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The human airway epithelium is constantly exposed to microbial products from colonizing organisms.
Regulation of Toll-like receptor (TLR) expression and specific interactions with bacterial ligands is thought to
mitigate exacerbation of inflammatory processes induced by the commensal flora in these cells. The genus
Neisseria comprises pathogenic and commensal organisms that colonize the human nasopharynx. Neisseria
lactamica is not associated with disease, but N. meningitidis occasionally invades the host, causing meningo-
coccal disease and septicemia. Upon colonization of the airway epithelium, specific host cell receptors interact
with numerous Neisseria components, including the PorB porin, at the immediate bacterial-host cell interface.
This major outer membrane protein is expressed by all Neisseria strains, regardless of pathogenicity, but its
amino acid sequence varies among strains, particularly in the surface-exposed regions. The interaction of
Neisseria PorB with TLR2 is essential for driving TLR2/TLR1-dependent cellular responses and is thought to
occur via the porin’s surface-exposed loop regions. Our studies show that N. lactamica PorB is a TLR2 ligand
but its binding specificity for TLR2 is different from that of meningococcal PorB. Furthermore, N. lactamica
PorB is a poor inducer of proinflammatory mediators and of TLR2 expression in human airway epithelial cells.
These effects are reproduced by whole N. lactamica organisms. Since the responsiveness of human airway
epithelial cells to colonizing bacteria is in part regulated via TLR2 expression and signaling, commensal
organisms such as N. lactamica would benefit from expressing a product that induces low TLR2-dependent
local inflammation, likely delaying or avoiding clearance by the host.

The human respiratory epithelium is the first interface with
airborne pathogens. Airway epithelial cells are protected by
mucin that shields them from direct contact with microorgan-
isms but are susceptible to activation by bacterial components
from colonizing organisms. Upon activation, they produce an-
timicrobial molecules, proinflammatory cytokines, and chemo-
kines for recruitment of immune cells to the airway epithelium
via pattern recognition receptors (PRRs). These PRRs recog-
nize conserved structural motifs expressed by microbial patho-
gens or PAMPs (pathogen-associated molecular patterns) (9,
26, 30). Among the PRRs, Toll-like receptors (TLRs) induce
host innate immune responses and enhance adaptive immune
responses to a variety of organisms (27). Although human
airway epithelial cells express TLRs 1 to 10 (13, 36, 38), under
physiological conditions they express lower levels of TLR2
than immune cells, express intracellular TLR4, and often lack
necessary coreceptors for TLR signaling, such as MD-2 or
CD36 (3, 5, 14, 16, 26, 33, 49). It has been proposed that this
is a strategy to control local defense mechanisms and mitigate
exacerbation of tissue inflammation induced by commensal
organisms. Low TLR2 expression coincides with reduced
responsiveness toward some TLR2 ligands (26, 28), and a
correlation between the amount of TLR2 produced and of
inflammatory mediators secreted, as well as phagocytosis of
pathogens, has been established (1, 9, 36). TLR2 expression is

upregulated under inflammatory conditions and by pathogen
infection (35, 38).

Neisseria spp., a group of closely related Gram-negative bac-
teria, comprises pathogenic and nonpathogenic species com-
monly carried in the human upper respiratory tract (approxi-
mately 15% in the adult population) (7, 50). While reports of
systemic infections due to N. lactamica are very rare (6, 12, 33),
meningococcal strains can invade the host and cause meningi-
tis and septicemia (41, 50), via the concerted action of a num-
ber of bacterial factors, i.e., type 4 pili (Tfp), Opa and Opc
proteins, lipooligosaccharide (LOS), capsule, NMB1966, and
porins (4, 10, 18, 19, 21, 32, 40, 46, 47, 48). All Neisseria
organisms express the PorB porin, a trimeric protein with a
�-barrel conformation and eight surface-exposed loops (8).
PorB is a TLR2 agonist that activates cells via a TLR2/TLR1-
dependent signaling pathway (22–24). Recently, it has been
hypothesized that the interaction between PorB and TLR2
occurs through a ring of positively charged residues on the
porin’s surface-exposed regions and opposing negatively
charged residues on the TLR2 ectodomain (43). However,
PorB proteins from different Neisseria strains possess regions
of high amino acid sequence variability, concentrated in the
surface-exposed loops (8). Depending on the nature of the
amino acid sequence diversity, this might affect the TLR2-
specific interaction of different PorB molecules and their sub-
sequent ability to induce TLR2-dependent cell activation.

The purpose of this study is to examine the effect of purified
N. lactamica PorB and whole N. lactamica on induction of
proinflammatory responses in human airway epithelial cells via
TLR2-dependent interaction and signaling.
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MATERIALS AND METHODS

Cell lines and culture conditions. Adenovirus-12 simian virus 40 (SV40) hy-
brid virus-transformed, nontumorigenic human bronchial epithelial cells (BEAS-
2B) (ATCC CRL-9609) were grown at 37°C/5% CO2 in Dulbecco modified
Eagle medium (DMEM) F-12 supplemented with 5% fetal bovine serum (FBS),
2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin in flasks
coated with 0.01 mg/ml bovine serum albumin (BSA), 0.03 mg/ml bovine colla-
gen type I, and 0.01 mg/ml fibronectin. Prior to stimulation, BEAS-2B cells were
serum starved overnight, followed by stimulation in FBS-free medium, unless
otherwise specified. Cells of nasopharyngeal epithelial cell line Detroit 562
(ATCC CCL-138) were grown in MEM medium containing 5% FBS. Experi-
ments were restricted to cells passaged 30 times from frozen stocks. Transfected
HEK cells overexpressing TLR2 (24) were grown in DMEM with 5% FBS, 2 mM
L-glutamine, and 10 �g/ml ciprofloxacin.

