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Kilebsiella pneumoniae is a leading cause of both community-acquired and nosocomial gram-negative-bacte-
rial pneumonia. A further clinical complication of pulmonary K. pneumoniae infection is dissemination of bac-
teria from the lung into the peripheral blood, resulting in bacteremia concurrent with the localized pulmonary
infection. Here, we report studies detailing the divergent role of gamma interferon (IFN-y) in pulmonary
versus systemic K. pneumoniae infection. Intratracheal inoculation of IFN-y knockout mice resulted in signif-
icantly increased mortality compared to that observed for wild-type infected animals. Increased mortality
correlated with a 100-fold increase in pulmonary bacteria within 2 days postinfection and upregulation of
lung-associated interleukin-10 (IL-10) mRNA. Interestingly, IFN-y knockout mice had a twofold reduction in
plasma aminospartate transferase activity, indicating diminished liver injury following peripheral blood bac-
terial dissemination. To study the host response towards blood-borne bacteria in the absence of the ongoing
pulmonary infection, intravenous inoculation studies were initiated. IFN-y knockout mice were no more sus-
ceptible to intravenous infection than their wild-type counterparts. The consistent observation in IFN-y knock-
out mice was for improved survival correlating with increased clearance of blood- and liver-associated bacteria.
Intravenous inoculation resulted in a two- to threefold increase in hepatic IL-10 production 24 and 48 h post-
infection. Liver injury was also significantly reduced in IFN-y knockout mice. These data indicate that IFN-y
secretion is a critical mediator in the resolution of localized gram-negative pulmonary pneumonia. Surpris-

ingly, host responses towards systemic infection with the same bacteria appear to be IFN-y independent.

Klebsiella pneumoniae is a leading cause of nosocomial and
community-acquired gram-negative bacterial pneumonia, re-
sulting in a severe pyrogenic infection with high mortality rates
without therapeutic intervention (3, 34, 37). A significant clin-
ical complication of Klebsiella pneumonia is dissemination of
bacteria from within the pulmonary airspace into the blood-
stream, resulting in bacteremia concurrent with the localized
pulmonary infection (16, 54). Inability to clear bacteria from
the bloodstream can lead to a state of overwhelming bactere-
mia, resulting in exposure to high levels of bacterial endotoxin,
which can culminate in multiple organ dysfunction syndrome
and rapid death (35).

The primary host defense mechanism in bacterial pneumo-
nia is the rapid clearance of the invading bacteria from the
respiratory tract (reviewed in reference 27). In addition to
direct bacterial phagocytosis and killing, alveolar macrophages
secrete a variety of cytokines and chemokines capable of re-
cruiting and activating blood neutrophils and monocytes into
the pulmonary microenvironment (29). In contrast, blood-
borne infections are cleared primarily by the innate immune
responses within the liver (reviewed in references 7 and 21).
Kupffer cells efficiently phagocytize bacteria from peripheral
blood. In addition to Kupffer cells, phagocytic killing of bac-
teria within the liver is accomplished by rapidly recruited neu-
trophils (12, 13).
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Gamma interferon (IFN-vy) has been shown to be an impor-
tant signal in cell-mediated immunity against a broad array of
infectious agents (2, 30, 56). While extensively studied in mod-
els of T-cell-mediated immunity against intracellular patho-
gens, the role of IFN-y in acute extracellular bacterial infec-
tions is less well understood. IFN-y has been shown to be
important in the clearance of pulmonary infections with Strep-
tococcus pneumoniae or Pseudomonas aeruginosa (36, 40). In
contrast, models of systemic Staphylococcus aureus and Esch-
erichia coli infections indicate a detrimental role of IFN-y (22,
39, 43). Additionally, a significant percentage of liver specific
IFN-y transgenic mice die within 1 year due to enteric bacte-
remia (48), suggesting that excessive IFN-y production de-
creases host resistance to gram-negative bacteria.

To address the importance of IFN-y in localized pulmonary
versus disseminated blood-borne Klebsiella infection, IFN-y
knockout (KO) mice were intratracheally or intravenously in-
oculated with K pneumoniae. These studies indicate that
IFN-vy is a critical mediator for the resolution of localized,
pulmonary gram-negative pneumonia, whereas resolution of
systemic, blood-borne gram-negative bacterial infections is in-
dependent of IFN-y secretion. Furthermore, IFN-y produc-
tion during systemic bacterial infection may actually be detri-
mental, as liver cellular injury was significantly reduced in the
absence of IFN-y along with modestly improved bacterial
clearance and survival.

