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Staphylococcus aureus is a human bacterial pathogen causing a variety of diseases. The occurrence of multidrug-resistant strains
of Staphylococcus aureus underlines the need for a vaccine. Defining immune correlates of protection may support the design of
an effective vaccine. We used a murine Staphylococcus aureus infection model, in which bacteria were inoculated in an air pouch
generated on the back of the animal. Analysis of the air-pouch content in mice immunized or not with an adjuvanted multianti-
gen vaccine formulation, four-component S. aureus vaccine (4C-Staph), prior to infection allowed us to measure bacteria, cyto-
kines, and 4C-Staph-specific antibodies and to analyze host immune cells recruited to the infection site. Immunization with 4C-
Staph resulted in accumulation of antigen-specific antibodies in the pouch and mitigated the infection. Neutrophils were the
most abundant cells in the pouch, and they showed the upregulation of Fc� receptor (Fc�R) following immunization with 4C-
Staph. Reduction of the infection was also obtained in mice immunized with 4C-Staph and depleted of neutrophils; these mice
showed an increase in monocytes and macrophages. Upregulation of the Fc�R and the presence of antigen-specific antibodies
induced by immunization with 4C-Staph may contribute to increase bacterial opsonophagocytosis. Protection in neutropenic
mice indicated that an effective vaccine could activate alternative protection mechanisms compensating for neutropenia, a con-
dition often occurring in S. aureus-infected patients.

Staphylococcus aureus is a human bacterial commensal which is
asymptomatically carried in the nares of 20 to 50% of the pop-

ulation. The bacterium can occasionally turn into an opportunis-
tic pathogen, causing a variety of community- and hospital-ac-
quired pathologies, including skin diseases, osteomyelitis, septic
arthritis, endocarditis, and bacteremia (1). Although invasive dis-
eases are generally extremely acute and severe, the greatest burden
of morbidity is due to skin and soft tissue infections, which either
can be uncomplicated and easily treatable or can spread to deeper
tissues and require hospitalization and sometimes surgery (2).
The current emergence of strains which are resistant to multiple
antibiotics, i.e., methicillin-resistant S. aureus strains (3), makes
the treatment of S. aureus infections more difficult, underlining
the medical need for an S. aureus vaccine, which is not yet avail-
able.

Increasing our knowledge of S. aureus-induced pathogenesis
and host immune responses to colonization and infection and
identifying immunological correlates of protection are key steps
toward the development of an effective vaccine that can protect
against a wide spectrum of diseases (4, 5). We recently described
an aluminum hydroxide-adjuvanted vaccine formulation, four-
component S. aureus vaccine (4C-Staph), which included five S.
aureus antigens: a genetically detoxified derivative of the secreted
alpha-toxin hemolysin (Hla), two surface-exposed antigens,
FhuD2 and Csa1A, and EsxAB, a protein fusion of two secreted
proteins, EsxA and EsxB. This formulation was able to protect
mice from infection in different murine models, and induction of
functional 4C-Staph-specific antibodies seemed to play a major
role in achieving protection (6). The use of systemic infections
(abscess, peritonitis, and pneumonia models) or skin infections
resulting in dermonecrosis hampered a deeper analysis of im-
mune humoral factors and cellular components possibly associ-

ated with protection at the site of infection. Therefore, this
prompted us to use an infection model that would allow the con-
comitant evaluation in situ of different parameters related to both
infection and host response.

Different animal models have been used to study host immune
responses to bacterial infections and the protective efficacy of vac-
cine candidates. Among them, an “air-pouch” murine model has
been extensively used to study inflammation (7–9). This model
was adapted further to evaluate the effect of fibrinogen depletion
on S. aureus infections (10), as well as to study the host responses
to group A Streptococcus infection, and the reduction of infection
in mice immunized with specific antigens (11–13). The model is
based on two dorsolateral subcutaneous injections of air to gen-
erate a “pouch” in which bacteria are subsequently inoculated,
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mimicking a skin infection. Then, the content of the pouch can be
retrieved, allowing the evaluation of multiple parameters, such as
the number of bacteria, the recruitment of host live immune cells,
and the presence of antigen-specific antibodies and cytokine re-
lease.