Bacterial strains and growth conditions. N. lactamica strain Y92-1009 (ND:
P1.ND,ND:F-ND:ST-3493, ST-613) (34) and strain 1341 (29) and N. meningitidis
parent strain H44/76 (B:15;P1.7,16; L3,7,9, ST-32) (15), the PorA� and Rmp�

variant (H44/76 �1�4) (45), and strain MC58 (B: P1.7,16-2: F1-5: ST-74 (cc32)
(44) were subcultured from frozen stock on chocolate agar plates at 37°C for 16
to 18 h in 5% CO2. Single colonies were resuspended in GC medium containing
Isovitalex and grown to exponential growth phase. Liquid cultures were adjusted
to known concentrations (optical density at 660 nm [OD660] of 0.1 � 108 CFU
per milliliter) prior to use. For some experiments, organisms were heat killed at
65°C for 1 h.

Porins and reagents. Porins were purified from liquid cultures of N. lactamica
Y92-1002 and N. meningitidis H44/76 �1�4 as previously described (25). For
some experiments, N. lactamica PorB was labeled with the fluorescent dye Alexa
Fluor-594 (Molecular Probes) or with biotin (24). Pam3CSK4 was purchased
from EMC Microcollections (Tubingen, Germany); Escherichia coli lipopolysac-
charide (LPS) (Sigma) was subjected to phenol extraction for removal of poten-
tially contaminating lipopeptide. Anti-human-TLR2 blocking antibody clone
TL2.1 was a kind gift from Egil Lien, University of Massachusetts (20). Soluble
TLR2:Fc and TLR4:Fc were obtained as previously described (49).

Cytokine ELISA. Production of interleukin 8 (IL-8), tumor necrosis factor �
(TNF-�), and IL-6 was examined in supernatants of BEAS-2B cells (105/ml)
incubated with live or heat-killed organisms (at a multiplicity of infection [MOI]
of 10 bacteria/cell), N. lactamica PorB (0.1 to 10 �g/ml), N. meningitidis PorB (10
�g/ml), Pam3CSK4, and LPS (100 ng/ml) using an OptEIA enzyme-linked im-
munosorbent assay (ELISA) kit (BD Biosciences). LPS incubation was per-
formed with or without FBS as specified in the text. For TLR2 blocking exper-
iments, cells were pretreated with 10 �g/ml of human anti-TLR2 antibody (20)
for 30 min at room temperature prior to stimulation.

Assessment of TLR surface expression. BEAS-2B cells (105/ml) were incu-
bated with live or heat-killed organisms (MOI of 10 bacteria/cell), N. lactamica
PorB, N. meningitidis PorB, Pam3CSK4, or E. coli LPS as described above.
TLR2, TLR1, and TLR4 expression was determined with fluorescein-5-isothio-
cyanate (FITC)- or phycoerythrin (PE)-conjugated anti-human TLR2 (clone
TL2.1), TLR1 (clone GD2.F4) and TLR4 (clone HTA125) monoclonal antibod-
ies (eBiosciences) by flow cytometry with a FACScan flow cytometer with gating
to exclude cell debris associated with necrosis. PE- and FITC-labeled isotype
antibodies were used as controls.

RT-PCR. BEAS-2B cells (5 � 105/ml) were incubated as described above, and
total mRNA was extracted using the Rneasy MiniKit and reverse transcriptase
(RT) kit (Qiagen). The cDNA was amplified by PCR with specific primers for
TLR1 (5�-ACCAAGTTGTCAGCGATGTGTT-3�, 3�-GATTGTCCCCTGCTT
TTATTGA5�), TLR2 (5�-GAGTGAGTGGTGCAAGTATTGAAC-3�, 3�-GGG
CCACTCCAGGTAGGTCT-5�), IL-8 (5�-CATGACTTCCAAGCTGGC
CGTG-3�, 3�-GAGACACCATAGCTTCTTAGTCACT-5�), and GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) (5�-TCCATGACAACTTTGGTATC
GTG-3�, 3�-AGGAGACTGAAGTTGTGCTGT-5�). The PCRs were carried
out as follows: TLR1 and TLR2, 50°C for 30 min, 94°C for 1 min, 54°C for 1 min,
and 72°C for 1 min for 30 cycles; IL-8 and GAPDH, 50°C for 30 min, 94°C for
1 min, 57°C for 1 min, and 72°C for 1 min for 30 cycles. The PCR products were
analyzed on 1.2% agarose gels.

N. lactamica PorB binding assays. A flow cytometry-based cell binding assay
was used to determine binding of fluorescent N. lactamica PorB to the surface of
BEAS-2B cells (106/ml, 100 �l/well plated in U-bottom 96-well plates) as previ-
ously described (24). Binding inhibition studies were performed using either a
fixed excess amount (100 �g/ml) or increasing concentrations (0.2 to 50 �g/ml)
of unlabeled competitors. The cells were analyzed with a FACScan flow cytom-
eter with gating to exclude cell debris associated with necrosis. Cell-associated
fluorescence is expressed as the mean fluorescence intensity (MFI) of triplicate

wells from 10 experiments. For in vitro binding studies, a soluble TLR2:Fc
chimera was used as previously described (24). The A450 of duplicate wells from
triplicate experiments was measured as average readings 	 standard deviation
(SD). The binding affinity constant, Kd, was calculated empirically according to
the law of mass action, which predicts the fractional receptor occupancy at
equilibrium as a function of the ligand concentration in moles/liter.

Statistical analysis. Statistical analysis and ligand-receptor binding parameters
were calculated using GraphPad PRISM software.

