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Abstract

Pathogenic mycobacteria reside in, and are in turn controlled by, macrophages. However, emerging data suggest that
neutrophils also play a critical role in innate immunity to tuberculosis, presumably by their different antibacterial granule
proteins. In this study, we purified neutrophil azurophil and specific granules and systematically analyzed the
antimycobacterial activity of some purified azurophil and specific granule proteins against M. smegmatis, M. bovis-BCG
and M. tuberculosis H37Rv. Using gel overlay and colony forming unit assays we showed that the defensin-depleted
azurophil granule proteins (AZP) were more active against mycobacteria compared to other granule proteins and cytosolic
proteins. The proteins showing antimycobacterial activity were identified by MALDI-TOF mass spectrometry. Electron
microscopic studies demonstrate that the AZP disintegrate bacterial cell membrane resulting in killing of mycobacteria.
Exogenous addition of AZP to murine macrophage RAW 264.7, THP-1 and peripheral blood monocyte-derived macrophages
significantly reduced the intracellular survival of mycobacteria without exhibiting cytotoxic activity on macrophages.
Immunofluorescence studies showed that macrophages actively endocytose neutrophil granular proteins. Treatment with
AZP resulted in increase in co-localization of BCG containing phagosomes with lysosomes but not in increase of autophagy.
These data demonstrate that neutrophil azurophil proteins may play an important role in controlling intracellular survival of
mycobacteria in macrophages.
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Introduction

The immune responses to Mycobacterium tuberculosis (Mtb) are

complex and poorly understood. The early host response to Mtb

infection involves primarily resident alveolar macrophages and

infiltrated neutrophils [1]. Macrophages mount a complex

immune response to the invading Mtb, but the pathogen is able

to chronically reside and proliferate inside the host for extended

period of time by manipulating microbicidal functions such as

inhibition of phago-lysosome fusion, production of reactive oxygen

species (ROS) and nitric oxide, and by rendering macrophages

non-responsive to interferon gamma (IFN-c) [2].

Although, macrophages have long been regarded as the key

phagocytic cells in mycobacterial infection [3,4,5], there are

increasing evidences showing protective role of neutrophils in

tuberculosis [6,7] but the exact role of neutrophils in innate

protection against mycobacteria is not fully understood. Evidences

for the role of neutrophils in innate immunity to tuberculosis (TB)

include the observations that during the early stages of Mtb

infection polymorphonuclear leukocytes (PMN) migrate and

accumulate at the site of infection [8,9], the risk for TB infection

diminish with increased neutrophil count, and killing of M. bovis

BCG in a whole blood was significantly impaired by neutrophil

depletion [10] and in neutrophil serine proteases cathepsin G and

neutrophil elastase deficient mice [11]. Furthermore, innate

immune responses to Mtb in RAG-deficient mice showed a

compensatory function for neutrophils in controlling the bacterial

burden in the absence of IFN-c from T cells [12]. The role of

neutrophils in TB is conceivable from the study showing that no

granuloma formation was observed in PMN depleted mice up to

60 days of post infection with Mtb [13].

Human neutrophil kill mycobacteria through oxygen-indepen-

dent mechanisms, since neutrophils from patients with chronic

granulomatous disease are just as effective in killing mycobacteria

as normal neutrophils [14]. However, only few data regarding

bactericidal activities of neutrophil granular proteins toward

mycobacteria are available. Human neutrophil peptides (HNPs)

[15,16,17] have been shown active against mycobacteria. The

ability of macrophages to kill mycobacteria has been found

increased by acquiring the proteins from other cells, for example,
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by delivery of granulysin from cytotoxic granules of T-lymphocytes

[18] or myeloperoxidase from neutrophils [19]. It has recently

been shown that when macrophages phagocytose apoptotic

neutrophils, this leads to reduction in viability of intracellular

Mtb [20].

In this study we modified and developed a gel overlay assay that

was described previously [21] to identify the neutrophil granule

proteins with mycobactericidal activity. The intracellular growth

characteristics of M. smegmatis and BCG have been well

characterized in RAW 264.7 [22] and THP-1 cells [23],

respectively. For this reason we chose these two models to

evaluate the role of neutrophil granule proteins in mycobacteria

killing. We found that azurophil granules are the granule type

containing the proteins with most killing activity against myco-

bacteria. Electron microscopic studies revealed that azurophil

granule proteins kill mycobacteria by disintegrating the cell

morphology. Treatment of macrophages with azurophil granule

proteins increased intracellular killing of mycobacteria and

enhanced phago-lysosome fusion, but did not result in enhanced

autophagy.

Results

Whole neutrophils-mediate killing of mycobacteria
We initiated our studies on the role of neutrophils in

mycobacterial infection by characterizing the kinetics of myco-

bacterial survival in the presence of neutrophils. Exponentially-

grown M. smegmatis and M. bovis BCG representing fast (generation

time ,3 h) and slow-growing (generation time ,19 h) mycobac-

teria, respectively, were incubated with LPS-stimulated neutro-

phils and the number of colony forming unit (CFU) was analyzed

by harvesting bacteria at different time points by plating serial

dilutions and surviving colonies were counted after 3 days and 3

weeks for M. smegmatis and BCG, respectively. As shown in

Figure 1A and 1B, LPS-primed neutrophils significantly reduced

the number of viable mycobacteria, with approximately 80%

(P,0.0001) of M. smegmatis and BCG population being killed after

30 min and 4 h, respectively. 24 hours incubation of BCG with

neutrophils did not give rise to further significant reduction in

bacterial viability (Figure 1B). As mentioned before because of

their short and long generation time, the viability of M. smegmatis

and BCG was determined after approximately one-generation

time. Previous studies have shown that LPS stimulation augments

the antimicrobial activity of neutrophils [24]. To test this, we

compared the susceptibility of M. smegmatis and BCG to non-

stimulated neutrophils. No statistically significant differences in the

bacterial killing were observed between non-stimulated and LPS-

stimulated neutrophils (Figure 1B).

Neutrophil azurophil granule proteins are highly active
against mycobacteria

Neutrophils are endowed with antimicrobial proteins present in

various types of granules. Subcellular fractionation of disrupted

neutrophils was performed on a two-layer Percoll density gradient,

which separates peroxidase-positive (azurophil) granules from

peroxidase-negative granules (specific and gelatinase granules).

The anti-mycobacterial activity of a-defensins, which are present

in azurophil granules, has already been reported [25,26,27]. To

identify new antimycobacterial proteins, a-defensins were depleted

from azurophil granules (referred to as AZP in the following text)

by cation exchange chromatography as previously described [28].

To evaluate the relative mycobactericidal activities, we compared

the microbicidal activities of proteins from defensin-depleted

azurophil granules (AZP), peroxidase negative (PN) granules and

cytosolic proteins against M. smegmatis and BCG. Exponentially

grown bacteria were incubated with 50 mg/ml proteins. As shown

in Figure 2A, the mycobactericidal activity of AZP was substan-

tially more than that of PN granule proteins against M. smegmatis

and BCG, with more than 80% and 95% (P,0.0001) of the M.

smegmatis were being killed after 1 h and 6 h of incubation,

respectively; whereas in case of BCG complete killing was

observed after 3 h of incubation (P,0.0001; Figure 2B). To

determine the minimum concentration of AZP required for BCG

killing, the bacteria were incubated with different doses of AZP

ranging from 5–50 mg/ml for 3 h. About 65–70% of BCG killing

was observed with 25 mg/ml proteins (supplementary Figure S1).

