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Methicillin-resistant Staphylococcus aureus (MRSA) is a common pathogen associated with nosocomial pneumonia and is an
increasing threat for severe community-acquired pneumonia. We have now investigated the role of interleukin-12 (IL-12) in
protective immunity against lung infection with MRSA. The importance of IL-12 in protection from pulmonary MRSA infection
was demonstrated by the finding that IL-12p35-deficient mice had a lower survival rate, higher bacterial burdens in lung and
spleen, and decreased expression of interferon gamma (IFN-�) in the lung compared to wild-type mice. These effects were com-
pletely reversed by replacement intranasal therapy with recombinant IL-12. Furthermore, exogenous IL-12 treatment of wild-
type mice 24 h before pulmonary challenge with a lethal dose of MRSA significantly improved bacterial clearance and resulted in
protection from death. The IL-12-treated mice had increased numbers of lung natural killer (NK) cells and neutrophils and
higher levels of IFN-� in the lung and serum compared to untreated mice. The major source of IL-12-driven IFN-� expression in
the lung was the NK cell, and the direct target of pulmonary IFN-� was the lung macrophage, as shown using mice with a macro-
phage-specific defect in interferon gamma (IFN-�) signaling (MIIG mice). Importantly, combination therapy with linezolid and
IL-12 following intranasal MRSA infection significantly increased survival compared to that of mice receiving linezolid or IL-12
alone. These results indicate that IL-12-based immunotherapy may hold promise for treatment of MRSA pneumonia.

Staphylococcus aureus is an extracellular Gram-positive bacte-
rium that is a major cause of hospital-acquired pneumonia

(1–4). More than 50% of Staphylococcus aureus isolates are resis-
tant to various beta-lactam antibiotics and are generally termed
methicillin-resistant S. aureus (MRSA). MRSA is an important
cause of pneumonia and is responsible for several difficult-to-
treat infections in humans. A 2002 to 2003 survey of 59 U.S. hos-
pitals involving 4,543 patients with culture-positive pneumonia
identified MRSA in 8.9% of community-acquired pneumonia
cases, 26.5% of health care-associated pneumonia cases, 22.9% of
hospital-acquired pneumonia cases, and 14.6% of ventilator-as-
sociated pneumonia cases (5). Furthermore, over the past 20
years, tertiary medical centers in the United States have experi-
enced a dramatic increase in the percentage of staphylococcal in-
fections caused by MRSA (6). Currently, two antimicrobial
agents, linezolid and vancomycin, are approved by the U.S. Food
and Drug Administration for the treatment of MRSA pneumonia
(7, 8). Linezolid is now felt to be the optimal drug for treating
patients with MRSA pneumonia (9). However, even with appro-
priate antibiotic treatment, MRSA infections in humans are often
associated with poor clinical outcomes (3).

Interleukin-12 (IL-12) is a pivotal regulatory cytokine that
preferentially activates natural killer (NK) and Th1 cells to pro-
duce interferon gamma (IFN-�) (10). The importance of IFN-� in
phagocyte activation and protection against intracellular bacteria
is well accepted, but little is understood about the significance of
IL-12 and IFN-� in protection against extracellular bacteria. Pre-
viously, we showed that intranasal (i.n.) administration of exoge-
nous IL-12 provided IFN-�-dependent protection against subse-
quent pulmonary infection with the intracellular bacterium
Francisella tularensis (11) and the extracellular bacterium Strepto-
coccus pneumoniae (12). In addition, we (11) and others (13) re-
ported that IL-12-deficient mice were more susceptible to F. tula-
rensis and S. pneumoniae lung infections. However, while IL-12
expression can be induced during S. aureus infection (14), IL-17

appears to play a more dominant role in staphylococcal infections
and IL-12 is nonprotective, at least for acute disease involving
brain abscesses and cutaneous infections (15, 16). In fact, it has
been reported that IL-12 and IFN-� are detrimental for control-
ling staphylococcal colonization (17) and for recovery from cen-
tral nervous system (CNS) bacterial-induced inflammation (15).
Nevertheless, IFN-� is routinely given to patients with chronic
granulomatous disease who have particular difficulty in killing S.
aureus (but not S. pneumoniae).

