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Activation of macrophages by Toll-like receptors (TLRs) and functionally related proteins is essential for host defense and innate
immunity. TLRs recognize a wide variety of pathogen-associated molecules. Here, we demonstrate that the meningococcal outer
membrane protein NhhA has immunostimulatory functions and triggers release of proinflammatory cytokines from macro-
phages. NhhA-induced cytokine release was found to proceed via two distinct pathways in RAW 264.7 macrophages. Interleu-
kin-6 (IL-6) secretion was dependent on activation of TLR4 and required the TLR signaling adaptor protein MyD88. In contrast,
release of tumor necrosis factor (TNF) was TLR4 and MyD88 independent. Both pathways involved NF-�B-dependent gene reg-
ulation. Using a PCR-based screen, we could identify additional targets of NhhA-dependent gene activation such as the cytokines
and growth factors IL-1�, IL-1�, granulocyte colony-stimulating factor (G-CSF), and granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF). In human monocyte-derived macrophages, G-CSF, GM-CSF, and IL-6 were found to be major targets of
NhhA-dependent gene regulation. NhhA induced transcription of IL-6 and G-CSF mRNA via TLR4-dependent pathways,
whereas GM-CSF transcription was induced via TLR4-independent pathways. These data provide new insights into the role of
NhhA in host-pathogen interaction.

The Gram-negative bacterium Neisseria meningitidis is a leading
cause of bacterial meningitis and septicemia. Disease progres-

sion is rapid, and meningococcal infections can be fatal as a result
of acute inflammatory responses. Individual bacterial compo-
nents can be recognized by the innate immune system and trigger
host defense mechanisms. The meningococcal endotoxin lipooli-
gosaccharide (LOS) is a potent proinflammatory factor that trig-
gers release of cytokines in human macrophages by binding to and
activating TLR4 (30). LOS-dependent macrophage activation also
requires CD14 and MD-2, which bind TLR4 and thereby function
as coreceptors (3). In addition, meningococci may cause LOS-
independent induction of proinflammatory responses (24). LOS-
deficient meningococci cause fatal sepsis in an animal model of
meningococcal disease (20). N. meningitidis capsular polysac-
charides (CPS) trigger innate immunity responses by activating
TLR2 and TLR4 (29). In addition, neisserial porins have im-
munostimulatory activities that depend on TLR2 and the in-
tracellular adaptor protein myeloid differentiation primary re-
sponse gene 88 (MyD88) (15). TLR receptors frequently
undergo heterodimerization, and meningococcal PorB was re-
ported to activate the TLR2/TLR1 complex by binding directly
to TLR2 (16).

Meningococcal LOS-induced TLR4 signaling results in
MyD88-dependent release of the cytokines tumor necrosis factor
(TNF), interleukin-1� (IL-1�), monocyte chemoattractant pro-
tein 1 (MCP-1), and macrophage inflammatory protein 3� (MIP-
3�) (31). MyD88-independent TLR4 signaling promotes synthe-
sis of beta interferon (IFN-�), nitric oxide (NO), and IFN-�
inducible protein 10 (IP-10) (31). MyD88-independent TLR sig-
naling has been linked only to activation of TLR3 or TLR4,
whereas all other members of the TLR family appear to exclusively
activate MyD88-dependent signaling pathways. TLR signaling in-
duces transcription of genes related to infection and inflammation
by activating mitogen-activated protein kinases (MAPKs), phos-

phoinositide 3-kinase (PI3K), and nuclear factor kappa B (NF-
�B) (3).

The Neisseria Hia/Hsf homologue (NhhA) is a meningococcal
protein related to the Hia and Hsf adhesins of Haemophilus influ-
enzae (18). The NhhA gene is conserved in different N. meningi-
tidis strains. Screening for vaccine candidates against serogroup B
meningococci revealed that NhhA is a surface-exposed antigen
that can produce an antibactericidal antibody response in mice
(19, 27). Direct interaction between purified NhhA and the extra-
cellular matrix components laminin and heparan sulfate was
demonstrated (21). NhhA promotes the interaction between
capsulated, wild-type meningococci and macrophages (22). In ad-
dition, meningococci lacking NhhA are more sensitive to comple-
ment-mediated bacterial killing in human serum (22). NhhA-
dependent serum resistance was shown to depend on the
interaction between NhhA and vitronectin (7). Using a mouse
model of meningococcal disease, NhhA was found to play a role in
colonization of nasal mucosa. Challenge with NhhA-deleted mu-
tant bacteria leads to enhanced survival and less proinflammatory
reactions in mice (22).