MATERIALS AND METHODS

Animals. B6.129S7-Ifng'™ '™ (IFN-y KO) and C57BL/6J wild-type mice were
purchased from The Jackson Laboratory and housed in specific pathogen-free
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conditions within the animal care facility at the University of Michigan until the
day of sacrifice. All experimental animal procedures were approved by the
University Committee On Use And Care Of Animals at the University of Mich-
igan.

K. pneumoniae inoculation. K. pneumoniae strain 43816 serotype 2 (American
Type Culture Collection, Manassas, Va.) was grown in tryptic soy broth (Difco,
Detroit, Mich.) overnight at 37°C. Bacterial concentration was determined by
measuring the amount of absorbance at 600 nm and compared to a predeter-
mined standard curve. Bacteria were then diluted to the desired concentration
for inoculation. For pulmonary infection, mice were anesthetized with pentobar-
bital (diluted 1:7 in saline). The trachea was exposed, and 30 pl of bacterial
inoculum or saline was administered via a sterile 26-gauge needle. For intrave-
nous infection, mice were warmed under a heat lamp for an appropriate time to
allow vasodilation of the tail vein. Bacteria, diluted in pyrogen-free saline, were
injected in a 0.5-ml volume through a 27-gauge needle. For all experiments, an
aliquot of the inoculated K. pneumoniae suspension was serially diluted onto
blood agar plates to determine the actual dose of injected bacteria.

‘Whole-lung or -liver homogenization for CFU and cytokine analyses. At des-
ignated time points, mice were euthanized by inhalation of CO,. The lungs or
liver were perfused with 2 to 3 ml of phosphate-buffered saline (PBS)-5 mM
EDTA and removed for analyses as previously described (15, 28). Briefly, organs
were homogenized using a tissue homogenizer (Biospec Products, Bartlesville,
Okla.) in 1 ml of PBS—complete protease inhibitor cocktail (Boehringer Mann-
heim Biochemical, Chicago, Ill.). For determination of CFU in organs, a small
aliquot of tissue homogenate was serially diluted, moved to blood agar plates,
and incubated at 37°C, and colonies were counted.

For total lung or liver cytokine enzyme-linked immunosorbent assay (ELISA)
analyses, tissue homogenates were sonicated briefly to ensure complete cellular
disruption and then centrifuged at 1,500 X g for 10 min. The supernatants were
collected and assessed for cytokine levels by ELISA. Murine interleukin-10
(IL-10), IL-12, and TNF-a were quantitated using a modification of a sandwich
ELISA method. Assays have been shown to be specific for the indicated murine
cytokine and show no cross-reactivity with any other murine cytokines tested
(11).

Peripheral blood CFU analyses. For determination of peripheral blood bac-
terial numbers, mice were euthanized and heparinized blood was collected by
cardiac puncture at the indicated time points. Serial dilutions were moved onto
blood agar plates, incubated at 37°C and colonies counted.

Plasma aspartate aminotransferase (AST) analyses. Levels of AST in plasma,
as an indication of hepatic cellular injury, were determined on peripheral blood
samples collected 1 or 2 days post-K. pneumoniae inoculation. Heparinized blood
samples were spun at 10,000 X g for 15 min, and then plasma samples were
collected and frozen at —70°C until AST activities were analyzed. AST activity
was quantitated by the Clinical Chemistry Laboratory at the University of Mich-
igan Medical Center using an automated spectrophotometric assay.

Tissue harvesting for histologic examination and TUNEL staining. Lungs for
histochemistry were perfused with 4% paraformaldehyde in PBS and then in-
flated with 4% paraformaldehyde to improve resolution of anatomic relation-
ships. For liver histology, two lobes were excised following perfusion and placed
in 4% paraformaldehyde for 24 h prior to sectioning. Tissue sections were then
stained with hematoxylin and eosin (H&E) to determine inflammatory responses
during infection. Terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining on liver sections was performed using the
ApopTag detection kit following manufactures’ recommended procedure (Inter-
gen, Purchase, N.Y.).

