
therapy. Furthermore, such infections occur predomi-
nantly among persons without any known risk factors for
acquisition of the infection.9,12–14 The reasons for the
variability in human susceptibility to S. aureus are still
unknown.
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Bacterial infections are the result of complex interac-
tions between invading bacteria and host defense mech-
anisms. A striking feature of most infections in human
populations is their considerable interindividual pheno-
typic variability, ranging from asymptomatic to lethal in-
fections. Virulence factors of the invading organism and
genetic factors that influence the ability of the host to
mount an appropriate immune response against the
pathogen together determine the outcome of infection.
Genetically determined variations in the immune system
can make some individuals more susceptible to infection,
or to develop a different form of disease, than others.
Understanding the mechanisms underlying disease re-
sistance or susceptibility is essential for the development
of rational therapeutic interventions for many of these
diseases.

Human resistance to infection is in general a multifac-
torial trait involving multiple gene interactions and strong
environmental influences. Because of this, the laboratory
mouse has been the experimental model of choice to
study pathogenesis of infection, including innate and
acquired host defense mechanisms. Inbred mouse
strains differ significantly in their degree of susceptibility
to infection with various human bacterial (eg, Mycobac-
terium tuberculosis,15,16 Salmonella enterica,17 Streptococ-
cus pyogenes,18 Streptococcus pneumoniae19), fungal
(eg, Histoplasma capsulatum,20 Aspergillus fumigatus21),
protozoan (eg, Leishmania major,22 Plasmodium berghei,23

Plasmodium chabaudi24), helminthic (eg, Schistosoma man-
soni25,26) as well as viral (eg, respiratory syncytial virus27,28)
pathogens. This attribute has been exploited to identify
novel loci influencing resistance/susceptibility to infection
and to provide new insight on host mechanisms involved in
response to those pathogens that ultimately affect the on-
set, progression, and outcome of the infection.

The aim of the study presented here is to uncover the
immune mechanisms contributing to natural resistance to
S. aureus using a murine model of infection. Identifying
genetically regulated host immune responses is the first
step in understanding the molecular targets and immuno-
logical mechanisms on which rational therapies to augment
host resistance against pathogens can be developed.

Materials and Methods

Bacterial Strains

The rsbU� derivative SH1000 of strain 8325-4, that has
been shown to cause severe septic arthritis in NMRI mice
and express low levels of exoproteins in a similar way to
that observed for many clinical isolates was used in this
study.29,30 Additionally, for in vivo bioluminescence anal-
ysis the previously described genetically engineered bi-
oluminescent S. aureus strain SH1000 ALC2906 was
used.31 Bacteria were grown to the stationary phase (15
hours) at 37°C with shaking (125 rpm) in brain-heart
infusion medium, collected by centrifugation for 10 min-
utes at 3000 rpm, washed twice with sterile phosphate-
buffered saline (PBS), and adjusted to a concentration of
5 � 108 cfu/ml. Aliquots of the S. aureus-suspension were

frozen at �80°C for further use. The bacterial suspen-
sions were further diluted with PBS to the required con-
centration and the number of viable bacteria (cfu) was
determined after serial diluting and plating on blood agar
containing 5% sheep blood (Invitrogen, Karlsruhe,
Germany).

Mice

Naive inbred, specific pathogen-free (SPF status), 8- to
12-week-old mice were purchased from Harlan Winkel-
mann (Borchen, Germany): A/J OlaHsd (H-2a), BALB/c
OlaHsd (H-2d), C57BL/6 JOlaHsd (H-2b), C57BL/10 Sc-
SnOlaHsd (H-2b), C3H/HeNHsd (H-2k), CBA/J OlaHsd
(H-2k), DBA/2 OlaHsd (H-2d). The B-, T-, and NK cell-
deficient Rag2-IL-2R��/� C57BL/6 mice were kindly pro-
vided by Werna Müller (Helmholtz Center for Infection
Research, Braunschweig, Germany). These mice carry a
deletion in Rag2 and the interleukin 2 receptor �-chain
(IL-2R�) rendering them deficient in B, T, and NK cell
differentiation and function. Mice were maintained under
standard conditions and according to institutional guide-
lines. All experiments were approved by the appropriate
ethical board (Niedersächsisches Landesamt für Ver-
braucherschutz und Lebensmittelsicherheit, Oldenburg,
Germany).

Infection Model

Mice were inoculated with 4 � 107 cfu of S. aureus in 0.2
ml of PBS via a lateral tail vein. For determination of
bacterial loads (cfu), infected mice were sacrificed by
CO2 asphyxiation at different times of infection and the
amount of bacteria determined by preparing kidney ho-
mogenates in 5 ml of PBS and plating 10-fold serial
dilutions on blood agar. Bacteria colonies were counted
after incubation for 24 hours at 37°C. For collection of
plasma or serum, citrated or untreated blood, respec-
tively, were collected at time of sacrifice, centrifuged at
4000 rpm for 10 minutes, and frozen at �80°C until use
for further analysis.