Here we demonstrate that NhhA activates macrophages and
triggers NF-�B-dependent cytokine release via two distinct path-
ways. In human monocyte-derived macrophages, IL-6 and gran-
ulocyte colony-stimulating factory (G-CSF) were the major tar-
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gets of NhhA-dependent gene regulation via TLR4, whereas
granulocyte-macrophage colony-stimulating factor (GM-CSF)
transcription was induced through TLR4-independent pathways.

MATERIALS AND METHODS
Bacterial strains and growth conditions. FAM20, an N. meningitidis se-
rogroup C strain, was grown at 37°C and 5% CO2 on GC medium base
(Acumedia).

Cloning and purification of recombinant NhhA. A sequence encod-
ing amino acids 51 to 510 of NhhA was amplified by PCR using genomic
DNA from FAM20 as the template using the following primers: 5=-GCG
AATGGATCCGATACCGATGAAGATG-3= and 5=-CCTTTAAGCTTTG
CGACGTTTGTAACATC-3=. After purification and digestion, the PCR
product was cloned into the vector pET-21a (Novagen) using restriction
enzymes BamHI and HindIII. Recombinant NhhA was expressed in Esch-
erichia coli in fusion with a C-terminal hexahistidine tag. NhhA was
purified by affinity chromatography using talon resin (Clontech). Recom-
binant NhhA was then further purified by fast protein liquid chromato-
graphy (FPLC) gel filtration. Purification was monitored by SDS-PAGE
with Coomassie brilliant blue staining. The meningococcal protein
NMC0101 was expressed and purified in the same way to serve as a con-
trol.

Cell culture and stimulation. All cell lines were obtained from Amer-
ican Type Culture Collection except for the HEK 293-hTLR4A-MD2-
CD14 cells, which were from InvivoGen. The murine macrophage cell line
RAW 264.7 was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) plus 10% heat-inactivated fetal calf serum at 37°C and 5% CO2.
The human monocytic cell line THP-1 was cultured in RPMI 1640 and
10% heat-inactivated fetal calf serum at 37°C and 5% CO2. After seeding
RAW 264.7 cells (500,000/ml) into 6-well cell culture plates, cells were
allowed to attach for 6 h. THP-1 cells were differentiated to macrophages
using 100 nM phorbol 12-myristate 13-acetate (PMA) (Sigma) for 3 days.
Thereafter, PMA was removed and fresh medium added. Cells were main-
tained in serum-containing growth medium during differentiation and
stimulation.

HEK 293 cells were cultured in DMEM with 10% heat-inactivated fetal
calf serum, 50 u/ml penicillin, 50 �g/ml streptomycin, and 2 mM L-glu-
tamine. HEK 293-hTLR4A-MD2-CD14 cells were cultured in the same
growth medium supplemented with 10 �g/ml Blasticidin (InvivoGen)
and 50 �g/ml HygroGold (InvivoGen). Cells (500,000/ml) were seeded
into 6-well cell culture plates. After attachment, the supernatant was re-
moved and fresh medium added.

Human CD14� monocytes were isolated from freshly prepared buffy
coat (Karolinska Institute Biobank) using the pluriBead cell separation kit
(pluriSelect GmbH). Isolated monocytes (1,000,000/ml) were seeded into
6-well cell culture plates and incubated for 2 h at 37°C in RPMI 1640
medium supplemented by 10% fetal bovine serum (FBS), 100 IU/ml pen-
icillin, and 100 �g/ml streptomycin. After nonadherent cells were re-
moved, monocytes were differentiated into macrophages in fresh me-
dium with 50 ng/ml rhM-CSF (ImmunoTools) for 7 days. Medium was
replaced two times during the differentiation period. Subsequently, M-
CSF was removed and fresh medium added.

If indicated, cells were pretreated with 1 �M polymyxin B (Invivo-
Gen), 1 �M CLI-095 (InvivoGen), 5 �M Celastrol (InvivoGen), or 10 �M
chloroquine (InvivoGen). After 1 h of pretreatment, cells were exposed to
0 to 400 nM NhhA for 5 to 20 h or 500 ng/ml E. coli LPS (Sigma-Aldrich)
for 20 h. Before cells were stimulated, NhhA was pretreated with poly-
myxin B at 10 �g/ml to remove possible LPS contamination.

