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Original Article

Mycobacterium bovis bacilli
Calmette-Guerin regulates leukocyte
recruitment by modulating alveolar
inflammatory responses

Märta Andersson1, Nataliya Lutay1, Oscar Hallgren2,
Gunilla Westergren-Thorsson3, Majlis Svensson1 and
Gabriela Godaly1

Abstract

Leukocyte migration into the epithelial compartment is an important feature in the active phase of mycobacterial

infections. In this study, we used the Transwell model to investigate the mechanisms behind mycobacteria-induced

leukocyte recruitment and investigated the role of TLR2 and TLR4 in this process. Infection of epithelial cells resulted

in significantly increased secretion of the neutrophil chemotactic CXCL8 and IL-6, but no secretion of monocyte

chemotactic CCL2 or TNF-a was observed. In contrast to epithelial response, mycobacteria-infected neutrophils and

monocytes secreted all these cytokines. Corresponding with epithelial cytokine response, mycobacterial infection of the

epithelial cells increased neutrophil diapedesis, but decreased monocyte recruitment. However, monocyte recruitment

towards mycobacteria infected epithelial cells significantly increased following addition of neutrophil pre-conditioned

medium. Mycobacterial infection also increases alveolar epithelial expression of TLR2, but not TLR4, as analyzed by flow

cytometry, Western blotting and visualized by confocal microscopy. Blocking of TLR2 inhibited neutrophil recruitment

and cytokine secretion, while blocking of TLR4 had a lesser effect. To summarize, we found that primary alveolar

epithelial cells produced a selective TLR2-dependent cytokine secretion upon mycobacterial infection. Furthermore,

we found that cooperation between cells of the innate immunity is required in mounting proper antimicrobial defence.
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Introduction

Innate host defence mechanisms mounted at an early
stage of tuberculosis-infection play a key role in the
initiation and direction of adaptive T-cell immunity.1,2

Entering the lung, mycobacteria invade the alveolar
epithelial cells and resident macrophages that respond
by an inflammatory response leading to recruitment of
leukocytes from the blood. Leukocyte emigration into
the alveolar compartment is an important feature in the
active phase of mycobacterial infections. The first
phagocyte to arrive to infectious foci is usually the neu-
trophil that becomes activated by microbial products
and chemokines.3–6 Monocytes arrive shortly after
and can expand locally into inflammatory macrophages
and dendritic cells.7 Activation of neutrophils enhances
the innate immune defences and leads to the production

of antimicrobial peptides, release of granule molecules
and extended lifespan of these cells through senescent
apoptosis.8,9
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Monocytes and neutrophils have overlapping
expression of pathogen-associated molecular patterns
(PAMPs) such as the TLRs.10 Ligand binding to TLR
initiates a signalling cascade through the recruitment of
adaptor molecules leading to a MyD88-dependent and/
or a MyD88-independent gene expression.11 Epithelial
expression of TLR2 and TLR4 during mycobacterial
infection is unclear, but mycobacteria activate a variety
of cells through these receptors.6,12,13 Leukocyte activa-
tion through TLR signalling is triggered by mycobac-
terial products, such as lipoarabinomannan (LAM) and
the cell wall-associated and secreted 19-kDa glycolipo-
protein.5,14,15 Studies in knockout mice revealed that
Tlr2�/� mice are unable to mount optimal innate and
adaptive immune responses against mycobacterial
infection, while the effect of Tlr4 deficiency was less
pronounced.16,17 However, recent findings suggest
that TLR4 plays a protective role in host defence
against pulmonary tuberculosis.17–19

Neutrophils are found in abundance in the sputum of
tuberculosis (TB) patients and are persistently recruited
to sites of chronic mycobacterial infection.20,21 CXCL8
is a chemotactic cytokine known for its ability to be a
strong neutrophil chemoattractant, but is also chemo-
tactic for monocytes and T-cells.22,23 Augmented
CXCL8 levels are found in plasma from TB patients
and in bronchoalveolar lavage fluids,24,25 and this che-
mokine was shown to enhance neutrophil killing of
Mycobacterium tuberculosis.26 Another chemokine,
CCL2, which is a potent chemoattractant and activator
for monocytes, also attracts CD4 and gd T-cells and was
shown to play a protective role in murine TB.27,28 Pro-
inflammatory cytokines, such as IL-6 and TNF-a,
orchestrate innate and adaptive host immune responses.
IL-6 is required in the rapid expression of an initial pro-
tective IFN-g response during M. tuberculosis infec-
tion,29 while TNF-a is important in the control of
mycobacterial infections, as illustrated by the reactiva-
tion of TB in the use of anti-TNF drugs.30

In the present study, we used a Transwell model
system to analyze the recruitment of monocytes and
neutrophils to infected alveolar epithelial cells through
primary endothelial cells. The recruitment process was
quantified by leukocyte diapedesis and by secretion of
both pro-inflammatory and inflammatory cytokines.
Furthermore, the impact on epithelial TLR2 and
TLR4 was investigated in the process.