Isolation and RT-PCR amplification of lung and liver mRNA. Whole lung or
liver (two lobes) was harvested at the indicated time points, immediately snap
frozen in liquid nitrogen, and then stored at —70°C for further analyses. Total
cellular RNA from the frozen tissue was isolated by homogenizing in 3 ml of
TRIzol reagent (Gibco BRL, Gaithersburg, Md.) following the TRIzol protocol.
Total RNA was determined by spectrometric analysis at 260 nm. Expression of
mRNA was determined by reverse transcription (RT)-PCR using the Access
RT-PCR system kit from Promega (Madison, Wis.) following the manufactures’
protocol. The following primer pairs (all primers 5'—3") were used for specific
mRNA amplification: mIFN-y sense, CCT CAG ACT CTT TGA AGT CT;
mIFN-y antisense, CAG CGA CTC CTT TTC CGC TT; mTNF-« sense, CCT
GTA GCC CAC GTC GTA GC; mTNF-a antisense, AGC AAT GAC TCC
AAA GTA GAC C; mIL-10 sense, GCA GAA AAG AGA GCT CCA TCA TG;
mlIL-10 antisense, CCT GGA GTC CAG CAG ACT CAA TAC; mB-actin sense:
CTT CTA CAA TGA GCT GCG TGT G; mp-actin antisense, GAT TCC ATA
CCC AAG AAG GAA GG. cDNA products were detected on a 2% agarose gel
containing ethidium bromide and bands visualized and photographed using UV
transillumination.
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FIG. 1. Increased mortality following intratracheal K. pneumoniae
inoculation in IFN-y KO mice. IFN-y KO and C57BL/6 wild-type
control mice were intratracheally inoculated with 2 X 10° CFU of
K. pneumoniae, and survival was observed over the course of 7 days. At
this dose of bacteria, 85% of control mice survive through day 7,
compared to only 38% of IFN-y KO mice. Survival curves were gen-
erated from two independent experiments with a total of 20 animals
per group and were statistically different (P < 0.005) by log-rank
analysis.

Percent Survival

Statistical analyses. Statistical significance was determined using the unpaired,
two-tailed student ¢ test and analysis of variance for multiple group comparisons
using the Student-Newman-Keuls posttest. Calculations were performed using
InStat 3 for Macintosh (GraphPad Software, San Diego, Calif.). Statistical anal-
yses of survival curves were performed by the Logrank test using the Prism 3 For
Macintosh software program (GraphPad Software).

RESULTS

Increased mortality in IFN-vy-deficient mice following pul-
monary K. pneumoniae infection. To examine the role for
IFN-vy during a localized pulmonary infection, IFN-y KO mice
were intratracheally inoculated with K. pneumoniae. A dose of
2 X 10 bacteria induced minimal mortality over the course of
seven days in C57BL/6 control mice (Fig. 1). In contrast, IFN-y
KO mice were significantly more susceptible to intratracheally
instilled K. pneumoniae (P < 0.005). Increased rates of mor-
tality were observed at both early (day 3) and late time points
(day 7) following infection. Mortality in mice administered an
IFN-y neutralizing monoclonal antibody was similar to that
seen in IFN-y KO mice (data not shown). Together, these data
indicate a critical role for IFN-y during gram-negative bacte-
rial pneumonia.

Impaired pulmonary clearance of K. pneumoniae in the ab-
sence of IFN-y. The most creditable explanation for the in-
creased mortality seen in IFN-y KO mice following intratra-
cheal inoculation of K. pneumoniae would be impaired
clearance of bacteria from the pulmonary airspace. To address
this, lung bacterial burden in IFN-y KO mice and their wild-
type controls was examined 1 and 2 days post-intratracheal
infection (Fig. 2). Within 1 day, IFN-vy-deficient mice displayed
an ~10-fold increase in lung bacterial burden when to control
infected mice (P < 0.05). This impaired ability to clear the
pulmonary infection was even more pronounced by day 2,
when IFN-y KO mice contained a nearly 100-fold increase in
pulmonary bacterial numbers versus the infected control group
(P < 0.01).
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FIG. 2. Impaired pulmonary bacterial clearance in IFN-y KO mice
following intratracheal K. pneumoniae infection. Infected IFN-y KO
and wild-type control mice were analyzed on days 1 and 2 postinfection
for bacterial burden in total lung homogenates. Total lung CFU were
significantly higher in mice lacking IFN-y on day 1 (P < 0.05) and day
2 (P < 0.01) postinfection. CFU data are expressed as mean + stan-
dard error of the mean (error bars) from two independent experiments
representing 15 to 18 total animals.

