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Patients that have suffered a major injury may sustain a period of immunocompromise and altered Th1/Th2
cytokine balance that can predispose them to opportunistic infections. Pseudomonas aeruginosa is frequently a
causative organism for nosocomial infections in critically ill patients and is associated with high mortality. We
previously mimicked this clinical scenario by challenging mice with P. aeruginosa 5 days after a cecal ligation
and puncture (CLP) procedure. Mice that were subjected to CLP had reduced ability to clear bacteria,
significantly lower gamma interferon (IFN-�) concentrations in plasma, and significantly elevated levels of
interleukin 10 (IL-10) in plasma in response to the Pseudomonas challenge compared to uninjured control mice.
We investigated the significance of the alteration in IFN-� by administering recombinant IFN-� to post-CLP
mice at the time of Pseudomonas challenge and by challenging IFN-� knockout (IFN-� KO) mice with
Pseudomonas. Administration of IFN-� to post-CLP mice attenuated IL-10 secretion and enhanced IL-12
secretion but did not improve bacterial clearance or survival after Pseudomonas challenge. Furthermore, IFN-�
KO mice had significantly higher plasma IL-10 concentrations but did not exhibit impaired bacterial clearance
or increased mortality following Pseudomonas challenge. These data indicate that systemic administration of
IFN-� effectively reverses alterations in immune function that are commonly associated with immunosuppres-
sion in critically injured mice but does not improve bacterial clearance or survival following Pseudomonas
challenge. Further, endogenous IFN-� does not appear to contribute significantly to early clearance of
Pseudomonas bacteremia, nor does it affect the mortality rate after a lethal Pseudomonas challenge.

A major injury may increase susceptibility to infections and
sepsis by reducing competence of the innate immune response.
Certain early cytokine profiles have been presumed to provide
information in regard to the efficacy of the immune response to
infection. Increased serum concentrations of interleukin 10
(IL-10) and decreased serum concentrations of gamma inter-
feron (IFN-�) and IL-12 have been associated with a higher
incidence of sepsis and worsened patient outcomes. IL-10 is an
anti-inflammatory cytokine primarily derived from T cells and
monocytes/macrophages and has been reported to be associ-
ated with increased susceptibility to infections (29, 37, 55).
IFN-� is derived primarily from NK cells, T-helper class I
(Th1) cells, and to a lesser extent from antigen-presenting cells
and has been demonstrated to play a role in resistance to a
number of microbial organisms, including viruses, parasites,
and intracellular bacteria (49).

IFN-� has been shown to be important in mediating host
resistance to infection with intracellular organisms, but its role
in the immune response to extracellular bacteria is less well
defined. Pseudomonas aeruginosa is a gram-negative pathogen
that frequently causes nosocomial infection and is associated
with high mortality rates. Hospital-acquired pneumonia ac-
counts for up to 18% of nosocomial infections (33), with the
highest incidence occurring with ventilated patients (8–10).
Mortality directly attributable to hospital-acquired pneumonia

ranges from 33 to 50% (16, 21). P. aeruginosa is the pathogen
most frequently isolated from patients with hospital-acquired
pneumonia and is associated with the highest mortality rate of
any bacterium (44, 54). Septic shock and multiple organ dys-
function often occur as sequelae to P. aeruginosa pneumonia.

We have previously described a model of postinflammatory
immunosuppression in which mice are challenged with an in-
travenous injection of Pseudomonas 5 days after a sublethal
cecal ligation and puncture (CLP) (38). In this model, mice
that have been subjected to CLP have increased bacterial col-
onization of the lung, decreased IFN-� and IL-12 production,
and increased production of IL-10 after the Pseudomonas chal-
lenge. In the present study, we used this model to study the
importance of the suppressed IFN-� response in modulating
bacterial clearance and resistance to infection-associated mor-
tality. We hypothesized that administration of IFN-� to post-
CLP mice would augment immunity, enhance bacterial clear-
ance, and improve survival after systemic Pseudomonas
challenge. The functional significance of IFN-� in the host
response to Pseudomonas infection was further determined by
assessing the response of IFN-� knockout (IFN-� KO) mice to
Pseudomonas infection. We hypothesized that IFN-� KO mice
would have impaired bacterial clearance and increased mor-
tality following systemic Pseudomonas challenge.