Materials and methods

Bacterial strains and growth conditions

Mycobacterium bovis bacilli Calmette-Guerin (BCG)
Montreal strain containing the pSMT1 shuttle plasmid
was prepared as previously described.31 Briefly, the
mycobacteria were grown in Middlebrook 7H9 culture
medium, supplemented with 10% ADC (Becton

Dickinson, Oxford, UK) and hygromycin (50mg
ml�1; Roche, Lewes, UK). The culture was dispensed
into vials, glycerol was added to a final concentration of
25%, and the vials were frozen at -70�C. Prior to each
experiment, a vial was defrosted, added to 9ml of 7H9/
ADC/hygromycin medium and incubated with shaking
for 72 h at 37�C. Mycobacteria were then centrifuged
for 7min at 3000 g, washed twice with sterile PBS and
re-suspended in sterile PBS.

Cell culture

A549 alveolar epithelial cells (ATCC no. HTB-44)
were cultured in Roswell’s Park Memorial Institute
medium (RPMI) 1640 (Invitrogen, Stockholm, Sweden)
supplemented with 0.05mgml�1 gentamicin (PAA
Laboratories, Linz, Austria), 2mM glutamine and 5%
FBS (PAA Laboratories), with a change of medium
every third day. The cells were detached by Versene
(140mM NaCl, 2.4mM KCl, 8mM Na2HPO4, 1.6mM
KH2PO4, 0.5mM EDTA, pH 7.2).

Primary bronchial epithelial (PBE) cells were used as
control to the A549 epithelial cell line throughout the
study. Bronchial material for primary cell cultures was
obtained from lung explant from healthy donors with no
history of lung disease. Bronchial tissue was dissected
from lungs and kept in DMEM supplemented with gen-
tamicin, PEST, Fungizone and 10% FBS (all from
Gibco, Paisley, UK) until further isolation. After remov-
ing intraluminal mucus and surrounding tissue, bronchi
were digested in 0.1% protease (Sigma St Louis, MO,
USA) prepared in Gibco’s Minimum Essential Medium
(S-MEM) supplemented with gentamicin, PEST and
Fungizone for 24 h. Bronchial epithelial cells (HBEC)
were recovered by repeated intraluminar rinsing with
DMEM supplemented with gentamicin, PEST,
Fungizone and 10% FBS. Cells were filtered through a
100 mm strainer (Falcon, Becton Dickinson) and seeded
in cell culture flasks coated with 1% Collagen�1
(PureCol, Inamed Biomaterial, Freemont, CA, USA)
in bronchial epithelial growth medicum (BEGM) cell
culture medium (Clonetics, Lonza, Germany). The
following day, cells were thoroughly washed with a
medium change every other day. Experiments were per-
formed in passage 3. This study was approved by the
Swedish Research Ethical Committee in Lund (FEK
91/2006).

Primary HUVECs (Clonetics) were cultured in endo-
thelial cell growth medium (EGM)-2 (Clonetics) sup-
plemented with the EGM-2 bullet kit (hydrocortisone,
0.4% hFGF-B; 0.1% VEGF; 0.1% R3-IGF-1; 0.1%
ascorbic acid; 0.1% heparin; 2% FBS; 0.1% hEGFMl
and 0.1% GA-1000; Clonetics) (37�C, 5% CO2). The
cells were used at passages 2–5, according to the man-
ufacturer’s instructions.

Human venous blood mononuclear cells and neutro-
phils were isolated from healthy volunteers by the
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Polymorphprep density gradient (Axis-Shield, Oslo,
Norway) according to the manufacturer’s instructions
as described previously.32 Adherent monocytes were
obtained by overnight culture on six-well plastic culture
plates in RPMI 1640 supplemented with 0.05mg/ml
gentamicin, 2mM glutamine and 5% FBS at 37�C in
a 5% CO2 atmosphere. Non-adherent lymphocytes
were removed by washing the culture wells with
serum-free RPMI 1640 medium.

Incubation of cells with mycobacteria

For the infection experiments, epithelial A549 or PBE
cells were grown in six-well plates (2.0� 105 cells/well;
Fisher Scientific, Loughborough, UK), infected with
BCG (one bacterium per cell) or phenol-purified LPS
(1 ngml�1; Sigma-Aldrich, Seelze, Germany) at 37�C
for up to 5 d. BCG-infected cells and medium alone
were used as controls. Neutrophils (2� 106) or mono-
cytes (1� 105) were infected with BCG (one bacterium
per cell) on a rocking plate at 37�C for 180min as
described previously.6 Samples were taken after 0, 60,
120 and 180min for cytokine measurements.

Leukocyte migration

HUVEC were grown on Transwells inserts (12-well, 3-
mm pore size, Corning, NY, USA) in EGM-2 medium,
as previously described.32 As a control, cell viability
and confluence were analyzed by trypan blue exclusion
assay according to manufactures instructions (Sigma-
Aldrich). Transwell model system was created by com-
bining primary endothelial cells in the upper inserts and
infected alveolar A549 or PBE epithelial cells in the
lower compartment. For the blocking experiments,
monoclonal mouse anti-human TLR2 and/or monoclo-
nal mouse anti-human TLR4 Abs (R&D Systems,
Copenhagen, Denmark) 10 mg/ml were added to the
Transwell system or to the individual cell groups
30min before the addition of BCG.

