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The Amino Acid Sequence of Neisseria lactamica PorB Surface-
Exposed Loops Influences Toll-Like Receptor 2-Dependent Cell
Activation
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Toll-like receptors (TLRs) play a major role in host mucosal and systemic defense mechanisms by recognizing a diverse array of
conserved pathogen-associated molecular patterns (PAMPs). TLR2, with TLR1 and TLR6, recognizes structurally diverse bacte-
rial products such as lipidated factors (lipoproteins and peptidoglycans) and nonlipidated proteins, i.e., bacterial porins. PorB is
a pan-neisserial porin expressed regardless of organisms’ pathogenicity. However, commensal Neisseria lactamica organisms
and purified N. lactamica PorB (published elsewhere as Nlac PorB) induce TLR2-dependent proinflammatory responses of
lower magnitude than N. meningitidis organisms and N. meningitidis PorB (published elsewhere as Nme PorB). Both PorB
types bind to TLR2 in vitro but with different apparent specificities. The structural and molecular details of PorB-TLR2 interac-
tion are only beginning to be unraveled and may be due to electrostatic attraction. PorB molecules have significant strain-spe-
cific sequence variability within surface-exposed regions (loops) putatively involved in TLR2 interaction. By constructing chime-
ric recombinant PorB loop mutants in which surface-exposed loop residues have been switched between N. lactamica PorB and
N. meningitidis PorB, we identified residues in loop 5 and loop 7 that influence TLR2-dependent cell activation using HEK cells
and BEAS-2B cells. These loops are not uniquely responsible for PorB interaction with TLR2, but NF-kB and MAP kinases sig-
naling downstream of TLR2 recognition are likely influenced by a hypothetical “TLR2-binding signature” within the sequence of
PorB surface-exposed loops. Consistent with the effect of purified PorB in vitro, a chimeric N. meningitidis strain expressing N.
lactamica PorB induces lower levels of interleukin 8 (IL-8) secretion than wild-type N. meningitidis, suggesting a role for PorB in

induction of host cell activation by whole bacteria.

N eisseriae are Gram-negative bacteria comprising both patho-
genic and nonpathogenic microorganisms. The pathogenic
species include Neisseria gonorrhoeae, which colonizes the human
reproductive system, and Neisseria meningitidis, which colonizes
the human respiratory system. N. meningitidis, carried by approx-
imately 15% of the adult population, occasionally invades the host
and causes meningococcal disease and septicemia (2, 59). The
commensal Neisseria lactamica is also carried in the human upper
respiratory tract (14, 39), but reports of systemic infections are
very rare (10, 57).

All Neisseria species express porins, major outer membrane
proteins that belong to the Gram-negative porin superfamily
(5, 20). N. meningitidis expresses two porins, PorA and PorB,
while N. lactamica expresses only PorB (13). Porins are tri-
meric proteins composed of ~35-kDa monomers with a 16-
strand B-barrel fold and eight surface-exposed, variable, hy-
drophilic loops (11, 48). These proteins share sequence
homology in the transmembrane domains, but the sequences
of extracellular loops 1 through 8 have a high degree of vari-
ability among strains (11, 52).

The known effects of neisserial porins on eukaryotic cells in-
clude induction of cell activation and immune stimulation (im-
mune adjuvant effect) (56), contribution to serum resistance to
Neisseria infections (19, 46), modulation of host cell survival (31),
and involvement in bacterial invasion of host cells (36). Both N.
meningitidis PorB and N. lactamica PorB have been identified as
nonlipidated TLR2 ligands that require TLR2-TLRI1 het-
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erodimerization for inducing cell activation via a MyD88-depen-
dent pathway (30, 33).

Toll-like receptors (TLRs) are cellular pattern recognition re-
ceptors (PRRs) that recognize microbial products (pathogen-as-
sociated molecular patterns [PAMPs]) (35). Cell activation via
TLR engagement triggers intracellular signaling pathways, such as
NE-kB nuclear translocation and mitogen-activated protein ki-
nase (MAPK) phosphorylation and activation, that regulate acute
inflammatory responses, host innate and adaptive immune re-
sponses, and site-specific defense mechanisms (1).

N. lactamica PorB and N. meningitidis PorB (published else-
where as Nlac PorB and Nme PorB, respectively) have been shown
to elicit TLR2-dependent cell activation of different magnitudes,
likely due to their different binding affinities for TLR2 (26, 33).
Similarly, N. lactamica whole organisms induce lower TLR2-de-
pendent inflammatory responses than N. meningitidis whole or-
ganisms in human airway epithelial cells and meningeal cells (12).
Regulation of TLR-dependent cell activation is a common mech-
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anism employed by several microorganisms to actively prevent or
downregulate host cell responses that control local inflammation.
For example, Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus pneumoniae, and Pseudomonas aeruginosa induce
different amounts of the inflammatory mediators interleukin 8
(IL-8) and RANTES (55). An inverse correlation between serum
levels of IL-8 and RANTES has also been shown in patients with
meningococcal infections, where high levels of IL-8 and low levels
of RANTES correlate with severe disease and poor prognosis (i.e.,
acute bacterial meningitis and meningococcal septic shock) while
low IL-8 and high RANTES levels correlate with mild systemic
meningitis and are associated with survival (15). It is possible that
the interaction of PorB with TLR2 helps to shape the local host
inflammatory response following initial airway epithelial cell col-
onization by Neisseria strains. The TLR2-PorB binding specificity
may then influence the quality and the magnitude of cell response.

In the past decade, much progress has been made in defining
how TLR signaling modulates host immune responses, but less is
known about the molecular mechanisms of TLR-ligand interac-
tions. The mechanism of PorB-TLR2 interaction is not known; a
recent study suggested that it may occur via electrostatic interac-
tion of a ring of positively charged residues on the porin surface-
exposed loops and negatively charged residues on the TLR2
ectodomain (49). Thus, differences in the sequence of the PorB
surface-exposed loops putatively involved in TLR2 recognition
could be crucial for such interaction and for the subsequent in-
duction of intracellular signaling pathways leading to cell activa-
tion.

Our work attempted to determine whether a TLR2-binding
signature is expressed within the sequence of the putative TLR2
binding site(s) of PorB and whether sequence variability within
such regions may explain the different intensities of the cell re-
sponses induced by distinct PorB molecules. First, by using a loop
mutagenesis approach, surface-exposed loop residues in N. men-
ingitidis PorB in a recombinant background were mutated based
on the sequence of N. lactamica PorB. Second, a chimeric N. men-
ingitidis organism expressing N. lactamica PorB was constructed.
TLR2-dependent cell activation and PorB-TLR2 interaction in
vitro were examined using HEK cells overexpressing TLR2 and
BEAS-2B cells, which are naturally TLR2-competent human air-
way epithelial cells.

MATERIALS AND METHODS

Cell lines and culture conditions. Transfected HEK cells stably overex-
pressing TLR2 and TLR4 or transfected with an empty vector (pcDNA-
HEK cells) (9) were grown in Dulbecco’s modified Eagle medium
(DMEM) with 5% fetal bovine serum (FBS), 2 mM L-glutamine, and 10
pg/ml ciprofloxacin. Adenovirus-12 simian virus 40 (SV40) hybrid virus-
transformed, nontumorigenic human bronchial epithelial cells (BEAS-
2B, ATTC CRL-9609) were grown at 37°C with 5% CO, in DMEM F-12
supplemented with 5% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin in flasks coated with 0.01 mg/ml BSA, 0.03
mg/ml bovine collagen type I, and 0.01 mg/ml fibronectin. Prior to stim-
ulation, BEAS-2B cells were serum starved overnight and then stimulated
in FBS-free medium, unless otherwise specified. BEAS-2B cell cultures
were passaged no more than 30 times from frozen stocks.

Construction of PorB loop mutants. All site-specific sequence
changes in porB were generated with a QuikChange Lightning site-di-
rected mutagenesis kit (Stratagene) according to the manufacturer’s rec-
ommendations. Briefly, plasmid pNVK15 carrying N. meningitidis porB
(originally cloned from N. meningitidis strain 8765 [48]; the recombinant
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N. meningitidis PorB protein is referred to here as wtPorB) was amplified
by PCR with Pfu Ultra HF DNA polymerase and with the primers indi-
cated in Table S1 in the supplemental material. The PCR products were
digested with Dpnl to remove the original methylated pNVK15 DNA and
transformed into competent Escherichia coli DH5a (New England Bio-
Labs). Positive colonies were selected on LB agar plates containing 50
pg/ml of kanamycin, purified by streaking, and inoculated into large-
volume cultures for overnight growth and DNA extraction (Qiagen). The
presence of the porB gene was confirmed by digestion with Ndel and
BamHI restriction enzymes. The presence of the desired nucleotide
change was confirmed by DNA sequence analysis (Tufts DNA Core Facil-
ity, Boston, MA). pNVK15 (encoding the protein designated wtPorB) and
the plasmids encoding each PorB loop mutant protein (designated
PorBCES, porBPPE235-262AKR 510 d PorBY43P) were used to transfect E. coli
BL21(DE3) for subsequent protein expression.

