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Abstract
Antimicrobial proteins comprise a significant component of the acute innate immune response to
infection. They are induced by pattern recognition receptors as well as by cytokines of the innate and
adaptive immune pathways and play important roles in infection control and immunomodulatory
homeostasis. Lipocalin 2 (siderocalin, NGAL, 24p3), a siderophore-binding antimicrobial protein,
is critical for control of systemic infection with Escherichia coli; however, its role in mucosal
immunity in the respiratory tract is unknown. In this study, we found that lipocalin 2 is rapidly and
robustly induced by Klebsiella pneumoniae infection and is TLR4 dependent. IL-1β and IL-17 also
individually induce lipocalin 2. Mucosal administration of IL-1β alone could reconstitute the
lipocalin 2 deficiency in TLR4 knockout animals and rescue them from infection. Lipocalin 2-
deficient animals have impaired lung bacterial clearance in this model and mucosal reconstitution of
lipocalin 2 protein in these animals resulted in rescue of this phenotype. We conclude that lipocalin
2 is a crucial component of mucosal immune defense against pulmonary infection with K.
pneumoniae.

Gram-negative bacteria are a significant contributor to disease in many healthcare settings. For
example, Gram-negative organisms surpassed Staphylococcus aureus as a major cause of
bacteremia at a university medical center and prevalence of Gram-negative isolates continued
to rise at that institution through 2003 (1). Moreover, the community is becoming a significant
reservoir harboring these organisms (2,3). Internationally, Klebsiella species constitute a large
proportion of Gram-negative isolates and many strains demonstrate a disturbing trend toward
extended spectrum β-lactamase expression and multidrug resistance (4).
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Klebsiella pneumoniae (KP)3 is an insidious organism, causing both pulmonary and
extrapulmonary invasive, suppurative infections. It has a predilection for individuals already
immunodeficient from other conditions such as diabetes, chemotherapy-induced neutropenia,
alcohol abuse, or organ transplant (5–7). The population of the susceptible and the number of
virulent strains loom against a shrinking armamentarium of existing antibiotics. A better
understanding of the innate and adaptive immune response to infection could present
opportunities to enhance this response for improved antibacterial response.

Previously, our group has shown that IL-17, a T cell-derived cytokine, is induced in a mouse
model of KP infection. Its over-expression improved bacterial clearance in the lung (8).
Conversely, loss of IL-17 function correlated with increased susceptibility to KP, which is
reflected by the early mortality of IL-17R knockout (KO) mice in this model (9). Subsequent
studies have shown that IL-23 expression with downstream induction of IL-17 in KP infection
was TLR4 dependent, making IL-17 an attractive prospect as a nexus in the innate and adaptive
immune cytokine cross-talk.

The protective antimicrobial response elicited by IL-17 is multifactorial and remains to be fully
characterized. Although it is known that IL-17 elicits expression of antimicrobial peptides such
as β-defensins and S100 class proteins (10), gene expression profiling additionally showed up-
regulation of Lcn2 from IL-17 stimulation or Klebsiella infection (11,12). Lcn2 encodes for
lipocalin 2 (also known as siderocalin, NGAL, 24p3, or uterocalin in the literature), a unique
protein with bacteriostatic properties mediated through a mechanism divergent from that of
classical antimicrobial peptides.

The insolubility of ferric (Fe(III)) ion and the toxicity of free ferrous (Fe(II)) ion result in
vanishingly small amounts of free iron in the environment. Yet, it is an essential nutrient and
hence efficient uptake mechanisms have evolved in many organisms. For their own metabolic
processes, bacteria produce and uptake siderophores, small molecules that bind Fe(III) with
exceedingly high affinity. Siderophores, such as enterobactin, have become important survival
and virulence factors for bacteria, allowing them to survive in their host’s iron-poor
environment. Lipocalin 2 arrests bacterial growth by sequestering enterobactin, depriving
bacteria of their ability to scavenge iron, and consequently “starving” bacteria of growth-
essential iron (13). This presents an elegant host antimicrobial response, centered around
competition for a scarce resource. It differs from classical antimicrobial peptide killing
mechanisms and, in contrast to prior antimicrobial peptide gene KO, the Lcn2 KO mouse is
more susceptible to infection in an E. coli bacterial peritonitis model (14).

In the current study, we examine the role of lipocalin 2 in pulmonary defense against bacterial
infection and the mechanism of its regulation in a mouse model of KP infection. In this study,
we show that recombinant lipocalin 2 has in vitro activity against KP. In vivo, we find that this
protein is robustly up-regulated by TLR4- and IL-1 β-dependent pathways. Moreover, lipocalin
2 is a crucial component of the early host defense against bacterial infection in the lung as
demonstrated by the rescue of animals from infection after its reconstitution in lipocalin 2-
deficient mouse models.

