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Abstract

Pulmonary tuberculosis (TB), caused by the intracellular bacteria Mycobacterium tuberculosis, is a worldwide disease that
continues to kill more than 1.5 million people every year worldwide. The accumulation of lymphocytes mediates the
formation of the tubercle granuloma in the lung and is crucial for host protection against M.tuberculosis infection. However,
paradoxically the tubercle granuloma is also the basis for the immunopathology associated with the disease and very little is
known about the regulatory mechanisms that constrain the inflammation associated with the granulomas. Lipocalin 2
(Lcn2) is a member of the lipocalin family of proteins and binds to bacterial siderophores thereby sequestering iron required
for bacterial growth. Thus far, it is not known whether Lcn2 plays a role in the inflammatory response to mycobacterial
pulmonary infections. In the present study, using models of acute and chronic mycobacterial pulmonary infections, we
reveal a novel role for Lcn2 in constraining T cell lymphocytic accumulation and inflammation by inhibiting inflammatory
chemokines, such as CXCL9. In contrast, Lcn2 promotes neutrophil recruitment during mycobacterial pulmonary infection,
by inducing G-CSF and KC in alveolar macrophages. Importantly, despite a common role for Lcn2 in regulating chemokines
during mycobacterial pulmonary infections, Lcn2 deficient mice are more susceptible to acute M.bovis BCG, but not low
dose M.tuberculosis pulmonary infection.
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Introduction

Pulmonary tuberculosis (TB), caused by the intracellular

bacteria Mycobacterium tuberculosis, is a widespread disease that

continues to kills more than 1.5 million people every year

worldwide. Furthermore, approximately one-third of the world’s

population is infected with M.tuberculosis and about 5–10% of these

individuals will develop clinical disease over their lifetime.

Induction of inflammatory molecules in response to infection

mediates cellular accumulation, formation of the tubercle granu-

loma and host protection against M.tuberculosis infection. However,

the generation of the tubercle granuloma is also thought to be the

basis for the immunopathology associated with the disease.

Although it is known that the granuloma is dependent on the

recruitment and localization of lymphocytes [1] and that both

inflammatory chemokines [2,3,4,5] and homeostatic chemokines

[1], are involved in cellular accumulation, very little is known

about the regulatory mechanisms that restrain chemokines and

regulate inflammation associated with TB granuloma formation.

Lipocalin 2 (Lcn2), also known as neutrophil gelatinase-

associated lipocalin, siderocalin, 24p3 or uterocalin is a member

of the lipocalin family of proteins and possesses a barrel shaped

tertiary structure with a hydrophobic pocket that can bind

lipophilic molecules [6]. The best-characterized role of Lcn2 is

its ability to bind to siderophores that are made by pathogenic

bacteria, such as Escherichia coli, and its resultant ability to restrict

bacterial growth [7,8,9]. Accordingly, Lcn2 gene deficient mice

(Lcn2KO) exhibit higher mortality rates than control mice when

challenged with pathogenic E.coli [7,8,9]. Furthermore, Lcn2 is an

acute phase protein, as it is induced under inflammatory

conditions [7,10] and is implicated in control of cell growth and

differentiation, tissue involution and apoptosis [7,11,12]. Accord-

ingly, high Lcn2 levels have been associated with malignancy in

various cancers [13,14,15].
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Recently it has been documented that Lcn2 can also bind to

soluble siderophores of mycobacteria, namely carboxymycobactins

[16], and that Lcn2 can inhibit the in vitro growth of M.tuberculosis

[17,18] as well as the intracellular replication of M.tuberculosis in

cultured macrophage cell lines [19]. Furthermore, Lcn2 can also

inhibit the growth of attenuated mycobacterium strain, M.bovis

Bacille Calmette Guerin (M.bovis BCG), in cultured murine

alveolar epithelial cells [18]. In addition, in response to acute

intratracheal high dose infection with virulent M.tuberculosis

H37Rv, mice deficient in Lcn2 are more susceptible than wild

type (WT) infected mice [18]. However, it is not known whether

Lcn2 plays a role following a more physiological exposure to

M.tuberculosis, such as pulmonary infection with a low dose of

aerosolized M.tuberculosis. Moreover, since the expression of Lcn2

is limited to mucosal tissues, such as the trachea, lung, stomach,

salivary gland and colon [20], it is likely that Lcn2 plays an

inflammatory role at mucosal surfaces. In this study, we reveal

a new role for Lcn2 in regulating lung inflammation and T cell

accumulation during mycobacterial pulmonary infections, by

restraining CXCL9 induction. Accordingly, absence of Lcn2

results in enhanced induction of lung CXCL9 mRNA and

increased inflammation following both acute M.bovis BCG

pulmonary infection and low dose chronic pulmonary M.tubercu-

losis infection. Importantly, despite a common role for Lcn2 in

regulating CXCL9 expression during mycobacterial pulmonary

infections, Lcn2KO mice are more susceptible to acute M.bovis

BCG pulmonary infection, but not low dose M.tuberculosis

pulmonary infection.

Materials and Methods

Animals
C57BL/6 (WT) mice were purchased from Taconic Farms, Inc.

(Hudson, NY) and Lcn2KO mice [21] were obtained from Dr.

Tak W Mak, University Health Network, Toronto, Canada and

were bred and maintained at Taconic Farms. The mice used for

all the experiments were age- and sex-matched and were infected

between the ages of 6 to 8 weeks in accordance with the University

of Pittsburgh IACUC guidelines under protocol 1106203.

Experimental M.tuberculosis and M.bovis BCG Infection
M.tuberculosis H37Rv strain or M.bovis BCG was grown in

Proskauer Beck medium containing 0.05% Tween 80 to mid-log

phase and frozen in 1 ml aliquots at –70uC. For aerosol infections
with M.tuberculosis, the animals were infected with ,100 bacteria

using a Glas-Col (Terre Haute, IN) airborne infection system as

described before [22]. In some experiments, mice were intra-

tracheally infected with 56106 M.bovis BCG in 50 ml of PBS as

reported before [23]. All experiments included 4–5 mice and were

repeated atleast twice independently.