Leukocyte transmigration assays were performed as
previously described.32 Briefly, neutrophils (1.5� 106,
0.5ml) or monocytes (1.0� 105, 0.5ml) were added
onto the endothelial cells in upper well. For the exper-
iments on neutrophil and monocyte interactions,
monocytes were added to the upper well 3 h after the
addition of neutrophils [past neutrophils (PN)] or in the
presence of medium from BCG infected neutrophils
[pre-conditioned medium (PCM)] in the lower compart-
ment. After 3 h, samples were taken from the bottom
well for leukocyte counting by Cell Counter (Sysmex,
Hamburg, Germany) and analyzed for cytokines.

Flow cytometry

Epithelial TLR2 and TLR4 expression was investigated
by FACS analysis. Alveolar epithelial A549 cells were

infected as mentioned above and stained with monoclo-
nal mouse anti-human TLR2 or monoclonal mouse
anti-human TLR4 Abs (10 mg ml�1; R&D Systems)
for 30min on ice. The PBE cells were used as a control.
The epithelial cells were washed twice in PBS and
stained with secondary anti-mouse IgG-FITC Abs
(10 mgml�1; Autogen Bioclear UK, Calne, UK) for
30min on ice. FITC-labelled monoclonal mouse immu-
noglobulin G (10 mgml�1; mouse IgG isotype control,
R&D Systems) was used as a negative control. Cells
were washed twice in PBS and analyzed by flow cytom-
etry in a FACS Calibur instrument (Becton Dickinson).
A total of 5000 cells were counted in each sample.
Mean fluorescence intensities were calculated from the
uninfected control.

Confocal microscopy

Epithelial expression of TLR2 and TLR4 was detected
by confocal microscopy. After infection, the alveolar
epithelial A549 cells were spun down on glass slides
in a cytospin2 centrifuge (RP centrifuge;
HettichRotana, Malmö, Sweden) at 600 rpm for 5min
and fixed in 100% methanol. Before staining, the cells
were permeabilized with 0.25% Triton-X (VWR
International, Stockholm, Sweden) in PBS with 5%
FBS for 10min. Slides were incubated with anti-
TLR2, anti-TLR4 or control IgG Ab (10 mg/ml;
mouse IgG isotype control, R&D Systems) for 40min
at room temperature (23�C). The slides were washed in
PBS and incubated with secondary goat anti-mouse
IgG Abs (Alexa Flour 488, Invitrogen, Carlsbad, CA,
USA) in a dilution of 1:200 for 40min in the dark at
room temperature. Staining of DNA was performed by
incubating the cells with propidium iodide (1mg/ml)
for 15min in the dark at room temperature. After
washing in PBS, the slides were examined with LSM-
510 confocal equipment (Carl Zeiss, Oberkochen,
Germany).

ELISA

CXCL8, CCL2, IL-6 and TNF-a secretion by the
infected cells was quantified in supernatants by
ELISA (R&D Systems) according to the manufac-
turer’s instructions.

Western blot

The epithelial cells were washed with PBS containing
0.2mM phenylmethylsulphonyl fluoride (PMSF), 1 lg
ml�1 PepstatinA, 5 lg ml�1 Leupeptin (Sigma-Aldrich)
and complete protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany), and lysed in mod-
ified radio-immunoprecipitation assay (RIPA) buffer
(50mM HEPES, 150mM NaCl, 2mM EDTA, 50mM
ZnCl, 1% NP-40, 0.1% deoxycholate, 0.1%

Andersson et al. 3
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SDS) containing the same protease inhibitors.
Protein concentrations were measured with the DC
Protein Assay (Bio-Rad Laboratories, Hercules, CA,
USA). Equal amounts of protein were separated by
SDS-PAGE and blotted onto polyvinylidene fluoride
(PVDF) membranes. Membranes were saturated with
non-fat, dry milk and incubated with mouse mAb
against TLR2 (R&D Systems) or TLR4 (R&D
Systems) (all 1:500–1000) or mouse anti-GAPDH Ab
(1:3000–5000; Novus Biologicals, Littleton, CO, USA).
Bound Abs were detected with rabbit anti-mouse HRP-
conjugated Ab (1:50,000–200,000, Novus Biologicals)
using ECL plus Western blotting reagent (GE
Healthcare, Little Chalfont, UK) and GelDoc equip-
ment (Bio-Rad Laboratories). To quantify protein
levels, band intensity was measured with ImageJ soft-
ware28 and normalized against GAPDH. If required,
membranes were stripped with Restore Western Blot
Stripping Buffer (Pierce, Rockford, IL, USA), blocked
and re-probed with new Abs.

Statistical analysis

The statistical difference was investigated by Mann-
Whitney test (***P� 0.001, **P< 0.01, *P< 0.05,
ns¼ non significant).