RESULTS

IL-8 induction by purified N. lactamica PorB in human air-
way epithelial cells. Previous work has characterized meningo-
coccal PorB as a TLR2 agonist (22–24). The effect of PorB
purified from the commensal Neisseria lactamica strain Y92-
1009 (22, 34) (0.1, 1, and 10 �g/ml) was examined using
BEAS-2B human airway epithelial cells and Detroit 562 cells
(105/ml). IL-8 induction after 24 h of incubation in FBS-free
culture medium was measured by ELISA of cell supernatants
and was found to be dose dependent (not shown). The effect of
N. lactamica PorB (10 �g/ml) incubation for 24 h was com-
pared to those of other TLR2 and TLR4 ligands, such as N.
meningitidis PorB (10 �g/ml), Pam3CSK4 (100 ng/ml), and
LPS (100 ng/ml). N. lactamica PorB induced significantly lower
IL-8 secretion than N. meningitidis PorB in BEAS-2B cells
(Fig. 1A, black bar and gray bars, respectively; **, P � 0.008 by
unpaired t test) and in Detroit 562 cells (Fig. 1B, black and
gray bars, respectively; *, P � 0.026). In BEAS-2B cells, N.
lactamica PorB induced lower IL-8 production than
Pam3CSK4 (Fig. 1A, white bar; ***, P � 0.0008) while it was
comparable in Detroit 562 cells (Fig. 1B, white bar). BEAS-2B
cells lack expression of MD-2 and are hyporesponsive to LPS
in FBS-free culture conditions (14, 15, 25, 33, 37, 49); under these
conditions, minimal IL-8 production was induced by phenol-ex-
tracted E. coli LPS (100 ng/ml) (Fig. 1A, striped bar). However, in
the presence of 5% FBS (a source of soluble MD-2), IL-8 induced
by LPS (Fig. 1A, dashed bar) was significantly higher than that
induced by N. lactamica PorB and by LPS in the absence of FBS
(***, P � 0.0005 and ***, P 
 0.0001, respectively). LPS induced
low IL-8 secretion in Detroit 562 cells (Fig. 1B, dashed bar)
despite the presence of FBS in the culture medium throughout
the duration of the stimulation.

Analysis of the temporal induction of IL-8 by N. lactamica
PorB (1 h, 4 h, 6 h, and 24 h) in BEAS-2B cells shows that this
is an early-induced event that decreases over time (Fig. 1C,
black bars). In contrast, N. meningitidis PorB and Pam3CSK4
induced a time-dependent increase of IL-8 secretion (Fig. 1C,
gray bars and white bars, respectively). The level of N. lac-
tamica PorB-induced IL-8 was significantly lower than that
induced by N. meningitidis PorB at 4 h, 6 h and 24 h (**, P �
0.0044, ***, P � 0.0002, and **, P � 0.0013, respectively) and
by Pam3CSK4 at the same time points (***, P 
 0.0001 by
unpaired t test). IL-8 induced by Pam3CSK4 peaked at 6 h and
remained elevated at 24 h (Fig. 1C, white bars) similarly to E.
coli LPS in the presence of FBS (not shown). In Detroit 562
cells, increase of basal IL-8 secretion was not detected before
6 h of incubation. N. lactamica PorB induced significantly
lower levels of IL-8 than N. meningitidis PorB (Fig. 1D, black
bar and gray bar; **, P � 0.0025) and Pam3CSK4 (Fig. 1D,
white bar; **, P � 0.0025) at this time point as well as at 24 h
(***, P � 0.0002; ***, P � 0.0004). These results suggest that
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N. lactamica PorB is a low inducer of IL-8 secretion in human
airway epithelial cells.

To examine whether this is due to transcriptional regulation
of the IL-8 gene, IL-8 mRNA was examined by RT-PCR in
BEAS-2B cells. N. lactamica PorB incubation for 6 h increased
IL-8 mRNA levels, but this was followed by a decrease after
24 h of incubation (Fig. 1E, lanes 4 and 5, respectively), con-
sistent with IL-8 protein production. Although IL-8 protein
secretion induced by Pam3CSK4 was sustained over time, a
decrease of IL-8 mRNA at 24 h was also detected (Fig. 1E,
lanes 6 and 7), as previously shown in other studies using these
cells (2). N. meningitidis PorB (Fig. 1E, lanes 2 and 3) and LPS
with FBS (Fig. 1E, lanes 8 and 9) induced increased IL-8
mRNA at 6 h and 24 h. Minimal IL-8 mRNA expression was
induced by LPS without FBS (not shown). GAPDH was used
as a loading control. These results correlate the kinetics of IL-8
protein secretion induced by N. lactamica PorB with decreased
IL-8 mRNA production.

IL-8 induction by N. lactamica PorB is TLR2 dependent.
Proinflammatory cytokine secretion by airway epithelial cells is
dependent on signaling via TLR2 (2, 27, 28, 36). The role of
TLR2 in IL-8 production induced by N. lactamica PorB in
BEAS-2B cells and Detroit 562 cells was examined by ELISA
using a human anti-TLR2 blocking antibody (clone TL2.1)
(20). A reduction of IL-8 of approximately 80% was observed
by blocking TLR2 on the surface of BEAS-2B cells (Fig. 2A,
black bars; **, P � 0.0047 by unpaired t test) and of Detroit
562 cells (Fig. 2B, black bars; ***, P 
 0.0001) compared to
results with an isotype control antibody (Fig. 2A and B). Sim-
ilar results were observed with N. meningitidis PorB (Fig. 2A
and B, gray bars; **, P � 0.003 and **, P � 0.0088, respec-
tively) and with Pam3CSK4 (Fig. 2A and B, white bars; **, P �
0.004 and **, P � 0.0078, respectively). Blocking of TLR2 had
no effect on LPS stimulation in the presence of FBS (Fig. 2A
and B, dashed bars). The results are expressed as percentages
of IL-8 induction. Collectively, these results demonstrate that