Here we report that immunization of mice with 4C-Staph sig-
nificantly contained S. aureus infection and reduced the produc-
tion of inflammatory cytokines at the site of infection. Impor-
tantly, immunization with 4C-Staph contained S. aureus infection
even in neutropenic mice. This result is surprising given the im-
portant role played by neutrophils during S. aureus pathogenesis.
We found that 4C-Staph vaccination in neutropenic mice resulted
in an increased recruitment of macrophages and monocytes at the
infection site, which might compensate for the lack of neutrophils.
These findings may have important implications for vaccine de-
velopment since neutropenia in humans is one of the pathological
conditions that make patients most vulnerable to S. aureus infec-
tion.

MATERIALS AND METHODS
Mice. Female 5- to 8-week-old C57BL/6 mice were used. All animal stud-
ies were carried out in compliance with current Italian legislation on the
care and use of animals in experimentation (Legislative Decree 26/2014)
and with the Novartis Animal Welfare Policy and Standards. Protocols
were approved by the Italian Ministry of Health (authorization 185/
2011-B) and by the local Novartis Animal Welfare Body (authorization
AWB 201105). After infection, mice were monitored daily and euthanized
when they exhibited defined humane endpoints that were pre-established
in agreement with Novartis Animal Welfare Policies.

Bacterial strains. S. aureus Newman strain was grown in tryptic soy
broth from an initial optical density at 600 nm (OD600) of 0.05. Bacteria
were incubated at 37°C with shaking at 250 rpm until reaching an OD600

of 2 and then centrifuged at 3,320 � g for 10 min. The pellet was washed
with 50 ml of phosphate-buffered saline (PBS; pH 7.4; Invitrogen) and
finally appropriately diluted in PBS to obtain the required infectious dose/
mouse. Inocula were confirmed by spreading sample aliquots on tryptic
soy agar and enumerating colony formation the day after the challenge
experiment.

Air-pouch model and immunizations. Two dorsolateral subcutane-
ous 3-ml injections of air (at days 0 and 3) were performed to generate a
single pouch in which 107 CFU (500-�l volume) of the S. aureus Newman
strain were inoculated at day 5. Mice were sacrificed 48 h after challenge,
and the pouches were injected with 1 ml of PBS, which was immediately
withdrawn with the same syringe to perform CFU counting, cytofluori-
metric analyses, and antibody and cytokine titrations. Volumes recovered
from different mice were comparable.

For protection experiments, 5-week-old C57BL/6 female mice were
actively immunized by intramuscular injection of 100 �l (50 �l in each
quadriceps) containing a total of 10 �g of each 4C-Staph antigen adsorbed
to 200 �g of aluminum hydroxide (alum; 2 mg/ml) on days 0, 14, and 28.
Control mice received an equal volume of alum alone. Animals were bled
1 to 2 days before the first immunization and 8 days after the third immu-
nization (2 days before the infection) to measure the levels of IgG against
the 4C-Staph antigens. At 10 days after the last immunization, mice were
injected in the pouch with the required bacterial dose.

Immune sera from 4C-Staph-immunized rabbits were used for pas-
sive immunization. New Zealand rabbits were immunized by intradermal
injection of 50 �g of each 4C-Staph protein adsorbed to alum on days 0,
21, and 35. Rabbit immune serum samples (150 �l) were injected into the
tail vein of 8-week-old C57BL/6 mice 24 h prior to challenge with S.
aureus. Control mice were injected with the same volume of serum from
rabbits immunized with alum.

Cell recruitment analysis. The material retrieved from the air-pouch
lavages was centrifuged at 300 � g for 5 min, and the supernatant was

sterilized by 0.22-�m-pore-size filtration and stored at �20°C for anti-
body titration and cytokine profiling. The cell pellet was treated with Fc
block (BD Pharmingen) to avoid nonspecific binding of antibodies for 20
min at room temperature, as specified by the manufacturer’s instructions,
and subsequently incubated for 20 min with a mix of antibodies that bind
known proteins present on one or more cellular populations. The mix was
composed of the following antibodies conjugated with the relative fluo-
rochrome: Ly6C-FITC, CD335-PerCP-Cy5.5, Ly6G-PE, and CD11b-APC
(Pharmingen); F4/80-V450, CD3-PE-Cy7, MHC-II-A700, and CD11c-
APC-eFluor 780 (eBioscience); and Live/Dead yellow (Invitrogen). In
each experiment, we included a sample stained with the relative isotype to
verify any nonspecific binding: rat IgG1-FITC, rat IgG2a-PerCP-Cy5.5,
rat IgG2a-PE, and rat IgG2a-APC (Pharmingen); rat IgG2a-V450, Arme-
nia hamster PE-Cy7, rat IgG2b-A700, and Armenia hamster IgG-isotype
APC-eFluor 780 (eBioscience); and Live/Dead yellow (Invitrogen).