3Abbreviations used in this paper: KP, Klebsiella pneumoniae; KO, knockout; CCSP, Clara cell secretory protein; HBE, human bronchial
epithelium; lcn2/Lcn2, lipocalin 2; NHBE, normal human bronchial epithelial cell; MLE, mouse lung epithelial cell; i.t., intratracheal;
MMP-9, matrix metalloproteinase 9.
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Materials and Methods
Cell lines and cytokine stimulation

HBE1, a papillomavirus-transformed human bronchial epithelial cell line (15), was a gift from
Dr. K. Adler (North Carolina State University, Raleigh, NC). Primary normal human bronchial
epithelial cells (NHBE) were obtained from the Human Lung Tissue Core Laboratory at the
University of Pittsburgh (Pittsburgh, PA), which operates with an approved protocol under the
University of Pittsburgh Institutional Review Board, or were purchased from Lonza. Cells were
cultured and passaged as previously described (16) or per the manufacturer’s specifications
and grown as polarized air-liquid interface cultures for stimulation. Before stimulation, cultures
were serum-starved for 24 h and stimulation medium containing rIL-17A, IL-17F, and/or TNF-
α (R&D Systems) was added basolaterally. IL-17 cytokines were added at 50 ng/ml (alone or
cumulatively in the case of combined IL-17A and IL-17F stimulation). TNF-α was added at
10 ng/ml. Cells were cultured in stimulation medium 24 h before harvest. The results were
reproduced for three different patients.

Mouse lung epithelial cells (MLE) were purchased from American Type Culture Collection
(www.atcc.org; CRL-2110) and cultured per their web-posted instructions. For stimulation
experiments, they were grown to confluence and serum starved 24 h before cytokine addition.
Stimulation medium containing rIL-1β at 20 ng/ml (R&D Systems) and/or TNF-α at 10 ng/ml
was added and cultures were incubated for 24 h before harvest.

Mice
Specific pathogen-free mice were used in all experiments and housed in specific pathogen-free
conditions within animal care facilities at Children’s Hospital of Pittsburgh. All mouse
experiments were approved by the University of Pittsburgh Institutional Animal Care and Use
Committee. TLR4-deficient (JAX strain C57BL/10ScNJ, denoted TLR4 KO in the text), IL-12
p35−/− (p35 KO), IL-12/23 p40−/− (p40 KO), TIR domain-containing adaptor protein-inducing
IFN-β-deficient mice (Trif KO), IL-1R-deficient (IL-1R KO), and their appropriate age-
matched strain controls were purchased from The Jackson Laboratory. Strain controls were
either C57BL/10 (TLR4 KO background strain) or C57BL/6 (all other KO backgrounds listed
above). IL-23 p19−/− (p19 KO) were a gift from Dr. N. Ghilardi (Genentech, San Francisco,
CA). MyD88 KO mice were a gift from Dr. T. Billiar (University of Pittsburgh). IL-17R KO
were bred at the University of Pittsburgh (9). IL-17A KO were provided by Dr. Y. Iwakura
(University of Tokyo, Tokyo, Japan) (17). IL-22 neutralization was conducted as previously
described (18). Lipocalin 2 KO mice (Lcn2 KO) (19) were a gift from Dr. T. Mak (University
of Toronto, Toronto, Canada). All KO mice that were bred in-house were backcrossed 8–10
generations onto a C57BL/6 background and homozygous animals from F1 or F2 intercrosses
were used. Control animals were age-matched C57BL/6 animals purchased from The Jackson
Laboratory.

KP strain analysis and antimicrobial assays
For siderophore analysis, overnight cultures of KP (ATCC 43816) and two other KP clinical
isolates were centrifuged and the pellet was resuspended in 0.1 M NaOH to lyse. This was
neutralized with 1 M Tris (pH 8.0). Aerobactin iucA promoter region was detected using the
following primers: 5′-CCCAAGCAGAGTAAAGCTTGC-3′ and 5′-CGTCATGATAAT
GAGAATTTTGTCG-3′. PCR controls for aerobactin gene amplification included known
aerobactin-positive and -negative KP clinical isolates and a known aerobactin-negative E.
coli clinical isolate (all courtesy of Dr. D. Paterson, University of Pittsburgh). For growth
inhibition assays, ATCC 43816 was grown to mid-log phase and added at 103 CFU/well in
Nutrient Broth (BD Difco) on a 96-well plate. Recombinant lipocalin 2 was produced as
previously described (13,20) and added to the culture in increasing dilutions. Each dilution
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was tested in triplicate. Serial OD600 readings were taken at specified time points. For iron-
repletion assays, FeCl3 was added at the specified concentrations to the growth medium and
the above assay was repeated as previously reported (13). Data shown are for ATCC 43816
only.