FIG. 1. Induction of IL-8 by N. lactamica PorB. BEAS-2B cells (A) and Detroit 562 cells (B) incubated for 24 h with 10 �g/ml of N. lactamica
PorB, 10 �g/ml of N. meningitidis PorB, 100 ng/ml of Pam3CSK4, and 100 ng/ml of phenol-extracted E. coli LPS in the absence or in the presence
of FBS. For BEAS-2B cells, ��, P � 0.008, ���, P � 0.0008, ���, P � 0.0005, and ���, P 
 0.0001 by unpaired t test. For Detroit 562 cells, �, P �
0.026. (C) BEAS-2B cells incubated for 1 h, 4 h, 6 h, and 24 h with N. lactamica PorB, N. meningitidis PorB, and Pam3CSK4 as described above.
��, P � 0.0044, ���, P � 0.0002, ��, P � 0.0013 and ���, P 
 0.0001 by unpaired t test. (D) Detroit 562 cells incubated as described above. ���,
P � 0.0002, ��, P � 0.0025, and ���, P � 0.0004. The results represent the average results of triplicate wells from a minimum of three independent
experiments 	 SD. (E) IL-8 mRNA expression in response to N. meningitidis PorB for 6 h and 24 h (lanes 2 and 3, respectively), N. lactamica PorB
for 6 h and 24 h (lanes 4 and 5, respectively), Pam3CSK4 for 6 h and 24 h (lanes 6 and 7, respectively) in the absence of FBS and LPS plus FBS
for 6 h and 24 h (lanes 8 and 9, respectively). Lane 1, medium control, 24 h; lane 10, no RNA. GAPDH, loading control.
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IL-8 secretion induced by N. lactamica PorB in human airway
epithelial cells is TLR2 dependent.

TLR2 mRNA and protein expression by N. lactamica PorB.
To examine whether the low IL-8 response induced by N.
lactamica PorB in human airway epithelial cells results from
regulation of TLR2 expression, both TLR2 mRNA and protein
surface expression were measured in BEAS-2B cells. Cells
were incubated with N. lactamica PorB or N. meningitidis PorB
(10 �g/ml) for 6 h and 24 h, and TLR2 mRNA levels were
examined by RT-PCR. N. lactamica PorB induced increased
TLR2 mRNA at 6 h, which was followed by a decrease at 24 h
(Fig. 3A, lanes 4 and 5). In contrast, N. meningitidis PorB
induced increased TLR2 mRNA levels at both time points
(Fig. 3A, lanes 2 and 3). GAPDH mRNA was used as a loading
control. None of these stimuli had a significant effect on TLR1
mRNA production in BEAS-2B cells at the time points exam-
ined (Fig. 3A). Similar to N. meningitidis PorB, Pam3CSK4 and
LPS (the latter in the presence of FBS) induced upregulation
of TLR2 mRNA at both 6 h and 24 h (not shown).

To determine whether regulation of TLR2 mRNA was ac-
companied by TLR2 surface protein expression, flow cytom-
etry analysis was performed, and representative histograms are
shown in Fig. 3B. Basal expression of TLR2 in BEAS-2B is
indicated by the thick line in all the histograms, and the isotype
control antibody is indicated by the gray area. Incubation with
N. lactamica PorB for 6 h induced TLR2 surface expression
(Fig. 3B, dotted line) which did not further increase at 24 h
(Fig. 3B, thin line). The percent increase in MFI relative to
that of cells incubated with medium alone is shown. Similar
results were obtained with Pam3CSK4 for 6 h and 24 h (Fig.
3B, dotted line and thin line, respectively) and LPS with FBS
for 6 h and 24 h (Fig. 3B, dotted line and thin line, respec-
tively). No substantial TLR2 surface expression was induced by
LPS without FBS (not shown). In contrast, N. meningitidis
PorB induced higher levels of TLR2 surface protein expression
at 6 h (Fig. 3B, dotted line) which was sustained at 24 h (Fig.
3B, thin line). None of the stimuli affected TLR1 surface ex-
pression (not shown), and a variable upregulation of TLR4

expression was detected (not shown). However, it is unlikely
that TLR4 contributes to BEAS-2B cell activation by N. lac-
tamica PorB, N. meningitidis PorB, or Pam3CSK4, since
BEAS-2B cells lack expression of MD-2 (26), a necessary co-
receptor for TLR4 signaling. In fact, our results show that FBS
(as a soluble source of MD-2) is not required for the effect of
N. lactamica PorB or N. meningitidis PorB in these cells. Fur-
thermore, neither neisserial porins nor Pam3CSK4 is known to
signal via TLR4. Collectively, these results show that N. lac-
tamica PorB induces a low, transient upregulation of TLR2
expression in BEAS-2B cells, likely contributing to the ob-
served low levels of cell activation.

N. lactamica PorB binds to TLR2. Our previous work has
demonstrated the direct binding of N. meningitidis PorB TLR2
(24), but the interaction of N. lactamica PorB with TLR2 has
not been characterized so far. To investigate whether N. lac-
tamica PorB is also a TLR2 ligand, BEAS-2B cells (106/ml;
100 �l) were incubated for 1 h at 0°C with increasing concen-
trations of N. lactamica PorB labeled with the red fluoro-
chrome Alexa Fluor-594, followed by quantification of cell-
associated fluorescence by flow cytometry (24). N. lactamica

FIG. 2. TLR2-dependent IL-8 induction. BEAS-2B cells (A) and
Detroit 562 cells (B) were incubated with human anti-TLR2 blocking
antibody (10 �g/ml) or with isotype control antibody (10 �g/ml) for 30
min at room temperature, followed by addition of 10 �g/ml of N.
lactamica PorB (black bars), 10 �g/ml of N. meningitidis PorB (gray
bars), 100 ng/ml of Pam3CSK4 (white bars), or 100 ng/ml of LPS with
FBS (dashed bars) for a further 24 h. IL-8 production was examined by
ELISA of culture cell supernatants. The results are expressed as per-
cent IL-8 induction and represent the average 	 SD of results for
triplicate wells from two independent experiments. For BEAS-2B cells,
��, P 
 0.0047, ��, P � 0.003, and ��, P � 0.004; for Detroit 562 cells,
���, P 
 0.0001, ��, P � 0.0088 and ��, P � 0.0078 by unpaired t test.