Because of the apparent difference in the role of IL-12 and
IFN-� during infection with S. aureus compared to other bacteria,
we have now investigated the role of IL-12 during MRSA pneu-
monia in mice and, surprisingly, found that IL-12p35�/� mice
were highly sensitive to pulmonary MRSA infection. Further-
more, treatment of wild-type (WT) mice with exogenous IL-12
protected against subsequent MRSA lung infection by stimulating
NK cell IFN-� production. Combination therapy with IL-12 and
linezolid greatly increased protective efficacy compared to that of
linezolid alone and rescued the majority of infected mice from
death.
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MATERIALS AND METHODS
Mice. C57BL/6 IL-12p35�/� and IFN-��/� mice were originally obtained
from Jackson Laboratories (Bar Harbor, ME). C57BL/6 mice with mac-
rophages insensitive to IFN-� (MIIG) were generated at Cincinnati Chil-
dren’s Hospital Medical Center (18). The mice were maintained and bred
at Albany Medical College. All mice were 7 to 9 weeks of age at the time of
infection. Age- and sex-matched WT controls were used for all experi-
ments employing knockout mice. All experimental procedures were in
compliance with the guidelines of the institutional animal care and use
committee.

Bacteria and MRSA lung infection. MRSA strain USA300 was used in
these studies and was purchased from the ATCC (strain BAA-1556). The
bacteria were grown overnight in brain-heart infusion broth (Becton
Dickinson) and were frozen at �80°C.

For infection, mice were anesthetized by intraperitoneal (i.p.) injec-
tion with 100 �l of xylazine (20 mg/ml) and ketamine (1 mg/ml) in phos-
phate-buffered saline (PBS). The anesthetized mice were then i.n. inocu-
lated with 40 �l PBS containing MRSA. The bacteria used for infection
were plated on BBL Trypticase soy agar with 5% sheep blood (TSA II) to
confirm the CFU counts.

IL-12 treatment. Mice were inoculated i.n. with 1 �g of murine re-
combinant IL-12 in 25 �l phosphate-buffered saline (PBS) containing 1%
normal mouse serum 24 h before MRSA challenge. For combination ther-
apy with antibiotic, the animals were treated i.n. with either 1 �g of IL-12
or PBS vehicle and subcutaneously (s.c.) with 1 mg of linezolid (Pfizer) 4
and 24 h after bacterial challenge.

Bacterial burden and cytokine analysis. At 4 and 24 h after bacterial
infection, mice were sacrificed and their lungs, spleens, and blood were
harvested. The organs were homogenized in 2 ml of PBS. Serial dilu-
tions of the samples were inoculated on Trypticase soy agar plates and
incubated for 24 h at 37°C to enumerate CFU. For cytokine analysis,
organ homogenates and blood were centrifuged at 10,000 � g for 10
min. Supernatants were collected and stored at �80°C. IFN-�, IL-6,
and tumor necrosis factor alpha (TNF-�) levels were determined by
enzyme-linked immunosorbent assay (ELISA) using commercially
available ELISA kits (BD Biosciences). ELISA was performed accord-
ing to the manufacturer’s instructions. All samples and standards were
measured in duplicate.