METHODS

Mice. Six- to eight-week-old male wild-type (C57BL/6) and
IFN-� KO (B6.129S7-Ifngtm1Ts/J) mice were purchased from
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Jackson Laboratories (Bar Harbor, Maine) and were housed in
the animal care facility at the University of Texas Medical
Branch (Galveston, Tex.). The animals were allowed to accli-
mate for 1 week prior to use. Animal protocols were approved
by the Institutional Animal Care and Use Committee and met
National Institutes of Health guidelines for the care and use of
experimental animals.

Nonlethal CLP. Mice were anesthetized with 2.5% isoflu-
rane in an induction chamber and maintained under anesthesia
by delivery of isoflurane through a mask. The mice were posi-
tioned in dorsal recumbancy, and the ventral abdominal walls
were shaved and prepared with 70% isopropanol and 1% io-
dine. A ventral midline incision (�1 cm) was made to allow
exteriorization of the cecum, and cecal luminal contents were
manipulated from the apex to the base of the cecum. The
cecum was ligated 1 cm from the apex with 3-0 silk, and a
25-gauge needle was used to penetrate the cecum in a through-
and-through fashion. Sham surgery, in which the cecum was
exteriorized and manipulated as described but not ligated or
punctured, was performed on additional animals.

Administration of IFN-� to post-CLP mice. Some groups of
mice were given subcutaneous injections of 1 mg (�8,400 U) of
recombinant murine IFN-� (R&D Systems, Minneapolis,
Minn.) at the time of challenge with P. aeruginosa. Preliminary
studies were performed to determine a dose of recombinant
IFN-� that would approximate the serum IFN-� response mea-
sured for normal or sham mice after Pseudomonas administra-
tion (see Fig. 1A).

Microbiology. P. aeruginosa (ATCC 19660), a clinical isolate
originally obtained from a septic patient, was inoculated into

tryptic soy broth and allowed to replicate overnight in a shak-
ing 37°C incubator. The bacteria were pelleted by centrifuga-
tion. The supernatant was aspirated, and the pelleted bacteria
were washed with 10 ml of sterile 0.9% saline and repelleted.
The bacteria were resuspended in saline, and the viable num-
ber of CFU in this suspension was determined by culturing
serial dilutions overnight on tryptic soy agar. Serial dilutions in
sterile 0.9% saline were made to produce the desired bacterial
concentration for intravenous injection.

To perform the Pseudomonas challenge, mice were anesthe-
tized with isoflurane and placed in dorsal recumbancy. The
penis was extruded, and 0.1 ml of either saline alone (controls)
or saline with 5 � 107 CFU (sublethal dose) or 1 � 108 to 4 �
108 CFU (lethal doses) of P. aeruginosa was injected intrave-
nously through the dorsal vein of the penis. The mice were
returned to their cages. Some of the mice were observed for
mortality during the next 7 days. The remaining mice were
sacrificed under isoflurane anesthesia 6 h after Pseudomonas
injection for collection of samples.

After euthanasia, lungs were excised aseptically and homog-
enized in sterile saline at a 1:10 ratio (weight/volume). Serial
dilutions of the homogenates were plated on tryptic soy agar
and MacConkey’s agar and were incubated at 37°C. CFU were
counted after 24 h of incubation and recounted after another
24 h. Gram staining and API 20 E biochemical strips (Bio-
Merieux, Hazelwood, Mo.) were used to identify bacterial col-
onies and to confirm the strain of P. aeruginosa used for injec-
tion.