Infection and rescue
All infections were done with KP ATCC 43816. KP was grown and prepared as previously
described (8). For intratracheal (i.t.) induction of experimental pneumonia, mice were
anesthetized with isoflurane inhalation and 1 × 104 CFU delivered by retropharyngeal
instillation. The results from each cohort represent the findings from four to six mice per cohort.
For IL-1β reconstitution experiments, rIL-1β (3 µg/mouse) or PBS control was delivered i.t.
before bacterial challenge. For lipocalin 2 reconstitution experiments, a dose titration was first
done to determine the amount of lipocalin 2 required to reconstitute Lcn2 KO mice to strain
control levels (data not shown). Animals were anesthetized as above and several doses of
lipocalin 2 were delivered. The animals were then sacrificed 4 h later and the lungs were
aseptically removed and homogenized for ELISA analysis of lipocalin 2. The optimum dose
determined to reconstitute Lcn2 KO to strain control levels at 4 h of infection was 200 µg. This
dose was delivered to mice before KP challenge for subsequent reconstitution experiments.
Recombinant lipocalin 2 protein was tested for endotoxin contamination and found to have a
low level (12 ng/ml total protein preparation or 1.2 ng/mg protein). Controls and Lcn2 KO
mice received a similar dose of BSA in PBS with endotoxin added to match the level of trace
contamination in the recombinant protein. After 12 h of infection, lungs were removed
aseptically, each placed in 1 ml of sterile PBS and weighed to obtain a final volume of lung
and PBS. Dilutions of lung homogenates were plated to determine CFU/ml and CFU/mouse
was calculated from this value using the volume obtained above. Wet:dry ratios were performed
on the left lungs of the mice in the cohorts indicated. Lungs were taken after 12 h of infection
and weighed. Subsequently, they were dried overnight in a vacuum oven and their dry weight
was obtained to perform the ratio calculation. A paired t test was performed to determine
statistical significance where indicated.

Lipocalin 2 localization and quantitation
C57BL/6 mice were subjected to KP challenge as above and sacrificed at specified time points.
For immunolocalization, lungs were inflated at 10 cm of H2O pressure with i.t. 10% neutral-
buffered formalin, tied off, and fixed in 10% neutral-buffered formalin overnight followed by
paraffin embedding. Lung sections were stained per standard protocols (21) using affinity-
purified goat anti-mouse lipocalin 2 (R&D Systems) followed by HRP-conjugated rabbit anti-
goat IgG (Pierce) and development using a HRP chromogen kit (Abcam) for
immunohistochemical sections. For immunofluorescence, sections were additionally stained
with rabbit anti-Clara cell secretory protein (CCSP, a gift from Dr. B. Stripp, Duke University,
Durham, NC) and secondary Abs were Alexa Fluor 488-conjugated anti-goat IgG and Alexa
Fluor 594-conjugated anti-rabbit IgG (Invitrogen).

For ELISA and Western blot analysis, cell cultures or lung tissue were homogenized in PBS,
1% Triton X-100, and Complete Mini Protease Inhibitor Cocktail (Roche). Protein
concentrations were determined by bicinchoninic acid assay (Pierce) and then lysates were
diluted to 1 µg/ml before application to wells for ELISA analysis. Ab sandwich ELISA was
performed per standard protocol (22) by coating 96-well plates with affinity-purified anti-
mouse lipocalin 2, application of 100 µl of diluted protein lysate, detection with monoclonal
rat anti-mouse lipocalin 2 (R&D Systems), and HRP-conjugated goat anti-rat IgG (Invitrogen),
followed by colorimetric development using a 3,3′,5,5′-tetramethylbenzidine substrate reagent
set (BD Biosciences). For Western blots, 10 µg of protein lysate per well was run on NuPAGE
10% Bis-Tris gels (Invitrogen), transferred to polyvinylidene difluoride membrane, and probed
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with monoclonal rat anti-mouse lipocalin 2 or monoclonal rat anti-human lipocalin 2 (R&D
Systems). Detection Ab was HRP-conjugated goat anti-rat IgG and blots were developed using
SuperSignal West Pico ECL substrate (Pierce). Loading controls were subsequently assessed
on the same blot using anti-GAPDH followed by alkaline phosphatase-conjugated goat anti-
rabbit IgG (Southern Biotechnology Associates) and development with a 5-bromo-4-chloro-3-
indolyl-phosphate/NBT kit (Bio-Rad) to reveal a colorimetric result.

Results
Lipocalin 2 is produced by human bronchial epithelium (HBE) and kills KP

We have previously demonstrated that IL-17 can induce Lcn2 expression in mouse tracheal
epithelial cells (18). To investigate whether lipocalin 2 was inducible and present at the protein
level in HBE, we examined protein levels in both immortalized (HBE1) and primary NHBE.
HBE1 and NHBE were grown as described and stimulated on the basolateral surface with
combinations of IL-17A and IL-17F with or without synergistic activation by TNF-α.
Previously, we have shown that IL-17 cytokines and TNF-α have synergistic cytokine
stimulatory effects on HBE (16). In this study, we found that IL-17A or IL-17F alone induced
lipocalin 2 in HBE1 and this effect was augmented with the addition of TNF-α (Fig. 1A). In
primary cells, this effect was again observed from three patients tested (Fig. 1B). TNF-α
stimulation alone produced similar results to the unstimulated samples (data not shown).