Results

Selective leukocyte recruitment

Mycobacterial invasion of alveolar epithelial A549 and
PBE cells leads to secretion of chemokines CXCL8 and
CCL2, but the initial events of leukocyte recruitment
are not known.33 The Transwell model was used to
investigate the mechanisms of leukocyte recruitment
during mycobacteria-induced infection. Normal leuko-
cyte diapedesis across unstimulated endothelial cells
towards unstimulated epithelial cells was below 20%
of the total amount added (Figure 1A). However,
BCG infection of the epithelial cells significantly
increased neutrophil recruitment across endothelial
cell layer from 20% to 66% (P� 0.001), while mono-
cyte migration was decreased to 10% (P¼ 0.016). To
investigate if neutrophil recruitment could affect mono-
cyte migration, monocytes were added 3 h after the
addition of neutrophils to endothelial barrier during
mycobacterial epithelial infection. Monocyte recruit-
ment after neutrophil diapedesis increased from 20%
to 68% (P� 0.001; Figure 1B). To analyze whether
the increased monocyte migration was dependent on
the disruption of endothelial integrity, monocyte diape-
desis was measured in response to the addition of
medium from neutrophil experiments and BCG
infected epithelial cells (Figure 1B). Normal neutrophil
diapedesis across unstimulated endothelial cells was

18% of the total amount added (Figure 1B). Addition
of pre-conditioned medium increased monocyte migra-
tion from 18% to 54% (P� 0.001).

Selective cytokine secretion

Effective cytokine secretion is essential in order to con-
struct an appropriate inflammatory response against an
infection. Induction of inflammatory response by
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Figure 1. Neutrophil diapedesis increases monocyte recruit-

ment. Mechanisms of leukocyte recruitment during mycobac-

teria-induced infection in the Transwell model. (A) Normal

leukocyte diapedesis after 3 h across unstimulated endothelial

cells towards unstimulated alveolar epithelial cells was below 20%

of the total amount added. For the infection model, alveolar

epithelial cells were infected with BCG for 3 d whereupon they

were combined with the Transwell inserts containing primary

endothelial cells, and neutrophils or monocytes were added.

BCG infection of the epithelial cells significantly increased neu-

trophil recruitment across the endothelial cell layer while

monocyte migration was decreased. (B) Addition of monocytes

after the passage of neutrophils (PN) or after the addition of pre-

conditioned medium (PCM) from neutrophils in the bottom well

increased monocyte recruitment. Data are presented as

mean� SEM of four separate experiments; *P< 0.05,

*** P< 0.001, compared to non-infected control.
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mycobacteria-infected neutrophils, monocytes and epi-
thelial A549 cells was estimated as a concentration of
chemokines CXCL8 and CCL2 and of the pro-inflam-
matory cytokines IL-6 and TNF-a (Figure 2). The PBE
cells were used to compare mycobacteria-induced

cytokine production. Compared with medium control,
mycobacterial infection of neutrophils and monocytes
induced an ascendant CXCL8 and CCL2 secretion that
peaked 3 h after infection (Figure 2A). Neutrophil
CCL2 secretion was significantly higher than monocyte
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Figure 2. Mycobacteria induce a selective cytokine secretion. Induction of cytokine secretion by BCG-infected human leukocytes

was measured for up to 3 h, while cytokine secretion from mycobacterial infected alveolar epithelial cells was measured over 96 h. (A)

Compared with non-infected control cells, mycobacterial infection of neutrophils and monocytes induced significant CXCL8, CCL2,

IL-6 and TNF-a secretion. After 2 h of infection, neutrophil CCL2 and IL-6 secretion were significantly higher than monocyte secretion

of these cytokines; however, mycobacterial infection of monocytes induced a continuous and persistent pro-inflammatory cytokine

production. (B) Alveolar epithelial response of CXCL8 and IL-6 after mycobacterial infection was delayed. CXCL8 secretion peaked

after 72 h while there was a continuous increase in IL-6 secretion during the study. Mycobacteria did not induce CCL2 or TNF-a
production from infected alveolar epithelial cells. LPS was used as a positive control and non-infected cells were used as negative

control. Data are presented as mean� SEM of four separate experiments; *P< 0.05, **P< 0.01, ***P< 0.001, neutrophils compared

to monocytes in (A) and compared to non-infected control in (B).
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secretion 2 h after infection (P¼ 0.029 after 2 h;
P< 0.001 after 3 h). There was a difference between
neutrophils and monocytes in the pro-infla-
mmatory cytokine response to mycobacterial infection.
Neutrophil infection induced an IL-6 and TNF-a pro-
duction that peaked 2 h after infection and declined
thereafter. However, mycobacterial infection of mono-
cytes induced a continuous pro-inflammatory cytokine
production during the whole experiment. The secretion
of CXCL8 and IL-6 from infected epithelial cells was
delayed and began 24 h of infection (Figure 2B). No
difference in cytokine production or cytokine secretion
was observed between the alveolar A549 and the PBE
epithelial cells. CXCL8 secretion peaked after 72 h,
while there was a continuous increase in IL-6 secretion
during our study. Mycobacteria did not induce CCL2
or TNF-a production from infected primary epithelial
cells, while LPS, used as a positive control, increased all
cytokines (P< 0.001)