Splenocyte preparation and flow cytometry. Spleens were
aseptically harvested and transferred to six-well culture plates

FIG. 1. Administration of IFN-� to post-CLP mice attenuated elevated IL-10 production and increased serum concentrations of IL-12 and
TNF-� after P. aeruginosa challenge. Mice were subjected to either CLP or sham surgery. Five days later, the mice were given intravenous injections
of saline or 5 � 107 CFU of P. aeruginosa and were sacrificed 6 h later for collection of blood samples. Plasma cytokine concentrations were
measured by enzyme-linked immunosorbent assay. Graphs show P. aeruginosa-induced plasma concentrations of (A) IFN-�, (B) IL-10, C) IL-12,
and D) TNF-� concentrations in sham and post-CLP mice. �, significantly different from sham group; #, significantly different from CLP group
(sham group, n � 4; CLP group, n � 12; CLP � IFN group, n � 14).
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containing RPMI 1640 supplemented with 10% fetal calf se-
rum and antibiotics. Spleens were homogenized and passed
through a nylon mesh strainer. Red blood cells were lysed
(erythrocyte lysis kit; R&D Systems), and the remaining
splenocytes were washed in phosphate-buffered saline (PBS)
prior to counting on a hemocytometer. Fluorochrome-conju-
gated antibodies against CD3, NK1.1, F4/80 (Caltag, Burlin-
game, Calif.) and CD11c (BD Biosciences) were used to iden-
tify T cells, NK cells, macrophages, and dendritic cells,
respectively. IL-12 receptor cell surface expression was ana-
lyzed using antibodies against the �1 subunit of the IL-12
receptor (BD Biosciences). Splenocytes (106 in 0.1 ml of PBS)
were incubated with 0.5 �g of fluorochrome-conjugated anti-
bodies for 30 min at 4°C and washed in PBS, and samples were
fixed in 1% paraformaldehyde. Cells were analyzed in a FAC-
Sort flow cytometer (Becton Dickinson, Franklin Lakes, N.J.),
and specific staining was determined by comparison with ap-
propriate antibody isotype controls.

Quantitation of plasma cytokines. Enzyme-linked immu-
nosorbent assay kits were used in the sublethal Pseudomonas
challenge experiments to assay plasma IL-12 p70 (R&D Sys-
tems) and IL-10, IFN-�, and tumor necrosis factor alpha
(TNF-�) (eBiosciences, San Diego, Calif.). In subsequent ex-
periments, plasma cytokines were quantified by multiplex cy-
tokine technology, using the Bio-Plex System (Bio-Rad, Her-
cules, Calif.) per the manufacturer’s instructions. Briefly,
plasma was incubated with spectrally addressed polystyrene
beads coated with cytokine-specific monoclonal antibodies. Af-

ter the beads were washed, a second set of fluorochrome-
labeled cytokine-specific antibodies were added. The beads
were again washed, and cytokine levels were determined by
measuring fluorescent signal following laser excitation.

Statistical analyses. All statistical analyses were performed
by using the GraphPad InStat software package. An unpaired,
two-tailed Student t test was used to compare CLP and IFN-
�-treated CLP groups. Multiple groups were analyzed by anal-
ysis of variance, followed by a Tukey-Kramer multiple com-
parisons test. Incidences of positive lung culture were
compared by chi-square analysis. Statistical analyses of survival
curves were performed by using the log rank test. A P value of
0.05 or less was considered significant.

RESULTS
Administration of IFN-� attenuated the IL-10 response and

increased the IL-12 response to an intravenous challenge with
a nonlethal dose of P. aeruginosa but did not improve bacterial
clearance for post-CLP mice. Serum IFN-� concentrations are
undetectable in mice 5 days after CLP or sham CLP without
further bacterial challenge (38). Mice that were subjected to
CLP and 5 days later were challenged with Pseudomonas (5 �
107 CFU, given intravenously) had a significantly lower IFN-�
response than sham CLP mice after challenge with Pseudomo-
nas. IFN-� was then administered to one group of CLP mice at
the time of bacterial challenge to simulate the IFN-� response
seen in sham mice challenged with Pseudomonas (Fig. 1A).