Measurement of cytokine release. Cell supernatants were collected
from stimulated RAW 264.7 cells, and IL-6 and TNF concentrations were
determined by enzyme-linked immunosorbent assay (ELISA) using IL-6
and TNF antibody pairs (Invitrogen) according to the manufacturer’s
instructions. Standard curves were constructed using ELISA MAXTM
standard sets (BioLegend).

siRNA transfection. The predesigned FlexiTube small interfering
RNAs (siRNAs) CD14-1, MyD88-4, Tlr1-1, and Tlr2-2 targeting mouse
CD14, MyD88, Tlr1, and Tlr2, respectively, were obtained from Qiagen.
The AllStar control siRNA (Qiagen) was used to monitor unspecific ef-
fects. RAW 264.7 cells were transfected using HiPerFect transfection re-
agent (Qiagen) according to the manufacturer’s instructions. In brief,
aliquots of 20,000 cells in 30 �l of growth medium were seeded in 96-well
plates. siRNAs were suspended in 30 �l growth medium without serum at
50 nM and 1 �l HiPerFect transfection reagent was added. After 10 min of
incubation, the mixture was added dropwise to the cells. After 6 h, 140 �l
complete growth medium was added. Twenty-four hours after transfec-
tion, cells were either subjected to RNA extraction or stimulated with 50
ng/ml Pam3CSK4 (InvivoGen), 0.5 �g/ml E. coli LPS (Sigma), or 400 nM
NhhA. After stimulation for 20 h, cell supernatants were collected and
cytokine release was determined by ELISA.

RNA isolation and gene expression analysis. RNA was isolated using
the RNeasy minikit (Qiagen). RNA quality was assessed by agarose gel
electrophoresis, and the concentration was determined by measuring ab-
sorbance at 260 nm. Three hundred nanograms of total RNA was used for
cDNA synthesis in a final reaction volume of 20 �l. cDNA for conven-
tional real-time PCR was synthesized using the RevertAid H minus first-
strand cDNA synthesis kit (Fermentas). cDNA for PCR array analysis was
synthesized using the RT2 first-strand kit (Qiagen). Real-time PCR was
performed using the LightCycler 480 SYBR green I master (Roche). PCR
primers are specified in Tables 1 and 2. PCR array analysis was performed
using mouse Toll-like receptor signaling pathway PCR arrays (Qiagen).
All PCR amplifications were performed using a 480 LightCycler (Roche).
Primer efficiencies were determined by PCR analysis of serially diluted
cDNA. Advanced relative quantifications corrected for primer efficiency
were performed using the LightCycler software. For PCR array, a set of
five housekeeping genes were used as reference genes. For conventional
real-time PCR, Gapdh (mouse cells) or RPL37A (human cells) were used
as reference genes. RPL37A was chosen on the basis of superior expression
stability during PMA-induced THP-1 differentiation (13).

Statistical analysis. Student’s t test for paired samples was used for
statistical analysis. Differences between means were considered significant
if P values were �0.05.