Porin purification. Expression and purification of recombinant
wtPorB and loop mutants PorBYFY, porBPPE2>-202AKR "5 hd PorBH143P
were performed as previously described (41). Native PorB from N. lac-
tamica strain Y92-1002 was purified as previously described (25). Con-
ventional sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and modified SDS-PAGE under nondenaturing conditions,
followed by Coomassie staining or silver staining, were performed as pre-
viously described (32).

Bacterial strains, growth conditions, and PorB mutagenesis. N.
meningitidis serogroup B, strain H44/76 (18), its derivative lacking PorA
and Rmp (N. meningitidis H44/76 A1A4) (51), and N. lactamica strain
Y92-1009 (38, 25) were used. The entire porB gene in N. meningitidis
H44/76 A1A4 was replaced with the porB gene from N. lactamica Y92-
1009 . Briefly, this was achieved using a plasmid that contained (5" to 3")
N. lactamica porB, a kanamycin resistance determinant, and DNA homol-
ogous to the 1.1-kb region immediately downstream of N. meningitidis
porB. The aphA-3 kanamycin resistance cassette (amplified by PCR with
he primers kan-ndel-f1 and kan-ndel-r1) was cloned into pGem T-Easy
(Promega Corporation), and then the region immediately downstream of
N. meningitidis porB (amplified with the primers PorMC58Down F Spel
and PorMC58Down R Sacl) was cloned directionally into Spel and Sacl
sites downstream of aphA-3; lastly, N. lactamica porB (amplified with the
primers nl_porF Apal and nl_porR SaclIl) was cloned directionally into
Apal and SaclI sites located upstream of aphA-3. The resultant plasmid
was linearized with Scal and used to transform N. meningitidis H44/76
A1A4 as previously described (23). Transformants were selected using 100
pg/ml kanamycin and screened for incorporation of N. lactamica porB by
PCR using the primers NLporloopl_F and NLporloop7_R, which are
specific to loops 1 and 7 of N. lactamica porB and do not amplify N.
meningitidis porB. Positive transformants were confirmed by amplifica-
tion and sequencing of the entire N. lactamica porB locus. All the primers
used are listed in Table S1 in the supplemental material. Bacteria were
plated on chocolate agar plates in a 5% CO, incubator at 37°C. The next
day, colonies were inoculated into gonococcal (GC) liquid medium con-
taining 1% IsoVitaleX and grown to exponential phase. Culture density
was determined spectrophotometrically (an optical density at 600 nm
[ODgo] of 0.1 = 10® CFU/ml), and bacterial growth rates and viability
were compared over time. Expression levels of PorB were examined by
SDS-PAGE and Western blotting of bacterial lysates from approximately
8.25 X 10°-CFU/ml liquid cultures using anti-wtPorB rabbit polyclonal
sera (25, 31) (1:1,000 dilution).

Cell stimulation. HEK cells and BEAS-2B cells (10° cells/ml) were
incubated for 18 h with purified N. lactamica PorB, wtPorB, PorB loop
mutants (10 pg/ml), Pam,CSK, (100 ng/ml) (EMC Microcollections,
Tubingen, Germany), phenol-purified E. coli lipopolysaccharide (LPS)
(100 ng/ml), and recombinant human tumor necrosis factor alpha
(TNF-a) (20 ng/ml) (Sigma). BEAS-2B cells were incubated in medium
with or without 5% FBS as specified in Results. BEAS-2B cells were also
incubated with whole Neisseria organisms at a multiplicity of infection
(MOI) of 10 bacteria/cell in antibiotic-free medium for 18 h. For studies
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on NF-«kB and MAPK signaling pathways, the following inhibitors were
used ata concentration of 25 wM (in 10 mM dimethyl sulfoxide [DMSO])
for 1 h prior to cell stimulation: U0126 (MEK1/2 inhibitor, upstream
kinase for ERK1/2 phosphorylation), SB203580 (inhibitor of p38 phos-
phorylation), and SP600125 (inhibitor of JNK phosphorylation) (Sigma).
NEF-kB inhibitory ligand (25 pg/ml; Millipore) was also used. For coincu-
bation experiments, 10 pg/ml of PorB loop mutants was added to cells
stimulated with wtPorB (10 wg/ml), N. lactamica PorB (10 pg/ml), or
Pam;CSK, (100 ng/ml) and incubated for 18 h.

Cytokine ELISA. Production of IL-8 was quantified in supernatants of
HEK cells and BEAS-2B cells incubated as described above using an
OptEIA enzyme-linked immunosorbent assay (ELISA) kit (BD Biosci-
ences). RANTES was detected using a DuoSet ELISA kit (R&D).

NF-kB luciferase reporter assay. HEK cells (10° cells/ml) were trans-
fected with an NF-kB luciferase reporter vector as previously described
(9). After overnight adherence, the transfected cells were incubated with
wtPorB, N. lactamica PorB, PorB loop mutants, Pam;CSK,, E. coli LPS,
and TNF-a as described above for 18 h, followed by measurement of
luciferase activity using commercial reagents (Promega) per manufactur-
er’s protocol. The luminescence was assessed using a Wallac Victor2 lu-
minometer.

RT-PCR. BEAS-2B cells (5 X 10°/ml) were incubated as described
above, and total mRNA was extracted using an RNeasy minikit and a
reverse transcriptase kit (Qiagen). The cDNA was amplified by PCR with
specific primers for IL-8, RANTES, and GAPDH (see Table S1 in the
supplemental material). The PCRs were carried out as follows: for IL-8
and GAPDH, 50°C for 30 min, 94°C for 1 min, 57°C for 1 min, and 72°C
1 min for 30 cycles; for RANTES, 50°C for 30 min, 94°C for 15's, 53°C for
20 s, and 72°C for 30 s for 38 cycles and 72°C for 10 min. The PCR
products were analyzed on 1.5% agarose gels.

TLR2 cell-binding assays. PorB binding to TLR2 on the cell surface
was measured by flow cytometry as previously described (33). Briefly, N.
lactamica PorB and wtPorB were labeled with the fluorescent dye Alexa
Fluor-594 (Molecular Probes), and increasing concentrations of fluores-
cent porin (1.5 wg/ml up to 100 pg/ml) were incubated with TLR2-HEK
cells or BEAS-2B cells (10°/ml) for 1 h at 0°C. Cells were washed with 2%
FBS—phosphate-buffered saline (PBS) and fixed with 1% paraformalde-
hyde. Binding inhibition studies were carried out by adding excess
unlabeled competitors (wtPorB, N. lactamica PorB, PorBFS, and
PorBPPE25-262AKR) (100 pg/ml). Binding was measured as cell-associated
fluorescence using a FACScan flow cytometer with gating to exclude cell
debris associated with necrosis and expressed as mean fluorescence inten-
sity (MFI) (means = standard errors) normalized to that of fluorescent
PorB molecules in the absence of competitors.

Immunoprecipitation. PorB-TLR2 interaction was measured by
Western blotting as previously described (33). Briefly, biotinylated PorB
molecules (10 pwg/ml) were incubated with TLR2-HEK cells or pcDNA-
HEK cells (~8 X 10° cells) for 1 h in 5 ml of medium, washed, and lysed
with ice-cold lysis buffer (20 mM Tris [pH 8], 137 mM NaCl, 1% Triton
X-100, 2 mM EDTA, 10% glycerol, 1 nM phenylmethylsulfonyl fluoride
[PMSF], and protease inhibitor cocktail). Clarified lysate supernatants
were incubated with 20 pl of packed streptavidin-agarose beads (Sigma)
for 1 h at 4°C. The pellets were washed extensively in lysis buffer lacking
the protease inhibitors and resuspended in 1X SDS-PAGE loading buffer.
Equal volumes of protein samples were examined by 10% SDS-PAGE and
Western blotting using an anti-TLR2 rabbit polyclonal antibody (Im-
genex) as specified by the manufacturer, followed by horseradish peroxi-
dase (HRP)-conjugated secondary antibody. Immunoreactive bands were
detected by enhanced chemiluminescence (ECL).