FIG. 3. TLR2 induction by N. lactamica (Nlac) PorB. (A) RT-PCR
of TLR2 and TLR1 mRNA levels induced in BEAS-2B cells incubated
with medium (lane 1), 10 �g/ml of N. meningitidis (Nme) PorB for 6 h
and 24 h (lanes 2 and 3, respectively), and 10 �g/ml of N. lactamica
PorB for 6 h and 24 h (lanes 4 and 5, respectively). GAPDH was used
as a loading control. (B) Flow cytometry of TLR2 surface expression of
BEAS-2B cells incubated as described above. The isotype control
antibody is represented by the gray area; unstimulated cells are rep-
resented by the thin line, 6 h stimulation is represented by the dotted
line; 24 h stimulation is represented by the thick line. The percent
increase in MFI relative to that of cells incubated with medium alone
is shown in the insets.
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PorB bound to the surface of BEAS-2B cells in a dose-depen-
dent manner (Table 1). To determine whether N. lactamica
PorB binding was dependent on TLR2, a fixed concentration
of fluorescent N. lactamica PorB (12.5 �g/ml) was coincubated
with increasing concentrations of anti-human TLR2 blocking
antibody or with an isotype control antibody. As shown in
Table 2, blocking TLR2 on the surface of BEAS-2B cells in-
hibited N. lactamica PorB cell association. The isotype control
antibody failed to block N. lactamica PorB interaction with the
cell surface (not shown). Fluorescent N. lactamica PorB bind-
ing was also subject to homologous competition by unlabeled
N. lactamica PorB in a dose-dependent manner (Table 2).
Dose-dependent homologous competition was also observed
when increasing concentrations of fluorescent N. lactamica
PorB (Fig. 4A, closed squares) were coincubated with an ex-
cess amount of unlabeled N. lactamica PorB (100 �g/ml) (Fig.
4A, open squares; ***, P � 0.0002 and *, P � 0.05 by unpaired
t test). These results show that binding of N. lactamica PorB to
BEAS-2B cells is specific and TLR2 dependent. In addition, N.
lactamica PorB binding to TLR2 was also confirmed in a HEK
cell TLR2-overexpression system (not shown), previously used
to characterize TLR2-N. meningitidis PorB interactions (49).
However, N. lactamica PorB binding was not inhibited by ex-
cess amount of unlabeled N. meningitidis PorB in either
BEAS-2B cells (Fig. 4A, open triangles) or HEK cells overex-
pressing TLR2 (not shown).

To determine the affinity of N. lactamica PorB for TLR2, a
recombinant, soluble TLR2:Fc chimera (2 �g/ml) was used in
an ELISA-like assay as previously described (49). A Kd of
approximately 19 nM was calculated for N. lactamica PorB and
approximately 1.2 nM for Pam3CSK4, according to the law of

mass action (Fig. 4B and C). N. lactamica PorB binding affinity
for TLR2 is approximately 2-fold lower than that previously
shown for N. meningitidis PorB (24), suggesting a potentially
different mechanism of interaction with TLR2. Soluble
TLR4:Fc chimera was used as a negative control and did not
show binding to PorB or Pam3SCK4 (not shown).

Induction of cytokines by N. lactamica organisms. To exam-
ine whether the low TLR2-dependent IL-8 production induced
by N. lactamica PorB may reflect a similar effect by N. lac-
tamica, BEAS-2B cells were incubated with live organisms
(MOI of 10 bacteria/cell) for up to 24 h. Since the meningo-
coccal PorB and the N. lactamica PorB used in our study are
purified from the N. meningitidis H44/76 �1�4 derivative strain
(lacking PorA and Rmp [45]) and from the N. lactamica Y92-
1009 strain (34), these strains were used in the following stud-
ies. Measurement of IL-8 in the coculture supernatants showed
that live N. lactamica Y92-1009 induced low IL-8 secretion at
1 h, 4 h, and 6 h, followed by an increase at 24 h (Fig. 5A, black
bars). However, compared to results with live N. meningitidis

TABLE 1. N. lactamica PorB binding to BEAS-2B cells

Nlaca PorB (�g/ml) MFI 	 SD

200.................................................................................165.2 	 19
150.................................................................................163.3 	 16.7
100.................................................................................164.5 	 11.7
50...................................................................................153.1 	 12.9
25...................................................................................128.9 	 14.4
12.5 ................................................................................110.1 	 16.8
6.25................................................................................ 90 	 23.3
3.12................................................................................ 73.5 	 25.8
1.6 .................................................................................. 49.5 	 24.6
0..................................................................................... 13.5 	 3.9

a Nlac, N. lactamica.

TABLE 2. Alexa Fluor-594–N. lactamica PorB (12.5 �g/ml)
binding competition

Competitor (�g/ml)
MFI 	 SDa

�-TLR2 Nlac PorB

100 67.3 	 11.6***
50 79.5 	 2.8*** 78.4 	 8.6***
25 89.8 	 1.5*** 95.1 	 7.1***
12.5 97.3 	 2.5** 102 	 3.44*
6.25 103.1 	 0.2* 112 	 8.1
3.12 112.8 	 5.1 122 	 6.2
0 110 	 16.8 110 	 16.8

a ���, P 
 0.0001, ��, P 
 0.005 and �, P 
 0.05 by unpaired t test with Welch
correction.