FIG. 2. Administration of IFN-� caused increased numbers of CD3� T cells and NK cells expressing IL-12R in post-CLP mice after
Pseudomonas challenge. Mice were subjected to either CLP or sham surgery. Five days later, the mice were given intravenous injections of saline
or 5 � 107 CFU of P. aeruginosa, and they were sacrificed 6 h later. Spleens were aseptically excised and homogenized. Splenic homogenates were
analyzed by flow cytometry after staining for cell surface markers. (A) Percentage of CD3� T cells expressing IL-12R in control and IFN-�-treated
mice; (B) number of CD3� IL-12R� T cells as a percentage of all splenocytes; (C) percentage of NK cells expressing IL-12R; (D) number of
NK1.1� IL-12R� T cells as a percentage of all splenocytes. �, significantly different from sham group; #, significantly different from CLP group
(n � 6 to 10 per group).
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The mice were sacrificed 6 h later, and serum cytokine con-
centrations were determined. Serum IFN-� was significantly
lower after Pseudomonas injection in mice that had been pre-
viously subjected to CLP than for sham mice (Fig. 1A). Serum
IFN-� concentrations were significantly higher in CLP mice
that received an IFN-� injection than in untreated CLP mice
and were comparable to those in sham controls (Fig. 1A).
IL-10 concentrations were increased in post-CLP mice com-
pared to those in sham mice, and this increase was attenuated
by IFN-� administration (Fig. 1B). Concentrations of IL-12
and TNF-� in serum did not differ between sham and CLP
mice, but treatment with IFN-� caused a significant increase in
both cytokines in post-CLP mice after Pseudomonas challenge
(Fig. 1C and D).

Cell surface expression of the IL-12 receptor protein (IL-
12R) was examined by using flow cytometry. IL-12 is an im-
portant modulator of the innate response to infection, and
IL-12R �1 expression is induced upon lymphocyte activation
(18). Expression of the IL-12 receptor �1 subunit protein on
the surfaces of CD3� T cells and NK cells was assessed (Fig.
2). There were significantly more T and NK cells expressing
IL-12R in spleens from IFN-�-treated CLP mice than in those
from untreated CLP mice (Fig. 2B and D). In the CD3�

lymphocytes, there was a significant increase in the percentage
of cells expressing IL-12R (Fig. 2A) after IFN-� treatment. In
the NK1.1� lymphocytes, there was no increase in the percent-
age of cells expressing IL-12R (Fig. 2C), but there was a gen-
eral increase in the number of NK cells, resulting in an overall
increase in the number of IL-12R� NK cells in the spleens of
CLP mice treated with IFN-�.

To determine if IFN-� treatment enhances the immune re-
sponse to Pseudomonas, the bacterial burden in lungs was
determined 6 h after Pseudomonas challenge (Fig. 3). All mice

that were subjected to CLP prior to the Pseudomonas chal-
lenge had bacterial growth from lung tissue. In contrast, only
two of the sham CLP mice challenged with Pseudomonas ex-
hibited bacterial growth from lungs (seven of seven CLP mice
compared to two of five sham mice; P 	 0.05), and the mean
number of CFU/lung in these mice was significantly lower than
in mice that had been subjected to CLP (P 	 0.05). Lung tissue
homogenates from CLP mice had approximately 10-fold-
greater numbers of bacterial CFU than samples from sham
mice (Fig. 3). Treatment of post-CLP mice with IFN-� at the
time of Pseudomonas challenge did not significantly improve
bacterial clearance, as indicated by the number of mice exhib-
iting bacterial growth (eight of eight animals) or number of
CFU measured in lung homogenates (Fig. 3).

Administration of IFN-� significantly attenuated the in-
crease in circulating IL-10 concentrations and increased the
proinflammatory cytokine response but did not improve bac-
terial clearance or mortality in post-CLP mice after intrave-
nous challenge with a lethal dose of P. aeruginosa. In our initial
experiments, IFN-� administration was associated with a sig-
nificant effect on the cytokine response and a trend towards
improved bacterial clearance in CLP mice after a sublethal
Pseudomonas challenge. To further test the efficacy of exoge-
nous IFN-� in our model of post-CLP immunosuppression, we
studied these parameters in post-CLP mice given a dose of
Pseudomonas that causes �90% mortality. Mice that had been
subjected to CLP or sham procedures 5 days earlier were
challenged intravenously with P. aeruginosa (4 � 108 CFU) and
sacrificed 6 h later for aseptic collection of lung, spleen, and
blood samples. CLP caused significant suppression of Pseudo-
monas-induced IFN-� concentrations in serum, which was re-
versed by exogenous IFN-� administration (Fig. 4A). Serum
IL-10 was significantly higher after Pseudomonas injection for
mice that had been previously subjected to CLP than for the
sham CLP mice (Fig. 4B). Administration of IFN-� attenuated
IL-10 induction, with lower circulating plasma concentrations
of IL-10 detected for IFN-�-treated CLP mice than for un-
treated CLP mice. At the same time, concentrations of proin-
flammatory cytokines in plasma were elevated for mice chal-
lenged with Pseudomonas after CLP and were relatively
unaffected by administration of IFN-� (Fig. 4C to F). Pseudo-
monas-induced plasma concentrations of TNF-�, IL-1�, IL-1�,
and IL-6 in the CLP mice were all found to be as high as, or
higher than, concentrations of those cytokines in plasma of
sham-CLP mice. Of those cytokines, only IL-1� differed sig-
nificantly between the two CLP groups, with higher serum
IL-1� levels detected in the plasma of IFN-�-treated CLP
mice.