Determination of Bacterial Load
Mice were euthanized by CO2 asphyxiation, and the organs

were excised and individually homogenized in 0.9% physiological

saline, and serial dilutions of the organ homogenates were plated

on nutrient 7H11 agar. Bacterial colony formation was counted

after 3 wk of incubation at 37uC and Log 10 CFU per organ

calculated.

Preparation of Single Cell Suspensions
Lung cell suspensions were prepared by perfusing cold

heparinized saline injected through the right side of the heart of

the dissected animals until the lungs appeared white [24]. The

lobes of the lungs were removed and placed in ice-cold DMEM

(Mediatech-Cellgro) followed by sectioning using sterile razor

blades. To digest the collagen matrix, the lung tissue samples were

then incubated in DMEM containing collagenase IX (0.7 mg/ml;

Sigma-Aldrich) and DNase (30mg/ml; Sigma-Aldrich) at 37uC for

30 min [22]. Following this treatment, the digested lung tissue was

gently passed through a 70-mm pore size nylon tissue strainer

(Falcon; BD Biosciences). The resultant single-cell suspension of all

organs was treated with Gey’s solution to remove any residual

RBCs, washed twice, and counted. Cells from this single cell

suspension were used for flow cytometry analyses.

Immunohistochemistry and Morphometric Analysis
Lung lobes were instilled with 10% neutral buffered formalin

and embedded in paraffin. Lung sections were stained with

hematoxylin and eosin and inflammatory features were evaluated

by light microscopy (Research Histology Core, University of

Pittsburgh). For immunofluorescent staining, formalin-fixed, lung

sections were cut, immersed in xylene to remove paraffin and then

hydrated in alcohol, 96% alcohol and PBS. Antigens were

unmasked with a DakoCytomation Target Retrieval Solution

and non-specific binding was blocked with 5% (v/v) normal

donkey serum and Fc block (BD Pharmingen, San Diego, CA).

Endogenous biotin (Sigma Aldrich) was neutralized by adding first

avidin, followed by incubation with biotin. Sections were probed

with Biotinylated rat anti Gr-1 (BD Pharmingen) to detect

neutrophils, anti B220 to detect B cells (Clone RA3-6B2, BD

Pharmingen. San Diego, CA) and anti CD3 to detect T cells

(Clone M-20, Santa Cruz Biotechnology. Santa Cruz, CA) in the

inflammatory lesions. Primary antibodies were visualized with

a secondary antibody, donkey-anti-rat, conjugated to Alexa-Fluor

488 (Invitrogen, Carlsbad, CA). Slow fade gold antifade with

DAPI (Molecular probes, Eugene, OR) was used to counterstain

tissues and to detect nuclei. Images were obtained with a Zeiss

Axioplan 2 microscope and were recorded with a Zeiss AxioCam

digital camera. Caudal lobes underwent morphometric analysis in

a blinded manner. The area occupied by cellular infiltrates was

determined with the automated, morphometric tool of the Zeiss

Axioplan microscope (Zeiss), which determines the area defined by

the squared micron value for each granuloma measured, as

previously described by us [1,25].

In Situ Hybridization
Mouse Lcn2 cDNA was RT-PCR amplified with primers

BF.mLcn2_F1 (59- ACCTAGTAGCTGTGGAAACC-39) and

BF.mLcn2_R1 (59-TCAGCCACA CTCACCACCCA-39) using

reverse transcribed total RNA from cultured murine splenocytes.

PCR products were ligated to the pGEM-T vector (Promega) and

DNA sequenced. The pGEMT-Lcn2 plasmid was linearized by

restriction digest. Gene-specific riboprobes were synthesized by

in vitro transcription using a Maxiscript SP6/T7 kit (Ambion) and

unincorporated nucleotides were removed using RNA Mini Quick

Spin Columns (Roche). Paraffin embedded tissue specimens were

pretreated as described [26], following deparaffinization in xylenes

and rinsing in ethanol. In situ hybridization with 35S-labeled

riboprobes against Lcn2 was performed at 50oC overnight with

0.1M dithiothreitol included in the hybridization mix as described

[27]. Tissue sections were coated with NTB-2 emulsion (Kodak)

and exposed at 10oC for 7 days. The sections were counterstained

with Hematoxylin (Vector) and mounted with Permount (Fisher).

Microscopic fields were visualized using a Olympus BX41

microscope and captured using a SPOT RT3 digital camera

(Diagnostics Instruments, Inc). CXCL9 mRNA was detected as

previously described [26].
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Flow Cytometry
Single cell suspensions were stained with fluorochrome-labeled

antibodies specific for CD3 (17A2), Gr1 (RB6-8C5) and CD11b

(M1/70). For intracellular staining, cells stimulated with Phorbol

myristate acetate (50ng/ml), ionomycin (750 ng/ml; Sigma

Aldrich) and Golgistop (BD Pharmingen), were surface stained,

permeabilized with Cytofix/Cytoperm solution (BD Pharmingen)

and stained with anti-IFNc (XMG1.2).

Real Time PCR (RT-PCR)
Lung tissue from infected and control mice was homogenized

and frozen in RLT buffer (Qiagen Inc, Valencia CA). Extraction

of RNA was done as per protocol, followed by reverse

transcription and amplification using FAM-labeled probe and

primers on the ABI Prism 7400HT detection system (Applied

Biosystems, Foster City CA). Calculation of DDct was done from

the fold increase in signal from infected samples over that of

uninfected samples. The primer and probes sequences have been

previously published [1,24] or were purchased (Applied Biosys-

tems, Foster City CA).