Flow cytometric analysis of lung cells. Mice were infected i.n. and
sacrificed at 4 and 24 h postchallenge. Lungs were harvested, digested with
collagenase D (Sigma) for 30 min at 37°C, and prepared as a single cell
suspension by passing the cells through a 40-�m-pore-size nylon filter
(BD Falcon). Cells were incubated with 1 �g/ml of anti-mouse Fc�RII/III
monoclonal antibody (MAb; clone 2.4G2) to block nonspecific staining
and then incubated with 1 �g/ml of fluorescence-labeled antibodies. The
MAbs used for flow cytometry included the following: fluorescein isothio-
cyanate (FITC)-conjugated anti-CD11b (clone XMG1.2; eBioscience),
FITC-anti-CD19 (clone CD6D5; Southern Biotech), phycoerythrin (PE)-
conjugated anti-F4/80 (clone BM4; eBioscience), PE-anti-NK1.1 (clone
NK136; BD Biosciences), PE-anti-CD3 (clone 17A2; BD Biosciences), PE-
Cy7-anti-Ly6G (clone 1A8; eBioscience), and allophycocyanin (APC)-
anti-CD11c (clone HL3; BD Biosciences). Data were collected using a
FACSCanto flow cytometer (Becton Dickinson) and were analyzed with
FlowJo software (Tree Star). Cells were gated according to forward scatter
and side scatter, and cell types were identified as follows: neutrophils,
Ly6G� CD11b�; dendritic cells (DCs), F4/80� CD11c� CD11b�; alveo-
lar macrophages (AMs), F4/80� CD11c� CD11b�; interstitial macro-
phages (IMs), F4/80� CD11c� CD11b�; natural killer (NK) cells,
NK1.1� CD3�; T cells, CD3� CD19�; and B cells, CD19� CD3�.

IFN-� intracellular staining. MRSA-specific IFN-�-producing cells
were induced in the pulmonary tract of mice by i.n. administration of 1 �
108 CFU MRSA. The lungs were harvested 24 h postinfection, and isolated
cells were restimulated ex vivo by culturing 5 � 105 cells/well in 96-well
plates with or without equal numbers of MRSA for 2 h, followed by a 1-h
incubation with 10 �g/ml brefeldin A (Sigma). The cells were washed in

PBS containing 2% fetal calf serum, and Fc receptors were blocked by
incubation with mouse 2.4G2 anti-Fc�RII/III MAb for 20 min at 4°C. The
cells were then stained with FITC-conjugated anti-NK1.1 MAb (clone
PK136; BioLegend), APC-conjugated anti-CD4 MAb (clone RM4-5; BD
Biosciences), and PE-Cy7-conjugated anti-CD8 MAb (clone 53-6.7; BD
Biosciences) MAbs. Dead cells were labeled with 7-aminoactinomycin D
(eBioscience). This was followed by a 20-min incubation with BD fixa-
tion/permeabilization solution. The cells were washed twice with BD
Perm/Wash buffer and stained for 30 min with PE-conjugated anti-IFN-�
(clone XMG1.2; BioLegend). After the final wash, the cells were sus-
pended in 200 �l of PBS containing 2% bovine serum albumin (BSA).
Stained cells were quantitated using a FACSCanto flow cytometer.

In vivo NK cell depletion. Mice were injected i.p. with 400 �g of
PK136 anti-NK1.1 MAb in 0.2 ml PBS on days �4 and �2 before infec-
tion using a previously described protocol (19, 20). As a control, irrelevant
IgG2a was used in the same manner. Depletion of lung NK cells was
confirmed by examination of NK1.1 and DX5 expression by flow cytom-
etry. The treated mice were inoculated i.n. with 1 �g of IL-12 in 25 �l PBS
on day �1. On day 0, the mice were infected i.n. with 1 � 108 CFU MRSA
in 40 �l PBS. Twenty-four hours postinfection, bronchoalveolar lavage
fluid (BALF) was obtained by lavaging the lung with 1 ml PBS; the lung
tissues were homogenized in 2 ml of PBS, and samples were plated on
Trypticase soy agar containing 5% sheep blood.

Statistical analysis. All data were analyzed using GraphPad Prism 5
(GraphPad Software, San Diego, CA). Survival curves were analyzed by
using a log rank test. Statistical significance for all other assays was evalu-
ated by the Mann-Whitney U test. A P value of �0.05 was considered to be
statistically significant.