The antimycobacterial activity of peroxidase-negative granule

proteins was moderate compared to that of AZP pproximately

60% and 80% killing of M. smegmatis was observed after 3 h and

6 h incubation, respectively; whereas BCG was found to be less

susceptible (50% and 65%) over the period of the study. Cytosolic

proteins did not display any major mycobactericidal activity.

To determine the contribution of a-defensins to the mycobac-

tericidal properties of azurophil granules, we compared the

microbicidal activities of AZP alone and a-defensin containing

AZP. Killing of M. smegmatis by AZP and defensin-containing AZP

occurred in a dose-dependent manner (P,0.0001; Figure 2C).

Figure 1. Survival of M. smegmatis and M. bovis BCG in LPS-
stimulated and unstimulated whole neutrophils. 4–96105/ml M.
smegmatis (A) and BCG (B) were incubated with LPS stimulated
neutrophils (+) and unstimulated neutrophils (2) for indicated time
points. Bacterial survival was determined by CFU assay. Medium
containing bacteria alone was used as control. Data shown are from
one representative experiment of three individual experiments.
Experiments were performed in triplicates; mean 6 SD are shown;
Significance was referred as ** for P,0.0001.
doi:10.1371/journal.pone.0050345.g001

Antimycobacterial Activity of Neutrophil Granules
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Incubation of defensin-containing AZP showed a more prominent

killing of M. smegmatis compared with AZP alone demonstrating a

role of defensins in killing of mycobacteria with azurophil granule

proteins. Complete killing of M. smegmatis was observed in AZP

containing 50 mg/ml a-defensins (data not shown).

The activity of many antimicrobial proteins is often inhibited by

complex body fluids such as serum, saliva, or sputum [29,30].

Therefore, we investigated the antimycobacterial activity of AZP

in the presence of serum. Serum did not inhibit but actually

increased the antimycobacterial activity of these granule proteins

(P,0.0001; Figure 2D).

As AZP were found to be more active against M. smegmatis and

BCG in comparison to PN and cytosolic proteins, we compared

the susceptibility of M. tuberculosis H37Rv to AZP only. In

comparison to M. smegmatis and BCG, M. tuberculosis was found to

be more resistant such that about 55% killing was observed with

100 mg/ml after 24 h of incubation (Figure 2E). No significant

killing was observed at lower concentrations (below 50 mg/ml) of

AZP (data not shown).

Subcellular fractionation of AZP and PN granules
revealed numerous proteins exhibiting anti-
mycobacterial activity

To identify the granule and cytosolic proteins with antimyco-

bacterial activity, AZP, PN and cytosolic proteins were electro-

phoresed on AU-PAGE gel and protein bands with antimyco-

bacterial activity were identified by an antimycobacterial gel

overlay assay with M. smegmatis. Distinct clearing zones were found

in samples with AZP, PN and cytosolic proteins (Figure 3).

To further investigate the specific granule proteins responsible

for antimycobacterial activity, AZP and PN granule proteins were

further fractionated by cation exchange chromatography (Supple-

mentary Figure S2). Since cytosolic proteins did not show

significant killing activity (Figure 2A and 2B) and that single

protein band showed clearing zone (Figure 3) we did not

fractionate these proteins. The obtained AZP and PN granule

fractions were subsequently tested for their in vitro antibacterial

activity against M. smegmatis. From AZP, five peaks viz. fraction

B11 (eluted at 15 min from another batch of AZP), B4 (eluted at

19 min), C2–C6 (eluted at 22 min), C9–C12 (eluted at 26 min),

Figure 2. M. smegmatis, M. bovis-BCG and M. tuberculosis H37Rv survival following incubation with neutrophil granule proteins. 4–
96105/ml M. smegmatis (A) and BCG (B) were incubated with 50 mg/ml each AZP, PN and cytosolic proteins for indicated time points and the survival
of mycobacteria was determined by CFU assay. Bacteria containing Tris-glucose buffer was used as control. NC indicates no bacterial growth. (C) M.
smegmatis was grown in defensin-depleted (AZP) and defensin containing AZP (AZP+defensin) and the bacterial viability was determined after 3 and
6 h of incubation. CFU was determined by plating the bacteria in 7H10 middlebrook agar plates. Bacteria grown in Tris-glucose buffer was used as
control. (D) M. smegmatis was grown in Tris glucose buffer containing 5% human serum and without serum (control) in the presence of 25 and
50 mg/ml AZP for 6 h. The survival of bacteria was determined by plating CFU. (E) M. tuberculosis survival following incubation with 50 and 100 mg/ml
AZP for 3 and 24 hours. Data shown are from one representative experiment of three individual experiments. Experiments were performed in
triplicates; mean 6 SD are shown; Significance was referred as ** for P,0.0001.
doi:10.1371/journal.pone.0050345.g002
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and D7–D12 (eluted at 30 min), presented high level of

antimicrobial activity against M. smegmatis, with more than 50%

growth inhibition was observed after 6 h incubation (P val-

ue,0.0005; Figure 4A). From PN granules one specific peak

containing fraction B3–B5 (eluted at 18 min) showed prominent

antimycobacterial activity. The results obtained under in vitro

condition were further confirmed by gel overlay assay. As shown in

Figure 4B, all the fractions from AZP and PN granules showed

prominent inhibition zones.

To identify the proteins with antimycobacterial activity, the

corresponding protein bands showing zone of inhibition were

extracted from gels, digested with trypsin and analyzed by

MALDI-TOF-MS. All protein spots could be identified and

assigned to proteins deduced from human genome. Table 1

summarizes the results of the mass spectrometric analysis. The

table lists the names of the proteins, their location in neutrophil,

and molecular masses calculated from the genome data. Our

preparation of neutrophils will contain eosinophils and therefore

we identified eosinophil cationic protein (ECP) as a granule

protein with mycobactericidal activity in line with a previous

report [31].

Electron microscopy of AZP treated mycobacteria
To further examine the mycobacterial killing by AZP, M.

smegmatis and BCG bacteria were incubated with AZP (50 mg/ml)

for 6 h. Mycobacterial cell wall morphology were analyzed by

electron microscopy. In case of M. tuberculosis the electron

microscopic studies were performed at 100 mg/ml AZP concen-

tration after 12 h incubation. As shown in Figure 2E, M. tuberculosis

showed more resistance to AZP action and require more exposure

time to achieve effective killing. Bacteria grown in Tris-glucose

buffer served as control. Treatment with AZP completely

disrupted the cell structure and the cells appeared as aggregate,

whereas untreated cell remained intact (Figure 5A and 5B). In case

of M.tuberculosis, damage of cell wall was visible after 6 h treatment,

whereas complete disruption of cell structure was noticed after

12 h of incubation with AZP (Figure 5C). Control experiments

showed more than 95% killing of the M. smegmatis and BCG by

AZP in the samples used for electron microscopy.

Exogeneous addition of AZP increase intracellular killing
of mycobacteria by macrophages

Phagosomes containing non-pathogenic mycobacteria readily

fuse with lysosomes leading to elimination of the bacilli, whereas

pathogenic mycobacteria survive inside the macrophages by

preventing the phago-lysosome fusion [32]. However, phagosomes

with killed pathogenic mycobacteria readily undergo phago-

lysosome fusion. Accordingly, we investigated whether exogenous

addition of AZP could access these phagosomes and affect the

intracellular survival of mycobacteria.