FIG. 4. N. lactamica PorB binding to TLR2. (A) Dose-dependent
binding of fluorescent N. lactamica PorB to the surface of BEAS-2B
cells (106/ml, 100 �l) measured by flow cytometry (closed squares) is
inhibited by coincubation with an excess amount of unlabeled N. lac-
tamica PorB (100 �g/ml, open squares) ���, P � 0.0002 and �, P � 0.05
by unpaired t test. Binding of N. lactamica PorB is not inhibited by
excess amount of N. meningitidis PorB (open triangles). Binding affin-
ities (Kd) of N. lactamica PorB (B) and PamCSK4 (C) for TLR2 in vitro
measured by modified ELISA. Plated N. lactamica PorB (0.6 up to 50
�g/ml) and Pam3CSK4 (0.12 up to 10 �g/ml) were incubated with 2
�g/ml of soluble TLR2:Fc chimera. Specific binding is detected via the
Fc tag using horseradish peroxidase (HRP)-conjugated anti-mouse
IgG in duplicate wells from triplicate experiments and is expressed as
average A450 	 SD. BMAX and Kd are calculated according to the law
of mass action.
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H44/76 �1�4, the levels of IL-8 induced by N. lactamica at 6 h
and 24 h were significantly lower (Fig. 5A, gray bars; **, P �
0.0071 and ***, P 
 0.0001 by unpaired t test). Similarly, live
N. lactamica Y92-1009 induced lower levels of production of
IL-6 (Fig. 5B, 24 h; **, P � 0.0053 by unpaired t test) and of
TNF-� (Fig. 5C, 24 h; ***, P 
 0.0001) compared to those of
N. meningitidis H44/76 �1�4. These results show that N. lac-
tamica is a poor inducer of proinflammatory mediators in hu-
man airway epithelial cells, similar to purified N. lactamica
PorB. To expand the significance of these results to other
Neisseria strains, the meningococcal strains H44/76 (parent)
and MC58 (44) and the N. lactamica strain 1341 (29) were also
tested. Although all Neisseria strains examined induce compa-
rable levels of IL-8 production in a TLR2 and TLR4 overex-
pression HEK cell system (not shown), N. lactamica consis-
tently induced lower IL-8 production in BEAS-2B cells than
did meningococcal strains (Fig. 5D).

Analysis of bacterial growth curves showed comparable rep-
lication rates for all these organisms (not shown). However,
variations of bacterial cell numbers due to different survival
rates in airway epithelial cell cocultures might cause the ob-
served reduced cytokine production by N. lactamica. Thus,
heat-killed (HK) N. meningitidis H44/76 �1�4 and N. lac-
tamica Y92-1009 strains (MOI of 10 bacteria/cell) were incu-
bated with BEAS-2B cells and Detroit 562 cells for 24 h. HK N.
lactamica consistently induced lower levels of IL-8 secretion

than HK N. meningitidis in both cell types (Fig. 6A, black bars
and gray bars, respectively; *, P � 0.024 and *, P � 0.026 by
unpaired t test). Blockade of TLR2 in BEAS-2B cells de-
creased levels of IL-8 induced by HK N. lactamica as well as
HK N. meningitidis (Fig. 6B, black bars and gray bars, respec-
tively; ***, P 
 0.0002 by Mann-Whitney test), in agreement
with the previous results with purified N. lactamica PorB and
N. meningitidis PorB.

The effect of purified N. lactamica PorB on N. meningitidis-
induced IL-8 was then examined. As shown in Fig. 6C, coin-
cubation of BEAS-2B cells with N. lactamica PorB (10 �g/ml)
and N. meningitidis H44/76 �1�4 (MOI of 10 bacteria/cell)
(Fig. 6C, left, dark gray bar) induced IL-8 production compa-
rable to that with N. meningitidis alone (Fig. 6C, left, light gray
bar). This level was also significantly higher than that with N.
lactamica PorB alone (Fig. 6C, left, black bar; ***, P 
 0.0001
by unpaired t test), due to the effect of N. meningitidis
organisms. In contrast, IL-8 production induced by coincu-
bation with N. meningitidis PorB (10 �g/ml) and N. lac-
tamica (MOI of 10 bacteria/cell) (Fig. 6C, right, dark gray
bar) was significantly increased compared to that with N.
lactamica alone (Fig. 6C, right, black bar; ***, P 
 0.0001)
as well as that with N. meningitidis PorB alone (Fig. 6C,
right, light gray bar; *, P � 0.04 by unpaired t test), possibly
due to an additive effect. As previously shown, the IL-8 level
induced by N. lactamica PorB (Fig. 6C, left, black bar) was

FIG. 5. Induction of proinflammatory cytokines by N. lactamica. BEAS-2B cells were incubated with live N. lactamica Y92-1009 (black bars)
and live N. meningitidis H44/76 �1�4 (gray bars) at an MOI of 10 bacteria/cell for 1 h, 4 h, 6 h, and 24 h, and cytokines were measured by ELISA
of cell coculture supernatants. The results are expressed as pg/ml and are relative to results from triplicate wells from three independent
experiments. For IL-8, ���, P � 0.0071 and P 
 0.0001 (A), for IL-6, ��, P � 0.0053 (B), and for TNF-�, ���, P 
 0.0001 (C) by unpaired t test.
(D) IL-8 induction by N. meningitidis strain H44/76 (parent) (gray bar), strain MC58 (dark gray bar) and N. lactamica strain 1341 (black bar). �,
P � 0.02 and �, P � 0.04 by unpaired t test.

VOL. 78, 2010 AIRWAY EPITHELIAL CELL ACTIVATION BY N. LACTAMICA 5319



significantly lower than that induced by N. meningitidis PorB
(Fig. 6C, right, gray bar) (***, P � 0.0002) and the IL-8 level
induced by N. lactamica (Fig. 6C, right, black bar) was
significantly lower than that induced by N. meningitidis (Fig.
6C, left, gray bar) (***, P 
 0.0001).

Induction of TLR2 expression by N. lactamica organisms.
Having established that N. lactamica induces TLR2-dependent
IL-8 production less efficiently than N. meningitidis in
BEAS-2B cells, the organisms’ effect on TLR2 protein expres-
sion was examined by flow cytometry. Representative histo-
grams in Fig. 6E show basal expression of TLR2 in BEAS-2B
as the thick line and the isotype control antibody as the gray

area. Increased TLR2 expression was observed in response to
live N. lactamica (MOI of 10 bacteria/cell) after 6 h (Fig. 6E,
dotted line) and was slightly decreased at 24 h (Fig. 6E, thin
line). Incubation with live N. meningitidis for the same lengths
of time induced a visibly greater increase of TLR2 expression
at 6 h (Fig. 6E, dotted line), which remained elevated at 24 h
(Fig. 6E, thin line). The percent increase in MFI relative to
that of cells incubated with medium alone is shown. Similar
results were detected by RT-PCR (not shown). Neither organ-
ism induced surface upregulation of TLR1 (not shown) and
only incubation with N. meningitidis for 24 h induced a minor
downregulation of TLR4 surface expression (not shown).