Isolation of Alveolar Macrophages, Fibroblasts and
Tracheal Epithelial Cells
Alveolar Macrophages were obtained from mice by performing

bronchoalveolar lavage with 0.2mM EDTA solution. Mice were

dissected to expose their trachea and cannulated with a blunt end

18 gauge needle. Six lavages were performed per mouse with 1ml

volume per lavage. The cells were all pooled, spun, resuspended in

Minimum Essential Media (MEM, Gibco #11095-080) with 1%

Penicillin-Streptomycin, and 10% Fetal Bovine Serum, counted

and plated in 96 well plates which were incubated for 1 hour at

37uC, following which the wells were washed to remove non-

adherent cells. The adherent alveolar macrophages were then

rested overnight before being used in experiments.

Mouse tracheal epithelial cells (MTEC) were generated using

the air liquid interface as described before [26]. Mouse tracheas

were placed in 0.15% Pronase solution, tracheal cells removed

with DNase, followed by incubation in MTEC Basic media with

10% FBS. The cells in supernatant were resuspended in MTEC

Plus media and then added to collagen coated transwell

membranes (Corning Costar #3460), followed by change of

media on days 3, 5 and 6 in both apical and basal compartments.

The resistance of cells to electric current was checked on days 5, 6

and 7 and cells were switched to air-liquid interface once

a resistance of 800–1000 ohms was reached. At this point, media

was removed from apical compartment and media from basal

compartment was replaced with 2% NuSerum (BD Biosciences

#355100) with Retinoic Acid (Sigma R-2625). For generation of

lung fibroblast, lungs were perfused with 5 units/ml dispase

followed by 1% low melting agarose, washed in PBS and

incubated in dispase for 30 minutes at 37oC. Single cell

suspensions were then obtained from DNase/Collagenase treated

lungs and fibroblasts generated by passaging 2–4 times. Recombi-

nant Lcn2 was made as described [21] and used at a concentration

of 10 ug/ml for all in vitro experiments. The endotoxin levels were

tested in preparations of recombinant Lcn2 and found to be low

(12 ng/ml total protein preparation).

Determination of Protein Levels
Protein levels of cytokines and chemokines were measured in

cell culture supernatants or lung homogenates using a mouse

Luminex assay (Linco/Millipore). Lipocalin 2 protein was

measured as previously described [21]. Briefly, Ab sandwich

ELISA was performed per standard protocol by coating 96-well

plates with affinity-purified anti-mouse lipocalin 2, application of

100 ml 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 3,39,5,59-tetramethylbenzidine substrate reagent set (BD

Biosciences).

Statistical Analysis
Comparison of the means between the uninfected and infected

sample groups was performed with the two tailed Student’s t-test

using GraphPad Prism 5 software (La Jolla, CA). Differences were

considered significant at p#0.05. The data from bacterial growth

and RT-PCR were log-transformed for statistical analyses.

Results

Lcn2 Expression is Induced in the Lungs in Response to
Low Dose Aerosol M.tuberculosis Infection
Lcn2 gene expression is induced in the lung in response to

M.bovis BCG acute pulmonary infection [18]. However, M.bovis

BCG is an attenuated strain of mycobacterium and it is not known

whether Lcn2 is induced in the lung in response to exposure to

pathogenic mycobacterium such as M.tuberculosis H37Rv. There-

fore, we infected wild type mice with low dose aerosolized

M.tuberculosis H37Rv and found that Lcn2 mRNA was induced

between day 15 and day 21 post-M.tuberculosis infection and the

mRNA levels were maintained at later time points (Figure 1a).

Furthermore, the timing of induction of Lcn2 mRNA between

days 15–21 coincided with the induction of other protective host

immune genes, such as IFNc and TNFa, in the lungs of

M.tuberculosis-infected mice [28]. In addition, we found significant

induction of Lcn2 protein in day 30 WT Mtb-infected lungs

(Figure 1b).

Epithelial cells and macrophages are considered to be one of the

major sources of Lcn2 expression [18,26]. Interestingly, following

M.tuberculosis infection, the early induction of Lcn2 mRNA (day

12–15) was detected within the lung parenchyma consistent with

type II epithelial cells and macrophages, whereas late expression of

Lcn2 mRNA (day 21) was detected both within the lung

parenchyma and the airways of the M.tuberculosis-infected lungs

(Figure 1c). These data suggest that multiple cell types can likely

produce Lcn2 in response to M.tuberculosis infection. Accordingly,

we found that following M.tuberculosis exposure, lung fibroblasts

and alveolar macrophages produced high levels of Lcn2 mRNA,

while Mouse Tracheal Epithelial Cells (MTECs) induced lower

levels of Lcn2 mRNA (Figure 1d). IL-23 is a key mediator of IL-17

and IL-22 responses [29,30,31], and IL-22 and IL-17 can induce

Lcn2 expression in lung epithelial cells and participate in

protection against gram-negative bacteria [26]. However, we

found that Lcn2 mRNA induction was not significantly different

among wild type, IL-23KO, IL-22KO and IL-17AKO M.tubercu-

losis-infected lungs (data not shown). These data together suggest

that following low dose pulmonary infection with M.tuberculosis,

Lcn2 mRNA is induced both within the lung parenchyma and

epithelium, and that several lung cell types can produce Lcn2 in

response to M.tuberculosis exposure.

Lcn2 is not Required for Protective Immunity Against
Primary Low Dose M.tuberculosis Aerosol Infection
To determine whether Lcn2 was required for protective

immunity during low dose M.tuberculosis infection, we assessed

the bacterial burden in M.tuberculosis-infected wild type (WT) and

Lcn2 knock out (Lcn2KO) mice and found that the total lung

Lipocalin 2 Regulates Pulmonary Inflammation
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Figure 1. Lcn2 is induced in murine lungs in response to low dose aerosolized M.tuberculosis infection. Wild type (WT) mice were
infected with ,100 CFU M.tuberculosis via the aerosol route and at specific times after infection, lung tissue was harvested and processed to extract
RNA and the expression of Lcn2 mRNA was determined by RT-PCR. Log 10 fold induction of Lcn2 gene in the lungs of M.tuberculosis-infected mice
over lungs from uninfected controls is shown (a). WT M.tuberculosis-infected lungs (Mtb) on day 30 post infection or uninfected lungs (Un) were
assayed for Lcn2 protein by ELISA (b). In situ hybridization with a Lcn2 cRNA probe was carried out in uninfected and M.tuberculosis-infected lung
samples at various time points post infection (c). Original magnification. 100X-left panel; 200X-rightpanel). Lung fibroblasts, alveolar macrophages
and tracheal epithelial cells were generated from WT lungs and cells were exposed to irradiated M.tuberculosis (100 mg/ml) for 48 hours. The
induction of Lcn2 mRNA was measured by RT-PCR and the log 10 fold induction was measured in treated samples relative to untreated controls (d).
The data points represent the mean and SD for four mice for each time point and one experiment representative of two shown. ***, p #0.0005.
doi:10.1371/journal.pone.0050052.g001
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bacterial burdens in Lcn2KO and WT mice were similar