First we performed immunofluorescence studies using FITC-

conjugated lysozyme, one of the antimycobacterial proteins

identified in this study, to evaluate the internalization of

exogenously added lysozyme by macrophages. Our microscopic

studies showed uptake of lysozyme by macrophages into vesicular-

like structures (Supplementary Figure S3). To determine whether

the AZP proteins co-localize with mycobacteria, macrophages

were infected with M. smegmatis (MOI 10) followed by treatment

with alexa fluor labelled lysozyme (100 mg/ml) for 6 h. The results

showed that M. smegmatis co-localizes with lysozyme inside the

macrophages (Figure 6A). Then we tested intracellular survival of

M. smegmatis in AZP, PN and cytosolic protein treated RAW264.7

cells. These cells were first infected with M. smegmatis for 2 h

followed by a treatment with 50 mg/ml AZP, PN and cytosolic

proteins. Untreated cells were used as a control. We saw two

different patterns of bacterial killing. A significant reduction

(,85%; P value,0.0001) in M. smegmatis survival was observed in

AZP treated cells 6 h post-infection, whereas PN and cytosolic

protein treated macrophages only showed moderate increased

intracellular killing as compared to non-treated cells (p,0.005;

Figure 6B). This demonstrated that AZP were most potent in

stimulating the intracellular killing of mycobacteria. For this

reason the intracellular survival of BCG was determined only in

AZP treated THP-1 and MDM cells. These cells were first infected

with BCG for 3 h and then treated with 50 mg/ml of AZP. In both

THP-1 and MDM cells treatment with AZP increased intracel-

lular killing of BCG (P value,0.005; Figure 6C and 6D).

Heparin-binding protein (HBP) display bactericidal activity and

boost bacterial phagocytosis by human and murine macrophages

[33]. Consequently, we investigated whether addition of HBP to

AZP would further potentiate the killing efficiency of macrophag-

es. A moderate decrease in intracellular bacterial burden was

observed in macrophages treated with a mixture of HBP and AZP

Figure 3. Gel overlay assay of AZP, PN and cytosol proteins. Azurophile (AZP), peroxidase-negative (PN) and cytosol proteins were run on AU-
PAGE, Coomassie stained (left) and analyzed for antibacterial activity against M. smegmatis. Formation of clearing zone indicates the
antimycobacterial activity (right).
doi:10.1371/journal.pone.0050345.g003

Antimycobacterial Activity of Neutrophil Granules
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as compared to AZP alone. Treatment with HBP alone did not

show any statistically significant increased killing activity of

macrophages (P value,0.0001; Figure 6E).

Purified neutrophil granular proteins increase the
intracellular killing of mycobacteria

To investigate whether the increase in intracellular killing of

mycobacteria stimulated by AZP was a result of a single protein or

the aggregate of AZP, we investigated the activity of purified

elastase and lysozyme both identified in the gel overlay assay. Both

the proteins were active against M. smegmatis by CFU assay, where

Figure 4. Antimycobacterial activity of AZP and PN granule proteins determined by CFU and gel overlay assays. (A) M. smegmatis (4–
96105/ml) was incubated with 50 mg/ml AZP fractions for 3 and 6 h, and CFU assay was performed to check the antimycobacterial effect of the
protein fractions. Bacteria with buffer only served as control. Data are mean 6 SD of three independent experiments. Significance was referred as **
for P,0.0001 and * for P,0.005. (B) Gel overlay assay of AZP and PN granular protein fractions against M. smegmatis. The granule proteins stained
with Coomassie brilliant blue (left) and the clearing zone formed by the protein (right) shows the anti-mycobacterial activity.
doi:10.1371/journal.pone.0050345.g004

Table 1. Identification of AZP, PN and cytosol proteins by MALDI-TOF mass spectrometry.

Protein Fraction Protein Name Location Molecular Weight(KDa)

AZP Granule Proteins:

B4 Lysozyme Azurophil 14.4

B11 Elastase Azurophil 29

C2–C6 ECP Eosinophil primary matrix 18.3

D7–D12 Azurocodin/HBP Azurophil 37

PN Granule Proteins:

Whole PN granule * Lactoferrin PN 80

B3–B5 Lactoferrin PN 14.4

Cytosolic Proteins:

Whole Cytosol proteins * Calgranulin Cytosol 18

*These proteins were identified from total PN and cytosolic proteins (cf. Figure 3).
doi:10.1371/journal.pone.0050345.t001

Antimycobacterial Activity of Neutrophil Granules
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both proteins caused substantial dose-dependent killing of M.

smegmatis with lysozyme being more active than elastase (P

value,0.0001; Figure 7A). Treatment of RAW 264.7 cells with

both elastase and lysozyme increased the intracellular killing of the

mycobacteria. However, in this case elastase was more potent than

lysozyme. Elastase limited the growth of M. smegmatis in a dose-

dependent manner, while lysozyme showed significant inhibition

of bacterial growth only at 100 mg/ml dose after 6 h of treatment

(P value,0.005; Figure 7B) and no significant killing was observed

at lower doses of lysozyme (data not shown). These data

demonstrated that individual azurophil granule proteins stimulat-

ed the intracellular killing of mycobacteria in RAW 264.7 cells.

This potency of the effect was, furthermore, not strictly correlated

to the direct antimycobacterial effect found in vitro by CFU assay.

The increased intracellular killing stimulated by AZP is
not due to increased cytotoxicity

To investigate whether the decrease in intracellular bacterial

survival was due to cytotoxic effect of AZP on macrophages, we

tested the cytotoxicity in AZP treated macrophages by MTT

assay. No increase in cytotoxicity was found after treatment with

AZP (Figure 8). Similar results were obtained with THP-1 cells

(data not shown).

Treatment with AZP increases co-localization of
mycobacteria-containing phagosomes with lysosomes in
macrophages

As mentioned above, phagosomes containing non-pathogenic

mycobacteria readily fuse with lysosomes leading to bacterial

elimination, whereas pathogenic mycobacteria as well as BCG

survive inside the macrophages by preventing the phago-lysosome

fusion. However, phagosomes with killed pathogenic mycobacteria

readily fuse with lysosomes. Also as shown above, we observed a

co-localization of M. smegmatis with lysozyme in THP-1 cells.

Consequently, we tested whether AZP increased localization of

BCG-containing phagosomes with lysosomes. THP-1 cells were

infected with M. bovis-BCG- GFP (MOI 1:10) and treated with

50 mg/ml of AZP for 24 h. Co-localization of BCG-GFP

Figure 5. Electron micrograph of AZP treated mycobacteria. 2–106107/ml M. smegmatis (A) and M. bovis BCG (B) were incubated with or
without AZP (50 mg/ml) for 6 h, M.tuberculosis (C) without (a) and with AZP (100 mg/ml) for 6 h (b) and 12 h (c) and visualized by transmission
electron microscopy. The survival of M. smegmatis and M. bovis BCG as determined by CFU assay is shown in inset corresponds to the similar
experimental conditions followed for electron microscopy experiment. Scale bars: 1 mm for M.smegmatis and M.bovis BCG. Scale bars: 2 mm (left
panel) and 0.5 mm (right panel) for M.tuberculosis.
doi:10.1371/journal.pone.0050345.g005

Antimycobacterial Activity of Neutrophil Granules
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containing phagosomes with lysosomes was quantified microscop-

ically by evaluating the acquisition of LAMP-1, a membrane

marker of late endosomes/lysosomes. As shown in Figure 9A no

significant increase in the localization of BCG-containing phago-

somes with LAMP-1 was observed in AZP treated and untreated

THP-1 cells after 3 h post infection. In contrast, treatment with

AZP significantly increased the fraction of mycobacterial phago-

somes labeled for this marker at 24 h after infection (P

value,0.005). A representative cell showing co-localization of

BCG phagosome with LAMP-1 is shown in Figure 9B. Thus,

treatment of cells with AZP increased the co-localization of BCG

containing phagosomes with lysosomes in THP-1 cells.