Soluble-TLR2 binding assay. TLR2 binding in vitro was performed
using a soluble TLR2:Fc chimera in a modified ELISA as previously de-
scribed (54). Briefly, high-binding-capacity ELISA plates were coated with
increasing concentrations of PorB molecules (0.002 pM to 0.47 pM),
followed by incubation with TLR2:Fc (2 pg/ml) and an HRP-conjugated
anti-mouse IgG secondary antibody. Binding was detected as OD 5, and is
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expressed as a percentage of the values obtained for the highest PorB
concentration used for each curve (mean = standard error).

Statistical analysis. Where applicable, experiments were performed in
triplicate and repeated a minimum of three times, as indicated in Results.
Statistical analyses were calculated using GraphPad PRISM software. P
values were calculated by unpaired t test and by Wilcoxon signed rank test
as indicated in Results.

RESULTS

PorB sequence analysis. The sequences of PorB from commensal
N. lactamica strains Y92-1009 (38) and ATCC 23970 (17) were
compared to those of PorB from pathogenic N. meningitidis sero-
group B strains H44/76 (40), 8765 (60) (identical to strain H44/
76), and MC58 (50) and from serogroup A strain A115 (58) using
the ClustalW2 electronic platform (8) based on the sequences de-
scribed in http://pubmlst.org/neisseria/porB/. Large regions of se-
quence homology were identified in the PorB transmembrane do-
mains among all the strains, while regions of sequence variability
were identified in the surface-exposed loops. In Fig. 1A, loops 1, 4,
5, 6, 7, and 8 are shaded, and loops 2 and 3, involved in porin
function, are boxed (3, 11). The alignment revealed single substi-
tutions or, in some cases, multiple residue substitutions in the
sequence of PorB from commensal and pathogenic strains. Based
on the sequence of N. lactamica PorB, residues in loops 4, 5, and 7
(bold in Fig. 1A) were chosen for mutagenesis of wtPorB (recom-
binant PorB from N. meningitidis 8765 [42]): in loop 4, leucine
143 was exchanged for proline (PorB"'**") to introduce a bend in
the loop conformation; in loop 5, a glycine, a glutamic acid, and a
glycine were inserted between histidines 177 and 178 (PorB“*%) to
elongate the loop and to interrupt an area of positive charge po-
tentially involved in TLR2 interaction; in loop 7, negatively
charged aspartic acids 255 and 256 and glutamic acid 262 were
mutated to alanine (nonpolar), lysine, and arginine (positive)
(PorBPPE23-262AKR) 4 modify the local residue charges (Fig. 1A
and B; also, see Table S2 in the supplemental material).

Construction of PorB loop mutants. Using a site-directed
mutagenesis approach, PorB loop mutants of wtPorB were con-
structed (41). Recombinant PorB molecules were expressed in E.
coli strain BL21(DE3) in inclusion bodies (41) and chromato-
graphically purified so as to be free of E. coli LPS contamination, as
previously described (32). The PorB-containing fractions were
identified by SDS-PAGE and Coomassie staining, pooled, and in-
cluded in detergent-free proteosome micelles. The PorB proteo-
somes obtained by this method are correctly folded and suitable
for use in vitro and in vivo without toxic effects.

To monitor PorB folding and trimeric state, gel electrophoresis
under nondenaturing conditions was used (32). Aliquots of
wtPorB and PorB loop mutants were subjected to conventional
electrophoresis in the presence of SDS or to modified electropho-
resis in the absence of SDS. The samples were dissolved in SDS-
containing gel loading buffer or SDS-free gel loading buffer and
heated at 100°C prior to electrophoresis on 12% acrylamide gel
and visualization of the bands by Coomassie blue staining. In Fig.
1C, wtPorB is shown as a representative recombinant PorB mol-
ecule. Using conventional SDS-PAGE (Fig. 1C, left) and SDS-free
PAGE (Fig. 1C, right), PorB monomers were visible as a ~34-kDa
band when the sample was dissolved in denaturing sample buffer
containing 2% SDS. When SDS-free loading buffer was used,
traces of PorB monomers were visible in SDS-PAGE (Fig. 1C, left)
and higher-molecular-weight forms, corresponding to dimers,
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eNMENS ~ - wemscscsssassssess LVGT!KAGVETSRSVFNQ{GQV‘&V‘I’I’ATGIVDLGSKI 38
NM MCS8 MKKSL TALTLAAL PVAAMADVTL YGTIKAGVETSRSVFHONGQVTEVTTATGIVOLGSKI 60
NM H44/76 MKKSL TALTLAAL PVAAMADVTL YGTIKAGVETSRSVFHONGQVTEVTTATGIVOLGSKI 60
NM A115 MKKSL IALTLAAL PVAAMADVTLYGTIKAGVETSRSLOYQDGQVYSVETGTGIVOLGSKI 60
#NLY92.1009  MKKSLIALTLAAL PVAAMADVTL YGTIKAGVETYRTVKHTDGKVTEVKTGSETADFGSKI 60
NLATCC 23970 MKKSLIALTLAAL PVAAMADVTL YGTIKAGVETYRTVKHTDGKVTEVKTGSEIADFGSKI 60
* NM 8765 GFKGQEDLGNGLKAIWQVE 98
NM MCS8 GFKGQEDLGNGLKATIWQVE 120
NMH44/76  GFKGQEDLGNGLKAIWQVE 120
NMA115 GFKGQEDLGNGLKAIWQVE 120
#NLY92-1009 GFKGQEDLGNGLKAIWQLE 120
NLATCC 23970 GFKGQEDFGNGLKAIWQLE 120
................... s e weeien ae
Loop 3 Loop 4
*NM 8765 D=INPWOS - ~~KSDYLGVNKIAE PEARL I SVRYDS PEFAGLSGSVQYALNDNAGRHNSES 154
NM MCS8 D-INPWDS---KSDYLGVNKIAEPEARL JSVRYDS PEFAGLSGSVQYAL 176
NMHE4/76  O-INPWOS---KSDYLGVNKIAEPEARLJSVRYDSPEFAGLSGSVQYALNDNAGRHNSES 176
NMA115 D~INPWDS -~ ~KSDYLGVNKIAE PEARL ] SVRYDS PEFAGLSGSVQYALNDNAGRHNSES 176
*NLY92-1009 ONVNAWESGKATEDVLQVSKIGAPEHRYASVRYDSPEFAGFSGSVQYAPKDNSG-KNGES 179
NL ATCC 23970 avugg&ggﬂ;mx;;w;mv SVRYDSPEFAGFSGSVQYAPKDNSG-ANGES 179
TRIT KRR R
. Loop 5 C)
NM 8765 YHAGFNYKNGGFF VQYGGAYKRH =~ “HQVQEGLNI EXYQIHRL VSGYDNDALYASVAVQQ 211
NM MCSS YHAGFNYKNGGFF VQYGGAYKRH =~ ~HQVQEGLNI EK YQIHRLVSGYDNDALYASVAVQQ 233 0
NM H44/76 YHAGFNYKNGGFFVQYGGAYKRH == ~HQVQEGLNI EK YQIHRLVSGYDNDALYASVAVQQ 233 2 A)SDS + - + -
NMA115 YHAGFNYKNGGFFVQYGGAYKRH =~ ~QOVDD ~VKI EK YQIHRLVSGYDNDALYASVAVQQ 232
*NLY92-1000  YHVGLNYQNSGFFAQYAGLFQRHGEGTKATVGEPVEKLQVHRLVGGYDNDALYASVAVQQ 239 1 50 Oligomer
NLATCC 23970 YHVGLNYQNSGFFAQYAGLFQRHGEGTKATVGEPVEKLQVHRL VGGYDNDALYASVAVRQ 239
wq‘f:’a:"é'u'o"a LA e '.Y‘ev'uv-kunvvvvaewv 100—' Trimer
00 00 —
*NM 8765 QDAKL TDASNSHNSQTE VAATLAYRFGNVTPRVSYAHGFKGL IGNEYDQVWGAE 271 75_ 3
NM MC58 QDAKLTDASNSHNSQTE VAATLAYRFGNVTPRVSYAHGFKGLVDDADIGNEYDQVVWGAE 293 : ) Dlmer
NMH44/76  QDAKLTDASNSHNSQTEVAATLAYRFGNVTPRVSYAHGFKGLVDDADIGNEYDQVWGAE 293
NMA115 QOAKLVED-NSHNSQTE VAATLAYRFGNVTPRVSYAHGFKGSVDDAKRONTYDQVWGAE 291 50—' 4
*NLY92.1009 QOAKLTDASNSHNSQTE VAATVAYRFGNVTPRVSYAHGFKGTVAKADGONRYDQVWWGAE 299 37_
ATCC 23970 A Y.
NCATCC 23970 QORKLARAPNSHSQTE VAATVAYR GV TPRVS Y MGFKGTVAKADGOWRYDQVVVGAE 299 W | & |Monomer
LOO 8 25
*NM 8765 YOF SKRTSALVSAGWLQEGKGENKEVATAGGVGLRHKE 309 —
NM MC58 YOF SKRTSALVSAGWLQEGKGENKFVATAGGVGLRMKF 331
NMH44/76  YOFSKRTSALVSAGWLQEGKGENKFVATAASVGLRHKF 331 20_
NMA11S YDFSKRTSALVSAGWLQDGKGENKFVATAGGVGLRHKF 329
*NLY92-1009  YDFSKRTSALVSAGWLQEGKGAGKTVSTASTVGLRHKF 337