RESULTS
IL-12p35-deficient mice have enhanced susceptibility to pulmo-
nary MRSA infection. Little is understood about the protective or
detrimental role of IL-12 during MRSA infection. To determine
the contribution of IL-12 in pulmonary MRSA infection, we used
an i.n. inoculation mouse model in which the 50% lethal dose
(LD50) and the LD100 following i.n. infection of C57BL/6 WT mice
were 1.5 � 108 and 2.5 � 108 CFU, respectively. WT and IL-
12p35�/� mice were i.n. challenged with 108 bacteria and moni-
tored for survival, bacterial burdens in lungs and spleens, and
cytokine expression in lungs and sera. It was found that following
MRSA infection, the survival rate of IL-12p35�/� mice was signif-
icantly lower than that of WT mice (Fig. 1A). Differences in sur-
vival were observed as early as 2 days following i.n. infection. In
addition, 24 h after infection, bacterial loads in the lungs and
spleens were approximately three times higher in IL-12p35�/�

mice than those in WT mice (Fig. 1B). IL-12p35�/� mice exhib-
ited lower levels of IFN-� in their lungs and sera than WT mice
(Fig. 1C). However, there were no significant differences in IL-6 or
TNF-� levels between MRSA-infected IL-12p35�/� and WT
mice. The defective bacterial clearance and cytokine expression in
infected IL-12p35�/� mice was completely restored by i.n. admin-
istration of recombinant IL-12 (Fig. 1B and C). These results in-
dicate that IL-12 plays a critical role in host defense against pul-
monary MRSA infection.

Exogenous IL-12 treatment protects against lethal MRSA in-
fection. To determine the possible effect of exogenous IL-12 treat-
ment on susceptibility to respiratory MRSA infection, IL-12 was
inoculated i.n. into WT mice 24 h before i.n. bacterial challenge.
Survival rates and bacterial loads were measured following inoc-
ulation of either 1.5 � 108 (the approximate LD50) or 2.5 � 108

CFU (LD100). Following inoculation with 1.5 � 108 CFU, all IL-
12-treated mice survived, whereas control mice that instead re-
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ceived PBS vehicle had a 50% survival rate (Fig. 2A, left). Upon
infection with 2.5 � 108 CFU, all vehicle-treated mice died within
3 days, whereas 33% of IL-12-treated mice survived (Fig. 2A,
right). Preliminary experiments indicated that 1 �g of IL-12 given
i.n. was optimal for protective efficacy with no observable toxicity
(data not shown). In separate groups of mice, bacterial burdens in
the lungs and spleens were determined 4 and 24 h postchallenge
and found to be consistent with survival rates; i.e., bacterial bur-
dens in the lungs and spleens of IL-12-treated mice were signifi-
cantly lower than those in vehicle-treated mice (Fig. 2B). While no
differences in CFU were observed at 4 h postinfection, pretreat-
ment with IL-12 resulted in an approximately 50-fold reduction in
lung CFU and a 7-fold reduction in spleen CFU at 24 h. Thus,
administration of exogenous IL-12 resulted in greater bacterial
clearance in MRSA-infected mice and significantly improved sur-
vival rates.

IL-12 administration increases NK cell recruitment and
IFN-� levels in lungs of MRSA-infected mice. We next deter-

mined if pretreatment with IL-12 altered cell recruitment and/or
cytokine production that may be required for effective antibacte-
rial host defense. To address this, mice were administered either
IL-12 or PBS vehicle i.n. 24 h prior to i.n. MRSA challenge, lungs
and blood were harvested 4 and 24 h postinfection, and total cell
populations and cytokine levels were quantitated. There were sig-
nificantly greater numbers of NK cells and neutrophils in the lungs
of IL-12-treated mice than in those of PBS-treated mice 24 h after
bacterial challenge (Fig. 3A). However, there were no differences
between PBS- and IL-12-treated mice in the numbers of dendritic
cells, macrophages, or T and B cells recruited into the lungs 4 and
24 h after infection.