Azurophil granule proteins increase intracellular killing of
mycobacteria by an autophagy-independent mechanism

Previous studies demonstrated that the host antimicrobial

peptides induce autophagy in human monocytes through activa-

tion of autophagy-related genes Beclin-1 and Atg5 and also induce

co-localization of mycobacteria phagosomes with autophago-

somes, which mediate the killing of intracellular M. tuberculosis

[34]. Since we observed increase in intracellular bacterial killing

and co-localization of BCG containing phagosomes with LAMP-1

compartment after treatment with AZP, we investigated whether

this was due to activation of autophagy in THP-1 cells. First we

tested the transcripts of the mammalian autophagy-related genes

Beclin-1 and Atg5 by real-time PCR after treatment with AZP. No

significant increase in Beclin-1 and Atg5 expression levels were

observed at 6 h and 24 h after treatment with AZP (data not

shown). We also determined the expression of microtubule-

associated protein 1 light chain 3 (LC3) vesicles, which reflects

the number of autophagosomes, in azurophil granule proteins

stimulated THP-1 cells by immunofluorescence and Western

blotting. As shown in Figure 10, treatment with AZP did not cause

increase in endogenous LC3 aggregates after 24 h. These results

indicate that azurophil granule proteins increase intracellular

killing of mycobacteria by an autophagy-independent mechanism.

Discussion

Although many data have demonstrated a key function of

macrophages in immunity against mycobacteria, very few data

regarding bactericidal activities of neutrophils toward mycobacte-

ria are available. Recent studies have shown that neutrophils may

play a more important role in defense against mycobacterial

infection than previously thought. Circulating neutrophils become

activated and are recruited to lungs early in Mtb infection. Their

role in host defense against Mtb is supported by studies showing

that depletion of circulating neutrophils before i.v. challenge with

Figure 6. Localization of lysozyme and M. smegmatis in THP-1 cells. Intracellular survival of mycobacteria in AZP, PN and cytosolic
protein treated macrophages. (A) THP-1 cells were infected with M. smegmatis-GFP and then treated with 100 mg/ml alexa fluor 594 labelled
lysozyme for 6 h. The localization of lysozyme and M. smegmatis was analyzed using fluorescence microscopy. (B) RAW264.7 macrophages were
infected with M. smegmatis and treated with 50 mg/ml AZP, PN and cytosolic proteins for 6 h. THP-1 (C) and monocyte-derived macrophages (D)
were infected with M. bovis BCG and then treated with 50 mg/ml AZP. Cells were lysed at the indicated time points and bacterial intracellular survival
was determined by CFU assay. (E) Survival of M. smegmatis in RAW cells treated with 25 mg/ml HBP and 50 mg/ml AZP for 6 h. Macrophages infected
with bacteria alone were used as a control. Experiments were performed in triplicates. Mean 6 SD are shown. Significantly different from the control:
** P,0.0001 and * P,0.005.
doi:10.1371/journal.pone.0050345.g006
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M.tb compromises the immune response against mycobacterial

infection [35] and induce granuloma formation [13]. Though

neutrophils use both oxidative and non-oxidative microbicidal

mechanisms to kill bacteria, human neutrophils seem to kill

mycobacteria mainly through oxygen-independent mechanisms,

since neutrophils from patients with chronic granulomatous

disease are just as effective in killing mycobacteria as normal

neutrophils [14].

Neutrophils contain many antimicrobial proteins stored in

different granules, but no systematic and comparative studies have

been done to identify the importance of different granules or

granule proteins in killing of mycobacteria. In this study, we have

purified neutrophil granules, identified the specific granular

proteins responsible for the killing of pathogenic and non-

pathogenic mycobacteria, and studied the mechanism by which

addition of these granule proteins facilitated the intracellular

killing of mycobacteria by macrophages. No significant differences

in the killing kinetics of mycobacteria were observed in LPS-

stimulated and non-stimulated neutrophils indicating that myco-

bacteria-associated protein(s) itself are sufficient to cause activation

of neutrophils. This observation extends earlier finding that

mycobacterial antigens can activate neutrophils [36] and that

mycobacteria can induce the release of cellular constituents during

interaction with human neutrophils [37]. We found that AZP

exhibit more potent mycobactericidal activity than to peroxidase-

negative granule proteins and cytosolic proteins. Many bacteri-

cidal proteins are localized in the azurophil granules-for example

azurocidin [38], defensins [39], lysozyme and serine proteases

such as cathepsin G, proteinase 3, and elastase [40]. These

proteins have been shown to possess antimicrobial activity against

a diverse group of microorganisms. Gel overlay assay of PN

granules showed inhibition of M. smegmatis growth by lactoferrin.

Though the role of lactoferrin in enhancing the efficacy of BCG

vaccine has been reported earlier [41], the direct antimycobacter-

Figure 7. Survival of M. smegmatis in the presence of purified elastase and lysozyme. (A) M. smegmatis was incubated with different
concentrations of elastase and lysozyme for the indicated time points and the bacterial survival was determined by CFU assay. (B) Intracellular
survival of M. smegmatis in RAW264.7 cells treated with different concentrations of elastase and and 100 mg/ml of lysozyme for 6 h. Macrophages
infected with M. smegmatis alone were used as control. Data shown represents the mean 6 SD of three independent experiments. Significance was
referred as ** for P,0.0001 and * for P,0.005 versus control conditions.
doi:10.1371/journal.pone.0050345.g007

Figure 8. Cytotoxic activity of AZP on RAW 264.7 cells.
Macrophages were treated with different concentrations of AZP for
24 h. Cells viability was determined by MTT assay. Experiments were
performed in triplicates; mean 6 SD are shown. Percentage of cell
viability was determined from three independent experiments.
doi:10.1371/journal.pone.0050345.g008
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ial activity of lactoferrin has not yet been described in more detail.

Lactoferrin being an iron-binding protein may inhibit mycobac-

terial growth by limiting the availability of iron, which is an

essential component for growth and survival of mycobacteria.

Together with AZP and PN granule proteins, calgranulin, the

cationic calcium binding protein, was found to be the only

cytosolic protein having antimycobacterial activity. Calgranulin

shows sequence homology with cystic fibrosis antigen and the

brain S 100 calcium binding protein, which have specific zinc

binding sites [42]. As shown previously, the zinc-binding property

Figure 9. Quantification of co-localization of BCG containing phagosomes with lysosomes in AZP treated THP-1 cells. (A) Co-
localization of BCG containing phagosomes with lysosomes in AZP treated and untreated cells were quantified microscopically by acquisition of
LAMP-1 marker of late endosome/lysosome by BCG phagosomes. THP-1 cells infected with M. bovis BCG-GFP (green) were exposed to AZP for 24 h
and stained with antibody against LAMP-1 (red) followed by secondary antibody Alexa Fluor 594 and DAPI (blue) for nuclei staining. (B) A
representative cell showing co-localization of BCG-containing phagosome with LAMP-1 marker. THP- cells infected with BCG-GFP only were used as
control. Data shown are the average of 3 individual experiments. Significance was referred as* for p,0.005.
doi:10.1371/journal.pone.0050345.g009

Figure 10. Induction of autophagy in AZP treated macrophages. THP-1 cells were treated with AZP for 24 h and stained with antibodies
against LC3 to visualize the formation of auto-phagosomes.
doi:10.1371/journal.pone.0050345.g010
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of calprotectin may be responsible for the antimycobacterial

activity, by depleting zinc required for the growth of mycobacteria

[43]. The increased susceptibility of mycobacteria to AZP in the

presence of a-defensins showed that defensins are key effector

molecule for human resistance to Mtb. It has been proved that a-

defensins such as human neutrophil peptides 1–3 can kill Mtb [15].