NL ATCC 23970 VDFSKRTSALVSACHLQEGKWWSYASMLRNKF 337

SDS-PAGE no SDS-PAGE

FIG 1 PorB sequence comparison and analysis of PorB mutants. (A) Alignment of PorB sequences from N. meningitidis serogroup B strains 8765 (*)
(homologous to H44/76), MC58, and H44/76 and serogroup A strain A115 and N. lactamica strains Y92-1009 (*) and ATCC 23970, performed with the
ClustalW2 alignment tool. Loop 1, 4, 5, 6, 7, and 8 are shaded. Loops 2 and 3 are boxed. Residues in loops 4, 5, and 7 chosen for mutagenesis are in bold. (B)
Theoretical model of PorB monomer (N. meningitidis strain 8765) based on the N. meningitidis PorB template (PBID 3A2R) (49) created with EasyPre3D server
(21a) using RasMol (43a) and Jalview (9a, 55a). The position of mutated residues in loops 4, 5, and 7 is indicated by the arrows, and the effect on the
corresponding loop regions is indicated in the insets. (C) Coomassie staining of wtPorB, representative of purified recombinant PorB molecules. (Left)
Conventional SDS-PAGE; (right) modified PAGE (SDS free). Prior to electrophoresis, PorB aliquots were heated in sample loading buffer in the presence or
absence of SDS, as indicated. Bands with molecular weights corresponding to monomers, dimers, trimers, and oligomers were observed.

trimers, and oligomers, were observed in SDS-free PAGE (Fig. 1C,
right). Similar results were obtained for each PorB mutant (see
Fig. S1 in the supplemental material), confirming that the purified
proteins retained a trimeric form (32). No E. coli LPS contamina-
tion was detected by SDS-PAGE and silver staining of the recom-
binant PorB molecules (data not shown), consistent with what
was previously shown for the purification of endotoxin-free neis-
serial porins (32).

TLR2-dependent activity of PorB loop mutants. N. meningi-
tidis PorB and N. lactamica PorB are established TLR2/TLR1 ago-
nists. However, they induce cell activation levels of different mag-
nitudes, with N. lactamica PorB being less active than N.
meningitidis PorB (26, 30, 33). The effect of loop mutations on the
activity of PorB was examined by measuring induction of IL-8 and
RANTES using the TLR2 overexpression cell line, HEK cells.
TLR2-HEK cells (10°/ml) were stimulated for 18 h with medium
alone, with PorB loop mutants, or with wtPorB and N. lactamica
PorB at 10 wg/ml, a concentration that has been optimized in both
in vitro and in vivo studies (25, 26, 30, 33). The TLR2 agonist
Pam;CSK, (100 ng/ml) and TNF-a (20 ng/ml) (TLR-indepen-
dent control) were also used. pcDNA-HEK cells were used as a
negative control. As shown in Fig. 2A, wtPorB induced higher
levels of IL-8 secretion than native N. lactamica PorB (P = 0.0024
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by unpaired ¢ test, n > 12), measured by ELISA of cell superna-
tants. A similar difference was previously shown for native N.
meningitidis PorB and N. lactamica PorB (26). When the activ-
ity of PorB loop mutants was examined, PorBS*“ and
PorBPPE25-262AKR Hin particular, induced significantly less IL-8
secretion than wtPorB. The effect of PorB"'** was less
dramatic and not statistically significant (Fig. 2A).
PorBPPE52624KR 4156 induced less IL-8 than N. lactamica
PorB, while IL-8 levels induced by PorBSFS and PorB"'**" were
comparable to those induced by N. lactamica PorB (Fig. 2A).
Pam;CSK, induced significantly more IL-8 secretion than Por-
BCEC, porBPPE2>-262AKR "and N. lactamica PorB (Fig. 2A) and
was comparable to wtPorB and PorB™'**", Stimulation with
TNF-a as a non-TLR2-dependent control induced signifi-
cantly higher IL-8 levels than PorBSEG, porBPPE25-262AKR.
PorB*'*3* and N. lactamica PorB.

In contrast, N. lactamica PorB induced significantly higher
TLR2-dependent secretion of RANTES than wtPorB and PorB
loop mutants (Fig. 2B). No statistically significant differences in
RANTES levels were induced by Pam;CSK, or TNF-a (Fig. 2B).

Asa control for potential contamination by E. coli LPS in the
recombinant PorB preparations, HEK cells overexpressing
TLR4 (9) were also tested. In this cell system, high levels of IL-8
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FIG 2 TLR2-dependent HEK cell activation. (A) TLR2-HEK cells and pcDNA-HEK cells were incubated with wtPorB, PorB loop mutants, or N. lactamica PorB
(Nlac PorB; all at 10 pg/ml), Pam;CSK, (100 ng/ml), and TNF-a (20 ng/ml) for 18 h, and IL-8 secretion was measured by ELISA of cell supernatants. IL-8 is
expressed in pg/ml (mean * standard error). P values relative to wtPorB: **, P = 0.0024, ***, P = 0.0002, and **, P = 0.023 by unpaired f test; n > 12. P values
relative to N. lactamica PorB: *, P = 0.017; **, P = 0.0024. P values relative to Pam;CSK,: **, P = 0.0013; ***, P = 0.0002; **, P = 0.0011. P values relative to
TNF-o: **, P = 0.004; ****, P < 0.0001. (B) RANTES secretion induced as described for panel A and expressed as pg/ml fold change (mean * standard error).
Pvalues relative to N. lactamica PorB: **, P = 0.003, **, P = 0.005 and *, P = 0.02 by unpaired ¢ test; n = 6. (C) NF-kB-dependent luciferase activity induced as
described for panel A. Luciferase is expressed in arbitrary units (mean * standard error) normalized to values for nonstimulated cells. P values relative to wtPorB:
*, P < 0.04 by unpaired ¢ test; n = 6. P values relative to N. lactamica PorB: *, P < 0.04. P values relative to Pam;CSK,: *, P < 0.04. P values relative to TNF-a:

*, P =0.01;**, P = 0.009.

were induced only by the TLR4 agonist E. coli LPS (100 ng/ml)
(see Fig. S2A in the supplemental material) (P < 0.005 by un-
paired t test; n = 6). Representative purified recombinant PorB
molecules (wtPorB and PorB“E®) and N. lactamica PorB are
also shown in Fig. S2A.

As an additional indicator of TLR2-dependent HEK cell acti-
vation, NF-kB-driven luciferase activity was measured (33). Sim-
ilar to IL-8, wtPorB induced higher TLR2-dependent luciferase
activity than PorB“"¢, PorBPPF?522AKR "and N. lactamica PorB
(Fig. 2C) (P < 0.04 by unpaired ¢ test; n = 6), while it was com-
parable to PorB™'**" (Fig. 2C). Similar to what was observed for
IL-8 secretion, N. lactamica PorB induced lower NF-kB-driven
luciferase activity than wtPorB and PorB'*** (Fig. 2C) (P < 0.04).
As a TLR2-positive control, Pam;CSK, induced higher NF-«kB-
driven luciferase activity than PorBSFS, PorBPPF25-262AKR [and N,
lactamica PorB (Fig. 2C) (P < 0.04). TNF-« induced higher lucif-
erase activity than PorBCES, PorBPPE?>-202AKR and N. lactamica
PorB (Fig. 2C). None of the PorB molecules induced significant
luciferase activity above baseline level via TLR4 signaling (see Fig.
S2B in the supplemental material).