TABLE 1 Mouse real-time PCR primers

Gene product Primer sequence

Gapdh Forward, CAACTTTGTCAAGCTCATTTCCTG
Reverse, CCTCTCTTGCTCAGTGTCCTT

Csf3 Forward, TCCAGGCCAGCGGCTCGGTG
Reverse, TGTCTGCTGCAGGGCCTGGC

Il1b Forward, GCCTCGTGCTGTCGGACCCATA
Reverse, TGCAGGGTGGGTGTGCCGTCTT

Il6 Forward, AGCTGGAGTCACAGAAGGAGTG
Reverse, ATAACGCACTAGGTTTGCCGAG

Csf2 Forward, GCCATCAAAGAAGCCCTGAA
Reverse, GCGGGTCTGCACACATGTTA

Il1a Forward, GGAGAAGACCAGCCCGTGTTGCT
Reverse, CCGTGCCAGGTGCACCCGACTT

Ptgs2 Forward, GCCAGCTCCACCGCCACCACT
Reverse, GAGCCCCAGGGCAGCGCAGA

Il10 Forward, TGCACCCACTTCCCAGTCGGCCA
Reverse, TGGCTGAAGGCAGTCCGCAGCTC

Ccl2 Forward, TTGCCGGCTGGAGCATCCACGT
Reverse, AGTAGCAGCAGGTGAGTGGGGCG

Ifnb1 Forward, GCCTGGATGGTGGTCCGAGCA
Reverse, TACCAGTCCCAGAGTCCGCCTCT

Cxcl10 Forward, TCCGGAAGCCTCCCCATCAGCACC
Reverse, TGCAGCGGACCGTCCTTGCGA

Tnf Forward, TCCCAGGTTCTCTTCAAGGGA
Reverse, GGTGAGGAGCACGTAGTCGG
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RESULTS
NhhA triggers cytokine production in macrophages. In order to
perform functional studies of NhhA, we expressed NhhA in solu-
ble form by excluding the C-terminal membrane anchoring do-
main. A sequence encoding amino acids 51 to 510 of NhhA from
FAM20, an N. meningitidis serogroup C strain, was cloned into the
vector pET-21a and expressed in E. coli in fusion with a histidine
tag. The N terminus of NhhA contains a predicted leader peptide
that was excluded from the NhhA construct. NhhA was purified
by affinity chromatography followed by gel chromatography to
avoid endotoxin contamination. The capacity of purified recom-
binant NhhA to induce proinflammatory responses was investi-
gated by exposing RAW 264.7 mouse macrophages to various
concentrations of NhhA. After 20 h of incubation, the presence of
the cytokines IL-6 and TNF in the extracellular medium was de-
termined. NhhA was found to trigger a dose-dependent release of
both these cytokines, and stimulation of cytokine production
could be observed at the lowest dose tested, 3 nM NhhA (Fig. 1A
and B). In unstimulated cells, the extracellular IL-6 level was
14.9 � 3.7 pg/ml (mean � standard deviation [SD]; n � 3 samples),
whereas TNF was undetectable. The release of IL-6 at different time
points after NhhA stimulation was determined (Fig. 1C). After 8 h,
significant increases in IL-6 levels were observed (P � 0.003 versus
untreated cells). IL-6 accumulated at later time points, indicating an
ongoing production of the cytokine. To confirm the specificity of
NhhA-induced cytokine production, we cloned, expressed, and pu-
rified an unrelated His-tagged meningococcal protein (NMC0101).
NMC0101 failed to induce IL-6 or TNF production in RAW 264.7
cells (results not shown).

NhhA-induced cytokine release occurs via multiple path-
ways. The mechanisms involved in NhhA-stimulated cytokine re-
lease were investigated by using a set of chemical inhibitors (Fig.
2A). CLI-095/TAK242 is an inhibitor of TLR4 that prevents TLR4
signaling by binding its intracellular domain (10). As expected,
CLI-095 inhibited LPS-induced cytokine release (Fig. 2B). In
NhhA-stimulated cells, CLI-095 prevented IL-6 release but not
TNF release (Fig. 2A). Celastrol, an inhibitor of the transcription
factor NF-�B, was able to block NhhA-induced IL-6 and TNF
release (Fig. 2A). The LPS binding compound polymyxin B did
not prevent NhhA-induced cytokine release, confirming that our
preparations of purified recombinant NhhA were not contami-
nated with LPS. In order to further investigate the possibility of

LPS contamination, NhhA was heated at 95°C for 10 min before
treatment of RAW 264.7 cells. Heat treatment reduced the capac-
ity of NhhA (400 nM) to induce release of IL-6 by 93.7 � 5.9%
(mean � SD; n � 3 experiments). In contrast, heat treatment of
LPS only reduced the capacity of LPS (500 ng/ml) to induce release
of IL-6 by 2.7 � 7.0% (mean � SD; n � 3 experiments). Since LPS
is highly resistant to heat inactivation (14), these data confirm that
NhhA-induced cytokine release did not result from LPS contam-
ination.

Pretreatment of RAW 264.7 cells with chloroquine, an inhibi-
tor of endosomal acidification and TLR9 signaling, did not alter
the release of IL-6 or TNF (results not shown). In order to verify
the inhibitory functions of CLI-095 and polymyxin B under our
experimental conditions, the capacity of these drugs to inhibit
LPS-induced cytokine release was verified (Fig. 2B). These results
suggested that NhhA-induced cytokine release was NF-�B depen-
dent and could occur via TLR4-dependent as well as TLR4-inde-
pendent pathways.