To test the functional significance of IFN-� treatment, we
investigated bacterial clearance in lungs of post-CLP mice
treated with IFN-� following a lethal Pseudomonas challenge.
Following challenge with a lethal dose of Pseudomonas, all
mice had positive bacterial cultures from the lungs. As at the
lower dose of Pseudomonas, post-CLP mice had higher bacte-
rial counts in lungs than sham controls (Fig. 5). Significantly
higher levels of total bacterial growth (Fig. 5A) and Pseudo-
monas growth (Fig. 5B) were observed for post-CLP mice than
for sham mice. Exogenous administration of IFN-� did not
improve bacterial burdens in lungs after CLP. Furthermore,
there was no observable effect of IFN-� administration on the

FIG. 3. Administration of IFN-� does not reverse impaired bacte-
rial clearance in mice previously subjected to CLP. P. aeruginosa (5 �
107 CFU) was injected intravenously 5 days after CLP (or sham CLP),
and mice were sacrificed 6 h later. Lungs were collected aseptically and
homogenized in sterile saline, and serial dilutions were plated on
tryptic soy agar. All untreated mice injected with Pseudomonas after
CLP had positive lung cultures (seven of seven, versus two of five in the
sham-CLP group; P 	 0.05), and Pseudomonas growth in mice that had
been subjected to CLP was approximately 10-fold higher than that of
sham-CLP mice. All mice in the IFN-�-treated group of CLP mice had
positive lung cultures (eight of eight), and IFN-� administration was
not associated with a significant improvement in bacterial clearance. �,
bacterial counts significantly different from those of sham group; #,
number of animals with positive lung cultures significantly different
from that for sham group (n � 5 to 8 per group).

VOL. 72, 2004 IFN-� ADMINISTRATION IN POST-CLP IMMUNOSUPPRESSION 6895



mortality rate, with 14% of the IFN-�-treated CLP mice sur-
viving for 7 days after the Pseudomonas challenge compared to
29% of untreated CLP mice (Fig. 6).

IFN-� KO mice have an increased IL-10 response but little
difference in the production of proinflammatory cytokines,
bacterial clearance, or survival after a Pseudomonas challenge.
To further investigate the role of IFN-� in the immune re-
sponse to Pseudomonas, wild-type and IFN-� KO mice were
challenged with a nonlethal dose of P. aeruginosa (5 � 107

CFU, given intravenously) and sacrificed 6 h later for aseptic
collection of lung tissue and blood samples. IFN-� was present
in the plasma of wild-type mice challenged with Pseudomonas
but not in that of IFN-� KO mice (Fig. 7A). IL-10 concentra-
tions in plasma were elevated in IFN-� KO mice receiving a
Pseudomonas challenge compared to those in wild-type mice

(Fig. 7B). At the same time, concentrations of TNF-�, IL-1�,
IL-1�, and IL-6 in plasma were induced by Pseudomonas in all
mice (Fig. 7C to F). Among the proinflammatory cytokines
analyzed, only IL-6 was significantly lower in IFN-� KO mice
than in wild-type controls.

Additional studies were undertaken to measure clearance of
Pseudomonas by wild-type and IFN-� KO mice. Growth of
Pseudomonas from the lungs of mice was not significantly dif-
ferent between wild-type and IFN-� KO mice (Fig. 8A). How-
ever, high numbers of gram-positive cocci were cultured from
lung samples of all IFN KO mice in both the Pseudomonas
challenge group and the saline control group and were signif-
icantly higher than those for wild-type mice (Fig. 8B).