Intracellular signaling pathways that regulate IL-8 and
RANTES production by N. lactamica PorB and PorB loop mu-
tants. Different signaling pathways regulate IL-8 and RANTES
production: maximal IL-8 expression is achieved by activation of
the NF-kB pathway and the AP-1 signaling pathway (via ERK1/
ERK2, JNK, and p38 MAP kinases) (21, 24), while RANTES pro-
duction is regulated only by the NF-«kB pathway (4, 16). To exam-
ine the contribution of these pathways to the observed difference
in IL-8 and RANTES induction by N. lactamica PorB and wtPorB,
specific inhibitors were used in TLR2-HEK cells. Cells were stim-
ulated with each of the PorB molecules in the presence and in the
absence of specific inhibitors [SB03580 (p38 inhibitor), U0126
(ERK1/2 inhibitor), SP600125 (JNK inhibitor), and NF-kB inhib-
itory ligand] and secretion of IL-8 was quantified by ELISA. For
each stimulation set, the amount of secreted IL-8 was normalized
to that induced in the absence of inhibitor and reported as a per-
centage.
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IL-8 induced by wtPorB was inhibited by blocking p38,
ERK1/2, JNK, and NF-kB (Fig. 3A). Similar results were obtained
for PorB“FC (Fig, 3B), PorBPPF?>262AKR (Eig 3(), and PorB"'**"
(Fig. 3D), as well as Pam;CSK,, (Fig. 3F). In contrast, inhibition of
p38, ERK1/2, and JNK pathways did not reduce IL-8 levels in-
duced by N. lactamica PorB, while this was affected by inhibition
of NF-kB (Fig. 3E). TLR-independent IL-8 secretion induced by
TNF-a was also susceptible to inhibition via both AP-1 and
NEF-kB signaling pathways (Fig. 3G). Predictably, inhibition of
NE-kB signaling prevented TLR2-dependent and -independent
luciferase activity in TLR2-HEK cells (see Fig. S3A in the supple-
mental material).

TLR2 engagement by PorB loop mutants on the cell surface.
TLR2-mediated cell activation is dependent on ligand binding to
TLR2. Our previous work has characterized N. meningitidis PorB
and N. lactamica PorB as TLR2 ligands (26, 33). Using a flow
cytometry-based binding assay, it was established that wtPorB also
binds to TLR2 on the cell surface in a dose-dependent manner
(data not shown). To determine whether insertion or exchange of
wtPorB loop residues with N. lactamica PorB loop residues af-
fected binding to TLR2 on the cell surface, a binding competition
assay was performed (33). TLR2-HEK cells were coincubated with
fluorescently labeled wtPorB (1.5 pg/ml to 25 pg/ml) and with an
excess amount (100 pg/ml) of unlabeled wtPorB or PorB loop
mutants as competitors. Binding was measured by fluorescence-
activated cell sorting (FACS) as cell-associated fluorescence, and
inhibition was expressed as mean fluorescence intensity (MFI)
normalized to that of fluorescent wtPorB in the absence of com-
petitors. When unlabeled wtPorB was used as the “homologous”
inhibitor, binding of fluorescent wtPorB to the surface of TLR2-
HEK cells was significantly decreased (Fig. 4A). Similarly, binding
was also inhibited by unlabeled PorBES, PorBPPE?-262AKR 44
PorB"'**" as competitors (Fig. 4A).

In contrast, binding of fluorescent N. lactamica PorB was not
inhibited by unlabeled wtPorB (Fig. 4B) or PorB loop mutants as
competitors (Fig. 4B) in a “heterologous” binding competition
assay.
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FIG 3 Intracellular cell signaling pathway inhibition. TLR2-HEK cells were pretreated for 1 h with 25 M p38 inhibitor SB03580, the ERK1/2 inhibitor U0126,
the JNK inhibitor SP600125, and 25 pg/ml of the NF-kB inhibitory ligand prior to stimulation with 10 pg/ml of the indicated PorB molecules, 100 ng/ml of
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FIG 4 Cell surface TLR2 binding. (A) Inhibition of dose-dependent binding
of fluorescently labeled wtPorB to TLR2-HEK cells measured by flow cytom-
etry using an excess (100 pg/ml) of unlabeled wtPorB, PorBSFS,
PorBPPE?262AKR “and PorB"'**F. (B) Inhibition of fluorescently labeled N.
lactamica PorB binding as described for panel A. Binding is expressed as mean
fluorescence intensity (MFI) normalized to that of fluorescent PorB = stan-
dard deviations. *, P = 0.05 by Wilcoxon signed rank test; n = 6. (C) TLR2
pulldown assay of HEK cell lysates examined by Western blotting with anti-
TLR2 antibody. Lanes 1, 3, 5, and 7, pcDNA HEK cells. Lanes 2, 4, 6, and 8,
TLR2-HEK cells. Lanes 1 and 2, medium alone; lanes 3 and 4, biotinylated
PorB“F%; lanes 5 and 6, biotinylated PorBPPE25-262AKR; Janes 7 and 8, biotin-
ylated PorB“'***. A band of approximately 90 kDa, corresponding to TLR2,
was detected in lanes 4, 6, and 8.
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Porin binding to TLR2 on the cell surface was also tested in cells
of the human airway epithelial line BEAS-2B, which constitutively
express low surface amounts of TLR2 (26) and have been used to
characterize the effect of N. lactamica PorB. Also in this cell model,
binding of wtPorB to surface TLR2 was subject to homologous
competition by wtPorB and PorB loop mutants, while binding of
N. lactamica PorB was not inhibited (data not shown).

Previously, evidence of direct binding of N. meningitidis PorB
and N. lactamica PorB to TLR2 in HEK cells was shown by immu-
noprecipitation of a TLR2—biotin-PorB complex (33); using this
approach, binding of biotin-labeled PorB loop mutants to TLR2
was examined. pcDNA-HEK cells and TLR2-HEK cells were in-
cubated with 10 pg/ml of biotin-labeled PorB mutants for 1 h
followed by cell lysis and incubation with streptavidin-agarose
beads to pull down the biotin-PorB-TLR2 complexes. The pro-
teins associated with streptavidin beads were then separated by
SDS-PAGE, and Western blotting was performed using an anti-
TLR2 antibody to detect TLR2 coimmunoprecipitation. In the
pulldown assay, a band of approximately 90 kDa, corresponding
to TLR2, was detected in lysates from TLR2-HEK cells incubated
with biotinylated PorBES, PorBPPE2-262AKR ‘and porB-*+3* (Fig,
4C, lanes 4, 6, and 8, respectively), while it was absent in lysates
from pcDNA-HEK (Fig. 4C, lanes 3, 5, and 7), as well as from
lysates from cells incubated with medium alone (Fig. 4C, lanes 1
and 2).

Activation of human airway epithelial cells by PorB loop mu-
tants. The different magnitudes of the TLR2-dependent cell re-
sponses induced by N. lactamica PorB and N. meningitidis PorB
are amplified in cell systems that naturally express TLR2, such as
human airway epithelial cells (26). The effect of PorB loop residue
mutations was examined in human airway epithelial BEAS-2B
cells. Production of IL-8 and RANTES was measured in cell cul-
ture supernatants following stimulation as described for TLR2-
HEK cells. Since these cells do not express MD-2, activation via
TLR4 signaling can be achieved only by addition of FBS as a
source of soluble exogenous MD-2 (26, 34). FBS-free culture
medium was thus used for measuring cell stimulation exclu-
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FIG 5 BEAS-2B cell activation. BEAS-2B cells were incubated with
wtPorB, PorB loop mutants, or N. lactamica PorB (all at 10 wg/ml),
Pam,CSK, (100 ng/ml), TNF-a (20 ng/ml), and LPS (100 ng/ml) in FBS-
free medium for 18 h. (A) Secretion of IL-8 measured by ELISA and ex-
pressed in pg/ml (mean = standard error). P values relative to wtPorB:
0t P < 0.0001 by unpaired ¢ test; n > 15. P values relative to N. lactamica
PorB: **, P = 0.002. P values relative to Pam;CSK,: ***, P = 0.0002; ****,
P < 0.0001. (B) Secretion of RANTES measured as described for panel A
and expressed as fold change (in pg/ml) relative to nonstimulated cells
(mean = standard error). P values relative to Nlac PorB: ***, P < 0.0005,
and **, P < 0.009, by unpaired ¢ test; n = 6.