To determine their activation status, cells retrieved from the pouch
lavages were stained using a mix composed of the following antibodies:
Ly6G-PE-CF594, CD11b-BV510, CD80-PE, and Ly6C-FITC (Pharmin-
gen); CD16/32-APC, CD21/35-PerCP-eFluor710, CD86-PE-Cy5, MHC-
II-A700, and F4/80-eFluor450 (eBioscience); and Live/Dead yellow (In-
vitrogen). In each experiment, we included a sample stained with the
relative isotype to exclude any nonspecific binding: rat IgG2a-PE-CF594,
rat IgG2b-BV 510, hamster IgG2-PE, and rat IgG1-FITC (Pharmingen);
rat IG2a-APC, rat IgG2a-PerCP-eFluor710, rat IgG2a-PE-Cy5, rat IgG2b-
A700, and rat IgG2a-eFluor450 (eBioscience); and Live/Dead yellow (In-
vitrogen). For each antibody, the best working dilution was previously
determined. In the activation experiments, treatment with Fc block was
not performed.

Acquisition of labeled cells was performed using a FACS LSRII cytom-
eter (Becton Dickinson). BD TruCount Absolute counting tubes were
used to determine the absolute cell number for each population, accord-
ing to the manufacturer’s instructions. The data analysis was performed
using the software Flow Jo 9.3.3.2, based on the expression of one or more
of the cellular markers on the selected cell populations, following the
gating strategy indicated in Fig. S1 in the supplemental material.

Specific IgG measurement and cytokine profiling. The Luminex
technology was used to evaluate the level of IgG specific for each antigen of
the 4C-Staph in sera and pouch lavages. Antigens were covalently conju-
gated to the free carboxyl groups on microspheres according to the man-
ufacturer’s instructions. Pouch lavages were diluted 1:200, and sera were
diluted 1:10,000 in PBS, followed by incubation with the microsphere for
30 min at room temperature. After washing, microspheres were incubated
for 15 min at room temperature with phycoerythrin (PE)-conjugated an-
ti-mouse IgG (1:200), washed, and suspended with 200 �l of PBS. Samples
were analyzed by Luminex 200 (Merck-Millipore). The median fluores-
cence intensity (MFI) at 575 nm was directly proportional to the amount
of antibody bound to the microspheres. The limit of detection (LOD) was
calculated as the mean plus three standard deviations of the MFI values
registered in the sample obtained from alum-immunized mice. The LOD
values for HlaH35L, FhuD2, Csa1A, and EsxAB were, respectively, 25.6, 5.2,
7, and 1.6 in the pouch lavages and 31.8, 8.4, 6.7, and 26 in sera. Cytokine
concentrations in the pouch lavages were determined using the Bio-Plex
Pro mouse cytokine 23-plex immunoassay according to the manufactur-
er’s instructions (Bio-Rad).

Neutrophil depletion. One day before the infection, mice received a
single intraperitoneal injection with 0.25 mg of endotoxin- and sodium
azide-free rat-purified anti-mouse Ly6G (BD Pharmingen). Control mice
received an equal amount of purified Rat IgG2ak isotype control (BD
Pharmingen). Neutropenia was verified by fluorescence-activated cell
sorting (FACS) analysis, according to the gating strategy depicted in Fig.
S1 in the supplemental material, in all of the depletion experiments per-
formed.

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism 5 software and the Mann-Whitney two-tailed test. P values of
�0.05 were considered statistically significant.

Torre et al.