Mycobacteria increase TLR expression

TLR2 and TLR4 are expressed on various cells in the
lung,34 but their expression on human lung alveolar epi-
thelial cells has not been investigated. To address this
question, alveolar A549 cells were stainedwithmonoclo-
nal anti-TLR2 or anti-TLR4 Abs (Figure 3A, B) and the
surface protein expression was quantified by flow cytom-
etry. The PBE cells were used to compare mycobacteria-
induced TLR2 and TLR4 expression. Unstimulated
A549 and PBE epithelial cells had low basal level expres-
sion of both receptors, with the TLR4 more abundant
than the TLR2. Mycobacterial infection significantly
increased epithelial TLR2 expression, as detected by con-
focal immunofluorescent microscopy and quantified by
flow cytometry; however, TLR4 expression was less
affected (Figure 3A–C). Mycobacterial infection aug-
mented TLR2 expression by 52% and the TLR4 expres-
sion was increased by 17%. These results were further
confirmed byWestern blot analysis that revealed contin-
uous increased expression of TLR2 in both A549 and
PBE cells in response to mycobacterial infection; how-
ever, TLR4 expression was not affected (Figure 3D).
Infected cells had an increased expression level of
TLR2 for up to 5 d after stimulation (P¼ 0.008 for
TLR2 expression).

TLRs and neutrophil diapedesis

Mycobacteria are known to trigger leukocyte activation
by engagingTLR2 andTLR4,5,14 but notmuch is known
about the impact of these receptors on leukocyte diape-
desis. The Transwell model was used to investigate the
influence of TLRs on neutrophil migration across acti-
vated endothelium towards infected A549 or PBE epi-
thelium (Figure 4). Blocking with anti-TLR2 Abs
induced a significant decrease of mycobacteria-induced

neutrophil diapedesis (from 66% to 32%; P< 0.001),
while the blocking of TLR4 did not have any impact.
Blocking of both receptors reduced neutrophil diapede-
sis from 66% to 35% (P¼ 0.019).

TLR2 modulated cytokine secretion

TLRs modulate the induction of hundreds of host
genes through a complex network of signalling that
allows for the appropriate response to a microbial path-
ogen.35 In order to investigate how TLR2 and TLR4
influence mycobacteria induced cytokine secretion from
neutrophils, monocytes, alveolar A549 and PBE epithe-
lial cells, the cells were treated with Abs against TLR2
and/or TLR4 before infection with live BCG (Figure 5).
Blocking of TLR2 significantly reduced the cytokine
secretion of all the infected cells, while blocking of
TLR4 had the highest inhibitory function on both epi-
thelial cells tested and on monocyte cytokine secretion.
Blocking of both receptors significantly reduced cyto-
kine secretion of all infected cells.

Discussion

Mycobacteria have evolved a highly specific mechanism
to proliferate in the host during infection. By manipu-
lating the important host defence mechanisms, such as
apoptosis and phagocytosis, this pathogen has killed an
estimated 100 million people over the last century.36 In
this study, we show that mycobacteria induce a specific
inflammatory response from infected epithelium result-
ing in selective leukocyte recruitment. Mycobacterial
infection of alveolar epithelial cells resulted in secretion
of CXCL8 and IL-6, but no secretion of the monocyte
chemotactic CCL2 or pro-inflammatory TNF-a was
observed. Both of the epithelial cells used in our
study, i.e. alveolar and bronchial, exhibited an identical
inflammatory response against mycobacterial infection.
However, in a human lung, the epithelial inflammatory
response against mycobacteria would also be affected
by the normal macrophage:epithelia ratio of 50:1000,37

which is missing in our Transwell model system. The
epithelial response of CXCL8 would lead to recruit-
ment of mainly neutrophils from the blood circulation,
which was further confirmed in the model system.
Infection of epithelial cells increased neutrophil diape-
desis, while there was a decrease of monocyte recruit-
ment. However, the addition of pre-conditioned
medium from infected neutrophils increased monocyte
recruitment, suggesting that arriving neutrophils secrete
chemokines to attract more cells to the site of infection.

Analysis of the cytokine repertoire from mycobac-
teria-infected neutrophils and monocytes revealed that
both of these cells secrete the measured cytokines, i.e.
CCL2, CXCL8, TNF-a and IL-6. Interestingly, admin-
istration of the cytokines IL-6 and TNF-a was recently
shown to induce a protective T cell immunity against
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M. tuberculosis infection.38 Monocyte secretion of
CCL2, CXCL8, TNF-a and IL-6 was more persistent
and increased over time, while neutrophil cytokine
response declined by the end of our study, possibly
reflecting the short lifespan of these cells. Neutrophils
have been implicated in anti-mycobacterial immunity
based on the transfer of antimicrobial molecules to
monocytes.39–41 Both apoptotic neutrophils and puri-
fied neutrophil granules can reduce the viability of

bacteria and augment the ability of infected macro-
phages to reduce bacterial growth. Neutrophil protec-
tion against infection was recently assessed in newly
diagnosed TB patients.42 In this study, a depletion of
neutrophils from a whole blood model dramatically
reduced the release of anti-mycobacterial peptides
in response to mycobacterial infection and
reduced the ability to limit mycobacterial viability.
Importantly, an inverse relationship was found between