sively via TLR2, unless otherwise specified. High IL-8 levels
were induced by wtPorB and PorB™'***, while N. lactamica
PorB, PorB°S, and PorBPPE#-2624KR induced significantly
lower IL-8 levels than wtPorB (Fig. 5A). PorBPPE2>-262AKR 454
induced significantly less IL-8 than N. lactamica PorB (Fig. 5A)
(P = 0.002). As a TLR2-positive control, Pam;CSK, was used
and was found to induce IL-8 levels that were significantly
higher than those induced by PorBSES, porBPPE25-2024KR "4
N. lactamica PorB (Fig. 5A) but similar to those induced by
wtPorB and PorB“'***, When BEAS-2B cells were stimulated in
the presence of 5% FBS, only E. coli LPS induced high levels of
IL-8 (see Fig. S2B in the supplemental material), while the
porin molecules failed to induce IL-8 above baseline level, con-
sistent with a lack of TLR4 contribution to the effect of PorB
and with the absence of LPS in the purified PorB molecules.
Data for representative PorB molecules are shown in Fig. S2B
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in the supplemental material. Also in BEAS-2B cells, N. lac-
tamica PorB induced higher levels of RANTES than wtPorB,
PorB loop mutants, and Pam;CSK, (Fig. 5B).

To determine whether the observed differences in levels of se-
creted IL-8 and RANTES correlated with transcription levels, RT-
PCR was used to measure IL-8 and RANTES mRNA expression in
BEAS-2B cells. Consistent with previous results (26) and with IL-8
protein secretion levels, N. lactamica PorB induced lower levels of
IL-8 mRNA than wtPorB (see Fig. S4A in the supplemental mate-
rial). Although both PorB“"¢ and PorB"P"?°26*AXR jnduced
smaller amounts of secreted IL-8 than wtPorB, the correspond-
ing mRNA levels were not dramatically decreased, suggesting
that both transcriptional and posttranscriptional regulation
processes may be involved. In contrast, N. lactamica PorB and
PorBPPE#262AKR i duced higher RANTES mRNA levels than
wtPorB and, to a certain extent, than PorB®FS, similar to
RANTES protein secretion. A similar discrepancy between se-
creted IL-8 and RANTES and mRNA levels was observed in
response to Pam;CSK, (Fig. 5; also, see Fig. S4 in the supple-
mental material), similar to findings reported in previous stud-
ies using airway epithelial cells. This has been attributed to
differential regulation of these inflammatory mediators by
Pam;CSK, (4, 29). The effect of LPS on IL-8 and RANTES
mRNA expression was appreciable only in the presence of 5%
FBS (see Fig. S4A in the supplemental material). mRNA levels
relative to a representative gel were quantified by densitometric
analysis of PCR products normalized to the levels of a reference
gene, GAPDH, relative to control cells stimulated with medium
alone (see Fig. S4B in the supplemental material).

PorB loop mutants binding to TLR2 in vitro. A difference in
the specific interactions of TLR2 with N. lactamica PorB and
with N. meningitidis PorB was shown previously (26, 33). To
determine whether insertion or exchange of loop residues from
N. lactamica PorB into wtPorB had an effect on TLR2 binding
in vitro, a modified ELISA binding assay was used. Binding of
soluble hTLR2 (TLR2:Fc) (54) to wtPorB and PorB loop mu-
tants was compared using increasing concentrations of plate-
bound PorB molecules (up to 0.47 uM) and 2 pg/ml of soluble
TLR2:Fc, followed by detection with HRP-labeled anti-mouse
IgG secondary antibody, as previously described (33). In Fig. 6,
binding is expressed as a percentage (mean * standard error)
of the value obtained for the highest concentration of ligand
used for each curve (n = 10). Molar concentrations of PorB
molecules are based on the molecular mass of the trimer (~105
kDa). No significant difference was observed between binding
of wtPorB, PorBSFS, and PorBPPE25-202AKR  TIRD in vitro
(Fig. 6), despite their different ability to induce cell activation.
Consistent with previous results, N. lactamica PorB binding to
TLR2 in vitro was lower than that of wtPorB or PorB loop
mutants (Fig. 6) (26).

Effect of PorB loop mutants as competitive inhibitors of
TLR2-induced IL-8 secretion. Our results so far show that PorB
loop mutants engage TLR2, but the activities of PorB°F® and,
particularly, PorBPPE22-262AKR were considerably lower than those
of N. lactamica PorB and wtPorB. To determine whether TLR2
occupancy by PorB loop mutants influenced the ability of other
TLR2 ligands to induce cell activation, N. lactamica PorB and
wtPorB (10 pg/ml) and Pam;CSK, (100 ng/ml) were incubated
individually with BEAS-2B cells or in coincubation assays with
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FIG 6 In vitro TLR2/PorB binding assay. Increasing concentrations (up to
0.47 uM) of wtPorB, PorBES, PorBPPE2>-262AKR \and N. lactamica PorB were
used to coat high-binding-capacity ELISA plates and incubated with 2 pg/ml
of soluble TLR2 (TLR2:Fc). Binding was detected using an HRP-labeled anti-
mouse IgG secondary antibody and expressed as a percentage (mean * stan-
dard error) of the value obtained for the highest concentration of ligand used
for each curve (n = 9). Molar concentrations for PorB molecules are based on
the molecular mass of the trimer (~105 kDa).

PorB loop mutants (10 pg/ml) for 18 h. IL-8 secretion was mea-
sured in the cell supernatant and quantified by ELISA.

First, to determine the effect of PorB loop mutants on TLR2-
dependent cell activation induced by wtPorB, the amount of se-
creted IL-8 was normalized to that induced by wtPorB alone (Fig.
7A) and expressed as fold change. While coincubation with
PorB“FC or N. lactamica PorB did not affect IL-8 induction by
wtPorB, coincubation with PorBPPF*5-262AKR gjanificantly inhib-
ited IL-8 production (Fig. 7A) (P < 0.0001 by Wilcoxon signed
rank test; n = 15). PorBES, PorBPPE2>2624KR "and N. lactamica
PorB alone induced lower levels of IL-8 than wtPorB alone (Fig.
7A) (P = 0.0001).

Next, IL-8 secretion induced by coincubation of PorB loop
mutants with N. lactamica PorB was measured and normalized to
that induced by N. lactamica PorB alone (Fig. 7B). While
PorBPPE2-2624KR 4156 decreased N. lactamica PorB-induced IL-8,
coincubation with both wtPorB and PorB“*“ enhanced IL-8 se-
cretion (Fig. 7B), possibly due to an additive effect. PorB“* and

&
[S8]
=

El wtPorB alone
] competitor alone

257 mR Nlac PorB alone
] competitor alone

PorBPPE25-262AKR 316 ne; but not wtPorB alone, induced less IL-8

than N. lactamica PorB alone (Fig. 7B).

Lastly, the effect of PorB loop mutants on IL-8 induced by
Pam,CSK, was examined. While PorBPPF*5-262A4KR moderately
inhibited IL-8 production induced by Pam;CSK, alone, neither
PorB“ES, N. lactamica PorB, nor wtPorB had a similar effect (Fig.
7C). PorB loop mutants alone induced significantly less IL-8 than
Pam;CSK, alone, while the level induced by the latter was compa-
rable to that induced by wtPorB and N. lactamica PorB (Fig. 7C).

Influence of PorB on induction of cell activation by whole
bacteria. Lastly, to verify whether the observed effects of purified
PorB in vitro correlated with differences in induction of airway
epithelial cell activation by whole Neisseria, a chimeric N. menin-
gitidis organism was constructed in which N. meningitidis PorB
was exchanged with N. lactamica PorB. For this purpose, a mutant
of N. meningitidis H44/76 lacking PorA expression (N. meningiti-
dis H44/76 A1A4) was used, to avoid confounding effects due to
expression of PorA (PorA is not expressed in N. lactamica). No
effects of PorB exchange were observed on bacterial viability or on
the organism’s growth rates, which were comparable to that of N.
meningitidis H44/76 A1A4 as well as the N. meningitidis H44/76
parent strain and N. lactamica Y92-1009 (see Fig. S5A in the sup-
plemental material). To compare and quantify PorB expression
among strains, the bacterial cultures were diluted to 8.25 X 10°
CFU/ml, and aliquots of approximately 1.6 X 10* CFU total were
lysed, separated by SDS-PAGE, and examined by Western blotting
using an anti-PorB rabbit polyclonal serum (25, 31) (1:1,000 di-
lution). As shown in Fig. S5B in the supplemental material, a band
of approximately 34 to 37 kDa was identified by the anti-PorB
antibody, and it appeared to be expressed at comparable levels in
all the strains.