(Figure 2a). In addition, dissemination to the peripheral organs

was also similar, since bacterial burdens in spleen and lymph node

were comparable between WT and Lcn2KO mice on day 50 post

infection (Figure 2b). These results were consistent with the

comparable accumulation of IFNc producing CD4+ T cells

(Figure 2c) in M.tuberculosis-infected lungs and similar induction

of iNOS mRNA (Figure 2d) in WT and Lcn2KO lungs. These

data suggest that even in the absence of Lcn2, IFNc T cell

responses are generated effectively to induce macrophage activa-

tion that can mediate protective immunity against M.tuberculosis

infection.

Lcn2 Regulates Pulmonary Inflammation during TB
TB is an inflammatory disease of the lung and the formation of

the granuloma is a hallmark of the disease. Therefore, despite

Lcn2 not being required for overall bacterial control against Mtb

infection (Figure 2), we next examined if Lcn2 had a role in

granuloma formation. We quantified the average size of the lung

granulomas in WT and Lcn2KO M.tuberculosis-infected mice by

histology. At early stages of the infection, we found that the

average size of granulomas were similar in WT and Lcn2KO mice

(Figure 3a). However, later during chronic M.tuberculosis infection,

we found the average size of granulomas were significantly

increased in the Lcn2KO mice when compared to granulomas

found in lungs of M.tuberculosis-infected WT mice (Figure 3a). To

further validate the role for Lcn2 in inflammation during

M.tuberculosis infection, we compared the T cell accumulation in

response to pulmonaryM.tuberculosis infection in WT and Lcn2KO

M.tuberculosis-infected lungs. Despite similar numbers of lung T

cells in WT and Lcn2KO mice at early time points, the T cell

numbers were significantly increased in day 50 M.tuberculosis-

infected Lcn2KO lungs when compared to WT M.tuberculosis-

infected lungs (Figure 3b). This was consistent with higher

accumulation of T cells histologically within granulomas of

Lcn2KO M.tuberculosis-infected lungs (Figure 3c). These data

suggest a novel function for Lcn2 in regulating lymphocytic

recruitment and granuloma formation during pulmonary TB.

Inflammatory chemokines such as CXCL9,10 and 11 [2] and

CCL2 [3,4,5] are critical for lymphocytic recruitment and

mediating granuloma formation during TB. Logically, mice

deficient in these chemokines or their receptors also have

decreased lymphocytic recruitment and decreased granulomatous

inflammation when compared to WT mice [2,3,4,5]. Therefore,

Figure 2. Lcn2 is not required for protective immunity against low doseM.tuberculosis infection.WT and Lcn2KO mice were infected with
low dose aerosolized M.tuberculosis and the bacterial burden determined in the lungs at different time points post infection (a) and spleens and
mediastinal lymph nodes (MLN) on day 50 post infection (b). Lymphocytes were isolated from the lung and the number of CD4+ IFNc+ producing T
cells were determined by intra cellular staining and flow cytometry following stimulation with PMA and Ionomycin (c). Lung from uninfected and
infected WT and Lcn2KO mice were processed and the Log 10 induction of iNOS mRNA in infected samples relative to uninfected control samples
was determined by RT-PCR (d). The data points represent the mean and SD for four mice for each time point and one experiment representative of
two shown. ns-not significant.
doi:10.1371/journal.pone.0050052.g002
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we hypothesized that Lcn2 may limit expression of some CXCR3-

ligating chemokines and restrain lymphocytic accumulation and

inflammation during TB. Consistent with this hypothesis, we

found increased localization of mRNA for one of the CXCR-3

ligating chemokines, namely CXCL9 mRNA, within granulomas

of M.tuberculosis-infected Lcn2KO mice when compared to WT

M.tuberculosis-infected lungs (Figure 3d). In addition, we found that

increased inflammation during chronic infection coincided with

increased induction of total CXCL-9 mRNA levels in Lcn2KO

M.tuberculosis-infected lungs when compared to WT infected lungs

(Figure 3e). However, we did not find any differences in total

CXCL10 mRNA or localization within the granulomas in WT

and Lcn2KO M.tuberculosis-infected lungs during both early and

chronic tuberculosis (data not shown).These novel data suggest

that Lcn2 regulates some lymphocyte recruiting chemokines such

as CXCL9, to constrain lymphocytic infiltration and granuloma

formation during TB.

Lcn2 Promotes Production of Neutrophil-attracting
Chemokines and Neutrophil Recruitment during
Pulmonary TB
Our data show that Lcn2 has a regulatory role in induction of

lymphocyte-attracting chemokines and that absence of Lcn2

during M.tuberculosis infection results in enhanced T cell re-

cruitment and increased granuloma inflammation. Paradoxically,

we also found, upon immunofluorescent staining for neutrophilic

accumulation in the lungs, that Lcn2KO mice had significantly

reduced neutrophilic influx compared to WT mice (Figure 4a, b).