3158 iai.asm.org August 2015 Volume 83 Number 8Infection and Immunity

http://iai.asm.org


RESULTS
Setup of a murine air-pouch model of S. aureus infection. In
initial experiments, we infected groups of C57BL/6 mice in the
pouch with different doses of the S. aureus Newman strain, rang-
ing from 5 � 106 to 1.5 � 109 CFU. Animal health condition,
bacterial CFU, and recovery of live recruited immune cells were
evaluated at 24 h, at 48 h, and at longer time points after infection.
Eventually, an infectious dose of 107 and the 48-h time point were
chosen, even though a high infection variability among mice was
observed (Fig. 1A). Under these conditions, mice did not show
any major sign of disease, and sufficiently high numbers of bacte-
ria and live immune cells were recovered, which would allow CFU
counting and cytofluorimetric analysis of the different immune
cell populations. Using higher infectious doses decreased infec-
tion variability among mice (data not shown), but most of them
showed severe symptoms or died; using lower bacterial doses re-
sulted in the infection being naturally cleared by the immune sys-
tem, in the absence of any vaccination (see Table S1 in the supple-
mental material). Time points later than than 48 h were excluded

since skin lesions were progressing to ulceration and full recovery
of CFU and of live immune cells were hampered (data not shown).

The protective efficacy of the 4C-Staph was then tested under
the selected experimental conditions. Figure 1A shows the results
obtained with two groups of C57BL/6 mice immunized with ei-
ther 4C-Staph or alum alone, as a negative control, and infected in
the air pouch with 107 CFU of the S. aureus Newman strain. At 48
h after infection, mice were sacrificed, and the number of CFU in
the pouch lavage was evaluated, demonstrating a statistically sig-
nificant reduction (P � 0.02) in mice immunized with 4C-Staph
compared to the value for the animal control group immunized
with alum. Therefore, S. aureus administration in the air pouch
represents a model that is suitable for evaluating vaccine-induced
protection against S. aureus infection and to study the immune
mechanisms regulating this protection.

In situ analysis of the host immune response. Having estab-
lished that vaccination of mice resulted in reduction of CFU, we
further investigated the host immune responses. Sera and pouch
lavages were collected from immunized mice to measure 4C-
Staph-specific antibodies and secreted cytokines. Figure 1B shows
that immunization of mice prior to infection elicited detectable
serum antibodies for each antigen and that significant levels of
antigen-specific antibodies were measured in the air pouch (Fig.
1C). Cytokines, as well as host immune cells recruited in the
pouch, were also evaluated in immunized and infected mice at 48
h postinfection. A set of 23 specific cytokines and chemokines
involved in inflammation and immunity were analyzed. Although
the levels of interleukin-12p70 (IL-12p70), IL-17, granulocyte col-
ony-stimulating factor (G-CSF), gamma interferon, KC, macro-
phage inflammatory protein 1� (MIP-1�), MIP-1	, IL-1	, IL-6,
and tumor necrosis factor alpha (TNF-�) increased in the pouch
lavage specimens following bacterial infection compared to pre-
infection levels, immunization with 4C-Staph significantly re-
duced the in situ levels of some of these cytokines compared to
alum alone (Fig. 1D).

Recruitment in the pouch of host immune cells was also inves-
tigated. A basal level of live leukocytes could be detected in the
pouch lavage specimens of noninfected animals independently of
the vaccination status. When cells were stained for viability and for
different cellular markers using the cytofluorimetric analysis strat-
egy depicted in Fig. S1 in the supplemental material, multiple cell
populations were identified, in particular neutrophils, eosino-
phils, macrophages, dendritic cells, natural killer, B and T cells. At
48 h after infection, the total number of live cells significantly
increased in the pouch, with neutrophils, monocytes, and macro-
phages showing the sharpest increase (Fig. 2), in agreement with
the role that these cell types have in the initial phases of the host
response against the infection. Neutrophils were the most abun-
dant cell population (ca. 90%), followed by monocytes, macro-
phages and eosinophils (see Fig. S2 in the supplemental material).
The lymphocyte compartment represented only ca. 1% of the total
pouch lavage fluid. No significant differences were observed be-
tween mice immunized with 4C-Staph and those immunized with
alum.