Histological examination of lung sections 2 days postinfec-
tion confirmed the heightened pulmonary infection in the ab-
sence of IFN-y. Significant inflammatory cell infiltration was
observed in IFN-y KO mice, consisting predominantly of neu-
trophils. Additionally, extracellular bacteria residing in air-
spaces were observed in mice lacking IFN-y which were rarely
seen in wild-type infected mice (data not shown).

Lung TNF-a mRNA induction was unaffected while IL-10
mRNA was increased in IFN-y-deficient mice following intra-
tracheal K. pneumoniae infection. Induction of TNF-a has been
shown to be critical during pulmonary bacterial infections (25,
45, 50). To determine whether altered production of this me-
diator could be responsible for the impaired bacterial clear-
ance and increased mortality in [FN-y KO mice, lung TNF-a
mRNA induction was examined by RT-PCR 2 days postinfec-
tion (Fig. 3). Interestingly, no overt impairment in TNF-a
mRNA induction was observed in IFN-y KO mice following
infection. Message for IFN-y was readily observed 48 h fol-
lowing infection in wild-type infected animals, confirming in-
duction of this cytokine during acute pneumonia. As expected,
induction of IFN-y mRNA was not observed in IFN-y KO
mice. Production of IL-10 during pulmonary Klebsiella infec-
tion has been shown to dampen the host response, resulting in
impaired bacterial clearance and subsequent survival (11). To
determine if enhanced IL-10 production in IFN-y KO mice
could, in part, explain the impaired bacterial clearance, IL-10
mRNA induction was determined following intratracheal in-
fection. Interestingly, IL-10 message was clearly upregulated in
IFN-y KO mice compared to infected wild-type control ani-
mals.

Decreased liver injury in IFN-y-deficient mice following pe-
ripheral blood dissemination of the primary pulmonary infec-
tion. Peripheral blood dissemination is a consequence of K.
pneumonia, resulting in systemic infection concurrent with the
localized pulmonary infection. Minimal blood dissemination

INFECT. IMMUN.

was observed in wild-type or IFN-y KO mice 1 day postinfec-
tion (data not shown). Correlating with the increased lung
bacterial burden seen on day 2 was a trend for increased
peripheral blood bacterial dissemination in IFN-y KO animals.
(Fig. 4A). Bacteria present in the systemic circulation following
pulmonary infection can induce liver cellular injury. To deter-
mine the extent of hepatic injury following peripheral blood
dissemination of the pulmonary infection, plasma AST levels
were measured two days postinfection. Wild-type infected
mice displayed elevated plasma AST levels compared to unin-
fected animals (Fig. 4B). Notably, IFN-y KO mice had signif-
icantly decreased liver injury (P < 0.05) in spite of similar
bacterial numbers in the peripheral circulation.

Survival following intravenous K. prneumoniae infection is
independent of IFN-y production. Data thus far indicated that
IFN-vy is critical for the resolution of localized, pulmonary
gram-negative pneumonia. Decreased liver tissue injury fol-
lowing peripheral blood bacterial dissemination in the absence
of IFN-vy suggested that resolution of a systemic gram-negative
bacterial infection may occur independently of IFN-y produc-
tion. To more rigorously examine the role of IFN-y during
blood-borne infection without the complication of an ongoing
localized pulmonary infection, an intravenous infection model
was established. Intravenous injection of wild-type mice with 5
X 10* CFU K. pneumoniae resulted in an overall survival rate
of 50% (Fig. 5). Surprisingly, intravenous inoculation of IFN-y
KO mice had no detrimental effect on survival. In fact, while
not reaching the level of statistical significance (P = 0.09), the
trend in all experiments was for modestly improved survival.
Neutralizing anti-IFN-y monoclonal antibody treatment re-
sulted in similar rates of mortality as IFN-y KO mice (data not
shown).