In addition, expression levels of IFN-� in the lungs and sera
were significantly higher in IL-12-treated mice than in PBS-
treated mice, while the levels of IL-6 and TNF-� did not differ
significantly between the two groups (Fig. 3B). Thus, the en-
hanced survival and bacterial clearance that are seen after
MRSA infection of IL-12-treated mice are associated with

FIG 1 IL-12p35-deficient mice have increased susceptibility to respiratory MRSA infection. (A) WT and IL-12p35�/� mice were treated i.n. with either 1 �g of
IL-12 or PBS vehicle and then 24 h later were i.n. infected with 1 � 108 CFU of MRSA. Survival was monitored every 12 h for 7 days. Each group contained 10
mice, and the results of two independent experiments were pooled. *, P � 0.05 as determined by log rank test. Bacterial loads (B) and cytokine levels (C) in lung
and spleen homogenates and in serum were determined 24 h after MRSA infection. Each bar represents the mean 	 standard error of the mean (SEM) of the
results from 4 to 19 mice/group. The data were pooled from three independent experiments. Statistical analysis was performed by using the Mann-Whitney U
test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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greater NK cell and neutrophil recruitment and increased
IFN-� production.

NK cells are the major source of IFN-� after IL-12 treatment.
IFN-� secretion by NK and T cells is critical for host defense
against most bacterial infections (21). To elucidate the mecha-
nism of IL-12-induced protection against pulmonary MRSA in-
fection, we determined the lung cell population(s) responsible for
IFN-� production in response to i.n. IL-12 treatment. Single-cell
suspensions were prepared before and 24 h after bacterial infec-
tion and analyzed by flow cytometry. Mice treated with IL-12 had
significantly increased percentages and numbers of IFN-��

NK1.1� cells, whereas IFN-�� CD4� and IFN-�� CD8� T cell
populations were essentially comparable between IL-12- and PBS-
treated mice (Fig. 4). These data suggest that IL-12 treatment pro-
vides protection through early recruitment of IFN-�-producing
NK cells.

IL-12-induced protection against MRSA infection is depen-
dent upon NK cells and IFN-� signaling in macrophages. NK
cells represent a major target cell type for IL-12 binding (10) and
have been reported to play a critical protective role in host defense
against pulmonary S. aureus infection (22). To elucidate the role
of NK cells in IL-12-mediated protection, mice were pretreated
i.n. with either IL-12 or PBS vehicle 24 h before MRSA challenge,
and bacterial growth in NK cell-depleted mice was determined.
IL-12 treatment again resulted in significantly decreased bacterial
burdens in the lungs of isotype control-treated WT mice within 24
h postchallenge, but no decreases in CFU counts were observed
following depletion of NK cells (Fig. 5A).

We also examined the requirement for IFN-� in IL-12-medi-
ated protection using IFN-��/� mice as well as mice that express a
truncated IFN-� receptor in the CD68� cell subset, with the result
that IFN-� signaling is specifically inhibited in macrophages; these
mice are termed mice with macrophages insensitive to IFN-�
(MIIG) (18). The mice were inoculated i.n. with IL-12 or PBS
vehicle 24 h before MRSA challenge. The decreases in bacterial

burden observed in WT mice after IL-12 treatment were not seen
in IFN-��/� or MIIG mice (Fig. 5B). In fact, lung bacterial bur-
dens were significantly higher in IL-12-treated IFN-��/� mice
than in PBS-treated WT mice. Furthermore, the protection from
lethality seen in WT mice after IL-12 administration was not ob-
served in IFN-��/� mice (Fig. 5C). Together, these results show
that IFN-� signaling in macrophages plays an essential role in
mediating IL-12-induced resistance against pulmonary MRSA in-
fection.