Unraveling the role of different immune components in pro-
tection against S. aureus. We have recently shown that passive
administration of 4C-Staph-specific polyclonal antiserum pro-
tected mice from S. aureus infection in different disease models
(6). The finding that antigen-specific antibodies were measured in
pouch lavage specimens prompted us to assess the protective role

FIG 1 4C-Staph-immunized mice show antigen-specific antibodies in the
pouch and mitigate the infection and the inflammation in situ. (A) CFU mea-
sured in the pouch lavage 48 h postinfection. CFU values obtained for single
mice are represented by black dots, while gray lines indicate the median values.
The statistical significance was assessed with a two-tailed Mann-Whitney test,
and the P value is indicated. (B and C) Bar graphs reporting the antibody
responses elicited against each antigen of the 4C-Staph and measured in the
sera (B) and air-pouch lavages (C) of animals immunized with either alum or
4C-Staph. Bars indicate the geometric mean fluorescence intensities (MFIs)
with the 95% confidence intervals (CI) obtained from four independent ex-
periments for a total of 63 mice for sera and one representative experiment
with 6 mice for pouch lavages. Groups immunized with alum highlight the
assay background threshold for each antigen. (D) Bar graph showing cytokine
levels measured at 48 h postinfection in the pouch lavages of mice immunized
with either alum or 4C-Staph and then either mock infected or infected with S.
aureus Newman. Bars indicate the geometric mean (with 95% CI) for four S.
aureus infection experiments (19 to 23 mice/group) and one representative
experiment for mock-infected mice (6 mice/group). The statistical analysis
was performed using the Mann-Whitney two-tailed test (*, P � 0.05; **, P �
0.01).
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of the humoral response in the air-pouch model as well. To this
end, rabbit antisera raised against either 4C-Staph or alum alone
were injected intravenously in naive mice 24 h before infection in
the pouch with S. aureus, and CFU counts were assessed 48 h later.
Passive administration of 4C-Staph-specific antiserum signifi-
cantly reduced the number of CFU in the pouch lavage specimens
(Fig. 3A), confirming that antibodies play a role in protecting mice
from S. aureus infection in situ.

On the other hand, the definition of a possible role, if any, in
the early response to the infection of the immune cell types iden-
tified in the pouch was not immediately obvious. Cytofluorimet-
ric analyses of the cellular repertoire in the pouch upon infection
evidenced intense cell recruitment at the infection site, although
no quantitative differences could be observed between 4C-Staph-
and alum-immunized mice. We therefore investigated whether
immunization with 4C-Staph might induce qualitative changes in
the recruited immune cell populations contributing to a success-
ful immune response. Levels of expression of different activation
markers such as Fc� receptor (Fc�R) III/II (CD16/32), comple-
ment receptor (CR1/CR2) (CD35/21), and costimulatory mole-
cules CD80 and CD86 were analyzed on the surface of monocytes,
macrophages, and neutrophils, the three most abundant cell pop-
ulations in the pouch. Neutrophils and monocytes showed a sig-
nificantly higher expression of Fc�R III/II that was dependent on

immunization with 4C-Staph, followed by the infection (Fig. 3B
and C). Increased levels of Fc�R III/II expression were not ob-
served in cells from the pouches of noninfected or of alum-vacci-
nated and infected mice. No changes in levels of expression were
detected for CR1/CR2, CD80, and CD86 molecules, additional
activation markers for the myeloid lineage (data not shown).

4C-Staph vaccination mitigates S. aureus infection in neu-
tropenic mice. Our observations that (i) neutrophils were the
most abundant cell population recruited into the pouch and (ii)
they were activated in 4C-Staph-immunized mice after infection
well matched previous data reporting on the importance of neu-
trophils in controlling S. aureus infections. This encouraged us to
confirm the key role of these cells in the air-pouch model by per-
forming experiments with mice depleted of this cell population.

Neutrophil depletion (
99.8%) was obtained by treating mice
once 24 h before infection with purified �-Ly6G antibody (Fig.
4A). Under these conditions, mice were more susceptible to S.
aureus infection, as confirmed by the higher number of CFU mea-
sured in the pouch lavages (Fig. 4B) and were more evenly infected
(compare with Fig. 1A), similar to what we previously observed in
immunocompetent mice when infected with doses higher than
107 (data not shown).