Next, IL-8 secretion induced in BEAS-2B cells in response to
incubation with these different organisms was examined by
ELISA. Cells were incubated as previously described with each
strain at an MOI of 10 bacteria/cell in antibiotic-free medium, and
culture supernatants were assayed for cytokine production. As
previously demonstrated, levels of IL-8 induced by N. lactamica
Y92-1009 were lower than those induced by N. meningitidis
H44/76 A1A4 (Fig. 8) (26). Similarly, IL-8 levels induced by N.
lactamica Y92-1009 were significantly lower than those induced
by the N. meningitidis H44/76 parent strain (Fig. 8). No statisti-
cally significant difference was measured in IL-8 production in-
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FIG 7 Inhibition of IL-8 secretion. BEAS-2B cells were incubated with wtPorB, N. lactamica PorB, PorBSES, PorBPPE2-262AKR (o1 porBL143P (3] at 10 pg/ml) and
with Pam;CSK, (100 ng/ml) individually or in coincubations for 24 h. IL-8 secretion was quantified by ELISA and expressed as fold-change (mean * standard
error) normalized to wtPorB alone (*, P < 0.0001 by Wilcoxon signed rank test; n = 15) (A), N. lactamica PorB alone (*, P = 0.02) (B), or Pam;CSK, alone) (*,

P < 0.0001) (C).
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FIG 8 BEAS-2B cell activation by whole bacteria. BEAS-2B cells were incu-
bated with whole Neisseria organisms (MOI of 10 CFU/cell) for 18 h in anti-
biotic-free medium, and IL-8 secretion was measured by ELISA of culture
supernatants. Strains used include the N. meningitidis H44/76 parent strain, N.
meningitidis H44/76 A1A4, N. meningitidis H44/76 A1A4 expressing N. lac-
tamica PorB (Nme H44/76 A1A4-[Nlac PorB]), and N. lactamica Y92-1009.
IL-8 is expressed in pg/ml (mean * standard error). ***, P < 0.0001, and **,
P < 0.0058, by unpaired ¢ test; n = 9.

duced by the N. meningitidis H44/76 parent strain compared to
the PorA/Rmp mutant (Fig. 8), although the latter was slightly
reduced, possibly due to lack of PorA contribution. However, lev-
els of IL-8 induced by the mutant N. meningitidis H44/76 A1A4
expressing N. lactamica PorB were considerably reduced com-
pared to those induced by both the N. meningitidis H44/76 parent
strain and the N. meningitidis H44/76 A1A4 mutant strain (Fig. 8),
to levels that were close to those induced by N. lactamica Y92-
1009. Similar results were observed when induction of IL-6 secre-
tion was measured (data not shown).

DISCUSSION

In previous studies, our group and others have reported signifi-
cant differences in the outcomes of cell stimulation with purified
porins from pathogenic and commensal Neisseria and with whole
bacteria (12) via TLR2 signaling. PorB is a well-established TLR2
ligand (30, 32, 33, 47). Although the molecular mechanism of
PorB interaction with TLR2 has not been identified yet, recent
work from Tanabe et al. (49) proposed that positively charged
amino acids in the surface exposed loops of PorB might mediate
binding to TLR2 via electrostatic interactions with negatively
charged residues on the TLR2 ecto-domain.

Differences in the amino acid sequences of the surface exposed
loops of PorB (loop variable regions) have been identified in the
majority of neisserial strains. Our PorB sequence analysis of com-
mensal N. lactamica strains and pathogenic N. meningitidis strains
revealed that certain loop residues appear predominantly ex-
pressed in strain subsets. Thus, to explore the contribution of the
surface-exposed loops to the molecular and functional interaction
of PorB with TLR2, hybrid mutant porins were engineered in a
meningococcal PorB recombinant background (originally cloned
from the pathogenic N. meningitidis strain 8765 [41]). This par-
ticular PorB, referred to as wtPorB, shares 100% sequence homol-
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ogy with PorB from N. meningitidis strain H44/76, used as a model
molecule for both in vitro and in vivo studies (27, 47, 56). Our
mutagenesis approach focused on amino acid sequences that were
different between N. lactamica PorB and N. meningitidis PorB and
that could possibly influence local loop charges and/or conforma-
tion, based on molecular modeling prediction tools and the pub-
lished structural analysis of PorB (48). Since loops 2 and 3 are
mostly involved in PorB monomer interaction, pore formation,
and gating function, they are less likely to participate in protein-
protein interactions (11) and were not mutagenized. The muta-
tion of leucine 143 in loop 4 to proline (PorB"'**"), according to
the N. lactamica PorB loop 4 sequence, was predicted to affect the
loop tertiary structure. The insertion of a glycine-glutamic
acid-glycine tripeptide (GEG) between histidines 177 and 178
in loop 5 (PorB“F“) was predicted to elongate this loop and
likely shift the position of residues potentially exposed to in-
teraction with TLR2. Finally, a switch from the negatively
charged aspartic acids 255 and 256 and glutamic acid 262 in
loop 7 to nonpolar, hydrophobic alanine and positively
charged lysine and arginine (PorB”""?>2¢*AKR) was expected
to modify the charge of loop 7.

Analysis of the biological activity of such PorB mutants re-
vealed that loop 5 and loop 7 mutants induced lower levels of cell
activation compared to wtPorB and N. lactamica PorB. No indi-
cation of cell toxicity was observed for any of the PorB molecules
used. To rule out the possibility that such inferior activity was due
to incorrect protein folding or lack of trimeric structure (32), pu-
rified PorB mutants were examined by nondenaturing SDS-
PAGE. All PorB molecules used in this study were found to retain
proper folding and trimeric conformation, as demonstrated by an
abundance of high-molecular-weight forms corresponding to
trimers. Furthermore, the method employed for PorB purifica-
tion ensures the absence of contaminating bacterial endotoxin
(25, 32), which was confirmed both biochemically, by silver stain-
ing of SDS-PAGE gels, and functionally, by the lack of TLR4-
dependent activity in a TLR4-HEK cell overexpression system (9).
Our results were thus consistent with functional, LPS-free, puri-
fied PorB trimers.

The use of HEK cells overexpressing TLRs is a well-established
tool for characterization of the activity of various TLR agonists.
However, the overabundance of TLR expression may, in part, su-
persede variations of activity of different agonists. For this reason,
naturally TLR2-competent cells were also used to test the activity
of PorB loop mutants. Differences in TLR2-dependent activity
between N. lactamica PorB and meningococcal PorB have been
previously shown using the human airway epithelial cell lines
BEAS-2B and Detroit 562 (26). These are very relevant cell mod-
els for studying the outcomes of cell stimulation with neisserial
products, since both N. meningitidis and N. lactamica are col-
onizers of the human nasopharyngeal epithelium. An addi-
tional advantage of these cells is their unresponsiveness to
TLR4 agonists, due to lack of expression of MD-2 (34), which is
required for LPS signaling.

In both TLR2-HEK cells and BEAS-2B cells, PorBSES and
PorBPPE5-262AKR induced lower levels of IL-8 secretion and
NEF-kB-dependent luciferase activity (in TLR2-HEK cells) than
wtPorB, indicating that mutation of residues in loops 5 and 7
attenuated the porin activity. While PorB“*“ induced cell ac-
tivation levels similar to those induced by N. lactamica PorB,
PorBPPE5-262AKR i duced dramatically lower cell activation
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FIG 9 Schematic cartoon of the signaling pathways hypothetically induced by
N. lactamica PorB and wtPorB following differential TLR2 interaction. While
both wtPorB and N. lactamica PorB induce NF-«kB-dependent IL-8 and
RANTES production downstream of TLR2 activation, only wtPorB also in-
duces IL-8 production via activation of MAP kinases, resulting in enhanced
IL-8 levels.

levels, suggesting that residue charge variations in loop 7 had a
profound effect on PorB activity. The activity of PorB"'**" was
comparable to that of wtPorB, suggesting a negligible effect of
a proline insertion in loop 4. Interestingly, in both TLR2-HEK
cells and BEAS-2B cells, secretion of IL-8 and RANTES was
induced by N. lactamica PorB and wtPorB to different levels. In
particular, N. lactamica PorB induced lower IL-8 secretion
than wtPorB and PorB"'**F, while it induced higher RANTES
secretion than wtPorB or PorB loop mutants. In the case of
IL-8, however, mRNA expression levels were less dramatically
different among PorB molecules, suggesting that both tran-
scriptional and posttranscriptional regulation processes may
be involved. Similar evidence of secreted IL-8 and RANTES
and mRNA levels discrepancy and differential gene regulation
was observed in response to Pam;CSK,, consistent with what
was previously reported for airway epithelial cells (4, 29).