Altogether, these results provide evidence that neutrophils harbor

a diverse arsenal of cytotoxic components against mycobacteria.

Pathogenic Mtb was found to be less susceptible to AZP than

non-pathogenic strains. The decreased susceptibility could prob-

ably be due to differences in the cell wall architecture of

pathogenic and non-pathogenic mycobacteria. It has been shown

that the multilayered cell wall of pathogenic Mtb contains less

number of transporters [44] and that the lipoarabinomannan is

capped with mannose. These along with other cell wall

components insulate the bacteria from its environment and limit

the binding and transport of drugs. Interestingly, pathogenic

mycobacteria block the fusion of azurophil granules with the

neutrophil phagosome [45]. Our data demonstrate that by

blocking fusion of azurophil granules with the phagosome,

mycobacteria are not exposed to the most potent mycobactericidal

neutrophil granule proteins.

We have previously found that addition of the antimicrobial

peptide, LL-37, to macrophages enhances the mycobactericidal

activity of these cells [17]. Consequently, we tested whether

addition of AZP would enhance the bactericidal activity of

macrophages. Indeed, addition of AZP to infected macrophages

enhanced the intracellular killing of mycobacteria.

Autophagic pathways have been shown to enhance intra-

phagosomal killing of M. tuberculosis [46] and other studies [34]

have shown that cathelicidin is required for 1,25D3-induced

autophagy activation in monocytes and macrophages and thereby

increase killing of intracellular mycobacteria. However, AZP did

not stimulate autophagy. Inhibition of phagolysosome fusion is an

important mechanism for pathogenic mycobacteria to avoid killing

by macrophages, and AZP treatment did increase co-localization

of mycobacteria containing phagosome with lysosome. We

hypothesize that these proteins may be endocytosed and then

targeted directly to the maturation-arrested mycobacterial phago-

some where the endocytosed proteins facilitate killing of the

bacteria. Subsequently, the dead bacteria-containing phagosomes

fuse with lysosomes. Indeed, we found that alexa fluor-labeled

lysozyme was taken up to the endosomal compartment and

localized with M. smegmatis. Another possible explanation could be

that mycobacteria infection alters the host cell membrane resulting

in exposure of negatively charged molecules that result in increase

in binding of cationic core region of peptide facilitating the

permeation of the peptide to reach its intracellular target.

Interestingly, when we compared the mycobactericidal activity

of purified lysozyme and elastase, we found important differences.

A higher concentration of lysozyme was needed to increase

intracellular killing of mycobacteria in THP-1 cells than was

needed for direct killing of mycobacteria in vitro. The reverse was

true for elastase. This difference may either be due to the fact that

elastase is more avidly taken up by the cells than lysozyme or that

there is a greater synergistic effect of the mycobactericidal effect of

elastase and other phagosomal components than is the case for

lysozyme. The other possible explanation could be neutrophil

elastase activate macrophages through TLR-4 [47] and induce

microbicidal activity. Therapeutically, compounds are needed that

kills surviving mycobacteria inside the macrophages. The data

with lysozyme and elastase indicate that it is not enough to test the

direct mycobactericidal activity of potential therapeutic compound

it need to be supplemented with data how there compounds

increase intracellular killing of mycobacteria in macrophages.

In summary, the current study provides evidence that neutro-

phils account as one of the innate anti-mycobacterial components

in which azurophil granular proteins are more active against

mycobacteria, ensuring initial protection from invading bacteria.

Addition or induction of azurophilic proteins increases killing

efficiency of macrophages by means of direct action or alterna-

tively by facilitating ability of mycobacterial phagosomes to fuse

with lysosomes.

Materials and Methods

Ethic statement
All research was approved by the Institutional Review Boards

(IRBs) of the KIIT University, Lund University and the University

of Copenhagen. Written informed consent was provided by the

study participants.

Bacteria, cell lines and monocyte-derived macrophages
Mycobacterium smegmatis mc2155 and M. smegmatis-GFP were

grown in Middlebrook’s 7H9 broth medium (Difco) containing

0.05% Tween 80, 0.5% glucose and 0.5% albumin at 37uC on a

shaker at 120 r.p.m. M. bovis BCG-GFP Pasteur strain

(ATCC35734) and M. tuberculosis H37Rv were grown in Mid-

dlebrook’s 7H9 supplemented with OADC (Oleic acid-albumin-

dextrose-catalase) and 0.05% tween 80 at 37uC under static

condition. GFP expression was maintained by addition of 50 mg/

ml hygromycin to the medium.

The THP-1 monocytic cells [17] were maintained at 37uC in

5% CO2 in RPMI-1640 supplemented with 10% heat inactivated

fetal bovine serum (FBS, Gibco), 10 mM HEPES (Gibco), 1 mM

sodium pyruvate, 2 mM L-glutamate, and pencillin- streptomycin

solution (Gibco). The cells were seeded onto 24-well culture dishes

at a density of 56105 cells/ml and treated overnight with 20 nM

phorbol myristate acetate (PMA) from Sigma to differentiate THP-

1 monocyte cells to macrophages. Cells were then washed three

times with PBS and incubated for one more day before performing

the experiment. Before infection, the cells were washed with 16
PBS and grown in RPMI-1640 medium containing 5% FBS,

2 mM L-glutamate and without penicillin-streptomycin. Mouse

macrophage RAW 264.7 cells [17,22] were maintained in DMEM

media (Gibco) supplemented with 10% FBS, 10 mM HEPES,

1 mM sodium pyruvate, 2 mM L-glutamate and pencillin-

streptomycin solution at 37uC in 5% CO2. To prepare mono-

cyte-derived macrophages, PBMCs were isolated from the buffy

coats obtained following informed consent from several healthy

human donors by density gradient centrifugation using lympho-

prep (Axis-Sheild PoCAS, Oslo, Norway). Purified monocytes

were allowed to adhere for 6 days on 6-well plates in the presence

of RPMI medium supplemented with 5% human serum and GM-

CSF (10 ng/ml).

Isolation of PMNs and disruption of neutrophils by
nitrogen cavitation

PMNs were isolated from blood of healthy donors by dextran

sedimentation method followed by density centrifugation as

described previously [48]. Briefly, the blood was subjected to

dextran sedimentation and the leukocyte rich supernatant was

separated by density gradient centrifugation at 400 g for 30 min at

4uC using lymphoprep solution. The pellet was suspended in ice-

cold water for 30 seconds to lyse the erythrocytes and the tonicity

was restored by addition of equal volume of 1.8% saline. The

sample was centrifuged and resuspended in 0.9% NaCl to a
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concentration of 16106 cells/ml. To inhibit proteolysis isolated

neutrophils were incubated with 5 mM diisopropyl flurophosphate

(DFP) (Sigma Aldrich, Milwaukee, WI, USA) for 5 min on ice and

centrifuged at 200 g for 5 min. Neutrophils were disrupted by

rapid decompression of nitrogen to a pressure of 500–600 psi for

5 min in a nitrogen bomb (Parr instruments, Illinois, USA). The

cavitate was collected drop wise, centrifuged at 400 g for 15 min

and the post nuclear supernatant containing the neutrophil

granules were collected.