NhhA-induced IL-6 release requires MyD88. The role of ad-
ditional factors related to TLR signaling was investigated using
siRNA-mediated downregulation. RAW 264.7 cells were exposed
to siRNAs specifically targeting TLR1, TLR2, CD14, or MyD88.
Specific downregulation of the corresponding mRNA was verified
by quantitative real-time reverse transcription (RT)-PCR (results

FIG 1 NhhA induces cytokine production in macrophages. (A and B) RAW
264.7 macrophages were exposed to various concentrations of NhhA for 20 h,
and the release of IL-6 and TNF was determined by ELISA. (C) RAW 264.7
mouse macrophages were exposed to 400 nM NhhA for various time points
and the release of IL-6 was determined. Values indicate means � SD (n � 3
samples) of one representative experiment out of three.

TABLE 2 Human real-time PCR primers

Gene product Primer sequence

RPL37A Forward, ATTGAAATCAGCCAGCACGC
Reverse, AGGAACCACAGTGCCAGATCC

CSF3 Forward, GCTTGAGCCAACTCCATAGC
Reverse, TTCCCAGTTCTTCCATCTGC

IL1B Forward, TCCCCAGCCCTTTTGTTGA
Reverse, TTAGAACCAAATGTGGCCGTG

IL-6 Forward, GGCACTGGCAGAAAACAACC
Reverse, GCAAGTCTCCTCATTGAATCC

CSF2 Forward, AGAAATGTTTGACCTCCAGGA
Reverse, TTGCACAGGAAGTTTCCG

IL1A Forward, CGCCAATGACTCAGAGGAAGA
Reverse, AGGGCGTCATTCAGGATGAA

TNF Forward, CCTGCCCCAATCCCTTTATT
Reverse, CCCTAAGCCCCCAATTCTCT
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not shown). To verify that siRNA treatment induced functional
changes, cells were stimulated with Pam3CSK4 or LPS (Fig. 3A
and B). In line with previous reports, TLR1 or TLR2 knockdown
reduced Pam3CSK4-induced cytokine release, and CD14 or
MyD88 knockdown reduced LPS-induced cytokine release.

Next, the role of these proteins in NhhA-induced cytokine re-
lease was investigated. None of these factors could significantly
alter release of TNF after NhhA stimulation. However, MyD88
siRNA treatment almost completely abolished IL-6 release. These
data pointed to an essential role of MyD88 in NhhA-induced re-
lease of IL-6.

Identification of NhhA-regulated genes. The capacity of
NhhA to regulate genes involved in inflammatory responses was
investigated further using a PCR array-based screening. RNA was
isolated from unstimulated and NhhA-stimulated RAW 264.7
macrophages and reverse transcribed. The cDNA was applied to
commercially available 96-well plates preloaded with primers rec-
ognizing 84 genes involved in TLR signaling. A set of five house-
keeping genes were used as a reference. A group of 10 mRNAs that
were 100-fold or more upregulated after NhhA exposure could be
identified (Fig. 4A). These are described in Table 3 and consist
mainly of chemokines and cytokines, including IL-6. In addition,
the enzyme prostaglandin synthase 2 (Ptgs2), which is involved in
arachidonic acid metabolism, was also identified as a target of
NhhA-induced gene regulation. TNF mRNA displayed an 11-fold
upregulation after NhhA exposure. The result of the PCR array
screen was validated by conventional real-time RT-PCR (Fig. 4B)

using Gapdh as the reference gene. The mRNAs encoding GM-
CSF/CSF2, G-CSF/CSF3, IL-1�, IL-1�, and IL-6 were upregulated
more than 10,000-fold after NhhA stimulation. Since meningo-
cocci are human-specific pathogens, it was important to confirm
that NhhA-mediated gene regulation could occur also in human
macrophages. THP-1 monocytes were differentiated to macro-
phage-like cells by treatment with phorbol 12-myristate 13-ace-
tate (PMA). The expression of mRNAs encoding GM-CSF, G-
CSF, IL-1�, IL-1�, and IL-6 was investigated by real-time RT-PCR
(Fig. 5A) using RPL37A as a reference gene. All investigated tran-
scripts were clearly induced, ranging from more than 1,000-fold
upregulation of the IL-6 transcript to around 10-fold upregula-
tion of IL-1� and TNF mRNA. In addition, NhhA-induced cyto-
kine mRNA induction was examined in human monocyte-de-
rived macrophages. In these cells, transcription of mRNA
encoding GM-CSF, G-CSF, and IL-6 was increased around 100-
fold, whereas the other mRNAs investigated were induced to a
lesser extent (Fig. 5C). These results demonstrate potent gene reg-
ulatory actions induced by NhhA stimulation.