In order to confirm the major role played by neutrophils in
containing the infection, we immunized mice either with 4C-
Staph or with alum, followed by neutrophil depletion and infec-
tion with S. aureus. Surprisingly, a significant reduction (P �
0.002) in the CFU count was observed in the pouch lavage speci-
mens of neutropenic animals immunized with 4C-Staph com-
pared to counts for the control group of neutropenic mice vacci-
nated with alum (Fig. 4C). The median decrease in bacterial load
in the vaccinated group was �1.5 log, similar to what we had
observed in immunocompetent mice (compare to Fig. 1A), al-
though the median value obtained in neutropenic mice was higher
due to their increased susceptibility to infection. Attenuation of
the infection could not reflect differences in the depletion process
of mock-immunized and 4C-Staph-immunized mice, since we
confirmed a nonsignificant difference in the neutrophil numbers
of the two groups (649 and 805 neutrophils per mouse, respec-
tively, calculated as the geometric mean for 16 mice obtained from
three independent experiments).

We hypothesized that in the absence of neutrophils, the immu-
nization with 4C-Staph may have activated a compensatory pro-

FIG 2 Host immune cells recruited in the pouch of infected mice. Bar graphs
report the absolute cell numbers of neutrophils (A), monocytes (B), and mac-
rophages (C) in mice immunized either with alum or with 4C-Staph and then
either mock infected or infected with the Newman strain. Bars represent the
geometric mean with the 95% CI from two to five independent experiments
(12 to 30 mice/group).

FIG 3 4C-Staph elicits functional antibodies and increases the expression of
Fc�R III/II on neutrophils and monocytes. (A) CFU measured in the pouch
lavage specimens of mice passively immunized with rabbit antisera raised
against either alum or 4C-Staph. CFU counts in individual animals are repre-
sented by black dots (three independent experiments, 31 mice). Statistical
analyses were performed using a two-tailed Mann-Whitney test. (B and C)
Graphs showing the FACS fluorescence intensity signals (FI) detected with an
anti-CD16/32 antibody directed against the Fc�R III/II receptors on neutro-
phils and monocytes in the pouch lavage specimens of mice immunized either
with alum (o) or with 4C-Staph (�) and then either mock infected or infected
with the Newman strain. Gray lines indicate the median among independent
experiments. Statistical analyses were performed using a Mann-Whitney two-
tailed test.

FIG 4 Immunization of neutrophil-depleted mice with 4C-Staph mitigates
the infection in situ. (A) Number of neutrophils in the pouch lavage specimens
of mice 3 days after treatment with either anti-Ly6G monoclonal antibody
(depleted) or isotype-matched control (ctrl). (B) CFU at 48 h postinfection in
the pouch of mice treated with anti-Ly6G or isotype-matched control. (C)
CFU at 48 h postinfection in the pouch of anti-Ly6G-treated mice immunized
either with alum or with 4C-Staph. Gray lines indicate the median either in
single experiments (A and B) or from four independent experiments (C). The
statistical significance was calculated using a two-tailed Mann-Whitney test.
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tection mechanism(s) that mediated the control of the infection.
In the attempt to support this hypothesis, we analyzed the panel of
immune cells recruited in the pouch lavage specimens of neutro-
penic mice 48 h postinfection in both 4C-Staph- and alum-immu-
nized mice, and we compared these results to those obtained in
analogous groups of fully immunocompetent mice. Meaningful
differences were measured for macrophages and monocytes. In
fact, the absolute number of macrophages was significantly in-
creased in neutropenic mice immunized with the vaccine (Fig.
5A), while monocytes of neutropenic mice increased both in
mock-immunized and in vaccine-immunized animals (Fig. 5B).
To better evaluate whether these increases could be specifically
related to vaccination with 4C-Staph, we calculated for the two cell
populations the ratio between the absolute cell number values
recovered from each neutropenic mouse and the median of the
absolute values of the same cell population recovered in the im-
munocompetent group, both for immunized and mock-immu-
nized mice. Therefore, in Fig. 5C and D, a ratio higher than 1
indicated that the cell population was more abundant in neutro-
penic mice than in the immunocompetent counterpart. Infection
of alum-immunized mice caused an increase in the number of
monocytes (Fig. 5D) but not of macrophages (Fig. 5C). Interest-
ingly, immunization with 4C-Staph resulted in significant in-
creases of the monocytes and macrophages populations (C and
D). These results suggested that monocytes and macrophages
might compensate for neutrophil deficiency and mediate 4C-
Staph-dependent protection.