Monitoring Bioluminescent S. aureus SH1000 in
Infected Mice

Mice were intravenously infected with bioluminescent S.
aureus strain SH1000 ALC2906,31 anesthetized via inha-
lation of Isoflurane (Isoba; Essex Tierarznei, München,
Germany) and analyzed with the Xenogen Vivo Vision
IVIS 200 system (Xenogen Corp., Hopkinton, MA). The
amount of replicating S. aureus in infected mice was
shown by the color scale overlaid on a gray-scale pho-
tograph of the infected animal.

Histopathological Examination

Kidneys or lungs of mice were fixed with 10% buffered
neutral formalin solution, embedded in paraffin, and then
cut into 3-�m-thick sections. Tissue sections were
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stained with hematoxylin and eosin (H&E) and then ex-
amined microscopically using an Olympus BX51 micro-
scope (Olympus Europe GmbH, Hamburg, Germany) for
pathological alterations.

Determination of Urea in Serum

Serum levels of urea were measured using the analyzer
Olympus AU400 (Olympus Europe GmbH) according to
the manufacturer’s instructions.

Measurement of Contact Activation

Activation of the intrinsic coagulation system (contact
activation) was measured by incubating 50 �l of citrated
plasma with 50 �l of aPTT reagent (aPTT Automate; Di-
agnostica Stago, Asnieres, France) for 60 seconds at
37°C. Clotting was initiated by the addition of 50 �l of a
25-mmol/L CaCl2 solution and activated partial thrombo-
plastin time (aPTT) was measured using an Amelung
coagulometer (Amelung, Lemgo, Germany). Levels of
bradykinin in plasma were determined by enzyme-linked
immunosorbent assay (MARKIT-M-Bradykinin; Dainippon
Pharmaceutical Co., Ltd., Osaka, Japan) according to
the recommendations of the manufacturer.

Electron Microscopy

For scanning electron microscopy samples were fixed
with 5% formaldehyde and 2% glutaraldehyde in caco-
dylate buffer (0.1 mol/L cacodylate, 0.01 mol/L CaCl2,
0.01 mol/L MgCl2, pH 6.9) for 1 hour on ice and washed
in TE buffer (20 mmol/L Tris, 1 mmol/L ethylenediami-
netetraacetic acid, pH 7.0). Samples were dehydrated
with a graded series of acetone (10, 30, 50, 70, 90, 100%)
and critical-point dried with CO2 (CPD030; Bal-Tec,
Liechtenstein). Dried samples were then fractured and
sputter-coated with gold (SCD500, Bal-Tec) before ex-
amination in a field emission scanning electron micro-
scope DSM982 Gemini (Zeiss, Oberkochen, Germany) at
5 kV using the Everhart-Thornley secondary electron detec-
tor and the in-lens secondary electron detector in a 50:50
ratio. Images were recorded onto a MO-disk and contrast
and brightness was adjusted with Adobe Photoshop 9.0.

Depletion or Inactivation of Neutrophils

Rat anti-mouse RB6 antibody specific for murine neutro-
phils and eosinophils32 was a kind gift from Siegfried
Weiss (HZI, Braunschweig, Germany). Depletion of neu-
trophils by using anti-mouse RB6 antibodies was per-
formed as previously described.33 Briefly, mice received
an intravenous injection of 100 �g of anti-RB6 antibodies
1 day before bacterial inoculation. Control mice received
equivalent amounts of isotype control antibodies in sterile
PBS. The neutropenia was confirmed by collecting ci-
trated blood at 24 and 48 hours after inoculation of the
antibody. After lysis of erythrocytes, absence of neutro-
phils in blood was confirmed by staining of cells with

fluorescein isothiocyanate-conjugated anti-RB6 antibod-
ies (Serotec, Oxford, UK) and subsequent flow cytometry
analysis.

Inhibition of Neutrophil Migration

For blockage of neutrophil migration from blood into in-
fected tissue, mice were treated intravenously with 50 �g
of both rat anti-mouse CD11b and anti-mouse CD18 an-
tibodies (Leinco Technologies, Inc. St. Louis, MO) 4
hours before infection. Control mice received respective
amounts of isotype control antibodies in sterile PBS.
Blockage of neutrophil recruitment was verified by quan-
tification of neutrophil recruitment into the peritoneal cav-
ity after S. aureus challenge. For this purpose, mice were
injected intraperitoneally with 4 � 107 cfu S. aureus
SH1000 in 200 �l of PBS 4 hours before the analysis.
Mice were then euthanized, the peritoneal cavity la-
vaged, collected exudates stained with fluorescein iso-
thiocyanate-conjugated anti-RB6 antibodies, and sub-
jected to flow cytometric analysis.