To check the survival of M. smegmatis and M. bovis BCG, the

isolated neutrophils (16106 cells/ml) were seeded in 24-well tissue

culture plates for 1 h and then stimulated with 10 mg/ml LPS

(Sigma) for another 1 hour. Neutrophils were infected with

mycobacteria at a MOI of 10:1. The cells were lysed at different

time points, serial dilutions of lysed cells were prepared in PBS and

plated on 7H10 medium supplemented with OADC. Unstimu-

lated neutrophils (with out LPS) were used as control.

Subcellular Fractionation
Subcellular fractionation of neutrophils was carried out by

density gradient centrifugation on a two layer Percoll gradient

(density 1.05/1.12) as described previously [49]. 10 ml of post

nuclear supernatant was layered gently, avoiding mixture of the

gradients. The gradient was centrifuged at 37,0006 g for

30 minutes at 4uC in SS34, fixed angle rotor in a Sorvall RC-

5B centrifuge. From the bottom a-band containing azurophilic

granules, b-band containing peroxidase-negative and gelatinase

granules and the clear cytosol present over the band were

collected. Percoll was removed from both a- and b-bands by

ultracentrifugation at 100,0006 g for 90 min, and the granules

were resuspended in 0.9% NaCl and stored at 280uC.

Depletion of defensins from azurophil granule proteins
The granules were freeze-thawed 3–4 times in 1% Triton X-100

and membranes were pelleted by centrifugation at 4uC. The

azurophil granule proteins were subjected to cation exchange

chromatography on a MonoS column using ÄKTA-FPLC

(Amersham Pharmacia Biotech). Bound proteins were eluted with

1 M NaCl (pH 6.5). Subsequently bound defensins were eluted

with 0.1 M NaOH. The defensin-depleted azurophil granule

proteins (AZP) were concentrated and buffer changed to 0.9%

NaCl using centrifugal filtration unit (Milipore).

Antimycobacterial assay
Neutrophil proteins were incubated with 4–96105 mycobacte-

ria in Tris-glucose buffer (10 mM Tris, 5 mM glucose, pH 7.4)

supplemented with 0.05% tween 80 in 96-well plate. Colony

forming units were assayed by plating five microliters of suitably

diluted samples in triplicate in 7H10 plates supplemented with

OADC at the indicated time points and M. smegmatis were counted

after 3 days and M. bovis BCG and M. tuberculosis colonies after 3–4

weeks. The antimycobacterial activity of AZP in the presence of

serum was checked by incubating M. smegmatis in presence or

absence of 5% human serum with 50 mg/ml AZP in Tris-glucose

buffer.

Gel overlay assay
The antimycobacterial activity of neutrophil proteins was

determined by gel overlay assay as described previously [21].

Briefly, M. smegmatis at log phase were washed and resuspended in

10 mM NaH2PO4 (pH 7.4). Bacteria (2.56107/ml) were added to

12 ml melted underlay agarose (0.3% 7H9 medium, 1% agarose

type 1 in 10 mM NaH2PO4 buffer (pH 7.4) and poured into a

square Petri dish. Protein samples in duplicate were electropho-

resed on acid urea (AU PAGE) gels in 5% acetic acid at 100 V for

1 h 30 min. One of the AU gels was stained with Coomassie

brilliant blue and the other one was washed thrice for 4 min in

10 mM NaH2PO4 (pH 7.4) and then placed over the bacteria

containing underlay gel and incubated for 6 h at 37uC. The AU

gel was then removed and overlay agarose (5% 7H9 medium, 1%

agarose type 1 in 10 mM NaH2PO4) was poured and incubated

over night at 37uC. Clearing zones were visualized by Coomassie

brilliant blue staining.

Peptide identification
Protein bands from AU PAGE corresponding to the clearing

zone formed in the gel overlay assay were cut out and digested

with trypsin as described previously [50]. The tryptic fragments

were identified by MALDI-TOF/TOF mass spectrometry.

Transmission electron microscopy
Mycobacteria (26107) were washed thrice with Tris-glucose

buffer and incubated in the same buffer with and without AZP for

6 h (M.smegmatis and BCG), 6 and 12 h for M.tuberculosis at 37uC.

Samples of the mycobacterial suspensions were absorbed on to

carbon coated copper grids for 2 min, washed with sterile distilled

water and negatively stained with 0.075% uranyle formate

[50].The grids were made hydrophilic by glow discharge at low

pressure in air. Specimens were observed in a Jeol JEM 1230

electron microscope operated at 60 kV accelerating voltage and

the images were recorded by Gatan MultiScan 791 CCD camera.

Intracellular survival assay
5–106105 RAW264.7, THP-1 and human monocyte-derived

macrophages were infected with mycobacteria at a MOI of 10:1 in

RPMI medium containing 5% FBS without antibiotics. Cells were

infected with M. smegmatis and BCG for 2 h and 3 h, respectively.

Extracellular bacteria were killed by addition of 20 mg/ml

gentamycin for 1 h. Infected macrophages were incubated with

50 mg/ml AZP, peroxidase-negative, neutrophil cytosolic, and

purified azurophil proteins (HBP, elastase and lysozyme, from

Calbiochem) for indicated time points in separate set of

experiments. Cells were washed, lysed with 0.5% triton X 100

and plated in 7H10 agar to check the intracellular survival of

bacteria. Each experiment was performed three times and in each

set of experiment the samples were plated in triplicates.

Immunofluorescence microscopy
For cellular uptake studies, purified human lysozyme (Sigma)

was first labeled with FITC (FITC labeling kit, Calbiochem) as per

the manufacturer’s instructions. 16105 THP-1 cells were grown

on glass coverslips in a 24-well plate and then incubated with

25 mg/ml FITC labeled lysozyme for 1 hour. Cell were fixed using

4% paraformaldehyde, permeabilized with 0.25% saponin and

then stained with primary antibody against LAMP-1 (1:200)

(Santa cruz Biotechnology, Santa Cruz, CA) for 60 min at room

temperature followed by incubation with Alexa Fluor 594

secondary antibody (1:1000) (Invitrogen, UK) for 60 min at room

temperature. The images were visualized using inverted fluores-

cence microscope (Nikon Eclipse TE300 equipped with a

Hamamtsu C4742-95 CCD camera). To study the localization

of lysozyme and M. smegmatis, THP-1 cells (56105) were infected

with M. megmatis-GFP (MOI 10) for 1 h. The extracellular bacteria

were killed by addition of 20 mg/ml gentamicin for 1 h and then

incubated with 100 mg/ml alexa fluor 594 labelled lysozyme for
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6 h. Finally the cells were mounted in Prolong anti fade reagent

with DAPI and visualized under the fluorescence microscope.

For co-localization studies, THP-1 cells were prepared as

described before and incubated with medium containing 1% of

fetal calf serum for 3 h. Then, cells were treated with 50 mg/ml

AZP for 2 h followed by infection with M. bovis BCG-GFP as

described above. 3 and 12 h after infection, cells were fixed with

4% PFA for 30 min at 37uC. The cells were washed twice with

blocking buffer (5% BSA in 16 PBS) and after permeabilization

with blocking buffer supplemented with 0.2% saponin and

100 mM glycin for 10 min, cells were incubated with anti-Lamp1

primary antibody to stain late endosomes and lysosomes and then

with Alexa fluor 594-conjugated secondary antibody for 1 h. After

3 washings, the cells were mounted using prolong gold antifade

reagent with DAPI (Invitrogen) and analyzed by confocal

microscopy.