This also coincided with decreased total numbers of neutrophils in

Lcn2KO M.tuberculosis-infected lungs compared to WT M.tubercu-

losis-infected lungs (Figure 4c). These data suggest that, apart from

its regulatory role in cellular inflammation, Lcn2 may promote

neutrophil generation and recruitment. Alveolar macrophages are

likely first-responders to infection that would produce these

molecules. We show that following exposure to M.tuberculosis,

alveolar macrophages produced G-CSF, a key regulator of

neutrophil production (Figure 4d) and KC, a neutrophil chemoat-

tractant (Figure 4e). Interestingly, Lcn2 treatment alone is

sufficient to induce neutrophil chemoattractant, KC in alveolar

macrophages (Figure 4e). Addition of exogenous Lcn2 to

M.tuberculosis exposed alveolar macrophages resulted in signifi-

cantly higher induction of G-CSF and KC than M.tuberculosis

alone. Since M.tuberculosis exposure induces Lcn2 expression in

alveolar macrophages (Figure 1d), we then tested whether the

induction of G-CSF and KC was dependent on endogenous Lcn2

expression in alveolar macrophages. Therefore, we exposed WT

or Lcn2KO alveolar macrophages to M.tuberculosis and measured

G-CSF and KC levels in culture supernatants. We show that in

alveolar macrophages, M.tuberculosis-induced G-CSF and KC

production is dependent on endogenous production of Lcn2,

since alveolar macrophages derived from Lcn2KO mice induced

significantly lower levels of these molecules. In addition, exogenous

Lcn2 was able to rescue induction of both these proteins in

alveolar macrophages (Figure 4f & 4g). These data suggest that

M.tuberculosis-induced G-CSF and KC production in alveolar

macrophages is partly dependent on endogenous Lcn2 production,

but that Lcn2 made by other cells, such as epithelial cells and

fibroblasts (Figure 1d), may amplify the response.

Lcn2 Regulates Inflammation and Contributes to
Protective Immunity Against Acute M.bovis BCG Infection
Lcn2 is induced early in the lung in response to M.bovis BCG

infection from day 2 post infection [18]. Consistent with this data,

we found induction of Lcn2 mRNA (Figure 5a) and protein

(Figure 5b) in the lungs on day 30 post M.bovis BCG pulmonary

infection. In addition, we found that Lcn2 mRNA induction in the

M.bovis BCG-infected lungs were not dependent on IL-23, IL-17

or IL-22 (data not shown). Furthermore, we could detect Lcn2

mRNA within both the lung parenchyma and airways of M.bovis

BCG infected WT mice (Figure 5a). Although Lcn2 is shown to

inhibit intercellular M.bovis BCG growth in vitro in alveolar

epithelial cells [18], it is not known if absence of Lcn2 results in

increased susceptibility in vivo following pulmonary infection. We

found that following pulmonary infection with M.bovis BCG,

Lcn2KO mice showed increased early bacterial burden that was

maintained at later time points (Figure 5c). Interestingly, increased

bacterial burden was observed in the spleen at early time points,

but was controlled by day 50 post infection (Figure 5c).

Importantly, we found that increased lung bacterial burden

coincided with increased lung inflammation (Figure 5d). Consis-

tent with our observations in the low dose aerosol model of

M.tuberculosis infection, we found that lungs of M.bovis BCG-

infected Lcn2KO mice exhibited increased induction of CXCL9

mRNA when compared to WT M.bovis BCG-infected lungs

(Figure 5e,f). These data for the first time show that Lcn2 restrains

inflammation and is required to mediate immunity to pulmonary

acute M.bovis BCG infection in vivo.

Discussion

A protective role for Lcn2 in acute high dose M.tuberculosis

infection has been recently reported [18]. However, given that the

natural course of M.tuberculosis infection occurs as a result of

inhalation through aerosol droplets harboring the bacteria, it is

critical to test the protective role of Lcn2 in the low dose aerosol

model of M.tuberculosis infection. Our results using a low dose

aerosol M.tuberculosis infection model show that Lcn2 is dispensable

for overall protective immunity against primary M.tuberculosis

infection. Despite a number of studies showing in vitro inhibition of

M.tuberculosis by Lcn2 [17,18,19], our data suggests that absence of

Lcn2 does not impact overall control of bacteria in the lung or

dissemination to other organs following low dose pulmonary

M.tuberculosis infection in mice. This could be due to a limited role

of Lcn2 in inhibiting M.tuberculosis growth in some cell types, but

not others, and therefore not having an effect on overall bacterial

control in the lung in response to chronic M.tuberculosis infection.

Figure 3. Lcn2 regulates pulmonary inflammation during TB. WT and Lcn2KO mice were infected with low dose aerosolized M.tuberculosis
and formalin-fixed paraffin-embedded lungs were stained using H&E. Morphometric analysis of the average size of the granuloma in H&E stained
sections of M.tuberculosis-infected WT and Lcn2KO lungs was determined and a representative section of the lung granuloma is shown for D20 and
D50 post M.tuberculosis infection (a). Original magnification shown-100X. Lymphocytes were isolated from the lungs of WT and Lcn2KO
M.tuberculosis-infected mice at day 20 and day 50 post infection and the number of CD3+ T cells determined by surface staining and flow cytometry
(b). Lung sections from M.tuberculosis-infected WT and Lcn2KO mice at D50 post infection were stained for B220 (green) and CD3 (red) and shown at
200X magnification (c). Formalin-fixed, paraffin-embedded lung sections from WT and Lcn2KO from day 50 M.tuberculosis-infected mice were assayed
for CXCL9 mRNA localization by ISH using a murine CXCL9 mRNA probe or control probe (d) and total lung CXCL9 mRNA levels induced quantitated
using RT-PCR in day 20 (D20) or day 50 (D50) M.tuberculosis-infected mice (e). Original magnification-100X (d). The data points represent the mean
and SD for four mice for each time point and one experiment representative of two shown. *, p #0.05. ***, p #0.0005.
doi:10.1371/journal.pone.0050052.g003
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Importantly, we document a new role for Lcn2 in constraining and

limiting lymphocytic inflammation and promoting neutrophilic

accumulation during mycobacterial infections.