IL-12 and antibiotic combination treatment improves pro-
tection against MRSA infection in WT mice but not in IFN-��/�

mice. Linezolid is an oxazolidinone antibiotic that has broad ac-
tivity against Gram-positive bacteria, including MRSA (23). In
fact, recent studies have shown that linezolid is a better choice
than other antibiotics for treatment of MRSA pneumonia (9).
Nevertheless, even with appropriate antibiotic treatment, MRSA
infection is still often associated with poor clinical outcome (3).
To determine the effect of combined linezolid and IL-12 treat-
ment on protection against respiratory MRSA infection, WT and
IFN-��/� mice were challenged i.n. with a high dose of MRSA
(5 � 108 CFU) and treated 4 and 24 h later with IL-12 or PBS
vehicle with or without linezolid. All untreated mice died within
24 h of infection, and no protection was observed using IL-12
alone (Fig. 6), indicating that the efficacy of IL-12 seen in our
previous experiments described above required prophylactic
IL-12 treatment and was not effective even 4 h after initiation of
bacterial infection. Antibiotic alone was similarly marginally
protective, with a survival rate of only 14%. However, com-
bined therapeutic administration of linezolid and IL-12 im-
proved the survival rates of infected WT mice to 71%. No pro-
tection was observed in IFN-��/� mice. These results indicate
that a combination of IL-12 and linezolid treatment following
MRSA infection can significantly improve survival compared
to treatment with either agent alone.

FIG 2 IL-12 treatment improves protection against respiratory MRSA infection. WT mice were treated i.n. with either 1 �g of IL-12 or PBS vehicle 24 h before
i.n. MRSA infection. (A) Treated mice were challenged i.n. with either 1.5 � 108 (left) or 2.5 � 108 (right) CFU. Survival was monitored every 12 h for 7 days.
Each group contained 10 to 15 mice, and the results of three independent experiments were pooled. *, P � 0.05; **, P � 0.01 as determined by a log rank test. (B)
Lung and spleen bacterial levels 4 and 24 h after challenge i.n. with 1 � 108 CFU of MRSA. Each symbol represents an individual mouse, and the line indicates
the mean. Data were pooled from three independent experiments. Statistical analysis was performed by using the Mann-Whitney U test. ***, P � 0.001.
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DISCUSSION

The importance of IL-12 during bacterial infections has been ex-
tensively investigated (11–13, 24), including in S. aureus bacterial
colonization (16, 17) and S. aureus-induced brain abscesses (15).
In the two cases, IL-12 was found to be either nonprotective or
actually detrimental for resistance to S. aureus infection. However,
the potential role of IL-12 in host defense against MRSA pneumo-
nia has remained only poorly understood. In the present study, we
used IL-12p35�/� mice and WT mice treated with exogenous
IL-12 and surprisingly found that IL-12 was critical for survival
from pulmonary MRSA infection. Protective efficacy was depen-
dent upon IFN-� production by NK cells and correlated with ex-
pression of functional IFN-� receptor (IFN-�R) signaling on
phagocytic cells. Finally, IL-12 given prophylactically was effective
but lost efficacy when administered therapeutically, and antibiotic
treatment of infected mice was similarly only minimally effective.
However, combined therapeutic administration of IL-12 and an-
tibiotic following bacterial infection allowed the majority of in-
fected mice to survive. Thus, IL-12 can be a potential adjunctive
treatment for prevention of pulmonary MRSA-induced mortality.

The conclusions that IL-12 is necessary for survival from respi-
ratory infection with MRSA and that IL-12-mediated protection is
dependent on IFN-� expression are based on multiple lines of

evidence. First, the absence of IL-12p35 resulted in significant
increases in bacterial loads and reduced survival. IL-12p35�/�

mice also had lower pulmonary IFN-� levels than WT mice. The
reduced bacterial clearance and IFN-� production seen in infected
IL-12p35�/� mice were completely restored by i.n. administra-
tion of exogenous IL-12. Second, administration of IL-12 to WT
mice significantly decreased MRSA bacterial loads and prevented
death of the infected mice. IL-12 treatment also significantly in-
creased expression of IFN-�-producing NK cells in the lungs. Pro-
tection by IL-12 was not observed in the absence of NK cells or
IFN-�. These results are consistent with previous investigations
with other bacterial infectious agents, which similarly showed that
exogenous IL-12 treatment can protect naive mice against pulmo-
nary infection with S. pneumoniae, F. tularensis, and Mycobacte-
rium tuberculosis (11–13, 24). Finally, combination treatment
with IL-12 and the linezolid antibiotic improved protection
against MRSA pneumonia.