MTT Assay
To determine cytotoxic activity of AZP on macrophages, RAW

264.7 grown at a density of 26104 cells/well were treated with

various concentrations of AZP for 24 h. To determine the cell

viability, the DMEM medium was removed and cells were treated

with 0.1 mg/ml MTT (MP Biomedicals, USA) in DMEM for 4 h

at 37uC and 5% CO2 in dark. The formazan crystals were

dissolved in dissolving buffer (11 g SDS in 50 ml 0.02 M HCl,

mixed with 50 ml isopropanol). The absorbance was read at

570 nm using ELISA plate reader (Biotek, Germany) and

compared with the untreated control cells.

Quantitative real-time PCR
THP-1 cells were treated with 50 mg/ml AZP for 24, 48 and

72 h. Total RNA was isolated using Trizol according to the

recommendations of the supplier (Invitrogen). The concentration

of the RNA was determined spectrophotometrically. cDNA was

synthesized from 200 ng purified RNA using iScript cDNA

synthesis kit (Biorad) according to the instructions given by the

manufacturer. Expression of Beclin-1, Atg-5 and G3PDH was

analyzed using iQSYBR Green Supermix (Biorad). Amplification

was performed at 55uC for 40 cycles in iCycler Thermal cycler

(Biorad) and data was analyzed using iCycler iQ Optical system

software. The relative expressions of the genes were calculated by

calculations based on the real-time PCR efficiencies.

Autophagy analysis
THP-1 cells were grown on 12 well tissue culture plates. After

24 h, cells were treated with 50 mg/ml AZP for another 24 h.

Then the cells were fixed and permeabilized as described before.

Cells were then stained with primary antibody against LC-3

(rabbit) at a ratio of 1:500 (Novus biological) for 60 min, washed to

remove the excess primary antibody and incubated 1 h with

fluorescently labeled secondary anti rabbit antibody (1:100). After

3 washes, cells were mounted and visualized using inverted

fluorescence microscope (Nikon Eclipse TE300 equipped with a

Hamamatsu C4742-95 CCD camera).

Statistical analysis
Statistically significant differences between groups were deter-

mined using the Student’s t test (two-tailed, equal variances).

Significance was referred as ** for P,0.0001 and * for P,0.005.

Supporting Information

Figure S1 Exponentially grown M. bovis BCG (1–56105/
ml) was incubated with 5–50 mg/ml AZP for 3 h and CFU
assay was performed to check the dose dependent anti-
mycobactericidal effect of AZP. Bacteria grown in buffer only

served as control. Data are mean 6 SD of three independent

experiments. Significance was referred as ** for P,0.0001 and *

for P,0.005.

(TIF)

Figure S2 Chromatograms of AZP (A) and peroxidase
negative granules (B). Proteins were eluted by a NaCl gradient

in 50 mM Tris-HCl, pH 7.5. FPLC chromatogram displaying

purification of proteins using Mono S columns from AZP (A) and

peroxidase-negative granule proteins (B).

(TIF)

Figure S3 Uptake of FITC-conjugated lysozyme by
THP-1. THP-1 cells were treated with 25 mg/ml FITC labeled

lysozyme for 1 h and stained with antibody against LAMP-1

followed by incubation with Alexa Fluor 594 secondary antibody.

The co-localization of lysozyme with LAMP-1 was analyzed using

fluorescence microscopy.

(TIF)

Acknowledgments

We thank Malgorzata Berlikowski for excellent technical assistance, and

Maria Baumgarten for helping us in microscopic studies. We are thankful

to Heiko Herwald for providing us heparin-binding protein and for

excellent discussions. We are also grateful to Sonawane lab members for

fruitful discussions and suggestions.

Author Contributions

Conceived and designed the experiments: AS OES PJ NB. Performed the

experiments: PJ SM TM TL AS. Analyzed the data: AS OES. Contributed

reagents/materials/analysis tools: AS OES. Wrote the paper: AS OES.

Designed and performed electron microscopy experiment: SK SS. Helped

in taking TEM pictures and image analysis: MM.

References

1. Appleberg R (1992) Mycobacterial infection primes T cells and macrophages for

enhanced recruitment of neutrophils. J Leukoc Biol 51: 472–1477.

2. Flynn JL, Chan J (2001) Immunology of tuberculosis. Annual Rev Immunnol 19:

93–129.

3. Sibille Y, Reynolds HY (1990) Macrophages and polymorphonuclear neutro-

phils in lung defense and injury. Am Rev Respir Dis 141: 471–501.

4. Wallis RS, Ellner JJ (1994) Cytokines and tuberculosis. J Leukoc Biol 55: 676–

681.

5. Zhang Y, Broser M, Cohen H, Bodkin M, Law K, et al. (1995) Enhanced

interleukin-8 release and gene expression in macrophages after exposure to

Mycobacterium tuberculosis and its components. J Clin Invest 95: 586–592.

6. Berry PR, Graham CM, McNab FW, Xu Z, Bloch SA, et al. (2010) An

interferon-induced neutrophil-driven blood transcriptional signature in human

tuberculosis. Nature 466: 973–977.

7. Barrios-Payan J, Aquilar-Leon D, Lascurain-Ledezma R, Hernandez-Pando R

(2006) Neutrophil participation in early control and immune activation during

experimental pulmonary tuberculosis. Gac Med Mex 142: 273–281.

8. Appleberg R, Pedrosa JM, Silva MT (1990) Host and bacterial factors control

the Mycobacterium avium induced chronic peritoneal granulocytosis in mice. Clin

Exp Immunol 83: 231–236.

9. Pedrosa J, Saunders BM, Appelberg R, Orme IM, Silva MT, et al. (2000)

Neutrophil play a protective non-phagocytic role in systemic Mycobacterium

tuberculosis infection of mice. Infec Immun 68: 577–583.

10. Martineau AR, Newton M, Wilkinson KA, Kampmann B, Hall M, et al. (2007)

Neutrophil-mediated innate immune resistance to mycobacteria. J Clin Invest

117: 1988–1994.

11. Steinwede K, Maus R, Bohling J, Voedisch S, Braun A, et al. (2012) Cathepsin

G and neutrophil elastase contribute to lung protective immunity against

mycobacterial infection in mice. J Immunol 188: 4476–4487.

Antimycobacterial Activity of Neutrophil Granules

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e50345



12. Feng CG, Kaviratne M, Rothfuchs AG, Cheever A, Heiny S, et al. (2006) NK

cell-derived IFN-gamma differentially regulates innate resistance and neutrophil
response in T cell-deficient hosts infected with Mycobacterium tuberculosis.

J Immunol 177: 7086–7093.

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

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

14. Jones GS, Amirault HJ, Andersen BR (1990) Killing of Mycobacterium tuberculosis

by neutrophil: A non-oxidative process. J Infect Dis 162: 700–704.
15. Sharma S, Verma I, Khuller GK (2001) Therapeutic potential of human

neutrophil peptide-1 against experimental tuberculosis. Antimicrob Agents
Chemother 45: 639–640.

16. Liu PT, Stenger S, Tang DH, Modlin RL (2007) Cutting edge: Vitamin D –
mediated human antimicrobial activity against Mycobacterium tuberculosis is

dependent on induction of cathelicidin. J Immunol 179: 2060–2063.