To further determine the functional role of IFN-� in resis-
tance to Pseudomonas challenge, we challenged IFN-� KO and

FIG. 4. Administration of IFN-� to CLP mice was associated with decreased serum concentrations of IL-10 but no difference in the
proinflammatory cytokine profile induced by administration of a lethal dose of P. aeruginosa. P. aeruginosa (4 � 108 CFU) was injected
intravenously 5 days after CLP (or sham CLP), and mice were sacrificed 6 h later. Blood samples were collected for plasma cytokine analysis.
(A) Plasma IFN-� induced by Pseudomonas is significantly lower in mice previously subjected to CLP than with sham CLP animals. Administration
of IFN-� resulted in increased concentrations of circulating IFN-� in CLP mice. B) Plasma IL-10 induced by Pseudomonas is significantly higher
in mice previously subjected to CLP when compared to sham CLP animals. Administration of IFN-� resulted in a decrease in circulating
concentrations of IL-10 in CLP mice. The proinflammatory cytokine response induced by Pseudomonas is as great as, or greater than, that seen
in sham CLP animals as determined by plasma concentrations of (C) TNF-�;,(D) IL-1�, (E) IL-1�, and (F) IL-6. Administration of IFN-� did not
affect the proinflammatory cytokine response. �, significantly different from sham group; #, significantly different from CLP group (sham group,
n � 4; CLP and CLP � IFN-� groups, n � 7).
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wild-type mice with Pseudomonas at two different doses and
recorded the mortality rates over the subsequent 7-day period.
Loss of IFN-� had no discernible effect on mortality, with 22%
of IFN-� KO mice and 17% of wild-type mice surviving for 7
days after the low-dose challenge and no IFN-� KO mice

surviving the higher-dose challenge, compared to 11% of wild-
type mice (Fig. 9).

DISCUSSION

Acute survival of patients after a major injury has been
greatly improved by advances in fluid resuscitation and physi-
ological support. However, these patients are at risk for devel-
opment of secondary infections that can impact morbidity and
long-term mortality. Immunocompetence may be compro-
mised after a major injury and thus may be a predisposing
factor for the development of secondary bacterial and fungal
infections. P. aeruginosa is one of the most frequently isolated
organisms for patients that have developed nosocomial infec-
tions, and it has been associated with a high case fatality rate
(3, 34, 50, 60).

In our model of post-CLP immunosuppression, mice that
were subjected to CLP had a diminished ability to clear a
Pseudomonas challenge administered 5 days after injury. This
alteration in bacterial clearance correlated with a suppressed
IFN-� response. Impaired IFN-� production has been associ-
ated with sepsis in patients (45). IFN-� has a number of effects
on inflammatory and antimicrobial immune responses. Up-
regulation of major histocompatibility complex class I expres-
sion by IFN-� is important for host response to intracellular
pathogens, such as viruses. IFN-� also up-regulates the expres-
sion of class II major histocompatibility complex by antigen-
presenting cells, thereby promoting antigen-specific activation
of CD4� T cells (2, 32) and skewing the immune response to
a Th1 phenotype. IFN-� induces production of IL-12 by phago-
cytes (59), which further drives Th1 differentiation. Con-
versely, production of IL-12 by macrophages, dendritic cells,
and neutrophils after stimulation with lipopolysaccharide or
other microbial products (7, 20) promotes secretion of IFN-�
by antigen-stimulated, naive CD4� T cells and NK cells (26,
31). IFN-� activates antimicrobial effector functions in macro-
phages and neutrophils that are manifested by increased re-
ceptor-mediated phagocytosis and enhanced microbial killing
(2, 13, 19, 25). Furthermore, IFN-� helps to direct leukocytes
to sites of infection by up-regulating the expression of chemo-
kines and adhesion molecules (2, 22, 24, 46). Mice lacking a
functional IFN-� response have been reported to have de-
creased natural resistance to bacterial, parasitic, and viral in-
fections (4, 23, 40, 52). Humans with loss of functional IFN-�
receptors have an increased susceptibility to infection with
viruses and intracellular bacteria but have not been reported to
have increased susceptibility to extracellular bacteria (15). Our
study indicates that IFN-� is not a critical factor in the re-
sponse to systemic Pseudomonas infection. Specifically, treat-
ment of post-CLP mice with IFN-� did not improve bacterial
clearance or survival during subsequent Pseudomonas chal-
lenge. Secondly, IFN-� KO mice did not exhibit impaired re-
sistance to systemic Pseudomonas infection.