It has been described that the antimicrobial activity of lipocalin 2 is due to its ability to bind
enterobactin, a phenolate class of bacterial siderophores, and discriminates among chemically
distinct siderophores (14). Bacterial strains producing the siderophore aerobactin are resistant
to lipocalin 2-mediated killing. We tested our strain of KP for aerobactin by PCR analysis and
found that it was negative for this siderophore (data not shown). We found that recombinant
lipocalin 2 exhibited dose-dependent inhibition of growth in vitro (Fig. 2A) and that this effect
was reversed by iron supplementation in the medium (Fig. 2B).

Lipocalin 2 protein is up-regulated in the lung following KP infection
Male C57BL/6 mice were challenged with KP strain 43816 and sacrificed at three time points
after infection. Lipocalin 2 protein was assayed in lung homogenates by Western blot analysis.
Lipocalin 2 protein levels increased in the lung following infection as early as 4 h after infection
and persisted at 16 h after infection (Fig. 3A). Lipocalin 2 elevation in the lung following
infection was confirmed by immunohistochemical analysis in paraffin-embedded lungs (Fig.
3B). Immunofluorescence costaining with anti-CCSP and anti-lipocalin 2 reveal that lipocalin
2-positive cells actually consist of two distinct CCSP+ and CSSP− populations (Fig. 3C),
indicating that lipocalin 2 protein is present in both epithelial and nonepithelial populations.

Lipocalin 2 up-regulation in the lung is TLR4 dependent but IL-12 and IL-23 independent
Since IL-17 induces lipocalin 2, we examined the IL-17 upstream signaling pathway to
characterize pathways up-regulating lipocalin 2. It was previously shown that TLR4 activation
leads to up-regulation of IL-17 via production of IL-23 (23). IL-23 is a heterodimeric cytokine
in the IL-12 family that consists of a p19 subunit and a p40 subunit that IL-12 also shares.
IL-12 is distinguished from IL-23 in that it has a p35 subunit bound to p40 instead (24,25). We
examined the effect of KP infection in various KO mouse models to evaluate the role of IL-12
and IL-23 in lipocalin 2 induction. TLR4-deficient (TLR4 KO), IL-23p19-deficient(p19 KO),
IL-12p35-deficient (p35 KO), and IL-12/23p40-deficient (p40 KO) mice were challenged with
KP as above and sacrificed at 0 and 4 h after infection. Lipocalin 2 levels after infection were
nearly identical in strain control mice in comparison to p19 KO, p35 KO, and p40 KO mice,
indicating that IL-12 and IL-23 are not necessary for lipocalin 2 induction in vivo (Fig. 4).
However, lipocalin 2 levels were significantly reduced in TLR4 KO lung homogenates at 4 h,
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indicating TLR4 dependence for lipocalin 2 up-regulation in the setting of acute KP infection.
Similarly, no lipocalin 2 protein could be seen in paraffin-embedded lung sections 4 h after
infection (Fig. 5A). Further dissection of the TLR4 signaling pathway by examining the
response of MyD88 KO and Trif KO mice to KP infection reveals a strong dependence on the
MyD88-dependent pathway for protein up-regulation (Fig. 5B).

IL-17 is sufficient but not necessary for lipocalin 2 induction
Because both IL-17 and IL-22 can up-regulate Lcn2 in both human and murine respiratory
epithelial cells (18), we next examined whether these cytokines are required for lipocalin 2
induction in vivo. We studied lipocalin 2 levels in the setting of IL-17 or IL-22 deficiency and
found that although each cytokine can induce lipocalin 2, neither is absolutely necessary in
vivo. IL-17R KO up-regulated lipocalin 2 at both 4 and 16 h after KP infection similar to wild-
type (WT) mice (Fig. 6A). Because peak IL-17 cytokine expression occurs within 24 h, later
time points were examined to see whether IL-17 played a role in the stabilization of lipocalin
2 levels at later time points. IL-17A KO mice challenged with KP were also able to up-regulate
lipocalin 2 at 4 (data not shown), 16, and 24 h after infection, similar to their strain controls
(Fig. 6B). Moreover, neutralization of IL-22 in WT mice before infection also minimally
affected lipocalin 2 up-regulation at 4 h (Fig. 6C).