FIG. 6. Effect of heat-killed and live Neisseria organisms on IL-8 secretion and TLR2 expression. (A) BEAS-2B cells and Detroit 562 cells were
incubated with heat-killed (HK) N. lactamica Y92-1009 and HK N. meningitidis H44/76 �1�4 at an MOI of 10 bacteria/cell for 24 h, and IL-8 was
measured by ELISA of cell coculture supernatants. The results are expressed as pg/ml and are relative to results from triplicate wells from three
independent experiments. For BEAS-2B cells, �, P � 0.024, and for Detroit 562 cells, �, P � 0.026 by unpaired t test. (B) BEAS-2B cells were
incubated with HK neisserial organisms (MOI of 10) in the presence of human anti-TLR2 blocking antibody (10 �g/ml) or isotype control antibody
(10 �g/ml) for 24 h. IL-8 secretion was measured in the coculture supernatants by ELISA. The results are expressed as percent IL-8 induction and
represent the average 	 SD of results from triplicate wells from two independent experiments. ���, P 
 0.0002 by Mann-Whitney test.
(C) BEAS-2B cells were incubated for 24 h as follows. (Left four bars) White bar, control; black bar, 10 �g/ml of N. lactamica PorB alone; light
gray bar and dark gray bar, N. meningitidis H44/76 �1�4 (MOI of 10 bacteria/cell) alone or coincubated with N. lactamica PorB and N. meningitidis,
respectively, for 24 h. ���, P 
 0.0001 by unpaired t test. (Right three bars) Light gray bar, 10 �g/ml of N. meningitidis PorB alone; black bar and
dark gray bar, N. lactamica Y92-1009 alone or coincubated with N. meningitidis PorB and N. lactamica. ���, P 
 0.0001, and �, P � 0.04. For N.
lactamica PorB (left, black bar) and N. meningitidis PorB (right, gray bar), ���, P � 0.0002; for N. lactamica (right, black bar) and N. meningitidis
(left, gray bar), ���, P 
 0.0001. IL-8 was measured in the coculture supernatants by ELISA of triplicate wells from three independent
experiments. (D) Flow cytometry analysis of TLR2 surface expression induced by N. lactamica Y92-1009 (MOI of 10 bacteria/cell) and N.
meningitidis H44-76 �1�4 (MOI of 10 bacteria/cell) for 6 h (dotted line) and 24 h (thin line) detected with a FITC-labeled anti-human TLR2
antibody. Basal expression of TLR2 is indicated by the thick line and isotype control antibody by the gray area. Gating was used to exclude
dead cells and cell debris. The percent increase in MFI relative to that of cells incubated with medium alone is shown in the insets.
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DISCUSSION

Regardless of their commensal or pathogenic nature, bacte-
ria possess motifs called pathogen-associated molecular pat-
terns (PAMPs), such as methylated CpG DNA motifs, LPS,
and lipopeptide. PAMP recognition by host-specific extracel-
lular and intracellular pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs) (27), leads to cell activa-
tion and secretion of proinflammatory mediators. Obviously,
epithelial surfaces that are often colonized by numerous com-
mensal organisms (i.e., the airways or the gut) would be in a
constant activated and inflamed state if they were to respond to
stimulation by any colonizing bacteria. It has been proposed
that cells from these epithelia have diverged from immune
cells in terms of microbe recognition. Although they use the
same PRRs, their expression and responses are differentially
regulated (14, 26). For example, the gut epithelium lacks ex-
pression of TLR4 and is thus mostly unresponsive to LPS (5,
31). Airway epithelial cells express very low levels of TLR2
under physiological conditions (16), do not express CD36 (a
TLR2 coreceptor for lipopeptide signaling [28]) and corecep-
tors necessary for TLR4 signaling (26, 33, 49), and are mostly
hyporesponsive to Gram-positive bacteria and certain bacterial
products. TLR2 expression is upregulated in these cells by
pathogenic organisms and infection by-products, such as
gamma interferon (IFN-�) and TNF-� (16, 35, 38). As a con-
sequence of signaling via TLRs, airway epithelial cells secrete
a variety of inflammatory mediators (2), including the neutro-
phil chemoattractant chemokine IL-8, often used as a hallmark
of cell activation. Recent reports have demonstrated that pro-
duction of cytokines and chemokines is also differentially reg-
ulated in airway epithelial cells via TLR expression and signal-
ing. For example, IL-8 mRNA expression induced by
poly(I � C), a TLR3 ligand, and by Pam3CSK4, a TLR2 ligand,
peaks early during stimulation and drops at later time points,
while IL-8 protein secretion by these agonists increases in a
time-dependent manner possibly due to secondary cytokine
production (2, 28). Thus, low levels of TLR2 surface expres-
sion and a TLR2-mediated signaling in human airway epithe-
lial cells provide an initial mechanistic explanation for their
low inflammatory responses to commensal organism. Collec-
tively, these observations stress the importance of TLR-medi-
ated differential signaling in the human airway epithelium.