We recently showed that key inflammatory immune mediators

following low dose M.tuberculosis infection are upregulated in the

lung between D12 and D20 post infection [28]. Consistent with

this finding, we show here that induction of Lcn2 mRNA also

takes place within this crucial time period. Strikingly, our data

suggests that early in vivo cellular sources of Lcn2 following low

dose M.tuberculosis infection are within the lung parenchyma, while

later sources of Lcn2 are likely both cells within the lung

parenchyma and airways. Furthermore, other studies have shown

that exposure to M.tuberculosis in macrophage cell lines [19],

M.avium in bone marrow derived macrophages [32] and M.bovis

BCG in alveolar macrophages [18] induces Lcn2 mRNA,

suggesting that pathogenic, non-pathogenic and attenuated strains

of mycobacteria can all induce Lcn2 in the host. Furthermore,

cytokines such as IL-17 [26,33] and IL-22 [26] can drive the

induction of Lcn2 in epithelial cells. While they are sufficient, they

do not appear to be necessary, suggesting that other cytokines can

also likely induce Lcn2 during M.tuberculosis infection. Further-

more, since IL-23KO M.tuberculosis-infected lungs have reduced

levels of both IL-17 and IL-22 mRNA [25], this suggests that Lcn2

can be induced even in the absence of both IL-17 and IL-22.

Accordingly, other studies have shown that IL-1binduced in

response to extracellular bacterial pneumonia [21], plays a promi-

nent role in infection-induced Lcn2 production, suggesting that it

is likely that multiple cytokines can induce Lcn2 expression in

response to inflammation.

The new role for Lcn2 presented in this paper is to constrain

CXCL9 induction and lymphocytic accumulation during myco-

bacterial pulmonary infections. Accordingly, Lcn2KO mice

exhibit increased granulomatous inflammation, increased lympho-

cytic accumulation and enhanced CXCL9 mRNA induction in

mycobacteria infected lungs. In contrast, Lcn2 also has a pro-

inflammatory role by its ability to promote G-CSF and KC

production in alveolar macrophages and neutrophil recruitment to

the mycobacterial-infected lung. There is precedence for this idea,

as a recent study also showed that Lcn2KO mice have reduced

neutrophilic accumulation in response to intranasal Klebsiella

infection [34]. However, despite the dysregulated inflammation

found in Lcn2KO M.tuberculosis-infected mice, these mice are still

able to mediate effective Th1 mediated immunity, induction of

anti-mycobacterial killing mechanisms such as induction of iNOS

and mediate control ofM.tuberculosis. We [28], and others [2], have

shown that depletion of neutrophils does not impact overall

protective outcomes during TB, suggesting that in the presence of

an effective Th1 immune responses, efficient neutrophil re-

cruitment is not necessary to mediate immunity against TB. In

contrast, a high dose acute M.tuberculosis infection model showed

that Lcn2KO mice exhibited increased bacterial burden and

succumbed to M.tuberculosis infection between 6–8 weeks post

infection [18]. It is possible that in the high dose model, delivery of

high numbers of M.tuberculosis by intratracheal route induces more

robust production of Lcn2 and that the Lcn2KO mice die due to

pathological responses mediated by the dysregulated inflamma-

tion, rather than due to just the higher bacterial burden in the

lungs of Lcn2KO mice [18]. Consistent with this hypothesis,

Lcn2KO mice infected with high dose M.tuberculosis intratracheally

also showed higher inflammation, which was speculated to be due

to the higher bacterial burden [18]. However, since we report

increased inflammation and T cell accumulation even under

conditions of similar bacterial burden seen in the lungs of Lcn2KO

mice in the low dose M.tuberculosis infection model, we propose

a new physiological role for Lcn2 in regulating inflammation

during mycobacterial infections. Based on our data, we suggest

that Lcn2 will play a crucial protective role in models of mucosal

extracellular bacterial infection where neutrophils recruitment is

important for clearance of the pathogen. Accordingly, it has been

shown that Lcn2KO mice are more susceptible to mucosal

infection with Klebsiella pneumonia [21,34] and E. coli pneumonia

[8]. In these models it is likely that the Lcn2KO mice are more

susceptible not only due to the lack of host iron sequestering by

Lcn2, but also because Lcn2 mediates cellular recruitment and

regulates inflammation. Lcn2 produced by alveolar epithelial cells

has been shown to be involved in intracellular M.bovis BCG

control [18]. Consistent with this role for Lcn2, using an acute

pulmonary M.bovis BCG infection model, we show that Lcn2KO

mice show increased mycobacterial burden in the lung and

peripheral organs. The likely reasons why Lcn2 is required to

mediate protective immunity in the M.bovis BCG acute pulmonary

model but not the low dose M.tuberculosis infection model are

twofold. Firstly, although Lcn2 has been shown to inhibit both

M.tuberculosis andM.bovis BCG growth in vitro and in cultured cells

[17,18] [18,19], it is possible that this function of Lcn2 is

redundant in vivo during M.tuberculosis infection, but is critical

and non-redundant during in vivo M.bovis BCG infection. The

second, more likely reason for a protective role for Lcn2 in acute

pulmonary M.bovis BCG infection may reflect its role in

chemokine regulation and neutrophil recruitment. This is

supported by studies showing that depletion of neutrophils does

not impact overall protective immune responses to M.tuberculosis

infection [28,35], but results in increased susceptibility to M.bovis

BCG acute infection [36]. These data together suggest that in

acute mycobacterial infection models, Lcn2 regulates inflamma-

tion and controls bacterial growth likely through a role in

neutrophil recruitment, while in chronic mycobacterial infection

models although Lcn2 regulates inflammation, it does not confer

protective immunity.

In summary, we project a new role for Lcn2 in pulmonary

infections where apart from its role in sequestering iron and

inhibiting growth of bacteria, infection-induced Lcn2 can also act

on mucosal cells to regulate chemokines such as CXCL9 and

restrain inflammation at mucosal sites.