TLR4 mediates NhhA-dependent IL-6 gene regulation. The
role of TLR4 in NhhA-induced expression of cytokine mRNAs
was investigated using the TLR4 inhibitor CLI-095 (Fig. 5B). Pre-

FIG 2 Role of TLR4 and NF-�B in NhhA-induced cytokine release. (A) RAW
264.7 macrophages were preincubated with or without (control) 1 �M CLI-
095 (TLR4 inhibitor), 5 �M Celastrol (NF-�B inhibitor), or 1 �M polymyxin
B (PMB) for 1 h. Thereafter, cells were stimulated with NhhA (400 nM, 20 h),
and the release of IL-6 and TNF was determined by ELISA. *, P 	 0.05 versus
NhhA-treated control. (B) RAW 264.7 macrophages were preincubated with
or without (control) 1 �M CLI-095 or 1 �M polymyxin B for 1 h. Thereafter,
cells were stimulated with 500 ng/ml E. coli LPS for 20 h, and the release of IL-6
and TNF was determined by ELISA. Values indicate means � SD from three
independent experiments. *, P 	 0.05 versus LPS-treated control.

FIG 3 Role of TLR1, TLR2, CD14, and MyD88 in NhhA-induced cytokine
release. (A) RAW 264.7 macrophages were treated with siRNA against TLR1 or
TLR2. Alternatively, a scrambled control siRNA (AllStar) was used. Thereafter,
cells were stimulated with 50 ng/ml Pam3CSK4 for 20 h. Extracellular IL-6
levels were determined by ELISA. (B) RAW 264.7 macrophages were treated
with siRNA against CD14 or MyD88. Thereafter, cells were stimulated with
500 ng/ml E. coli LPS for 20 h, and IL-6 release was determined. (C) RAW 264.7
macrophages were treated with siRNA against TLR1, TLR2, CD14, or MyD88.
Thereafter, cells were stimulated with 400 nM NhhA for 20 h. Extracellular
IL-6 and TNF levels were determined. Values indicate means � SD from three
independent experiments. *, P 	 0.05 versus AllStar control.
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incubation of RAW 264.7 or PMA-treated THP-1 cells with the
TLR4 inhibitor did not prevent induction of TNF mRNA upon
NhhA exposure. However, the TLR4 inhibitor efficiently blocked
NhhA-induced induction of IL-6 mRNA in both cell types. In
differentiated THP-1 cells, the induction of G-CSF mRNA was
also substantially reduced, whereas IL-1�, GM-CSF, and IL-1�
mRNA levels remained largely unaffected after TLR4 inhibition.
In RAW 264.7 cells, the expression of all investigated mRNAs,

except TNF mRNA, was lowered after CLI-095 pretreatment. In
monocyte-derived macrophages, IL-6 and G-CSF induction was
found to be TLR4 dependent, whereas induction of GM-CSF did
not require TLR4 (Fig. 5D). These results indicate TLR4-depen-
dent as well as TLR4-independent upregulation of cytokine gene
expression upon exposure of macrophages to NhhA. IL-6 mRNA
induction was consistently found to require TLR4 activation in
monocyte-derived macrophages and macrophage cell lines.

In order to confirm a role of TLR4 in NhhA-induced cytokine
mRNA induction, we stimulated TLR4-expressing HEK 293 cells
with NhhA for 6 h (Fig. 6). Nontransfected cells did not respond to
NhhA stimulation. In TLR4-expressing HEK 293 cells, increased
expression of mRNA encoding TNF was detected. In contrast,
IL-6 transcript levels were nearly unaffected by NhhA stimulation.
These data confirm the capacity of TLR4 to mediate NhhA-depen-
dent cytokine mRNA induction.

DISCUSSION

In addition to the well-studied proinflammatory effects of carbo-
hydrate-based molecules such as meningococcal LOS and CPS,
proteins present on the bacterial surface may also contribute to
innate immunity responses. Meningococcal porin B triggers
TLR2/TLR1-dependent cytokine release (16). In addition, the
neisserial adhesin NadA provokes cytokine production and stim-
ulates differentiation of monocytes to macrophages (5). NadA-
dependent monocyte stimulation was recently shown to be TLR4
dependent and to involve interaction between NadA and extracel-
lular Hsp 90 (2).