IL-1β induces lipocalin 2
Based on our findings of the MyD88 role in lipocalin 2 up-regulation, we studied the potential
contribution of another MyD88-dependent signaling pathway, IL-1. Previous studies have
implicated a role for IL-1β in lipocalin 2 induction in vitro (26–28), which we confirmed by
stimulating MLE cells with IL-1β. IL-1β induced lipocalin 2 protein in MLE cells with a mild
synergistic effect from added TNF-α (Fig. 7A). Next, we examined the role of IL-1R-mediated
signaling by infecting IL-1R KO mice and their strain controls and examining lung
homogenates for lipocalin 2. The IL-1R KO mice showed a mild defect in lipocalin 2 up-
regulation in response to KP infection (Fig. 7B). We next examined whether IL-1β
reconstitution in TLR4 KO could restore lipocalin 2 expression in vivo. We delivered rIL-1β
to the lung before KP challenge in TLR4 KO mice. IL-1β indeed reconstituted lipocalin 2 levels
in the TLR4-deficient mouse challenged with KP (Fig. 7C) and IL-1β treatment resulted in
significantly lower bacterial burden in the lung (Fig. 7D). Interestingly, although IFN-γ was
up-regulated in the WT infected lung, the mechanism of IL-1β-mediated lipocalin 2 rescue
was independent of IFN-γ (Fig. 7E).

Lipocalin 2 is required for lung defense against KP
Lipocalin 2 deficiency confers profound susceptibility to bacterial sepsis. This has been shown
in the lipocalin 2 KO mouse by i.p. E. coli injection (14,19). We investigated the role of
lipocalin 2 in localized organ defenses by examining its effects in our model of pulmonary KP
infection. Lung reconstitution of lipocalin 2 protein in the TLR4 KO led to a significantly
reduced bacterial burden in the lungs and dissemination to the spleen (Fig. 8). After KP
challenge, TLR4 KO mice had significantly higher lung CFU with more extrapulmonary
dissemination compared with their strain control littermates. Lcn2 KO show decreased KP
clearance as well. Lung CFU in Lcn2 KO mice are significantly higher than in controls and
they also demonstrate a trend toward more extrapulmonary spread of infection (Fig. 9, A and
B). Lung reconstitution of lipocalin 2 protein in Lcn2 KO significantly decreased bacterial
burden (Fig. 9C). Finally, we found that reconstitution of lipocalin 2 in the Lcn2 KO mice
resulted in significantly less lung injury from infection as measured by lung wet:dry ratios (Fig.
9D).
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Discussion
Klebsiella is a virulent Gram-negative organism, causing disseminated infection with a
relatively small inoculum, particularly in an immunosuppressed host. Infections with
Klebsiella are becoming an increasing concern as escalating antibiotic resistance becomes more
widespread. Rarely does this organism stay localized to one organ system, instead causing
multiorgan system infection as a result of its ability to subvert innate and humoral host defenses.
Understanding bacterial host interactions may lead to new treatment modalities that have been
heretofore not considered.

Previously, our group had established a model of this infection as an example of Gram-negative
pneumonia to study the host immune response and investigate new avenues of antimicrobial
defense. In previous studies, we found that IL-17, a T cell-derived cytokine, played a key role
in controlling infection (8,9,23,24). Furthermore, IL-17 induces antimicrobial proteins such as
β-de-fensin (29). We postulated that this was a major mechanism of antimicrobial defense
elicited by IL-17 and set about to characterize novel antimicrobial proteins induced by IL-17.
Microarray data on IL-17-treated cells and Klebsiella-infected lung tissue revealed up-
regulation of the gene for lipocalin 2 (11,30).

Lipocalin 2 is so named because of its analogy to a family of proteins with a conserved tertiary
structure. Its label has metamorphosed as independent investigations have assigned various
descriptive appellations to the protein. Initially discovered and named 24p3 in the mouse, it
was found by differential screening of a cDNA library from kidney cells stimulated out of
G0 cell cycle arrest by SV40 large T Ag (31). This finding led to its putative assignment as an
oncogene because SV40 large T Ag is known to inactivate p53 (32). However, it appears to
be an acute phase response protein up-regulated with a variety of situations and stimuli
including parturition (33), renal injury (34), LPS (35), serum, fibroblast growth factor, PG,
phorbol ester, dexamethasone, and turpentine injection (36,37).

Its ligand was discovered when it was found that bacterial-produced recombinant lipocalin 2
purified as a red-colored compound in contrast to the colorless compound made in a baculovirus
expression system. This led to the identification of enterobactin, an iron-binding chromophore
(known as a siderophore) as its ligand (13,38). Nearly all living things require iron for
metabolism. However, the more soluble Fe(II) form of it is harmful because of its potential to
generate oxidizing radicals (39,40). Mammals protect themselves from this oxidative damage
by sequestering a majority of their iron stores in protective heme-containing proteins. This,
coupled with the low solubility of the Fe(III) form, leads to only trace amounts being available
in the environment. Bacteria have similarly evolved mechanisms to scavenge this rare resource
by elaborating low molecular weight carriers called siderophores which bind free iron with
remarkably high affinity (41). Lipocalin 2 binds catecholate-type siderophores such as
enterobactin made by E. coli. Interestingly, lipocalin 2 was shown to have bacteriostatic effects
on E. coli and this effect was abolished when iron or siderophore was replenished in the
medium. Thus, lipocalin 2 can arrest E. coli growth by depriving bacteria of their iron- uptake
ability, distinguishing it from the conventional pore-forming mechanisms of cationic
antimicrobial peptides.