We found that IL-12 increased pulmonary clearance of MRSA
by promoting NK cell and neutrophil accumulation. Of note, we
did not observe enhanced bacterial clearance in NK cell-depleted
mice given IL-12. These results indicate that NK cells play an es-
sential role in mediating IL-12-induced resistance against pulmo-
nary MRSA infection. Several recent studies have shown that NK

FIG 3 Effect of IL-12 pretreatment on lung cell levels and cytokine production following MRSA challenge. WT mice were treated i.n. with either 1 �g of IL-12
or PBS vehicle 24 h before i.n. infection with 1 � 108 CFU of MRSA. (A) Four hours and 24 h after infection, lungs were harvested and single cell suspensions were
prepared. The cells were stained with fluorescent-conjugated antibodies and analyzed by flow cytometry as described in Materials and Methods. (B) Cytokine
levels in lung homogenates and serum were determined by ELISA 4 and 24 h after infection. Each symbol represents an individual mouse, and the line indicates
the mean. The data were pooled from three independent experiments. Statistical analysis was performed by using the Mann-Whitney U test. *, P � 0.05; ***, P �
0.001.
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cells and neutrophils have major roles in protection against respi-
ratory microbes such as S. pneumoniae and MRSA (12, 22, 25, 26).
We previously reported that IL-12 promotes IFN-�-dependent
neutrophil recruitment into the lungs of mice after i.n. infection

with S. pneumoniae (12); others have likewise found an involve-
ment of NK cells after infection of mice with Bordetella pertussis
(27).

Administration of IL-12 enhanced production of IFN-� by NK

FIG 4 Intranasal IL-12 treatment induces IFN-� production by NK cells. WT mice were treated i.n. with either 1 �g of IL-12 or PBS vehicle 24 h before infection with
1 � 108 CFU of MRSA. Lung cells from uninfected mice and mice infected 24 h earlier were isolated and restimulated in vitro with MRSA for 2 h. They were then stained
for surface NK1.1, CD4, and CD8 and for cytoplasmic IFN-�, followed by flow cytometry analysis. (A) Representative dot plots from each experimental group. (B and
C) Percentages (B) and numbers (C) of IFN-�� NK1.1�, IFN-�� CD4�, and IFN-�� CD8� lung cells. Each symbol represents an individual mouse, and the line
indicates the mean. The data were pooled from two independent experiments. Statistical analysis was performed by using the Mann-Whitney U test. *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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cells but not by CD4� or CD8� T cells. This observation was
consistent with our previous findings showing the presence of
large numbers of IFN-�-secreting NK cells in the lungs of IL-12-
treated mice after i.n. infection with F. tularensis or S. pneumoniae
(12, 28, 29). Our data also demonstrated the critical role of IFN-�
in IL-12-mediated protection against pulmonary MRSA. While
the role of IFN-� in protection against MRSA infection is poorly
understood, it has been shown to be important in the clearance of
pulmonary infections with S. pneumoniae, F. tularensis, and Pseu-
domonas aeruginosa (11, 30, 31). Finally, we showed that expres-
sion of functional IFN-�Rs on phagocytic cells was critical for
IL-12-induced protection, which is consistent with previous find-
ings showing that IFN-� treatment can increase killing of MRSA
by human monocytes (32, 32). Indeed, our preliminary data have
demonstrated that i.n. IL-12 treatment can enhance in vivo phago-
cytosis of MRSA in a mouse model (Q. T. Nguyen, Y. Furuya, and
D. W. Metzger, unpublished data). Taken together, our results
suggest that IL-12 induces a cascade of events beginning with NK