Gentamicin Protection Assay

To investigate the ability of peritoneal neutrophils to kill S.
aureus, mice were injected intraperitoneally with 1 mg of
carrageenan (type IV �; Sigma, St. Louis, MO) 4 and 2
days before infection to induce macrophage depletion
and infiltration of neutrophils in the peritoneal cavity. Mice
were then intraperitoneally infected with 4 � 107 cfu of S.
aureus SH1000 for 1 hour, sacrificed by CO2 inhalation
and subjected to peritoneal lavage using Dulbecco’s
modified Eagle’s medium. Peritoneal exudates were
washed with sterile PBS, centrifuged at 1000 rpm for 10
minutes, resuspended in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and 100
�g/ml of gentamicin, seeded in 24-well tissue culture
plates at a density of 106 cells/well, and further incubated
for 2 hours at 37°C and 5% CO2. Immediately (0 hours) or
1 hour thereafter, neutrophils were collected by centrifu-
gation, washed with PBS, and disrupted with sterile water
to release intracellular bacteria. The resulting suspension
was serially diluted and bacterial numbers were deter-
mined after plating onto blood agar.

Cytokine and Chemokine Determination

Serum cytokine levels were determined by a solid phase
sandwich immunoassay using the Mouse Cytokine
Twenty Plex LMC0006 (Biosource Europe, Nivelles, Bel-
gium) in conjunction with the 100 IS Total System (Lumi-
nex, Oosterhout, The Netherlands) according to the rec-
ommendations of the manufacturer. The levels of
chemokines KC and MCP-1 were determined in kidney
tissue after homogenization in lysis buffer (200 mmol/L
NaCl, 5 mmol/L ethylenediaminetetraacetic acid, 10
mmol/L Tris, 10% glycerol, 1 mmol/L phenylmethyl sulfo-
nyl fluoride, 1 �g/ml leupeptide, and 28 �g/ml aprotinin,
pH 7.4) at a concentration of 50 mg of tissue/ml. Tissue
homogenates were centrifuged twice at 1500 � g for 15
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minutes at 4°C and supernatants were stored at �80°C
until use for further analysis. KC and MIP-2 were deter-
mined using the respective R&D Systems DuoSet Elisa
Development Systems (R&D Systems, Minneapolis, MN)
according to the recommendations of the manufacturer.

RNA Isolation, Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR), and Quantitative Real-Time PCR

Total RNAs were isolated from kidney tissue of infected
and uninfected A/J and C57BL/6 mice after homogeniza-
tion in RLT buffer by using a RNeasy Midi kit (Qiagen,
Hilden, Germany) according to the manufacturer’s proto-
col. cDNA synthesis was performed using a Gibco RT-
PCR kit (Invitrogen) following the manufacturer’s instruc-
tions. The �-actin gene was used as an internal reference
gene for RT-PCR. Rsp-9 was used as a housekeeping
gene for quantitative real-time PCR. For the RT-PCR, the
following oligonucleotides and annealing temperatures
were used to generate the specific PCR products: for
�-actin, 5�-TGGAATCCTGTGGCATCCATGAAAC-3� and
5�-TAAAACGCAGCTCAGTAACAGTCCG-3� (58°C, 318
bp); for rsp-9, 5�-CTGGACGAGGGCAAGATGAAGC-3�
and 5�-TGACGTTGGCGGATGAGCACA-3� (58°C, 143
bp); for KC 5�-GCTGGGATTCACCTCAAGAA-3� and 5�-
AGGTGCCATCAGAGCAGTCT-3� (55°C, 206 bp); for
MIP-2, 5�-ACCAACCACCAGGCTACAG-3� and 5�-GCG-
TCACACTCAAGCTCT-3� (54°C, 109 bp). Cycling condi-
tions for PCR amplifications were 15 seconds at 94°C, 30
seconds annealing, and 45 seconds at 72°C for 32 cycles.

For quantitative real-time PCR, amplification was per-
formed using a LightCycler 480 real-time PCR system
(Roche Applied Science, Mannheim, Germany) and
SYBR green PCR master mix (Roche). For each gene, a
standard curve was constructed by using plasmids into
which the full-length cDNA was cloned and subsequently
subcloned into TOPO PCR2.1 cloning vector (Invitrogen).
The resulting plasmids were prepared using a QIAprep
Spin miniprep kit (Qiagen) following the manufacturer’s
instructions and used for the generation of standard
curves. Cycle threshold values for MIP-2 or KC were
normalized to that of the housekeeping gene Rsp-9. Data
are expressed as relative mRNA expression levels.

Statistical Analysis

Data were analyzed by using Excel 2000 (Microsoft Of-
fice; Microsoft, Redmond, WA) or GraphPad Prism 4.0
(GraphPad Software, San Diego, CA). Unless otherwise
specified, all data are presented as mean � SD. Each in
vitro experiment was performed independently at least
three times and within each experiment all samples were
processed in duplicate. Comparison between groups
was made by use of a variance analysis (F-test). Com-
parison of survival time curves was performed by use of
log rank test. P values �0.05 were considered as
significant.