Unimpaired bacterial clearance in IFN-y-deficient mice fol-
lowing intravenous K. pneumoniae infection. To determine bac-
terial clearance kinetics from the bloodstream, C57BL/6 and
IFN-y KO mice were analyzed at defined time points following
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FIG. 3. Lung RT-PCR analyses of IFN-y KO mice 2 days post-
intratracheal K. pneumoniae inoculation. Total lung RNA was isolated
and RT-PCR was performed for the indicated cytokine mRNA. IFN-y
KO and C57BL/6 control mice expressed similar levels of TNF-a
mRNA following pulmonary infection. Interestingly, lung IL-10 mes-
sage was increased in the absence of IFN-y. As expected, IFN-y mes-
sage was upregulated in control animals while being absent in the
genetically deficient mice.
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FIG. 4. IFN-y KO mice display decreased liver cellular injury in spite of similar bacterial numbers in the peripheral circulation following
dissemination of pulmonary infection. (A) Peripheral blood (per milliliter of blood) was collected from animals 2 days post-intratracheal infection.
Bacterial numbers were similar in both groups of mice, with a consistent trend for higher numbers in IFN-y KO mice. CFU data are expressed
as means + standard errors of the means (error bars) from two independent experiments representing 15 to 18 total mice. (B) Peripheral blood
was collected as described in Materials and Methods, and plasma AST levels were determined on day 2 postinfection. Plasma AST levels were

significantly lower (P < 0.05) in IFN-y KO animals.

intravenous inoculation. Both groups of animals contained sig-
nificant numbers of blood-borne bacteria 6 h following infec-
tion. Surprisingly, IFN-y KO mice had a modest, but statisti-
cally significant (P < 0.01) reduction in bacterial numbers in
blood 6 h postinfection (Fig. 6A). By 24 h, bacteria could be
found in the blood of only a small percentage of wild-type and
IFN-y KO mice (23 and 12%, respectively). However, by 48 h
a significant percentage (48%) of wild-type mice contained
detectable bacteria. Interestingly, the percentage of IFN-y KO
mice with detectable blood-borne bacteria only marginally in-
creased from 24 to 48 h (12 to 15% at 48 h). This trend of
improved bacterial clearance in IFN-y KO mice at 48 h postin-
fection compared to wild-type animals was a consistent obser-
vation in all experiments (P = 0.07 [Fisher’s exact test]).

In contrast to the markedly impaired pulmonary clearance
of K. pneumoniae in the absence of IFN-y following intratra-
cheal inoculation (Fig. 2), clearance of bacteria within the liver
following intravenous infection was independent of IFN-y pro-
duction (Fig. 6B). As with numbers of blood-borne bacteria 6 h
postinfection, the liver bacterial burden in IFN-y KO mice was
statistically decreased (P < 0.05) compared to that in wild-type
mice. By 24 and 48 h postinfection, numbers of bacteria in liver
were similar in both IFN-y KO and wild-type infected animals.

Decreased liver injury in IFN-y-deficient mice following in-
travenous K. pneumoniae infection. IFN-y KO mice displayed
decreased liver injury following blood dissemination of the
primary pulmonary infection (Fig. 4B). To determine the ex-
tent of hepatocyte injury following intravenous inoculation of
K. pneumonia, plasma AST levels were measured 24 h postin-
fection (Fig. 7). Mice lacking IFN-y had significantly reduced
levels of plasma AST compared to those observed for control
mice (351 versus 871 U/ml, respectively; P < 0.05). This re-
duction in liver injury is independent from bacterial burden as
both groups of mice (IFN-y KO and wild type) contained
equivalent numbers of bacteria in the liver 24 h postinfection
(Fig. 6B).

Liver histology confirmed decreased liver injury in IFN-y
KO mice 24 h postinfection. Sites of focal hepatocyte cellular
injury were both fewer in number and smaller in size when
compared to wild-type animals (Fig. 8A and B). Additionally,
high-power examination revealed increased neutrophil and
mononuclear cell infiltration in necrotic lesions of wild-type
mice compared to that observed for IFN-y KO mice (data not
shown). To confirm the extent of cellular injury, TUNEL stain-
ing on liver sections was performed. Without exception, all
sites of overt tissue injury seen on H&E-stained sections also
stained TUNEL positive (Fig. 8 E and F). TUNEL staining,
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FIG. 5. Survival following intravenous K. pneumoniae infection is
independent of IFN-y production. IFN-y KO and C57BL/6 wild-type
control mice were intravenously inoculated with 5 X 10* bacteria and
survival was observed over the course of 8 days. While not reaching the
level of statistical significance (P = 0.09), the consistent trend in all
experiments was for improved survival in IFN-y KO mice compared to
C57BL/6 controls. Survival curves were generated from two indepen-
dent experiments with a total of 18 animals per group.
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FIG. 6. Unimpaired bacterial clearance in IFN-y KO mice following intravenous K. pneumoniae inoculation. Bacterial clearance from blood
(A) and liver (B) of intravenously infected IFN-y KO and C57BL/6 mice was determined as described. Six hours postinfection, IFN-y KO mice
had a modest but statistically significant reduction in bacterial burden in blood and liver (P < 0.05). By 48 h, there was a consistent trend towards
improved clearance of peripheral blood bacteria in IFN-y KO mice compared to wild-type animals in all experiments (P = 0.07 [Fisher’s exact
test]). Liver bacterial clearances by 24 and 48 h postinfection were similar in both IFN-y KO and wild-type infected animals. CFU data were
generated from two to three independent experiments with a total of 14 to 25 animals per group.