DISCUSSION

The approaches used thus far to develop a vaccine against S. aureus
infections have been unsuccessful (14) and the definition of new
strategies to achieve this goal is an urgent priority (4, 15). Devel-
opment of an efficacious S. aureus vaccine appears to be a partic-
ularly challenging task since the pathogen has evolved to infect a
variety of host microenvironments (1) and evade the immune
system (16–18). Vaccine design is further complicated by the fact
that the type of immune response which may be protective in
humans and the possible correlates of protection from S. aureus
infections are not known. In this context, development of suitable
preclinical animal models can be powerful tools to address these
issues (15, 19).

Here we describe a murine air-pouch skin model of S. aureus
infection that we used to characterize the host immune responses
to S. aureus infection, to evaluate the efficacy of an alum-adju-
vanted multiprotein vaccine formulation (4C-Staph) that we re-
cently described as protective in multiple animal models of S.
aureus infection (6), and to identify immunological mechanisms
stimulated by the vaccine that could possibly contribute to pro-
tection.

The observation that immunization of mice with 4C-Staph
resulted in a 2-log reduction of the bacterial burden in the pouch
(Fig. 1) confirmed that the model was appropriate to attempt the
dissection of the different immune components contributing to
the containment of the infection. Because of the evolution of the
skin lesion over time, which resulted in damage of the pouch and
hampered the full recovery of bacteria and immune cells, we re-
stricted our observations to 48 h postinfection. Our analyses
therefore concentrated on the early response to the infection, fo-
cusing on components of both innate and adaptive immunity (cy-
tokines and chemokines, immune cells, and vaccine-specific anti-
bodies), possibly highlighting interplay between them.

As expected, S. aureus infection caused an increase in a panel of
innate cytokines, e.g., IL-1	, IL-6, IL-12p70, and TNF-�, and
chemo-attractants, e.g., G-CSF, MIP-1�, KC, and IL-17, in the
pouch (Fig. 1D) that were associated with the recruitment of neu-
trophils, monocytes, and macrophages (Fig. 2 and see Fig. 2S in
the supplemental material). Interestingly, immunization with 4C-
Staph significantly attenuated these increases, consistent with the
reduction of the bacterial load in the pouch (Fig. 1A) and conse-
quently with a lower inflammation status.

Evidence is available suggesting the importance of antibodies
in controlling S. aureus infections: in vitro and in vivo antibody-
dependent protection have been reported for S. aureus antigens
(20–23), antibody titers against S. aureus have been shown to rise
during infections (24), and immunoglobulin deficiencies were re-
lated to an increase in susceptibility to the pathogen (25). Never-
theless, limited correlations have been established between anti-
body levels and disease severity or protection (22, 26). The
presence of 4C-Staph-specific antibodies in the pouch and the
reduction in the bacterial load obtained by passive immunization
of mice (Fig. 1C and 3A) suggested that antigen-specific antibod-
ies may play an important role, contributing to early containment
of the infection in the pouch.

In spite of the lack of knowledge on the mechanisms of protec-
tion against S. aureus infections, the role of polymorphonuclear
neutrophils (PMNs) and antigen-specific antibodies is acknowl-
edged. PMNs represent the initial and foremost defense against

FIG 5 Immunization with 4C-Staph increases macrophage and monocyte
recruitment in the pouch of neutropenic mice. (A and B) Absolute cell num-
bers of macrophages (A) and monocytes (B) in immunocompetent and neu-
tropenic mice either immunized with 4C-Staph or mock immunized; (C and
D) ratios between the absolute cell numbers of macrophages (C) and mono-
cytes (D) of each neutropenic mouse and the medians of the absolute cell
numbers of the same populations recovered in the corresponding immuno-
competent groups. Ratios obtained for individual neutropenic mice are re-
ported for groups immunized either with alum or with 4C-Staph. Gray lines
indicate the median values of the ratios for each group (three independent
experiments). The statistical significance was calculated using a two-tailed
Mann Whitney test, and P values are indicated.
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S. aureus, phagocytizing opsonized bacteria, killing them in the
phagosome, and undergoing programmed cell death before being
removed by macrophages, which contributes to a positive resolu-
tion of the infection (27, 28). Different animal models of S. aureus
infections have confirmed the positive role played by PMNs, both
in invasive (septicemia and septic arthritis) (29) and in cutaneous
infections (30). The importance of PMNs has been further cor-
roborated by the observation that neutrophil abscess formation is
required for bacterial clearance in humans and that either a re-
duced number or an impaired functionality of PMNs can result in
increased susceptibility to S. aureus infection in various tissues
and organs (5, 31).