It is well established that, following TLR stimulation, maximal
expression of IL-8 is achieved by combined activation of NF-kB
and AP-1 signaling pathways (via ERK1/ERK2, JNK, and p38
MAP kinases) in a stimulus-specific fashion, particularly in non-
hematopoietic cells (21, 24, 43, 45). In contrast, RANTES expres-
sion is only regulated by the NF-«kB pathway (4, 44). Thus, high
IL-8 and low RANTES levels induced by wtPorB and, conversely,
low IL-8 and high RANTES levels induced by N. lactamica PorB
could result from activation of different signaling pathways. The
cartoon in Fig. 9 summarizes this observation and provides a pre-
liminary model for the different effects of N. lactamica PorB and
wtPorB. Supporting this concept, TLR2-dependent B-cell prolif-
eration and CD86 surface expression are induced by N. meningi-
tidis PorB via NF-kB, protein tyrosine phosphorylation, and
ERK1/2 activation but are not susceptible to ERK1/2 inhibition
(28). Furthermore, induction of anti-apoptotic genes by PorB is
TLR2- and NF-kB-independent and possibly due to activation of
alternative signaling pathways (29).

The role of MAP kinases p38 and JNK in the activity of PorB
has not been explored so far. By using specific inhibitors of NF-kB
and MAP kinase phosphorylation and activation, an essential role
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for NF-«B was identified for IL-8 induction by both N. lactamica
PorB and wtPorB via TLR2 signaling (similar to Pam;CSK,) and
by TNF-« via non-TLR2-dependent signaling. Inhibition of p38,
ERK1/2, and JNK signaling did not affect IL-8 induced by N. lac-
tamica PorB, while it prevented TLR2-dependent cell activation
by wtPorB, PorB loop mutants, and Pam;CSK,, as well as TLR2-
independent cell activation by TNF-a. These results are in agree-
ment with the multiple signaling pathways involved in TLR2-de-
pendent (and independent) induction of IL-8 and suggest that
only the NF-kB pathway appears to be induced by N. lactamica
PorB.

Since TLR2-mediated cell activation by PorB is dependent on
binding to TLR2 (32, 33), it is possible that mutation of PorB
surface-exposed loops may alter the hypothetical TLR2 binding
site(s). If this site(s) is the same across PorB types, and if PorB-
TLR2 binding affinity is the same across PorB types, then any PorB
type would inhibit TLR2 binding when used in a competitive
binding assay (referred to as homologous competition). Our pre-
vious work established that N. lactamica PorB and meningococcal
PorB have different apparent specificities for TLR2 in vitro and on
the cell surface and that they are not subject to reciprocal binding
inhibition, thus behaving as heterologous competitors (26, 33).
Upon the introduction of N. lactamica PorB residues into wtPorB,
different outcomes on TLR2 interaction could have been pre-
dicted, such as (i) disruption of the TLR2 binding site(s) and com-
plete loss of activity (this was not observed), (ii) no effect of mu-
tations on binding or activity (this was observed for PorBM#43P),
and (iii) no evident effect of mutations on TLR2 binding com-
bined with alteration of activity (this was observed for PorB“"¢
and PorBPPE2-262AKR [1y664ibly due to changes in binding speci-
ficity or in the ability to recruit TLRI, the TLR2 coreceptor re-
quired for PorB activity) (33). Interestingly, when the ability of an
anti-wtPorB rabbit polyclonal serum to recognize wtPorB and
PorB loop mutants was examined by ELISA, wtPorB, PorBM43F,
and PorB®"S were efficiently recognized, and similar IgG titers
were measured, while lower IgG titers were observed when N.
lactamica PorB and particularly PorBPPE2>2624KR ywere ysed (data
not shown). This observation confirms that selected amino acid
sequence differences between N. lactamica PorB and wtPorB are
important for loop conformation and/or for crucial residues ex-
posure and indirectly support the possibility that mutation of
these residues may affect the quality of PorB-TLR2 interaction.

Our results suggested that the effect of residue mutations in
loops 4, 5, and 7 on PorB-TLR2 binding was negligible, maybe
because not enough sequence variation was introduced to
modify the TLR2 binding site(s). However, particularly for
PorBPPES-262AKR "o mpetitive occupancy of TLR2 resulted in
an inhibitory effect on cellular activation by wtPorB. A signif-
icant reduction of IL-8 secretion was observed when
PorBPPE?2602AKR yas coincubated with wtPorB, N. lactamica
PorB, or even Pam;CSK,. The hypothesis that engagement of
TLR2 by PorBPPE2>262AKR hartly blocks access to TLR2 by
other agonists is tempting; however, the possibility that TLR1
recruitment and TLR2-TLR1 heterodimerization are also af-
fected cannot be excluded. Further studies are necessary to
clarify these possibilities.

While PorBYE€ did not affect IL-8 induced by wtPorB, it en-
hanced IL-8 induced by N. lactamica PorB and Pam;CSK,, possi-
bly via an additive effect, similar to that of wtPorB. If IL-8 induced
by N. lactamica PorB is regulated only by NF-«kB, while a MAP
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kinase signaling component is also induced by wtPorB (and pos-
sibly PorB loop mutants), the observed enhancement of IL-8 pro-
duction would likely be due to activation of such signaling path-
ways.

We conclude that signaling events downstream of TLR2 recog-
nition of neisserial PorB are influenced by a hypothetical TLR2-
binding signature within the sequence of PorB surface-exposed
loops among different Neisseria strains. Thus, the amino acid se-
quence of PorB surface-exposed loops is a key component of
TLR2 recognition of neisserial PorB. Based on our results, loop 5
and loop 7 appear to play a role in the porin activity and likely
contribute to interaction with TLR2 but are not uniquely respon-
sible for this interaction. The effect of loop mutations of PorB on
the TLR2-TLR1 signaling complex is under investigation. Char-
acterization of additional loop mutants will provide further struc-
tural and functional details about the activity of PorB. Studies
using additional loop mutants, including mutants in which posi-
tively charged amino acids in each loop have been replaced with
alanine to specifically address the electrostatic interaction model
proposed by Tanabe et al. (49), are ongoing.

Our observations might have implications beyond simple in
vitro incubation of cell lines with different purified PorB types. It is
possible that expression of distinct PorB variants by N. meningiti-
dis and N. lactamica organisms influences TLR2-dependent host
cell inflammatory responses following bacterial colonization,
consistent with previous findings in vitro (12). In vivo, high levels
of IL-8 and low levels of RANTES are found in sera from menin-
gitis patients and correlate with severe infections, acute bacterial
meningitis, and meningococcal septic shock, while a reversed in-
flammatory pattern characterizes mild systemic meningitis (6, 7,
37). Similar findings have also been reported for other microor-
ganisms, such as pathogenic and commensal Streptococcus strains
(S. aureus and S. epidermis) (55) and P. aeruginosa (22). Although
in the case of neisserial infections, this effect has been mostly as-
cribed to lipooligosaccharide (LOS) (15, 53), a role for other bac-
terial cell wall components, including PorB, is plausible (37). To
expand our findings on the role of PorB on induction of cell re-
sponses to whole neisseriae, a chimeric N. meningitidis organism
expressing N. lactamica PorB was constructed. Upon stimulation
of BEAS-2B cells with the chimeric bacteria, levels of IL-8 secre-
tion lower than those in the original organisms were observed,
suggesting that substitution of N. lactamica PorB in N. meningiti-
dis contributes to differential induction of cell activation. Thus,
the molecular recognition of PorB by TLR2 likely influences cel-
lular inflammatory responses to Neisseria organisms and may be
particularly relevant in the context of PorB sequence variants
found in pathogenic N. meningitidis strains.
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