however, was more intense in wild-type liver sections than in
IFN-y KO mice.

Elevated liver IL-10 production in IFN-y-deficient mice fol-
lowing intravenous K. pneumoniae infection. Since lung-asso-
ciated IL-10 was upregulated in IFN-y KO mice following
intratracheal infection, we determined the production of liver-
associated IL-10 following intravenous inoculation. IL-10 was
not induced 24 and 48 h following systemic infection in wild-
type mice. IFN-y KO mice, however, displayed significantly
elevated liver IL-10 levels at both time points (Fig. 9). Induc-
tion of the proinflammatory cytokines TNF-a and IL-12 oc-
curred to a similar degree in both wild-type and IFN-y KO
mice (data not shown).

DISCUSSION

Host innate antibacterial responses consist of a balancing act
between clearance of the invading organism on one hand and
avoidance of tissue injury due to the inflammatory response on
the other. In this context, the role of a particular cytokine may
vary significantly depending on the site of infection. Previously
published data have suggested that the role of IFN-y varies
between organ-specific and systemic infections. A complicating
factor in these studies has been the use of a variety of different
pathogens or their products administered in a variety of dif-
ferent ways (intratracheal, intraperitoneal, intravenous). Here,
we detail the divergent role of IFN-y in pulmonary versus
systemic antibacterial host responses against the same gram-
negative bacteria. Intratracheal inoculation of IFN-y KO mice
with K. pneumoniae resulted in significantly increased mortality
compared to that observed in wild-type infected animals. This
increased mortality correlated with a 100-fold increase in the
numbers of pulmonary bacteria within 2 days postinfection. Of
interest was the decreased liver tissue injury subsequent to
peripheral blood dissemination seen in mice lacking IFN-y. To
study the systemic response to blood-borne bacteria in the

absence of the ongoing pulmonary infection, intravenous inoc-
ulation studies were initiated. Unlike intratracheal infection,
intravenously infected IFN-y KO mice were no more suscep-
tible than their wild-type counterparts. In fact, the consistent
observation was for modestly improved survival correlating
with the trend for increased clearance of blood and liver-
associated bacteria. As seen in the intratracheal studies, liver
cellular injury following intravenous inoculation was signifi-
cantly decreased in IFN-y KO mice. Additionally, increased
IL-10 production was noted in both lung and liver tissue from
IFN-y KO mice following either localized or systemic infec-
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FIG. 7. Diminished liver cellular injury in IFN-y KO mice follow-
ing intravenous K. pneumoniae infection. Plasma AST levels were
determined 1 day postinfection from IFN-y KO and wild-type mice.
Mice lacking IFN-y had significantly reduced levels of plasma AST
compared to control mice (351 versus 871 U/ml, respectively; P <
0.05). It is worth noting that both groups of mice had equivalent
bacterial numbers in liver at this time point. AST levels were deter-
mined from two independent experiments with a total of 15 animals

per group.
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FIG. 8. Improved liver pathology in IFN-y KO mice 1 day post-intravenous K. pneumoniae infection. Liver sections from C57BL/6 (A, C, and
E) and IFN-y KO (B, D, and F) mice were prepared and stained with H&E (A and B) or TUNEL (C to F) and then examined at low-power (40X)
(A and B) and intermediate-power (200X) (C to F) magnifications. Lesions of hepatocyte cellular injury and necrosis were smaller in number and
individual size in IFN-y KO mice when compared to wild-type animals (compare panels A and B). Without exception, all sites of overt tissue injury
seen on the H&E-stained sections also stained TUNEL positive (E and F). TUNEL staining, however, was more intense in wild-type liver sections
compared to IFN-y KO mice. TUNEL staining in the absence of terminal deoxynucleotidyl transferase (C and D) confirmed the specificity of the

TUNEL reaction.

tion. These data indicate that IFN-y is a critical component in
the clearance and resolution of a localized, pulmonary infec-
tion with K. pneumoniae. Surprisingly, host responses towards
blood-borne, systemic infection with the same bacteria appear
to be IFN-vy independent.