In this work, we examined the role of lipocalin 2 at the protein level in an in vivo model of
pulmonary KP infection and study its regulation. Previous studies have shown a role for this
protein in other infections such as Salmonella (42,43), Chlamydia (44), and Mycobacterium
tuberculosis (45,46) and have similarly attributed the induction of lipocalin 2 to TLR-
dependent signaling and subsequent T cell activation pathways. Indeed, we have recently
confirmed the ability of Th17 cytokines, IL-17 and IL-22 to induce Lcn2 and inhibit
Klebsiella in an in vitro model (18). To our knowledge, this current study demonstrates the
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most comprehensive in vivo study of the lipocalin 2 role and regulation in a pulmonary model
of infection. Moreover, we expand the known in vivo antibacterial activity of lipocalin 2 to the
opportunistic pathogen used in this study and establish the in vivo relevance of MyD88-
dependent signaling in the regulation of lipocalin 2 at the protein level.

Curiously, although IL-17 was sufficient for lipocalin 2 induction in bronchial epithelial cells
in vitro, it was not necessary for induction in vivo. This is consistent with other findings
implicating various cytokines such as Il-1β, IL-1α (47), and IFN-γ (43) in the induction of
lipocalin 2. Like other antimicrobial proteins, it is reasonable to invoke an evolutionarily
conserved mechanism of redundant induction pathways. Early innate inflammatory cytokines,
as well as adaptive cytokines from the Th1 and Th17 pathways, specialized against bacterial
defense may all independently induce lipocalin 2. Using in vitro models, two groups have
shown that lipocalin 2 can be induced in a NF-κB- dependent manner by IκB-ζ, a transcription
factor induced by TLR and IL-1 pathways (28,48). Based on the convergence of TLR and
IL-1R signaling on inflammasome activation and magnification of the IL-1β response by
enzymatic activation in these pathways, as well as our observation of profound TLR4
dependence of lipocalin 2 in early infection, we examined the role of IL-1β in our model.
Exogenous IL-1β alone was able to completely reconstitute lipocalin 2 levels equivalent to WT
levels and this had a protective effect. The mechanism of this reconstitution was not IFN-γ
dependent. Furthermore, we showed that restoration of lipocalin 2 in its protein-deficient
models, TLR4 KO and Lcn2 KO, reduced their bacterial burden to a WT phenotype. In addition,
it significantly reduced the amount of lung injury. This is shown by the lower wet:dry ratio in
the lipocalin 2-reconstituted Lcn2 KO which reflects a lower amount of lung edema and injury.

Early lipocalin 2 induction in this model is dependent on the TLR4 pathway. This is consistent
with previous studies from our group that TLR4 regulates nearly 75% of the gene induction in
the lung in the first 4 h of this infection (11). Lungs in the i.t. IL-1β experiments were harvested
12 h after infection and it is clear from Fig. 7C that lipocalin 2 levels eventually do increase
in the TLR4 KO at later time points, albeit still at significantly reduced levels compared with
controls. Despite the later presence of lipocalin 2 in this model, it appears inadequate in the
defense against Klebsiella infection in the TLR4 KO. Thus, the early presence of lipocalin 2
in the lungs is crucial for the defense against bacterial pneumonia.

This effect might be due to more than its simple, yet elegant mechanism of antimicrobial
activity. In fact, some KP strains have been shown to elaborate alternate siderophore systems,
including yersiniabactin and salmochelin, each, respectively, important for in vivo virulence
and evasion of lipocalin 2 (49,50). Salmochelin has been shown to increase E. coli virulence
in an i.p. infection model and it does so in a lipocalin 2-independent manner (49). Although it
is possible that KP 43816 may express salmochelin, it does not appear to impact lipocalin 2
function in our i.t. model of pulmonary infection which may represent unique innate immune
mechanisms compared with an i.p. peritonitis model.