Consistent with these reports, we observed that PMNs repre-
sented 90% of the immune cells recruited in the pouch 48 h after
the infection, followed by monocytes, macrophages and eosino-
phils (Fig. 2 and see Fig. 2S in the supplemental material). Recruit-
ment of these cell populations is also in agreement with the in-
creased levels of chemo-attractants detected in the pouch (Fig.
1D). Remarkably, no quantitative differences in immune cell re-
cruitment were observed in mice immunized with 4C-Staph and
in which bacterial load had significantly decreased compared to
that in control mice. We then wondered whether immunization
with 4C-Staph could immunologically activate one or multiple
cell populations, making them more prone to compete with the
infection. The fact that neutrophils and monocytes recovered
from the pouch of immunized and infected mice showed an up-
regulation of the Fc�R III/II molecules (Fig. 3B and C) might
support our hypothesis. Fc�R III/II, as well as other Fc�Rs, are key
receptors on human and murine neutrophils, monocytes, den-
dritic cells, and macrophages, which recognize antibody-coated
bacteria and infected cells and favor their elimination by phago-
cytosis and antibody-dependent cellular cytotoxicity (32, 33).

The scenario depicted thus far identified two major actors that
might play a role in protecting mice from infection in situ: anti-
bodies (adaptive immunity) and neutrophils (innate immunity).
Whether and to what extent immunization with 4C-Staph con-
tributed to modulate and bridge the action of these two immune
components leading to containment of the infection remains to be
established. Our initial attempts at measuring bacterial uptake by
neutrophils isolated from the pouch after S. aureus infection failed
due to the extreme fragility of these cells, which were recruited
from the bloodstream to tissues and were activated by the inter-
action with the invading bacteria. Additional attempts will be nec-
essary to confirm our hypothesis.

Immunization of mice with 4C-Staph, followed by infection
with S. aureus, resulted in the upregulation of the expression of
Fc�R III/II on neutrophils, suggesting a transition from a resting
to an activated state. At this stage, neutrophils, armed with func-
tionally activated Fc�R III/II complexes, would more efficiently
take up the bacteria coated with antigen-specific antibodies, a pro-
cess which accelerates neutrophil apoptosis (or phagocytosis-in-
duced cell death) and their removal by macrophages. This would
possibly counteract some of the evasion mechanisms exerted by S.
aureus based on the modulation of phagocyte apoptosis, which
favors bacterial survival in the host cells (28, 34). To our knowl-
edge, this would be the first report of an S. aureus vaccine formu-
lation contributing to the activation or potentiation of neutrophil
killing mechanisms fighting the infection. In this specific model,
this protection mechanism would likely cooperate with others,

i.e., antibody-mediated neutralization of Hla, which was shown to
play a role in skin infections (35).

Given the intense recruitment of neutrophils in the pouch, it
was intriguing to observe that mice depleted of 99% of their neu-
trophils were still capable of significantly containing the infection
when they had been previously immunized with 4C-Staph (Fig.
4C). Immunized neutropenic mice showed an increase of mono-
cytes and macrophages (Fig. 5), suggesting that innate cells other
than neutrophils may compensate for the neutropenia condition
and contribute to protection from the infection. This result is
consistent with the observation that an increase of monocytes has
been observed in humans experiencing some neutropenic condi-
tions (31) and significantly enriches previous observations re-
ported for immunosuppressed mice immunized with a Pseu-
domonas aeruginosa live attenuated vaccine (36, 37).

The positive effect of 4C-Staph on neutropenic mice can be
important when thinking of S. aureus-induced diseases in hu-
mans. S. aureus is one of the leading causes of nosocomial infec-
tions in patients who often have a weakened immune system. In
this context, the availability of a multiantigen vaccine formulation
that is able to trigger compensatory immune protective mecha-
nisms under a neutropenic condition may be relevant for the de-
velopment of novel strategies against S. aureus diseases in which
active immunization with an effective vaccine is used in conjunc-
tion with traditional antibiotic therapy to ensure a better outcome
against the disease.
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