Figure 4. Lcn2 is required for neutrophil recruitment to the lung during TB. WT and Lcn2KO were infected with low dose aerosolized
M.tuberculosis infection as described in Figure 2. Formalin-fixed paraffin-embedded lung sections from infected WT and Lcn2KO mice were stained for
neutrophils (Gr1-red) by immunofluorescence. The number of neutrophils per 20X field was estimated at D20 and D50 (a) and a representative image
is shown at 200X magnification (b). Lung cells were isolated from WT and Lcn2KO M.tuberculosis-infected lungs at D50 post infection and the total
number of neutrophils (Gr1+CD11b+) determined by surface staining and flow cytometry (c). Alveolar macrophages isolated from WT mice were
exposed to M.tuberculosis (100 mg/ml) alone, Lcn2 alone (10 mg/ml), or both Lcn2 (10 mg/ml) and M.tuberculosis (100 mg/ml) and levels of G-CSF (d),
KC (e) were measured in culture supernatants after 48 hours. Alveolar macrophages were isolated from WT or Lcn2KO mice were exposed to
M.tuberculosis (100 mg/ml) and exogenous Lcn2 (10 mg/ml) and the levels of G-CSF (f) and KC (g) determined in culture supernatant after 48 hours.
The data points represent the mean and SD for 3–4 samples for each time point and one experiment representative of two shown. *, p #0.05. **, p
#0.005. ***, p #0.0005.
doi:10.1371/journal.pone.0050052.g004
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Figure 5. Lcn2 regulates the M.bovis BCG induced inflammation and protection in murine lung. Wild type (WT) mice were infected with
56106 CFU of M.bovis BCG by the intratracheal route and day 30 post-infection, formalin-fixed, paraffin-embedded lung sections were assayed for
Lcn2 mRNA localization by ISH using a murine Lcn2 mRNA probe (a) and Lcn2 protein levels determined by ELISA (b). Bacterial burden was
determined in the lungs and spleen of M.bovis BCG infected WT and Lcn2KO mice at the described time points (c). Formalin-fixed paraffin-embedded
lungs were stained using H&E and morphometric analysis of the area occupied by the granuloma in H&E stained sections of M.bovis BCG infected WT
and Lcn2KO lungs was determined (d). A representative section of the lung granuloma is shown at 100X. Formalin-fixed, paraffin-embedded lung
sections from infected WT and Lcn2KO were assayed for CXCL9 mRNA localization by ISH using a murine CXCL9 mRNA probe or control probe (e) and
total lung CXCL9 mRNA levels induced quantitated using RT-PCR in day 30 infected lungs (f). Original magnification 40X-left panel, middle panel;
100X-right panel (e).The data points represent the mean and SD for four mice for each time point and one experiment representative of two shown. *,
p #0.05. **, p #0.005. ns-not significant.
doi:10.1371/journal.pone.0050052.g005

Lipocalin 2 Regulates Pulmonary Inflammation

PLOS ONE | www.plosone.org 10 November 2012 | Volume 7 | Issue 11 | e50052



Acknowledgments

We thank Dr Anuradha Ray and Dr Jay Kolls for critical feedback and

guidance regarding this manuscript and Samantha Slight and Brendon

Wahlberg for technical help.

Author Contributions

Conceived and designed the experiments: LG RG YRC SAK. Performed

the experiments: LG RG JRM BFJ YL SAK. Analyzed the data: LG RG

JRM YL. Contributed reagents/materials/analysis tools: TB TWM JFA

TDR TAR YRC. Wrote the paper: LG RG SAK.

References

1. Khader SA, Rangel-Moreno J, Fountain JJ, Martino CA, Reiley WW, et al.

(2009) In a murine tuberculosis model, the absence of homeostatic chemokines
delays granuloma formation and protective immunity. J Immunol 183: 8004–

8014.

2. Seiler P, Aichele P, Bandermann S, Hauser AE, Lu B, et al. (2003) Early
granuloma formation after aerosol Mycobacterium tuberculosis infection is

regulated by neutrophils via CXCR3-signaling chemokines. Eur J Immunol 33:
2676–2686.

3. Kipnis A, Basaraba R, Orme I, Cooper A (2003) Role of chemokine CCL2 in
the protective response to early murine pulmonary tuberculosis. Immunology

109: 547–551.

4. Peters W, Scott H, Chambers H, Flynn J, Charo I, et al. (2001) Chemokine
receptor 2 serves an early and essential role in resistance to Mycobacterium

tuberculosis. Proceedings of the National Academy of the Sciences USA 98: 7958–
7963.

5. Scott H, Flynn J (2002) Mycobacterium tuberculosis in chemokine receptor 2-

deficient mice: influence of dose on disease progression. Infection and Immunity
70: 5946–5954.

6. Flower DR (1996) The lipocalin protein family: structure and function.
Biochem J 318 (Pt 1): 1–14.

7. Flo TH, Smith KD, Sato S, Rodriguez DJ, Holmes MA, et al. (2004) Lipocalin 2

mediates an innate immune response to bacterial infection by sequestrating iron.
Nature 432: 917–921.

8. Wu H, Santoni-Rugiu E, Ralfkiaer E, Porse BT, Moser C, et al. (2010) Lipocalin
2 is protective against E. coli pneumonia. Respir Res 11: 96.

9. Berger T, Togawa A, Duncan GS, Elia AJ, You-Ten A, et al. (2006) Lipocalin 2-
deficient mice exhibit increased sensitivity to Escherichia coli infection but not to

ischemia-reperfusion injury. Proc Natl Acad Sci U S A 103: 1834–1839.

10. Sunil VR, Patel KJ, Nilsen-Hamilton M, Heck DE, Laskin JD, et al. (2007)
Acute endotoxemia is associated with upregulation of lipocalin 24p3/Lcn2 in

lung and liver. Exp Mol Pathol 83: 177–187.
11. Devireddy LR, Teodoro JG, Richard FA, Green MR (2001) Induction of

apoptosis by a secreted lipocalin that is transcriptionally regulated by IL-3

deprivation. Science 293: 829–834.
12. Zerega B, Cermelli S, Michelis B, Cancedda R, Cancedda FD (2000) Expression

of NRL/NGAL (neu-related lipocalin/neutrophil gelatinase-associated lipocalin)
during mammalian embryonic development and in inflammation. Eur J Cell

Biol 79: 165–172.
13. Shi H, Gu Y, Yang J, Xu L, Mi W, et al. (2008) Lipocalin 2 promotes lung

metastasis of murine breast cancer cells. J Exp Clin Cancer Res 27: 83.