Results

Different Inbred Mouse Strains Strongly Vary in
Their Level of Susceptibility to Intravenous
Infection with S. aureus

To determine the influence of the genetic background in
susceptibility of mice to S. aureus infection, the survival
times of mice from seven different inbred strains inocu-
lated with 4 � 107 cfu of S. aureus SH1000 was deter-
mined throughout a period of 14 days. As shown in Figure
1, A/J, DBA/2, and BALB/c mice were very susceptible to
S. aureus, exhibiting 100% mortality within 1 week of
infection. Among these strains, the A/J mice were the
most susceptible and all animals died at 24 hours after
bacterial inoculation. In contrast, C57BL/6 was the most
resistant mouse strain with only sporadic mortality (15%)
observed in long-term experiments (up to 4 weeks). C3H/
HeN, CBA, and C57BL/10 mice exhibited intermediate
susceptibility and �50% of the mice survived the infec-
tion. Differences in survival times were statistically signif-
icant (P � 0.05) between the resistant, intermediate, and
susceptible strains but not among strains belonging to
the same group.

To determine whether the survival advantage of resis-
tant C57BL/6 mice is related to a better capacity to con-
trol bacterial growth, C57BL/6 and highly susceptible A/J
mice were infected with a genetically engineered biolu-
minescent strain of S. aureus SH1000 and biolumines-
cence of live, actively metabolizing bacteria was mea-
sured at 24 hours after bacteria inoculation using the
Xenogen Vivo Vision IVIS 200 system. Whereas lumines-
cence in C57BL/6 mice was below detection levels (Fig-
ure 2A), a very intense bioluminescent signal was re-
corded in kidneys of infected A/J mice (Figure 2B), the
previously reported organ target of S. aureus in this model
of infection.29,34,35,44–46 Quantification of bacterial loads
in different organs isolated from susceptible A/J and
resistant C57BL/6 mice at 24 hours of infection confirmed
the significantly higher amount of bacteria in the kidneys
of A/J mice (Figure 2C). In addition to the kidneys, sig-
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Figure 1. Survival of C57BL/6, C57BL/10, C3H/HeN, CBA, BALB/c, DBA/2,
and A/J mice after intravenous infection with 4 � 107 cfu of S. aureus strain
SH1000. Each group contained a minimum of 10 mice. Comparison of
survival curves was performed by use of log rank test. *P � 0.05.
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nificantly higher amount of S. aureus were detected in the
lungs of A/J than in the lungs of C57/BL6 mice (Figure
2C), although the amount of bacteria was too low to be
detected using the bioluminescence system (Figure 2B).
Determination of the bacterial loads in the kidneys of
several other inbred strains of mice at 24 hours after
inoculation shows that susceptible or intermediate mouse
strains had significantly higher bacterial burden in kid-
neys compared to resistant C57BL/6 mice (Figure 2D).
These results suggest that resistance of C57BL/6 mice
to S. aureus infection is associated with a superior
capacity of these mice to control bacterial growth after
intravenous inoculation. For further studies, A/J and
C57BL/6 were chosen as representative susceptible
and resistant mouse strains, respectively.

A/J Mice Develop More Severe Kidney and
Lung Pathology after Intravenous Inoculation
with S. aureus than C57BL/6 Mice

Because the kidney was the organ target for S. aureus in
this model of infection, we performed histopathological
evaluation of this organ from infected C57BL/6 and A/J
mice to determine the extent of S. aureus-induced organ
damage. Kidney tissues from uninfected C57BL/6 (Figure
3A1) and A/J (Figure 3A3) mice were included for com-
parison. Examination of kidney sections obtained from S.
aureus-infected mice at 24 hours after bacteria inocula-
tion revealed no signs of histological damage in C57BL/6
mice (Figure 3A2). In contrast, a diffuse and confluent
inflammation with extensive areas of tissue destruction
containing abundant bacteria was observed in the kid-
neys of infected A/J mice (Figure 3A4). In good correla-
tion with the histopathological evaluation, A/J mice exhib-

ited significantly higher levels of serum urea, a marker for
renal dysfunction, than C57BL/6 mice at 24 hours after S.
aureus inoculation (Figure 3B).

The general dysfunction of the endothelium character-
ized by microvascular permeability plays a central role in
the pathogenesis of sepsis.36 The extent of vascular per-
meability in S. aureus-infected C57BL/6 and A/J mice was
determined by histopathological examination of lung tis-
sue. The alveolar architecture of lungs from uninfected
C57BL/6 or A/J mice is shown in Figure 4, A1 and A3,
respectively. Although widespread hemorrhages and
massive erythrocyte infiltration of lung parenchyma and
bronchioles were observed in lung sections of S. aureus-
infected A/J mice (Figure 4A4), the lungs of infected
C57BL/6 mice were unaffected (Figure 4A2). Scanning
electron microscopy of lung tissue obtained from A/J
mice confirmed the presence of massive erythrocyte in-
filtration into the alveoli and bronchioli in response to
infection (Figure 4A6). Therefore, signs of endothelium
dysfunction indicated by high levels of microvascular
permeability were only evidenced in S. aureus-infected
A/J but not in C57BL/6 mice.