The importance of IFN-y in the context of cell-mediated
immunity against a broad array of infectious agents has been
well established (2, 30, 56). However, the majority of these

studies have utilized models of T cell immunity against intra-
cellular organisms. The role of IFN-y in acute extracellular
bacterial infections is less well understood. Pulmonary inocu-
lation of IFN-y KO mice with S. pneumoniae resulted in sig-
nificantly increased mortality (36). Pulmonary administration
of IFN-y in P. aeruginosa infected rats also improved lung
clearance of the organism (24). Additionally, the pulmonary
immunosuppression seen in alcohol treated rats could be re-
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FIG. 9. Elevated liver IL-10 production in IFN-y KO mice follow-
ing intravenous bacterial infection. Total liver homogenates were pre-
pared from IFN-y KO and C57BL/6 infected animals at the indicated
time points following intravenous inoculation, and levels of IL-10 were
determined by ELISA. IL-10 levels were significantly elevated in
IFN-y KO mice compared to wild-type infected animals and unin-
fected, baseline levels (dotted line). Data are expressed as means +
standard errors of the means (error bars) from two independent ex-
periments with a total of 10 to 12 animals per group.

versed by adenoviral vector mediated overexpression of IFN-y
(23). In contrast, it has been reported that IFN-y-receptor KO
mice displayed enhanced clearance of pulmonary inoculated
P. aeruginosa (41). These authors concluded that endogenous
IFN-y was detrimental for host defense against pulmonary
P. aeruginosa infections. Recently, IFN-y KO mice have been
shown to be more susceptible to intranasally inoculated
K. pneumoniae (55). Impaired lung and blood bacterial clear-
ance was also noted in this study. Our studies confirm and
extend these recent observations to include decreased hepato-
cyte cellular injury following blood dissemination coincident
with unimpaired clearance of liver-associated bacteria (data
not shown). Combined, the preponderance of data suggest a
requisite role for IFN-y during extracellular bacterial lung
infections.

In contrast to localized bacterial infections, production of
proinflammatory cytokines such as IFN-y during systemic in-
fections has been linked to increased mortality due to compli-
cations of sepsis (32). Systemic infections with S. aureus and E.
coli have indicated that IFN-y plays a detrimental role in the
resolution of these pathogens (22, 39, 43). In these studies,
neutralization of IFN-vy activity resulted in increased survival.
Of note, improved survival did not correlate with increased
bacterial clearance in two independent studies of E. coli infec-
tion (22, 43). In contrast, exogenous administration of IFN-y
has been shown to be detrimental for clearance of E. coli (22).
Furthermore, LPS-induced mortality and liver injury have
been shown to be significantly reduced in IFN-y KO mice (4,
49). Additionally, a significant percentage of liver specific
IFN-y transgenic mice die within 1 year due to enteric bacte-
remia, suggesting that excessive localized, liver IFN-y produc-
tion decreases host resistance to gram-negative bacteria (48).
In contrast to studies indicating a detrimental role for IFN-y
during systemic infections, exogenous treatment with lipo-
some-encapsulated IFN-y significantly increased survival,
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while anti-IFN-y antibody treatment decreased survival an in-
traperitoneal model of Klebsiella septicemia (46, 47). Also,
clearance of the intracellular bacillus Salmonella enterica sero-
var Typhimurium has been shown to be dependent upon IFN-vy
production (31). Our results are in general agreement with the
observation that IFN-y production in the context of systemic K.
pneumoniae infection is detrimental. While survival benefits
were modest, the consistent trend was for improved survival
and increased bacterial clearance. We have extended these
observations to include the reduction in liver cellular injury in
the absence of IFN-v.