14. Arlinghaus R, Leng X (2008) Requirement of lipocalin 2 for chronic myeloid
leukemia. Leuk Lymphoma 49: 600–603.

15. Leng X, Lin H, Ding T, Wang Y, Wu Y, et al. (2008) Lipocalin 2 is required for
BCR-ABL-induced tumorigenesis. Oncogene 27: 6110–6119.

16. Holmes MA, Paulsene W, Jide X, Ratledge C, Strong RK (2005) Siderocalin

(Lcn 2) also binds carboxymycobactins, potentially defending against mycobac-
terial infections through iron sequestration. Structure 13: 29–41.

17. Martineau AR, Newton SM, Wilkinson KA, Kampmann B, Hall BM, et al.
(2007) Neutrophil-mediated innate immune resistance to mycobacteria. J Clin

Invest 117: 1988–1994.
18. Saiga H, Nishimura J, Kuwata H, Okuyama M, Matsumoto S, et al. (2008)

Lipocalin 2-dependent inhibition of mycobacterial growth in alveolar epitheli-

um. J Immunol 181: 8521–8527.
19. Johnson EE, Srikanth CV, Sandgren A, Harrington L, Trebicka E, et al. (2010)

Siderocalin inhibits the intracellular replication of Mycobacterium tuberculosis
in macrophages. FEMS Immunol Med Microbiol 58: 138–145.

20. Cowland JB, Borregaard N (1997) Molecular characterization and pattern of

tissue expression of the gene for neutrophil gelatinase-associated lipocalin from
humans. Genomics 45: 17–23.

21. Chan YR, Liu JS, Pociask DA, Zheng M, Mietzner TA, et al. (2009) Lipocalin 2

is required for pulmonary host defense against Klebsiella infection. J Immunol
182: 4947–4956.

22. Roberts A, Cooper A, Belisle J, Turner J, Gonzalez-Juarerro M, et al. (2002)
Murine Models of Tuberculosis. In: Kaufmann S, Kabelitz D, editors. Methods

in Microbiology. Second ed. London: Academic Press. 433–462.
23. Umemura M, Yahagi A, Hamada S, Begum MD, Watanabe H, et al. (2007) IL-

17-mediated regulation of innate and acquired immune response against

pulmonary Mycobacterium bovis bacille Calmette-Guerin infection. J Immunol
178: 3786–3796.

24. Khader SA, Pearl JE, Sakamoto K, Gilmartin L, Bell GK, et al. (2005) IL-23
compensates for the absence of IL-12p70 and is essential for the IL-17 response

during tuberculosis but is dispensable for protection and antigen-specific IFN-

gamma responses if IL-12p70 is available. J Immunol 175: 788–795.
25. Khader SA, Guglani L, Rangel-Moreno J, Gopal R, Fallert Junecko BA, et al.

(2011) IL-23 Is Required for Long-Term Control of Mycobacterium tuberculosis
and B Cell Follicle Formation in the Infected Lung. J Immunol 187: 5402–5407.

26. Aujla SJ, Chan YR, Zheng M, Fei M, Askew DJ, et al. (2008) IL-22 mediates

mucosal host defense against Gram-negative bacterial pneumonia. Nat Med 14:
275–281.

27. Fallert BA, Reinhart TA (2002) Improved detection of simian immunodeficiency
virus RNA by in situ hybridization in fixed tissue sections: combined effects of

temperatures for tissue fixation and probe hybridization. J Virol Methods 99:
23–32.

28. Kang DD, Lin Y, Moreno JR, Randall TD, Khader SA (2011) Profiling early

lung immune responses in the mouse model of tuberculosis. PLoS One 6:
e16161.

29. Aggarwal S, Ghilardi N, Xie MH, de Sauvage FJ, Gurney AL (2003)
Interleukin-23 promotes a distinct CD4 T cell activation state characterized

by the production of interleukin-17. J Biol Chem 278: 1910–1914.

30. Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, et al.
(2006) Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and

cooperatively enhance expression of antimicrobial peptides. J Exp Med 203:
2271–2279.

31. Chung Y, Yang X, Chang SH, Ma L, Tian Q, et al. (2006) Expression and
regulation of IL-22 in the IL-17-producing CD4+ T lymphocytes. Cell Res 16:

902–907.

32. Halaas O, Steigedal M, Haug M, Awuh JA, Ryan L, et al. (2010) Intracellular
Mycobacterium avium intersect transferrin in the Rab11(+) recycling endocytic

pathway and avoid lipocalin 2 trafficking to the lysosomal pathway. J Infect Dis
201: 783–792.

33. Shen F, Ruddy MJ, Plamondon P, Gaffen SL (2005) Cytokines link osteoblasts

and inflammation: microarray analysis of interleukin-17- and TNF-alpha-
induced genes in bone cells. J Leukoc Biol 77: 388–399.

34. Bachman MA, Miller VL, Weiser JN (2009) Mucosal lipocalin 2 has pro-
inflammatory and iron-sequestering effects in response to bacterial enterobactin.

PLoS Pathog 5: e1000622.
35. Seiler P, Ulrichs T, Bandermann S, Pradl L, Jorg S, et al. (2003) Cell-wall

alterations as an attribute of Mycobacterium tuberculosis in latent infection.

J Infect Dis 188: 1326–1331.
36. Fulton SA, Reba SM, Martin TD, Boom WH (2002) Neutrophil-mediated

mycobacteriocidal immunity in the lung during Mycobacterium bovis BCG
infection in C57BL/6 mice. Infect Immun 70: 5322–5327.

Lipocalin 2 Regulates Pulmonary Inflammation

PLOS ONE | www.plosone.org 11 November 2012 | Volume 7 | Issue 11 | e50052