Figure 3. Mycobacteria increase alveolar TLR expression. TLR2 and TLR4 expression on alveolar epithelial cells. (A) Alveolar

epithelial cells were infected with mycobacteria for 3 d and stained with monoclonal anti-TLR2 or anti-TLR4 Ab and expression was

analyzed with flow cytometry (A,B) and confocal microscopy (C). Unstimulated alveolar epithelial cells have low basal level expression

of both receptors, with TLR4 more abundant than the TLR2. The mean fluorescence intensity (MFI) was calculated as an increase from

negative control cells. Mycobacterial infection significantly increased epithelial TLR2 expression as detected by confocal microscopy

and quantified by flow cytometry, but TLR4 expression was less affected. Confocal images showing alveolar epithelial TLR2 or TLR4

expression after 3 d of mycobacterial infection (green). Cellular DNA was counter-stained with propidium iodide (red). Original

magnification x 300. (D) Alveolar epithelial TLR2 and TLR4 expression upon mycobacterial infection for up to 5 d was analyzed by

Western blot. Epithelial cells express continuous TLR2 that was further increased in response to mycobacterial infection, while TLR4

expression was not affected. Data are presented as mean� SEM of four separate experiments; **P< 0.01, ***P< 0.001, TLR2

expression compared to TLR4 expression.
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the amount of peripheral neutrophils and the risk ofM.
tuberculosis infection, suggesting that neutrophils play
a protective role very early on in infection.42

Additionally, another leukocyte, the eosinophil, is
found in high amounts in serum of TB patients, but
their function in immune response towards mycobacte-
rial infections is not well investigated.43

In the lung, TLR2 and TLR4 are mainly expressed on
the surface of monocytes and neutrophils,34 but the
mRNA level of these receptors within alveolar epithelial
cells has been reported.44–46 We observed that mycobac-
teria induced increased TLR2 expression, while TLR4
expression was less affected by mycobacterial infection.
This observation was further supported by protein anal-
ysis, where we could observe that epithelial TLR2 levels
increased upon infection, while TLR4 levels remained at
the background levels. Blocking of TLR2 had a major
impact on neutrophil migration across activated endo-
thelia, while blocking of TLR4 had no significant effect.
One explanation could be that TLR signalling regulates
neutrophil migration by increasing cell surface expres-
sion of chemokine receptors and activating CD11b/
CD18.47,48 Chemokine secretion is also affected by
TLRs, as blocking of TLR2 effectively decreased myco-
bacteria-induced cytokine secretion from both leuko-
cytes and alveolar epithelial cells, while the blocking of
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TLR4 had the highest inhibitory function on epithelial
and monocyte cytokine secretion. This observation is
supported by previous studies onmycobacterial cell acti-
vation where secretion of CXCL8 was dependent on
cooperation betweenTLR2andTLR4.6,13 Furthermore,
the importance of intact TLR2 signalling was demon-
strated by the increased susceptibility to TB infection in
patients with TLR2 polymorphisms.49,50

In summary, we found that primary alveolar epithe-
lial cells produced a selective, TLR2-dependent cyto-
kine secretion upon mycobacterial infection. Most
importantly, we found that neutrophil influx is neces-
sary for increasing the inflammation and recruitment of
monocytes by broadening the repertoire of the inflam-
matory response. Cooperation between cells in innate
immunity is thus required in mounting a proper anti-
microbial defence.

Acknowledgements

We thank M. Yadav for technical assistance. This study was
supported by a Research Scientist Grant from the Swedish

Medical Research Council [7364, 11550]; the Heart and Lung
Foundation; Evy and Gunnar Sandberg Foundation and the
Medical Faculty of Lund University, Sweden.

References

1. Schluger NW and Rom WN. The host immune response to

tuberculosis. Am J Respir Crit Care Med 1998; 157: 679–691.

2. van Crevel R, Ottenhoff TH and van der Meer JW. Innate immu-

nity to Mycobacterium tuberculosis. Clin Microbiol Rev 2002; 15:

294–309.

3. Lin Y, Zhang M and Barnes PF. Chemokine production by a

human alveolar epithelial cell line in response to Mycobacterium

tuberculosis. Infect Immun 1998; 66: 1121–1126.

4. Wickremasinghe MI, Thomas LH and Friedland JS. Pulmonary

epithelial cells are a source of IL-8 in the response to

Mycobacterium tuberculosis: essential role of IL-1 from infected

monocytes in a NF-kappa B-dependent network. J Immunol

1999; 163: 3936–3947.

5. Neufert C, Pai RK, Noss EH, et al. Mycobacterium tuberculosis

19-kDa lipoprotein promotes neutrophil activation. J Immunol

2001; 167: 1542–1549.

6. Godaly G and Young DB. Mycobacterium bovis bacille Calmette

Guerin infection of human neutrophils induces CXCL8 secretion

by MyD88-dependent TLR2 and TLR4 activation. Cell

Microbiol 2005; 7: 591–601.