FIG 5 The importance of NK cells and IFN-� in IL-12-mediated protection. Mice were treated i.n. with either 1 �g of IL-12 or PBS vehicle 24 h before infection
with 1 � 108 CFU of MRSA. (A) Mice were treated with isotype control MAb or with anti-NK1.1 MAb to deplete NK cells and CFU in lungs, and BALF levels were
determined 24 h after MRSA infection. (B) CFU were enumerated in the lungs and spleens of WT, IFN-��/�, and MIIG mice 24 h after infection. Each symbol
represents the value for an individual mouse. The horizontal line is the mean for the group. Statistical analysis was performed by using the Mann-Whitney U test.
(C) WT and IFN-��/� mice were treated i.n. with either 1 �g of IL-12 or PBS vehicle 24 h before infection with 1.5 � 108 CFU of MRSA. Survival was monitored
every 12 h for 7 days. Each group contained 10 to 12 mice, and the results of two independent experiments were pooled. Statistical analysis was performed by using
the log rank test.*, P � 0.05; **, P � 0.01.

FIG 6 Combination therapy with IL-12 and linezolid improves survival fol-
lowing MRSA pneumonia. WT and IFN-��/� mice were challenged i.n. with
5 � 108 CFU of MRSA and were then treated i.n. 4 and 24 h later with either
PBS vehicle, IL-12 alone, linezolid alone, or a combination of IL-12 and lin-
ezolid. Survival of infected mice was monitored every 12 h for 7 days. Each
group contained 7 to 10 mice, and the results of two independent experiments
were pooled. *, P � 0.05 as determined by a log rank test.
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cell recruitment and activation, followed by IFN-� production.
IFN-� then binds to macrophages in the lungs and initiates effec-
tive killing of MRSA by these cells.

Although IL-12 was effective when administered prophylacti-
cally before initiation of infection, it was not protective when in-
oculated as early as 4 h after bacterial challenge. Nevertheless, the
therapeutic use of IL-12 in combination with conventional anti-
biotics has shown promise against a variety of pathogens. Indeed,
we found that combination therapy with IL-12 and linezolid im-
proved protection against MRSA pneumonia. MRSA is a bacte-
rium responsible for several difficult-to-treat infections in hu-
mans. Linezolid is broadly active against Gram-positive bacteria,
including drug-resistant strains. This antibiotic inhibits bacterial
protein synthesis by preventing formation of the 70S initiation
complex and is now felt to be the drug of choice for treating pa-
tients with MRSA pneumonia (9). Nevertheless, MRSA infections
in humans are associated with poor clinical outcomes even when
appropriate antibiotic therapies are initiated (3). Previous inves-
tigators have reported that combination therapy with IL-12 and
antibiotics, such as gentamicin, fluconazole, or clarithromycin-
rifabutin, can promote the clearance of Mycobacterium avium
(33), F. tularensis (34), and Cryptococcus neoformans (35) more
effectively than therapy with any of the agents alone. In addition,
combination therapy with IL-12 and ampicillin is a potentially
useful modality for the treatment of open fracture-associated in-
fections (36). Although the mechanisms underlying the efficacy of
combined IL-12 and linezolid treatment remain to be elucidated,
our findings suggest that this strategy is worthy of further investi-
gation for improving the management of this important opportu-
nistic pathogen in MRSA-infected patients.

In conclusion, our results show that exogenous IL-12 can in-
crease protection prophylactically against respiratory MRSA in-
fection. It is interesting that exogenous IL-12 can protect against S.
aureus and S. pneumoniae pulmonary infections through activa-
tion of macrophages, since the type 1-associated pathway has been
reported to be detrimental for resistance to staphylococcal infec-
tions at other sites and since staphylococcal but not pneumococcal
infections are controlled primarily by IFN-�-enhanced oxidative
killing by neutrophils as shown by the clinical experience in
chronic granulomatous disease patients. Treatment with exoge-
nous IL-12 protected against pulmonary MRSA infection by en-
hancing NK cell-derived IFN-� production, which by the use of
MIIG mice was found for the first time to directly stimulate lung
macrophage antibacterial activity. An additional novel finding in
our study was that IL-12 can be used therapeutically in combina-
tion with antibiotics to aid in the treatment of MRSA pneumonia.
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