Activation of the Contact System in A/J but Not
in C57BL/6 Mice in Response to S. aureus
Infection

Because bradykinin is one of the most potent endoge-
nous vasoactive peptides37 and previous studies have
shown that S. aureus can induce the release of bradykinin
by activating the contact system, also known as the
intrinsic pathway of coagulation,38 we hypothesized
that activation of the contact system in the A/J and the
concomitant release of bradykinin may play an impor-

Figure 2. A: Bacterial loads in resistant
C57BL/6 (mouse 2) and susceptible A/J mice
(mouse 3) infected for 24 hours with biolumi-
nescent S. aureus strain SH1000 ALC2906. Un-
infected C57BL/6 (mouse 1) and A/J (mouse 4)
were used for comparison. B: Bacterial loads in
systemic organs (heart, lung, spleen, kidney, or
liver) isolated from a susceptible A/J mouse at
24 hours after bacterial inoculation. Visualiza-
tion of luminescent bacteria was performed us-
ing the Xenogen Vivo Vision IVIS 200 system. C:
Bacterial loads in systemic organs of C57BL/6
and A/J mice at 24 hours after intravenous in-
fection with 4 � 107 cfu of S. aureus SH1000
determined after serial plating of the organ’s
homogenates. D: Bacterial loads in kidneys of
C57BL/6, C57BL/10, C3H/HeN, BALB/c, CBA,
DBA/2, and A/J mice at 24 hours after intrave-
nous infection with 4 � 107 cfu of S. aureus
SH1000 determined after serial plating. Bars rep-
resent the mean � SD of five mice per group.
*P � 0.05, by F-test.
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tant role in the induction of the observed vascular
leakage. To test this hypothesis, we determined the
extent of contact activation in S. aureus-infected A/J
and C57BL/6 mice by measuring the activated partial
thromboplastin time (aPTT). As expected, aPTT was
significantly shortened in A/J than in C57BL/6 mice at
24 hours after infection (Figure 4B) indicating a con-
siderable activation of the intrinsic coagulation path-
way. Accordingly, the levels of bradykinin were signif-
icantly higher in the serum of S. aureus-infected A/J
mice than in serum of C57/BL/6 mice (Figure 4C).
These higher levels of released vasoactive bradykinin
in infected A/J mice may be responsible for the vascu-
lar leakage and hemorrhages observed in the lungs of
these mice as already previously shown after intrave-
nous Salmonella infections.39

S. aureus-Infected A/J Mice Exhibit Higher
Levels of Inflammatory Cytokines in Serum than
Infected C57BL/6 Mice

Overproduction of inflammatory cytokines has been
shown to contribute to severity of several bacterial infec-

tions.40,41 Analysis of the serum cytokine levels at 24
hours of infection by Luminex technology revealed sig-
nificantly higher levels of inflammatory cytokines such as
IL-6 (Figure 5A), interferon-� (Figure 5B), and tumor ne-
crosis factor-� (Figure 5C) in the serum of A/J mice than
in the serum of C57BL/6 mice.

The Resistance of C57BL/6 Mice to S. aureus Is
Mediated by Innate Immune Mechanisms

To determine whether the different levels of susceptibility
exhibited by A/J and C57BL/6 mice to S. aureus was
associated with an unequal hematogenous bacterial
seeding in the kidneys after intravenous injection, bacte-
rial loads in kidneys of A/J and C57BL/6 mice were com-
pared starting at 1 hour after intravenous S. aureus inoc-
ulation. Results in Figure 6A show comparable bacterial
loads in kidneys of A/J and C57BL/6 mice at 1 hour and
2 hours after bacterial inoculation indicating a similar
bacterial seeding in both mouse strains. However, al-
though C57BL/6 mice were fully able to keep bacterial
growth under control in the later time points, S. aureus
grew progressively in A/J mice (Figure 6A). At 4 hours of
infection, significantly higher amounts of bacteria (10-
fold) were detected in kidneys of A/J compared with
C57BL/6 mice. These results indicate that the superior
capacity of C57BL/6 mice over that of A/J mice to control
bacterial growth is visible during the very early stage of
infection. These early differences in the control of bacte-
rial growth suggest that innate immune effector mecha-
nisms might be particularly important for resistance to S.
aureus.

To confirm this hypothesis, Rag2/IL-2R��/� C57BL/6
mice, which are deficient in B, T, and NK cells, were
compared with the parental C57BL/6 mice for their resis-
tance to infection with S. aureus. The obtained results
show that Rag2/IL-2R��/� mice were as resistant as
C57BL/6 mice in terms of control of bacterial growth in
the kidneys (Figure 6A) as well as survival (Figure 6B).
These results confirm that the mechanisms of disease
resistance in C57BL/6 mice are independent of adaptive
immunity and mediated by the innate immune system.