7. Skold M and Behar SM. Tuberculosis triggers a tissue-dependent

program of differentiation and acquisition of effector functions

by circulating monocytes. J Immunol 2008; 181: 6349–6360.

8. Yamashiro S, Kamohara H, Wang JM, et al. Phenotypic and

functional change of cytokine-activated neutrophils: inflamma-

tory neutrophils are heterogeneous and enhance adaptive

immune responses. J Leukoc Biol 2001; 69: 698–704.

9. Persson A, Blomgran-Julinder R, Eklund D, et al. Induction of

apoptosis in human neutrophils by Mycobacterium tuberculosis is

dependent on mature bacterial lipoproteins. Microb Pathog 2009;

47: 143–150.

10. Brightbill HD, Libraty DH, Krutzik SR, et al. Host defense

mechanisms triggered by microbial lipoproteins through toll-

like receptors. Science 1999; 285: 732–736.

11. Kawai T and Akira S. The role of pattern-recognition receptors

in innate immunity: update on Toll-like receptors. Nat Immunol

2010; 11: 373–384.

12. Means TK, Wang S, Lien E, et al. Human toll-like receptors

mediate cellular activation by Mycobacterium tuberculosis.

J Immunol 1999; 163: 3920–3927.

13. Mendez-Samperio P, Belmont L and Miranda E. Mycobacterium

bovis BCG Toll-like receptors 2 and 4 cooperation increases the

innate epithelial immune response. Arch Med Res 2008; 39:

33–39.

14. Quesniaux VJ, Nicolle DM, Torres D, et al. Toll-like receptor 2

(TLR2)-dependent-positive and TLR2-independent-negative reg-

ulation of proinflammatory cytokines by mycobacterial lipoman-

nans. J Immunol 2004; 172: 4425–4434.

15. Jo EK, Yang CS, Choi CH and Harding CV. Intracellular sig-

nalling cascades regulating innate immune responses to

Mycobacteria: branching out from Toll-like receptors. Cell

Microbiol 2007; 9: 1087–1098.

16. Reiling N, Holscher C, Fehrenbach A, et al. Cutting edge: Toll-

like receptor (TLR)2- and TLR4-mediated pathogen recognition

in resistance to airborne infection with Mycobacterium tubercu-

losis. J Immunol 2002; 169: 3480–3484.

17. Heldwein KA, Liang MD, Andresen TK, et al. TLR2 and

TLR4 serve distinct roles in the host immune response

against Mycobacterium bovis BCG. J Leukoc Biol 2003; 74:

277–286.

18. Abel B, Thieblemont N, Quesniaux VJ, et al. Toll-like receptor 4

expression is required to control chronic Mycobacterium tubercu-

losis infection in mice. J Immunol 2002; 169: 3155–3162.

19. Branger J, Leemans JC, Florquin S, et al. Toll-like receptor 4

plays a protective role in pulmonary tuberculosis in mice. Int

Immunol 2004; 16: 509–516.

20. McCarter YS and Robinson A. Quality evaluation of sputum

specimens for mycobacterial culture. Am J Clin Pathol 1996;

105: 769–773.

21. Ribeiro-Rodrigues R, Resende Co T, Johnson JL, et al. Sputum

cytokine levels in patients with pulmonary tuberculosis as early

markers of mycobacterial clearance. Clin Diagn Lab Immunol

2002; 9: 818–823.

22. Zhang Y, Broser M, Cohen H, et al. Enhanced interleukin-8

release and gene expression in macrophages after exposure to

Mycobacterium tuberculosis and its components. J Clin Invest

1995; 95: 586–592.

23. Gerszten RE, Garcia-Zepeda EA, Lim YC, et al. MCP-1 and IL-

8 trigger firm adhesion of monocytes to vascular endothelium

under flow conditions. Nature 1999; 398: 718–723.

24. Meddows-Taylor S, Martin DJ and Tiemessen CT. Dysregulated

production of interleukin-8 in individuals infected with human

immunodeficiency virus type 1 and Mycobacterium tuberculosis.

Infect Immun 1999; 67: 1251–1260.

25. Pokkali S and Das SD. Augmented chemokine levels and che-

mokine receptor expression on immune cells during pulmonary

tuberculosis. Hum Immunol 2009; 70: 110–115.

26. Nibbering PH, Pos O, Stevenhagen A and Van Furth R.

Interleukin-8 enhances nonoxidative intracellular killing of

Mycobacterium fortuitum by human granulocytes. Infect Immun

1993; 61: 3111–3116.

27. Penido C, Vieira-de-Abreu A, Bozza MT, et al. Role of monocyte

chemotactic protein-1/CC chemokine ligand 2 on gamma delta T

lymphocyte trafficking during inflammation induced by lipopoly-

saccharide or Mycobacterium bovis bacille Calmette-Guerin.

J Immunol 2003; 171: 6788–6794.

28. Kipnis A, Basaraba RJ, Orme IM and Cooper AM. Role of

chemokine ligand 2 in the protective response to early murine

pulmonary tuberculosis. Immunology 2003; 109: 547–551.