The human nasopharynx is the natural habitat for N. lac-
tamica and N. meningitidis. While N. lactamica is not known to
cause disease, meningococci can cause severe infections. Pre-
viously, we established that meningococcal PorB porin is a
TLR2 ligand that induces cell activation via a TLR2- and
MyD88-dependent mechanism (23, 24, 39). We have examined
whether PorB purified from the commensal N. lactamica Y92-
1009 strain (34) has similar properties and demonstrate that
this protein induces lower levels of IL-8 secretion than N.
meningitidis PorB in human airway epithelial cells. In addition,
N. lactamica PorB-induced IL-8 peaks at 6 h and decreases at
24 h, contrary to the situation with N. meningitidis PorB and
other TLR ligands (i.e., Pam3CSK4, LPS). Consistent with
secreted IL-8, N. lactamica PorB induces increased IL-8 gene
expression at 6 h followed by a decrease at 24 h. N. meningitidis
PorB induces a sustained IL-8 mRNA production up to 24 h.
Pam3CSK4 also induces a transient increase of IL-8 mRNA,

which is consistent with previous studies of IL-8 posttranscrip-
tional and/or posttranslational regulation in airway epithelial
cells by this TLR2 agonist (26). Since IL-8 induction by N.
lactamica PorB is greatly reduced by a blocking anti-TLR2
antibody TLR2, it is concluded that TLR2 is involved in N.
lactamica PorB signaling in these cells. Based on the current
literature on human airway epithelial cell activation and TLR2
(26, 28, 33), the effect of N. lactamica PorB on TLR2 expres-
sion was examined. As with IL-8 production, early upregula-
tion of TLR2 surface expression and of TLR2 mRNA by N.
lactamica PorB was observed, but this was not sustained at
24 h. Collectively, our results suggest that PorB purified from
N. lactamica is a low inducer of human airway epithelial cell
activation via TLR2.

It is known that N. meningitidis PorB directly interacts with
TLR2 in vitro and on the cell surface (24). The interaction of
N. lactamica PorB with TLR2 was then examined. Our results
show that N. lactamica PorB binds to TLR2 on the surface of
BEAS-2B cells in a dose-dependent manner. This is subject to
homologous competition by unlabeled N. lactamica PorB and
is also inhibited by a human anti-TLR2 blocking antibody,
demonstrating that N. lactamica PorB is a TLR2 ligand. Sur-
prisingly, we did not observe heterologous binding competition
using unlabeled N. meningitidis PorB. This could indicate that
N. lactamica PorB and N. meningitidis PorB differentially in-
teract with TLR2. Our in vitro analysis of N. lactamica PorB-
TLR2 binding kinetics utilizing a soluble chimeric TLR2 re-
ceptor (49) has revealed a Kd of approximately 20 nM for N.
lactamica PorB. This is higher than what has been previously
established for N. meningitidis PorB (�10 nM) (24), suggesting
a different affinity for TLR2. The mechanism(s) of PorB bind-
ing to TLR2 is not known. Recent work by Tanabe et al. (42,
43) has proposed a model of electrostatic interactions between
negatively charged residues on TLR2 and positively charged
residues on the surface-exposed loop regions of the porin. This
modality of interaction differs from those of the TLR2-ligand
interactions that have been characterized so far (i.e.,
Pam3CSK4 [17]), but it might explain the difference in N.
lactamica PorB and N. meningitidis PorB binding specificities
for TLR2. In fact, Neisseria porin amino acid sequence varia-
tions that convey differences in the charge of the regions that
interact with TLR2 could influence the strength of TLR2 bind-
ing. This hypothesis is being examined by our group at a mo-
lecular level and is the focus of a separate study. The contri-
bution and the importance of accessory coreceptors for N.
lactamica PorB (and N. lactamica) signaling remain to be de-
termined.

Downregulation of proinflammatory mediators in the airway
tissue by commensal organisms is possibly a strategy to avoid
inflammation and bacterial clearance (26). Since control of
TLR2 expression is one of the mechanisms employed by epi-
thelial cells in nonsterile compartments to mitigate exacer-
bated responses to the commensal flora, we examined the
effect of whole N. lactamica or N. meningitidis organisms in
human airway epithelial cells. Consistent with our observations
with purified N. lactamica PorB, live N. lactamica is a low
inducer of the proinflammatory cytokines IL-8, IL-6, and
TNF-� compared to N. meningitidis strains such as the MC58
strain (44), the H44/76 parent strain (15), and the H44/76 �1�4
derivative strain lacking Rmp and PorA (45). Similar results in
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human meningeal cells have been previously reported (11).
Our data also show that IL-8 production by N. lactamica alone
is enhanced by coincubation with N. meningitidis PorB to levels
comparable to or higher than that with N. meningitidis PorB
alone. In contrary, N. lactamica PorB did not affect IL-8 se-
cretion induced by N. meningitidis, which is efficiently induced
by this pathogen. Like N. lactamica PorB, whole N. lactamica
organisms also induce a low TLR2 cell surface expression,
suggesting a potential negative feedback mechanism on TLR2-
dependent human airway epithelial cell activation.

N. lactamica is not considered an invasive organism. It could
be argued that lack of signaling via additional intracellular
PRRs might contribute to the observed low induction of proin-
flammatory cytokines by N. lactamica. However, consistent
with results with live organisms, heat-killed N. lactamica also
induce a low IL-8 production. This is inhibited by blocking
TLR2 on the cell surface, further stressing the relevance of
TLR2 signaling in activation of human airway epithelial cells
by these organisms. We speculate that the observed low airway
epithelial cell responses induced by N. lactamica PorB might
favor colonization by N. lactamica in the absence of a host
inflammatory response.

Obviously, assuming that PorB is the only neisserial outer
membrane component involved in human airway epithelial cell
activation would be an oversimplification. Although PorB is
the major neisserial outer membrane protein (OMP), other
Neisseria TLR ligands such as lipooligosaccharide (LOS) and
lipoprotein induce TLR-mediated cell activation. However,
since BEAS-2B cells do not express CD36 and MD-2 (26, 49),
the effects of Neisseria LOS and lipoprotein are minimized in
our studies. In conclusion, our results suggest a major role for
PorB in regulation of human airway epithelial cell activation
via TLR2 and provide new insights on the potential mecha-
nism(s) of cellular inflammatory responses to pathogenic and
commensal Neisseria organisms.
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