Neutrophil Depletion Rendered C57BL/6 Mice
Fully Susceptible to S. aureus

During the acute phase of a local inflammatory response,
peripheral blood neutrophils are the first responder cells
to arrive in significant numbers, followed by mononuclear
cells. To determine the role of neutrophils in resistance of
C57BL/6 mice to S. aureus infection, we depleted neutro-
phils in these mice by injecting anti-RB6 antibodies. De-
pletion of neutrophils rendered C57BL/6 mice as suscep-
tible as A/J mice to S. aureus infection as shown by the
100% mortality by 24 hours of infection (Figure 7A) and
significantly higher bacterial loads in kidneys as early as
4 hours after bacterial inoculation (Figure 7B). Similar
results were obtained when migration of neutrophils from
the bloodstream into infected tissue was inhibited by
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Figure 3. A: Representative H&E-stained kidney sections collected from
uninfected (A1, A3) or S. aureus-infected (A2, A4) C57BL/6 (A1, A2) or A/J
(A3, A4) mice at 24 hours of infection with S. aureus. Glomeruli are indicated
by G, blood vessels by BV, and bacteria by a white asterisk. B: Levels of
urea in serum of infected or uninfected C57BL/6 (black bars) or A/J (white
bars) mice at 24 hours of infection with S. aureus. *P � 0.05, by F-test.
Original magnifications, � 200.
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treating C57BL/6 mice with anti-CD11b/CD18 antibodies
(data not shown). These results suggest that neutrophils
are required to control bacterial growth and to promote
a protective response against S. aureus infection in
C57BL/6 mice. To determine whether the susceptibility
exhibited by A/J mice to S. aureus was attributable to an
intrinsic defect of their neutrophils to kill this bacterium,
we compared the capacity of neutrophils isolated from
A/J mice with that of neutrophils from C57BL/6 mice to kill
S. aureus in vitro. As shown in Figure 7C, the bactericidal
activity of neutrophils isolated from both A/J and C57BL/6
mice was indistinguishable.

The observation that neutrophils from A/J mice did not
display an intrinsic defect led us to hypothesize that
recruitment of neutrophils in response to S. aureus infec-
tion might be impaired or delayed in A/J in respect to
C57BL/6 mice. Because the regulation of neutrophil re-
cruitment to sites of S. aureus infection is mediated, at
least in part, by the production of chemokines such as KC
and MIP-2,42 we determined the time course of KC and
MIP-2 expression in kidney tissue of S. aureus-infected
A/J and C57BL/6 mice during the very early phase of
infection. As shown in Figure 8A, KC was very strongly
induced at 1 hour after bacterial challenge in C57BL/6

Figure 4. A: Representative light micrograph (H&E-stained) (A1 to A4) and scanning electron micrograph (A5 and A6) of lung tissue sections of uninfected (left)
or S. aureus-infected (middle and right) C57BL/6 and A/J mice. The lungs of infected C57BL/6 mice were unaffected (A2) and show similar alveolar architecture
as lung tissue from uninfected mice (A1, A3). Widespread hemorrhages and massive erythrocyte infiltration of lung parenchyma and bronchioles were observed
in lung sections of S. aureus-infected A/J mice (A4, A6). B: Activated partial thromboplastin time (aPTT) in plasma. C: Bradykinin release in serum of C57BL/6
(black bars) and A/J (white bars) mice at 24 hours after intravenous infection with 4 � 107 cfu S. aureus. Bars represent the mean � SD of five mice per group.
*P � 0.05, by F-test. Scale bars: 100 �m (A5, A6i); 10 �m (A6ii). Original magnifications: � 40 (A1, A2i, A3, A4i); � 200 (A2ii, A4ii).

CTR Infected
0
2
4
6
8

10
12
14

*C57BL/6
A/J

IL
-6

 in
 s

er
um

 [n
g/

m
l]

CA B

CTR Infected
0

20

40

60

80

100

120 *

IF
N

- γ
 in

 s
er

um
 [p

g/
m

l]

CTR Infected
0

25

50

75

100

125

150
*

TN
F-
α

 in
 s

er
um

 [p
g/

m
l]

Figure 5. Levels of IL-6 (A), interferon-� (B), and tumor necrosis factor-� (C) in serum of uninfected or infected C57BL/6 (black bars) and A/J mice (white bars)
at 24 hours of infection with 4 � 107 cfu of S. aureus. Bars represent the mean � SD of three mice per group. *P � 0.05, by F-test.
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mice, displayed a sustained production from 1 to 2 hours,
and declined after 4 hours. The induction of KC in A/J
mice, however, is slower and peaked at 2 hours of infec-
tion (Figure 8A). Therefore, C57BL/6 mice already exhib-
ited significantly higher levels of KC in their kidneys
than A/J mice at 1 hour after bacterial challenge. This
difference may result in earlier neutrophil recruitment in
C57BL/6 mice.

Interestingly, MIP-2 displayed a different expression
pattern. As shown in Figure 8B, MIP-2 is weakly induced
in both C57BL/6 and A/J mice during the first 2 hours
after challenge and displayed a strong increase at 4
hours after inoculation only in C57BL/6 mice. To deter-
mine whether the differences in the expression of KC and
MIP-2 observed in the kidneys of C57BL/6 and A/J mice
at 1 hour and 4 hours after infection, respectively, are
reflected by differences in the induction of the corre-
sponding gene, the levels of mRNA in kidney tissue of
infected animals were determined by RT-PCR and quan-
titative real-time PCR. The obtained results demonstrated
that kidney tissue from infected C57BL/6 mice ex-

pressed significantly higher levels of mRNA coding for
KC at 1 hour of infection (Figure 8, C and E) and MIP-2
at 4 hours of infection (Figure 8, D and F) than kidney
tissue obtained from A/J mice at the corresponding
time of infection.
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Figure 6. A: Kinetics of bacterial growth in the kidneys of C57BL/6, Rag2/
IL-2R��/� C57BL/6, and A/J mice after intravenous infection with S. aureus.
Each point represents the mean � SD of five mice per group. *P � 0.05, by
F-test. B: Survival times of immunocompetent C57BL/6 and Rag2/IL-2R��/�

C57BL/6 mice after intravenous infection with 4 � 107 cfu S. aureus. Each
group contained a minimum of 10 mice. Comparison of survival curves was
performed by use of log rank test. *P � 0.05.
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Figure 7. A: Survival times of susceptible A/J mice, neutropenic C57BL/6
mice that were treated intravenously with anti-RB6 antibodies (100 �g, 1 day
before infection) to deplete neutrophils, and immunocompetent C57BL/6
mice after intravenous infection with 4 � 107 cfu of S. aureus. B: Bacteria
loads in kidneys of susceptible A/J mice, neutropenic C57BL/6 mice, and
immunocompetent isotype control-treated C57BL/6 mice at 4h after intrave-
nous infection with 4 � 107 cfu of S. aureus. Bars represent the mean � SD
of five mice per group. C: Capacity of neutrophils isolated from A/J or
C57BL/6 mice to kill S. aureus. Carrageenan-treated mice were intraperi-
toneally infected with 4 � 107 cfu of S. aureus SH1000 for 1 hour.
Peritoneal neutrophils were collected, resuspended in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum and 100
�g/ml of gentamicin to kill all extracellular bacteria, and further incubated
for 2 hours at 37°C and 5% CO2. At 0 (100%) and 1 hour thereafter,
neutrophils were disrupted with sterile water to release and quantify
intracellular surviving bacteria. Bars represent the mean � SD of three
individual mice. *P � 0.05.
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Discussion

A better understanding of the pathogenesis of S. aureus
infection has become increasingly relevant, particularly in
the face of newly emerging epidemic clones as well as
the increasing prevalence of multidrug-resistant strains.
A prominent feature of S. aureus infections is their inter-
individual phenotypic variability, ranging from mild to le-
thal clinical manifestations. Common genetically deter-
mined variations in the immune system may contribute to
the observed heterogeneity in the host response to this
pathogen. Uncovering the immunological and molecular
basis for these differences will provide useful insight into
the natural immunity against S. aureus and aid the devel-
opment of more efficient therapies and more useful
vaccines.

Unfortunately, studies in human populations are ex-
tremely difficult and biased by population heterogeneity,
environmental factors, and the lack of suitable controls. In
this regard, progress in dissecting the mechanisms and
identifying the genetic elements governing the host re-
sponse to important pathogens have been made through
the use of animal models of human disease.43 In the
study presented here, we have used a mouse model of
infection to explore the immunological basis underlying

the differential levels of natural resistance exhibited by
different inbred strains of mice to S. aureus. Our results
confirmed a significant interstrain variation in resistance
to this pathogen, with one mouse strain exceptionally
resistant and able to survive infection (C57BL/6 mice),
other strains such as C3H/HeN, CBA, and C57BL/10
mice exhibiting intermediate resistance (50 to 60% sur-
vival), and three strains (A/J, DBA/2, and BALB/c mice)
highly susceptible with 100% mortality during the first
week of infection. The levels of resistance to S. aureus
significantly correlated with the capacity of the different
mouse strains to limit bacterial growth in the kidney,
previously reported to be the organ target for S. aureus in
this model of systemic infection.29,34,35,44–46

Shortly after intravenous inoculation with S. aureus, the
inability of susceptible A/J mice to destroy S. aureus
caused an overwhelming systemic bacterial infection that
led to severe sepsis and death. Mortality of A/J mice in
this model of S. aureus infection resulted from synergism
of more than one pathogenic pathway including activa-
tion of the contact system and the concomitant release of
vasoactive bradykinin, production of high levels of inflam-
matory cytokines, and finally, organ damage involving
kidneys and lungs. In contrast, C57BL/6 mice exhibited a
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Figure 8. Time course of KC (A) and MIP-2 (B)
expression in kidney homogenates of unin-
fected or S. aureus-infected C57BL/6 (black
bars) and A/J (white bars) mice after intrave-
nous infection with 4 � 107 cfu of S. aureus.
Bars represent the mean � SD of five mice per
group. *P � 0.05, by F-test. C: Representative
agarose gel of KC-transcript expression (top
lane) compared to �-actin loading control (bot-
tom lane) in uninfected or infected C57BL/6
and A/J mice at 1 hour of infection. Plasmids
containing the sequences encoding KC or �-ac-
tin were used as positive controls. D: Represen-
tative agarose gel of MIP-2-transcript expression
(top lane) compared to �-actin loading control
(bottom lane) in uninfected or infected C57BL/6
and A/J mice at 4 hours of infection. Plasmids
containing the sequences encoding MIP-2 or
�-actin were used as positive controls. E: RT-
PCR amplification of KC-cDNA from uninfected
and S. aureus-infected (1 hour of infection) kid-
ney tissue from C57BL/6 (black bars) and A/J
mice (white bars). Results are expressed as fold-
changes in the ratio of KC-RNA to housekeeping
gene mRNA in S. aureus-infected compared to
uninfected tissue. F: RT-PCR amplification of
MIP-2-cDNA from uninfected and S. aureus-in-
fected (4 hours of infection) kidney tissue from
C57BL/6 (black bars) and A/J mice (white bars).
Results are expressed as fold-changes in the
ratio of MIP-2-RNA to housekeeping gene
mRNA in S. aureus-infected compared to unin-
fected tissue.
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remarkable capacity to control bacterial growth and
showed very limited signs of disease. A comparison of
the time course of bacterial proliferation in C57BL/6 and
A/J mice showed that the enhanced inhibition of bacterial
growth observed in C57BL/6 mice occurred very early
during infection. This raised the question about the po-
tential contribution of innate immune mechanisms to
the enhanced host defense against S. aureus observed
in C57BL/6 mice. The findings that Rag2/IL-2R��/�

C57BL/6 mice, which are deficient in the expression of
specific immunity, were also resistant to S. aureus infec-
tion confirmed this assumption.

Among the different cellular components of the innate
immune response, neutrophils have been shown to be
important for protection against a variety of pathogenic
bacteria including S. aureus.47–54 In the human situation,
there is also evidence that neutrophil deficiency aug-
ments the susceptibility to S. aureus infection. This is best
illustrated by the predisposition of chronic granulomatous
disease (CGD) patients to suffer from recurrent and often
life-threatening S. aureus infection.55,56 CGD is an inher-
ited disorder in which the leukocyte respiratory burst is
absent or markedly deficient resulting in inadequate gen-
eration of highly reactive oxidants (eg, superoxide, hy-
drogen peroxide, and hypochlorous acid) necessary for
microbicidal activity within the phagosome.57

Depletion of neutrophils using anti-RB6 antibodies or
inhibition of neutrophil migration into infected sites af-
ter treatment of mice with anti-CD18/CD11b antibodies
rendered C57BL/6 animals as susceptible as A/J mice
to S. aureus. Depletion of neutrophils in C57BL/6 mice
was associated with significantly increased bacterial
numbers in the kidneys already evident during very
early infection. Together, these results indicate that
resistance to S. aureus in C57BL76 mice is critically
dependent on an effective and fast recruitment of neu-
trophils to the site of infection. In the absence of neu-
trophils, other antimicrobial defense mechanisms were
unable to kill the bacterial inoculum or to limit bacterial
growth in these mice.

After confirming that neutrophils from A/J and C57BL/6
mice did not differ in their direct bactericidal effector
functions against S. aureus, we hypothesized that A/J
mice may have a neutrophil recruitment deficiency, thus
explaining their inability to control infection. Neutrophil
migration from the bloodstream to the site of infection is
initiated when bacteria stimulate the resident tissue, in-
cluding stromal, epithelial, and endothelial cells to se-
crete chemokines.58,59 Chemokines play a central role in
mediating the signaling cascade that targets neutrophils
to sites of infection by binding to receptors on the surface
of these cells.60–62 The murine chemokines KC (CXCL-1)
and MIP-2 (CXCL-2), which are the functional murine
homologues of the human IL-8, are the major chemoat-
tractants responsible for recruiting neutrophils and both
bind to chemokine receptor CXCR2.63,64 Therefore, we
compared the time course of KC and MIP-2 expression in
the kidneys of C57BL/6 and A/J mice during the early
phase of S. aureus infection. Our results shown that ex-
pression of KC and MIP-2 displayed different kinetic pro-
files. Thus, the S. aureus challenge set in motion a rapid

expression of KC in C57BL/6 mice, with peak levels
already achieved 1 hour after bacterial inoculation. By
this time, the level of KC in the kidneys of A/J mice still
remain low. Four hours after the challenge, peak levels
of MIP-2 were already evidenced in the kidneys of
C57BL/6 whereas the levels of MIP-2 did not raise at all
in the kidneys of A/J mice. The different kinetic profiles
observed in the expression of KC and MIP-2 could be
explained by differences in the mechanism of regula-
tion of their synthesis, the cellular source responsible
for their production, or both. Thus, whereas resident
cells were probably the main source of KC detected at
1 hour of infection, infiltrating cells could be the source
of MIP-2 detected at 4 hours of infection. Because
neutrophils play a major role in the clearance of S.
aureus, the superior resistance of C57BL/6 mice is
likely to be the result of a fast response of resident cells
to S. aureus that rapidly induce a sequence of leuko-
cyte recruitment events and brings under control the
infectious pathogen during the very early phase of
infection.

Because the incidence of multidrug-resistant S. aureus
is increasing, it is clear that new strategies and tactics are
needed to combat this insidious pathogen. Identification
of the host immune components that are essential for host
defense against S. aureus will lay a foundation on which
rational therapies that augment natural host resistance
might be designed.
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