29. Saunders BM, Frank AA, Orme IM and Cooper AM.

Interleukin-6 induces early gamma interferon production in the

infected lung but is not required for generation of specific immu-

nity to Mycobacterium tuberculosis infection. Infect Immun 2000;

68: 3322–3326.

Andersson et al. 9

 at LUND UNIVERSITY LIBRARIES on February 23, 2012ini.sagepub.comDownloaded from 

http://ini.sagepub.com/


XML Template (2011) [25.10.2011–10:09am] [1–10]
K:/INI/INI 426591.3d (INI) [PREPRINTER stage]

30. Harris J and Keane J. How tumour necrosis factor blockers inter-

fere with tuberculosis immunity. Clin Exp Immunol 2010; 161:

1–9.

31. Snewin VA, Gares MP, Gaora PO, Hasan Z, Brown IN and

Young DB. Assessment of immunity to mycobacterial infection

with luciferase reporter constructs. Infect Immun 1999; 67:

4586–4593.

32. Godaly G, Proudfoot AE, Offord RE, et al. Role of epithelial

interleukin-8 (IL-8) and neutrophil IL-8 receptor A in Escherichia

coli-induced transuroepithelial neutrophil migration. Infect

Immun 1997; 65: 3451–3456.

33. Peters W and Ernst JD. Mechanisms of cell recruitment in the

immune response to Mycobacterium tuberculosis. Microbes

Infect 2003; 5: 151–158.

34. Muzio M and Mantovani A. Toll-like receptors (TLRs) signal-

ling and expression pattern. J Endotoxin Res 2001; 7: 297–300.

35. Lasker MV and Nair SK. Intracellular TLR signaling: a struc-

tural perspective on human disease. J Immunol 2006; 177: 11–16.

36. Editorial. The worldwide epidemic of multidrug-resistant tuber-

culosis. Lancet Infect Dis 2011; 11: 333.

37. Crystal RJ. Alveolar macrophages. In: RJCaJB West (ed.) The

lung: scientific foundations. New York: Raven Press, 1991.

38. Singh V, Jain S, Gowthaman U, et al. Co-administration of

IL-1+IL-6+TNF-alpha with Mycobacterium tuberculosis

infected macrophages vaccine induces better protective T cell

memory than BCG. PLoS One 2011; 6: e16097.

39. Appelberg R. Neutrophils and intracellular pathogens: beyond

phagocytosis and killing. Trends Microbiol 2007; 15: 87–92.

40. Silva MT, Silva MN and Appelberg R. Neutrophil-macrophage

cooperation in the host defence against mycobacterial infections.

Microb Pathog 1989; 6: 369–380.

41. Tan BH, Meinken C, Bastian M, et al. Macrophages acquire

neutrophil granules for antimicrobial activity against intracellu-

lar pathogens. J Immunol 2006; 177: 1864–1871.

42. Martineau AR, Newton SM, Wilkinson KA, et al. Neutrophil-

mediated innate immune resistance to mycobacteria. J Clin Invest

2007; 117: 1988–1994.

43. Diagbouga S, Aldebert D, Fumoux F, Capron M and Ledru E.

Relationship between interleukin-5 production and variations in

eosinophil counts during HIV infection in West Africa: influence

of Mycobacterium tuberculosis infection. Scand J Immunol 1999;

49: 203–209.

44. Droemann D, Goldmann T, Branscheid D, et al. Toll-like recep-

tor 2 is expressed by alveolar epithelial cells type II and macro-

phages in the human lung. Histochem Cell Biol 2003; 119:

103–108.

45. MacRedmond R, Greene C, Taggart CC, et al. Respiratory epi-

thelial cells require Toll-like receptor 4 for induction of human

beta-defensin 2 by lipopolysaccharide. Respir Res 2005; 6: 116.

46. Chuang CY, Chen TG, Tai YT, et al. Toll-like receptor

2-mediated sequential activation of MyD88 and MAPKs contrib-

utes to lipopolysaccharide-induced sp-a gene expression in

human alveolar epithelial cells. Immunobiology 2010; 216:

707–714.

47. Fan J and Malik AB. Toll-like receptor-4 (TLR4) signaling aug-

ments chemokine-induced neutrophil migration by modulating

cell surface expression of chemokine receptors. Nat Med 2003;

9: 315–321.

48. Zhou X, Gao XP, Fan J, et al. LPS activation of Toll-like recep-

tor 4 signals CD11b/CD18 expression in neutrophils. Am J

Physiol Lung Cell Mol Physiol 2005; 288: L655–L662.

49. Ben-Ali M, Barbouche MR, Bousnina S, et al. Toll-like receptor

2 Arg677Trp polymorphism is associated with susceptibility to

tuberculosis in Tunisian patients. Clin Diagn Lab Immunol 2004;

11: 625–626.

50. Ogus AC, Yoldas B, Ozdemir T, et al. The Arg753GLn polymor-

phism of the human toll-like receptor 2 gene in tuberculosis dis-

ease. Eur Respir J 2004; 23: 219–223.

10 Innate Immunity 0(0)

 at LUND UNIVERSITY LIBRARIES on February 23, 2012ini.sagepub.comDownloaded from 

http://ini.sagepub.com/