Lipocalin 2 might possibly act in an autocrine-paracrine manner, itself capable of eliciting a
robust, early inflammatory cytokine burst of IL-1β, and other chemokines. In multiplex
cytokine analysis of Lcn2 KO reconstituted with recombinant lipocalin 2, we observed
magnified induction of IL-1α, IL-1β, IFN-γ, and IL-17 compared with the Lcn2 KO animals
that did not receive recombinant protein (data not shown). All of these cytokines have been
shown either in the current study or by others to independently up-regulate and/or amplify the
antimicrobial effect of lipocalin 2 (43,47). Indeed, our IL-1β rescue experiments show that the
TLR4 defect could be overcome by robust stimulation via alternate MyD88-dependent
pathways. Also, lipocalin 2 administration to Lcn2 KO animals increased GM-CSF, IL-12,
and IL-9 levels, which were reduced in infected Lcn2 KO animals relative to controls (data
not shown). The early, acute presence of lipocalin 2 may give the host advanced warning of
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infection, launch a more specialized adaptive response further magnifying antimicrobial
protein expression, and ultimately clearing infection through a combined cellular and humoral
response.

An aspect that warrants further investigation is the role of lipocalin 2 in its different iron-bound
states as well as its status of binding to matrix metalloproteinase 9 (MMP-9). Apo-lipocalin 2
(ligand and iron-free) was produced for the experiments done in the current study. It would be
reasonable to infer that mammalian-derived lipocalin 2 would also be in an apo- form as there
should be no endogenous siderophore production in the host. Studying the role of apo- and
holo-lipocalin 2 (ligand or iron-bound) and their next protein targets and molecular fates could
reveal interesting insights on innate immune signaling and homeostasis. However, the current
status of technology does not easily allow determination of lipocalin 2 iron-binding states in
vivo.