Mice that were subjected to CLP also had an increased IL-10
response to Pseudomonas challenge compared to sham mice.
Other investigators have reported that IL-10 is measurably
elevated in animal models of immunosuppression secondary to
trauma, burns, or major surgery (1, 53, 57). Neutralization of
IL-10 has been reported to improve resistance to secondary
infection in some models of postinflammatory immunosup-

FIG. 5. Administration of IFN-� does not reverse impaired clear-
ance of a lethal dose of bacteria in mice previously subjected to CLP.
P. aeruginosa (4 � 108 CFU) was injected intravenously 5 days after
CLP (or sham CLP), and mice were sacrificed 6 h later. Lungs were
collected aseptically and homogenized in sterile saline, and serial di-
lutions were plated. (A) Total numbers of bacterial CFU in lung
homogenates were significantly higher for mice challenged with
Pseudomonas after CLP than for sham CLP mice. Exogenous IFN-�
did not improve bacterial clearance. (B) Numbers of Pseudomonas
bacterial CFU in lung homogenates were significantly higher for mice
challenged with P. aeruginosa after CLP than for sham CLP mice.
Exogenous IFN-� did not improve clearance of the Pseudomonas bac-
terial challenge. �, significantly different from sham group (sham
group, n � 7; CLP and CLP � IFN-� groups, n � 14).

FIG. 6. Survival after Pseudomonas challenge for post-CLP mice is
not improved by administration of IFN-�. Mice were subjected to CLP.
Five days later, the mice were given intravenous injections of saline or
108 CFU of P. aeruginosa and observed for mortality over the next 7
days. One group of mice was given IFN-� subcutaneously at the time
of Pseudomonas challenge. Mortality was not improved by IFN-� treat-
ment (no significant difference; n � 7 per group).
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pression (28, 43, 51). IL-10 is associated with a Th2 cytokine
pattern, inhibits proinflammatory cytokine production, and
suppresses the antigen-presenting capacity of monocytes and
dendritic cells (14, 17, 47, 48). Despite these suppressive ac-
tivities, IL-10 may promote phagocytic activity in monocytes
and macrophages (5) as well as enhancing the cytotoxic activity
of NK cells (6). In contrast, Standiford and colleagues reported
that CLP-induced elevations in IL-10 caused impairment in
alveolar macrophage function and that elevated endogenous
IL-10 levels impaired pulmonary clearance of Pseudomonas in
a model of post-CLP immunosuppression (43, 51). At the same

time, IL-10 plays a protective role in controlling the inflam-
matory response induced by endotoxin or bacteria (35, 39).

In the present study, administration of IFN-� at the time of
bacterial challenge attenuated the increase in circulating IL-10
concentrations. However, neither bacterial clearance nor mor-
tality was improved in IFN-�-treated mice. Furthermore,
IFN-� KO mice did not exhibit a diminished ability to clear
bacteria or any difference in survival after an intravenous
Pseudomonas challenge compared to wild-type mice despite
having significantly higher circulating concentrations of IL-10.
It is possible that IFN-� KO mice have compensatory mecha-