We observed increased production of IL-10 in IFN-y KO
mice following infection with K. pneumoniae. IL-10, in contrast
to IFN-v, inhibits the generation of T1 cellular immunity while
promoting T2 cellular responses (6). Additionally, IL-10 has
been shown to inhibit macrophage and neutrophil microbicidal
activities and to suppress the production of proinflammatory
cytokines (1, 5, 19, 33). Thus, enhanced IL-10 production could,
in part, explain the decreased survival and bacterial clearance
following localized, pulmonary infection with K. pneumoniae.
In the context of Klebsiella pneumonia, we have previously
shown that anti-IL-10 immunotherapy resulted in decreased
mortality, improved bacterial clearance, and increased produc-
tion of lung-associated TNF-a and IFN-y (11). In a murine
model of pneumococcal pneumonia, exogenous administration
of IL-10 resulted in increased mortality, increased bacterial
burden, and decreased production of TNF-a and IFN-y (52).
When IL-10 bioactivity was neutralized in this model, in-
creased survival was observed which correlated with increased
bacterial clearance and proinflammatory cytokine production.
Collectively, these data support the concept that IL-10 down-
regulates the immune response in the setting of pulmonary
bacterial infections, most likely by inhibiting phagocytic and
bactericidal activities. Thus, elevated IL-10 production in
IFN-y KO mice during K. pneumoniae pulmonary infection
could contribute to the worsened outcome in these mice.

In contrast to playing a role in localized pulmonary infec-
tions, IL-10 has been shown to play a beneficial role in endo-
toxemia and sepsis models. Neutralization of IL-10 during
endotoxemia results in uncontrolled production of proinflam-
matory cytokines and increased mortality. Conversely, exoge-
nous administration of IL-10 decreased proinflammatory cyto-
kines and mortality (10, 14, 38). Results from mice undergoing
cecal ligation puncture (a commonly used model of abdominal
sepsis syndrome) are similar to those of LPS-induced endotox-
emia in that exogenous IL-10 administration results in en-
hanced survival (20, 51, 53). Therefore, in our model of intra-
venous K. pneumoniae infection, increased production of liver-
derived IL-10 in IFN-y KO mice may contribute the modest
beneficial effects seen on survival and bacterial clearance.

We were intrigued by the reduced hepatic injury observed in
IFN-y KO mice following infection. IFN-y has been shown to
directly induce hepatocyte apoptosis in a Fas/FasL-indepen-
dent manner (17). Treatment of hepatocytes in vitro with
IFN-vy has been shown to induce apoptosis (18, 42). Addition-
ally, hepatocyte cellular respiration and protein synthesis are
suppressed by IFN-y treatment (26). Of relevance to K. pneu-
moniae-induced liver injury, LPS potentiates the IFN-y medi-
ated hepatocyte apoptosis in vitro via activation of caspase 3
(44). Our in vivo data confirm and extend these in vitro studies
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and suggest that the decreased liver injury observed during
gram-negative bacterial infections in the absence of IFN-y may
be due to decreased hepatocyte apoptosis. TUNEL staining
analyses confirm decreased cellular death in IFN-y KO versus
wild-type animals following infection. It is worth noting, how-
ever, that the TUNEL staining pattern observed in both wild-
type and IFN-y KO liver sections is more indicative of necrotic
rather than apoptotic cell death. The nonspecific detection of
necrotic cells by the TUNEL technique has been reported
previously (8, 9). Regardless, analyses of both H&E- and
TUNEL-stained liver sections clearly indicate decreased hepa-
tocyte cellular injury in mice deficient in production of IFN-y.

These studies are the first to directly compare the localized,
pulmonary antibacterial host response to the systemic, blood-
borne response against the same gram-negative bacterial
pathogen. The data clearly point to a divergent requirement
for IFN-y in these two infection models. IFN-y secretion is a
critical mediator in the resolution of gram-negative pulmonary
pneumonia, as IFN-y KO mice are significantly impaired in
bacterial clearance and overall survival when compared to
wild-type mice. In contrast, the absence of IFN-vy has no det-
rimental effect on antibacterial responses to an intravenous
challenge of K. pneumoniae. Furthermore, IFN-y KO mice
display decreased liver cellular injury following systemic bac-
terial infection. Elevated IL-10 production in response to in-
fection may, in part, contribute to the detrimental or beneficial
effects of the absence of IFN-y production in pulmonary versus
systemic K. pneumoniae infections.
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