17. Sonawane A, Santos JS, Mishra BB, Jena P, Progida C, et al. (2011) Cathelicidin
is involved in the intracellular killing of mycobacteria in macrophages. Cell

Microbiol 13: 1601–1617.
18. Stenger S, Hanson DA, Teitelbaum R, Dewan P, Niazi KR, et al. (1998) An

antimicrobial activity of cytolytic T cells mediated by granulysin. Science 282:

121–125.
19. Heifets L, Ima K, Goren MB (1980) Expression of peroxidase-dependent

iodination by macrophages ingesting neutrophil debris. J Reticuloendothe Soc
28: 391–404.

20. Tan BH, Meinken C, Bastian M, Bruns H, Legaspi A, et al. (2006) Macrophages
acquire neutrophil granule for antimicrobial activity against intracellular

pathogens. J Immunol 177: 864–871.

21. Lehrer RI, Rosenman M, Harwig SS, Jackson R, Eisenhauer P (1991)
Ultrasensitive assays for endogenous antimicrobial polypeptides. J Immunol

Methods 137: 167–173.
22. Anes E, Peyron P, Staali L, Jordao L, Gutierrez MG, et al. (2006) Dynamic life

and death interactions between Mycobacterium smegmatis and J774 macrophages.

Cell Microbiol 8: 939–960.
23. Ying X, Liu W, Shena H, Yana J, Yanga E, et al. (2010) Recombinant

Mycobacterium bovis BCG expressing chimeric protein of Ag85B and ESAT-6
enhances immunostimulatory activity of human macrophages. Microbes Infect

12: 683–689.
24. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, et al. (2004)

Neutrophil extra-cellular traps kill bacteria. Science 303: 1532–1535.

25. Fu LM (2003) The potential of human neutrophil peptides in tuberculosis
therapy. Int Tuberc Lung Dis 7: 1027–1032.

26. Kalita A, Verma I, Khuller GK (2004) Role of human neutrophil peptide-1 as a
possible adjunct to anti-tuberculosis chemotherapy. J Infect Dis 190: 1476–1480.

27. Zhu LM, Liu CH, Chen P, Dai AG, Li CX, et al. (2011) Multidrug-resistant

tuberculosis is associated with low plasma concentration of human neutrophil
peptide 1–3. Int J Tuberc Lung Dis 15: 369–374.

28. Faurschou M, Sorenesn OE, Johnsen AH, Askaa J, Borregard N (2002)
Defensin-rich granules of human neutrophils: characterization of secretory

proteins. Biochimica Biophysica Acta 1591: 29–35.
29. Maisetta G, Luca Di M, Esin S, Florio W, Brancatisano FL, et al. (2008)

Evaluation of inhibitory effect of human serum components on bactericidal

activity of human beta defensins 3. Peptides 29: 1–6.
30. Marr AK, Gooderham WJ, Hancock RE (2006) Antibacterial peptides for

therapeutic use: obstacles and realistic outlook. Curr Opin Pharmacol 6: 468–
472.

31. Driss V, Legrand F, Hermann E, Loiseau S, Geurardel Y, et al. (2009) TLR2-

dependent eosinophil interactions with mycobacteria: role of alpha-defensins.
Blood 113: 3235–3244.

32. Armstrong JA, Hart PD (1971) Response of cultured macrophages to

Mycobacterium tuberculosis with observation on fusion of lysosomes with
phagosomes. J Exp Med 134: 713–740.

33. Soehnlein O, Larsen YK, Frithiof R, Sorensen OE, Kenne E, et al. (2008)

Neutrophil primary granule proteins HBP and HNP1-3 boost bactericidal
phagocytosis by human and murine macrophages. J Clin Invest 118: 3491–3502.

34. Yuk JM, Shin DM, Lee HM, Yang CS, Jin HS, et al. (2009) Vitamin D3 induces
autophagy in human monocytes/macrophages via cathelicidin. Cell Host

Microbe 6: 231–243.

35. 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 7: 5322–5327.
36. Suttmann H, Lehan N, Andreaas B, Brandau S (2003) Stimulation of neutrophil

granulocytes with Mycobacterium bovis Bacillus Calmette-Guerin induces changes
in phenotype and gene expression and inhibits spontaneous apoptosis. Infect

Immun 71: 4647–4656.

37. May ME, Spagnuolo PJ (1987) Evidence for activation of a respiratory burst in
the interaction of human neutrophils with Mycobacterium tuberculosis. Infect

Immun 55: 2304–2309.
38. Campanelli D, Detmers PA, Nathan CF, Gabay JE (1990) Azurocidin and a

homologous serine protease from neutrophils. Differential antimicrobial and

proteolytic proteins. J Clin Invest 85: 904–915.
39. Ganz T, Selsted ME, Szklarek D, Harwing SS, Daher K, et al. (1985) Defensins:

Natural peptide antibiotics of human neutrophils. J Clin Invest 76: 1427–1435.
40. Egesten A, Gorius JB, Gullberg U, Olsson I (1994) The heterogenecity of

azurophil granules in neutrophil promyelocytes: immunogold localization of
myeloperoxidase, cathepsin G, elastase, proteinase 3 and bactericidal/perme-

ability increasing protein. Blood 83: 2985–2994.

41. Hwang SA (2009) Lactoferrin enhances efficacy of the BCG vaccine:
comparison between two inbred mice strains (C57BL/6 and BALB/c).

Tuberculosis 89: S49–S54.
42. Andersson KB, Sletten K, Berntzen HB, Dale I, Brandtzaeg P, et al. (1988) The

leucocyte L1 protein: identity with the cystic fibrosis antigen and the calcium-

binding MRP-8 and MRP-14 macrophage components. Scand J Immunol 28:
241–245.

43. Sohnle PG, Hunter MJ, Hahn B, Chazin WJ (2000) Zinc-reversible
antimicrobial activity of recombinant calprotectin (migration inhibitory factor

related proteins 8 and 14). J Infect Dis 182: 1272–1275.
44. Niederweis M (2008) Nutrient acquisition by mycobacteria. Microbiology 154:

679–692.

45. N’ Diaye EN, Darzacq X, Astarie-Dequekarc C, Daffe M, Calafat J, et al. (1998)
Fusion of azurophil granules with phagosomes and activation of the tyrosine

kinase Hck are specifically inhibited during phagocytosis of mycobacteria by
human neutrophils. J Immunol 161: 4983–4991.

46. Gutierrez MG, Master SS, Singh SB, Tayler GA, Colombo MI, et al. (2004)

Autophagy is a defense mechanism inhibiting BCG and mycobacterium
tuberculosis survival in infected macrophages. Cell 119: 753–766.

47. Ribeiro-Gomes FL, Moniz-de Souza MCA, Alexandre-Moreira MS, Dias WB,
Lpoes MF, et al. (2007) Neutrophils activate macrophages for intracellular killing

of Leishmania major through recruitment of TLR-4 by neutrophil elastase.
J Immunol 179: 3988–3994.

48. Boyum A (1968) Isolation of mononuclear cells and granulocytes from human

blood. Scand J Clin Lab Invest 97: 77–89.
49. Kjeldsen L, Sengelov H, Borregaard N (1999) Subcellular fractionation of

human neutrophils on percoll density gradients. J Immun Methods 232: 131–
143.

50. Edstrom AML, Malm J, Frohm B, Martellini JA, Giwercman A, et al. (2008)

The major bactericidal activity of human seminal plasma is zinc dependent and
derived from fragmentation of the semenogelins. J Immunol 181: 3413–3421.

Antimycobacterial Activity of Neutrophil Granules

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e50345