FIG. 7. IFN-� KO mice exhibit increased serum concentrations of IL-10 but little difference in the proinflammatory cytokine response after
Pseudomonas challenge. IFN-� knockout mice (IFN KO) or wild-type controls (WT) were subjected to an intravenous injection of P. aeruginosa
(5 � 107 CFU) and were sacrificed 6 h later. (A) Plasma IFN-� concentration after Pseudomonas challenge. (B) Significantly higher circulating
concentrations of IL-10 were detected after Pseudomonas injection for IFN-�
/
 mice than for wild-type controls. Concentrations of IL-6 (7F) in
serum were significantly lower after injection of Pseudomonas into IFN-� KO mice than for wild-type controls. However, (C) TNF-�, (D) IL-1�,
and (E) IL-1� concentrations were similar between the two groups of mice. �, significantly different from other groups; #, significantly different
from IFN knockout group (sham group, n � 4; WT and IFN-� KO groups, n � 7).
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nisms that affected their susceptibility to a Pseudomonas chal-
lenge. However, our results are compatible with those of a
previous investigation, which reported that IFN-� KO mice
had increased susceptibility to localized intratracheal chal-
lenges with Klebsiella pneumoniae but were not more suscep-
tible to an intravenous bacterial challenge than wild-type mice
(36), suggesting that the host response to systemic infections
appeared to be independent of IFN-�. Furthermore, human
patients with genetic deficiencies in IFN-� protein or receptor
have increased susceptibility to mycobacterial infections but no
apparent increase in infections due to extracellular bacteria,
suggesting that IFN-� is not an important component of the
immune response to bacteria such as Pseudomonas.

Mice that were subjected to CLP had a proinflammatory
response to the Pseudomonas challenge that was equal to or
greater than that observed with sham controls despite having
an increase in IL-10 and a suppression of IFN-� production.
This mix of proinflammatory and anti-inflammatory cytokines
is similar to the mixed anti-inflammatory response syndrome
reported in some sepsis patients and suggests that inflamma-
tory cells are not unresponsive to stimuli, nor is the inflamma-

tory response generally down-regulated. Rather, it seems that
specific immune functions are altered in response to bacterial
challenge. We have previously demonstrated that IL-12 pro-
duction is impaired after CLP or burn injuries (38, 53). IL-12
is an important modulator of the innate immune response to
infection. IL-12 strongly induces IFN-� production and is re-
quired for an optimal IFN-� response to bacterial infections
(58). Administration of IFN-� to mice at the time of Pseudo-
monas challenge was associated with increased production of
proinflammatory cytokines, such as TNF-�, and an increase in
IL-12 protein and receptor expression. IL-12 is produced
mainly by activated inflammatory cells, including monocytes,
macrophages, neutrophils, and dendritic cells (11, 30). These
cells appeared to be functional after CLP in respect to mount-
ing a proinflammatory cytokine response, and IFN-� adminis-
tration resulted in an increased IL-12 response.

Administration of IFN-� has been investigated for clinical
efficacy in trauma and burn patients (27, 41, 42, 56). Our
results, coupled with the findings in previous reports, seem to
indicate that systemic administration of IFN-� alone for pro-
phylaxis, or treatment, of nosocomial infections might not be
an effective clinical strategy. Systemic administration of IFN-�
does not appear to result in detectable intrapulmonary con-

FIG. 8. Loss of IFN-� activity was not associated with diminished
ability to clear a Pseudomonas bacterial challenge but was associated
with a high baseline level of endogenous gram-positive bacterial back-
ground. IFN-� knockout mice (IFN KO) or wild-type controls (WT)
were subjected to an intravenous injection of P. aeruginosa (5 � 107

CFU) (Pseudo) and were sacrificed 6 h later. Lungs were collected
aseptically and homogenized in sterile saline, and serial dilutions were
cultured. (A) The number of Pseudomonas CFU in lung homogenates
did not differ between wild-type and IFN-� knockout mice after an
intravenous injection of Pseudomonas. (B) Loss of IFN-� activity was
associated with a high background of endogenous gram-positive coccus
growth in lung homogenates from animals with, or without, a Pseudo-
monas bacterial challenge.

FIG. 9. Survival after intravenous injection of Pseudomonas was
not affected by the loss of IFN-� activity. P. aeruginosa was injected
intravenously into IFN-� KO (IFN KO) or wild-type (WT) mice with
no prior injury, and mortality was observed over the next 7-day period.
There was no difference between survival of IFN-� KO mice and that
of wild-type mice after challenges of either (A) 1 � 108 CFU or (B) 2
� 108 CFU (no significant difference; n � 18 per group]).
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centrations (12), which could be important if IFN-� functions
in local, rather than systemic, immune responses. However,
aerosol delivery of IFN-� is possible and is currently under
investigation for some clinical applications. Alternatively, ad-
ministration of IFN-� in combination with other cytokine strat-
egies might serve as an avenue for future investigation.
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