Lipocalin 2 has been associated with confusing and contradictory roles in human disease.
Although it is clear that up-regulation of lipocalin 2 improves host defense against infections
such as E. coli (14), M. tuberculosis (46), and Salmonella typhimurium (43) through its
augmentation of neutrophil and macrophage function in both human and mouse models, its
role in other disease states is not so clear. It is up-regulated and associated with the worse
prognosis in various neoplastic states (51–53) yet is linked to prodifferentiation and
antiangiogenic roles (54). Lipocalin 2 was originally copurified with MMP-9 from human
neutrophils (55–57) and the state of the lipocalin 2/MMP-9 complex and its iron-bound state
may determine the variable role lipocalin 2 seems to have in infection vs neoplasia and
differentiation. The binding of MMP-9 by lipocalin 2 is thought to have a stabilizing influence
on MMP-9 activity (58). This might be difficult to study in a mouse model as the domain
responsible for heterodimerization with MMP-9 appears to be absent in mouse lipocalin 2
(59). However, lipocalin 2 and MMP-9 have been colocalized in mouse models of
inflammation (60). An interesting future possibility would be to create a lipocalin 2 knock-in
mouse containing heterodimerization domains for MMP-9 so as to better approximate human
models of inflammatory disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Lipocalin 2 is inducible in HBE. Air-liquid interface cultures of HBE1 (A) or NHBE (B) were
stimulated on the basolateral surface with IL-17A, IL-17F, or both, with and without synergistic
TNF-α. In each panel, Western blot analysis of cell lysates using monoclonal anti-lipocalin 2
detects a 25-kDa protein shown in the top blot. Bottom blot in each section shows the results
of probing the same blot with anti-GAPDH. Densitometry results from Western blots run on
three replicates (A) or three patients (B) are above each gel in both panels. In each set, relative
intensities were determined by taking absolute intensities quantified from the Western blot and
dividing by the absolute intensity of the unstimulated lane on that blot.
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FIGURE 2.
Non-aerobactin producing KP strain is inhibited by lipocalin 2. A, KP ATCC strain 43816 was
seeded into wells of a 96-well plate and cultured in the presence of increasing concentrations
of recombinant lipocalin 2. OD600 readings from triplicate wells of each concentration were
taken as shown. Growth inhibition is seen starting at 10 µM. B, Lipocalin 2 effect is reversed
with iron repletion. Assay above was repeated with 40 µM recombinant lipocalin 2 and
increasing concentrations of FeCl3 in the medium. Final OD600 was taken after 15 h of culture.
Results reflect averages of triplicate wells.
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FIGURE 3.
Lipocalin 2 is up-regulated in the lung during KP infection in CCSP+ and CCSP− cells. A,
Twelve C57BL/6 (WT) mice were infected with KP and four mice per cohort were sacrificed
at 0, 4, and 16 h after infection. Top panel, Lung homogenates were analyzed by Western blot
using anti-lipocalin 2. Bottom panel, Western blot was reprobed with Ab against GAPDH.
Increased lipocalin 2 levels are seen as early as 4 h after infection and persist to 16 h. B,
Immunohistochemical analysis of lung sections using anti-lipocalin 2 shows lipocalin 2-
positive cells as early as 4 h after infection. This finding was reproduced for three animals.
C, Dual immunofluorescence analysis using anti-lipocalin 2 and anti-CCSP Abs shows that
lipocalin 2 is present in both CCSP+ and CCSP− cells.
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FIGURE 4.
Lipocalin 2 up-regulation is TLR4 dependent. Littermate controls (□) and KO mice (■) were
infected and sacrificed after 4 h, n = 4–6 animals/cohort. Lung homogenates were analyzed by
ELISA for lipocalin 2 levels. TLR4 KO animals are unable to up-regulate lipocalin 2 protein
levels after 4 h of infection, while p19 KO, p35 KO, and p40 KO animals retained this ability.
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FIGURE 5.
TLR4 regulation of lipocalin 2 is largely MyD88 dependent. TLR4 KO, MyD88 KO, Trif KO
mice, and their strain controls (WT) were infected and sacrificed after 4 h, n = 4–6 animals/
cohort. Immunohistochemistry results were reproduced for three animals. Lungs were fixed in
formalin and paraffin embedded for immunohistochemical analysis or obtained for
homogenization for ELISA analysis. A, Results of staining for lipocalin 2 in the TLR4 KO at
4-h infection showing no discernible lipocalin 2 signal. B, Lipocalin 2 ELISA results from lung
homogenates obtained after 4 h of infection. Lipocalin 2 is diminished in both the MyD88 KO
and Trif KO mice but the levels are more profoundly affected by MyD88 deficiency.
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FIGURE 6.
Th17 cytokines are not necessary for lipocalin 2 induction. A, Six strain controls (WT) and six
IL-17R KO mice were infected and two animals of each genotype were sacrificed at 0, 4, and
16 h of infection. Western blot analysis was performed on lung homogenates. Top panel shows
anti-lipocalin 2 probe with anti-GAPDH-loading control. Bottom panel shows ELISA results
of the same infection repeated with three animals per cohort. B, Strain controls (WT) and
IL-17A KO animals were subjected to infection and sacrificed at 16 and 24 h (four animals
per cohort). Lung homogenates were analyzed for lipocalin 2 levels by ELISA. C, Six C57BL/
6 (WT) animals were given neutralizing doses of anti-IL-22 (three animals) or IgG control
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(three animals) and infected and sacrificed after 4 h of infection. Lung homogenates were
analyzed for lipocalin 2 levels by ELISA.
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FIGURE 7.
IL-1β induces lipocalin 2 and rescues TLR4 KO from KP infection in an IFN-γ-independent
manner. A, MLE were stimulated in triplicate with IL-1β with or without TNF-α. Cell lysates
were assayed for lipocalin 2 levels by ELISA. B, Three strain controls (WT) and three IL-1R
KO mice were infected and lung homogenates were analyzed for lipocalin 2 levels. IL-1R KO
mice show decreased levels of lipocalin 2 after infection. C, Six WT and six TLR4 KO mice
were infected and another cohort of TLR4 KO mice (six animals) was given IL-1β. Animals
were sacrificed at 12 h of infection and lung homogenates were assayed for lipocalin 2.
Lipocalin 2 levels in the TLR4 KO again were significantly diminished compared with WT
and significantly increased in TLR4 KO mice that received IL-1β. D, TLR4 KO mice receiving
IL-1β were rescued from infection as demonstrated by bacterial load after 12 h of infection.
E, WT mice up-regulate IFN-γ during infection, but TLR4 KO, including TLR4 KO receiving
IL-1β do not; therefore, the mechanism of IL-1β - mediated rescue from infection is not due
to IFN-γ up-regulation. *, Statistical significance compared with unstimulated or WT and **,
statistical significance compared with untreated KO.
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FIGURE 8.
Recombinant lipocalin 2 rescues TLR4 KO from KP infection. Two Lcn2 KO cohorts (six
mice per group) and their strain controls (six mice) were infected with KP as before. One Lcn2
KO cohort was given recombinant lipocalin 2 while the other two cohorts received PBS plus
BSA. Mice were sacrificed at 12 h of infection and lung homogenates were plated to determine
CFU. Reconstitution of the TLR4 KO results in statistically significant reduction in lung
bacterial load and spleen dissemination of KP. *, Statistical significance compared with WT
and **, statistical significance compared with untreated KO.
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FIGURE 9.
Recombinant lipocalin 2 rescues Lcn2 KO from KP infection. A, Lcn2 KO mice were infected
and are susceptible as demonstrated by bacterial loads in lung homogenates after 4 and 12 h
of infection (four animals per cohort). B, Extrapulmonary dissemination of KP to the spleen is
also increased in the same Lcn2 KO animals compared with controls at 12 h of infection. C,
Reconstituting Lcn2 KO mice with recombinantly expressed lipocalin 2 protein (Lcn 2) results
in statistically significant reduction in lung bacterial load at 12 h of infection in these mice
compared with Lcn2 KO mice that did not receive Lcn 2 (six animals per cohort). D, Wet:dry
ratios in Lcn2 KO mice receiving Lcn 2 are significantly lower compared with Lcn2 KO mice
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that did not receive Lcn 2. Data reflect six mice per group. *, Statistical significance compared
with WT and **, statistical significance compared with untreated KO.
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