We found that exposure of macrophages to purified recombi-
nant NhhA triggered release of the proinflammatory cytokines
IL-6 and TNF in a time- and dose-dependent manner. Already at
3 nM NhhA, stimulation of IL-6 and TNF secretion was observed.
The specific TLR4 inhibitor CLI-095 (10) blocked NhhA-induced
IL-6 release but not NhhA-induced TNF release. However, both
IL-6 and TNF productions were found to be NF-�B dependent.
The involvement of additional factors related to TLR signaling was
investigated using siRNA-based silencing. MyD88 was identified
as an additional factor required for NhhA-induced IL-6 release in
RAW 264.7 macrophages. TLR4 and MyD88 signaling is more
closely linked in certain cell types (9). Therefore, NhhA-induced
IL-6 release might not be MyD88 dependent in all cell types.
NhhA-induced TNF production was not affected by depletion of
TLR1, TLR2, CD14, or MyD88.

TABLE 3 NhhA target gene products in RAW 264.7 macrophages

Gene
product Description

Csf3 Granulocyte colony-stimulating factor (cytokine, growth factor)
Il1b Interleukin-1� (proinflammatory cytokine)
Il6 Interleukin-6 (proinflammatory cytokine)
Csf2 Granulocyte macrophage colony-stimulating factor (cytokine,

growth factor)
Il1a Interleukin-1� (proinflammatory cytokine)
Ptgs2 Prostaglandin synthase 2 (enzyme involved in arachidonic acid

metabolism)
Il10 Interleukin-10 (anti-inflammatory cytokine)
Ccl2 Chemokine ligand 2 (chemokine)
Ifnb1 Interferon-� (cytokine, antiviral)
Cxcl10 C-X-C motif chemokine 10 (chemokine)

FIG 4 Identification of NhhA-regulated genes. (A) RAW 264.7 macrophages
were stimulated with 400 nM NhhA for 6 h followed by RNA isolation and
cDNA synthesis. PCR array experiments analyzing 84 genes involved in TLR
signaling were performed. Unstimulated cells served as the control. Relative
changes in gene expression were determined by quantitative real-time PCR. A
scatter plot was generated to visualize up- or downregulated genes. Red dots
indicate genes upregulated 100-fold or more after NhhA exposure. (B) Genes
upregulated 100-fold or more after NhhA exposure were selected for valida-
tion experiments. RAW 264.7 macrophages were stimulated as described
above, and conventional real-time RT-PCR experiments were performed us-
ing primer sets unrelated to the PCR array. Unstimulated cells served as the
control. Values indicate means from two independent experiments (PCR ar-
ray) or means � SD from three independent experiments (validation). For
comparison, PCR array results for the selected genes were plotted also in
panel B.
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Using a PCR array-based screening, the upregulation of mRNA
encoding IL-6 and TNF was confirmed. In addition, a number of
cytokines and chemokines were identified as targets of NhhA-
dependent gene regulation, and striking upregulation of mRNA
encoding, for example, GM-CSF, G-CSF, IL-1�, and IL-1� was
observed. In line with our biochemical findings, we observed that
TLR4 inhibition blocked NhhA-induced IL-6 mRNA induction
but not TNF mRNA induction in murine and human macrophage
cell lines. In human monocyte-derived macrophages, IL-6,
G-CSF, and GM-CSF were identified as major targets of NhhA-
dependent gene regulation. These data point to important differ-

ences in NhhA and LPS stimulation of macrophages since LPS has
only minor effects on G-CSF and GM-CSF transcription (1). In
monocyte-derived macrophages, NhhA induced transcription of
IL-6 and G-CSF mRNA via TLR4-dependent pathways, whereas
GM-CSF transcription was induced via TLR4-independent path-
ways. The ability of NhhA to activate TLR4 and induce cytokine
mRNA expression was confirmed in TLR4-expressing HEK 293
cells, where TNF mRNA was found to be upregulated. In contrast
to macrophages, NhhA failed to induce IL-6 transcription in HEK
293 cells. TLR4 is emerging as a potential target for treatment of
sepsis (11). The data presented here might contribute to the un-
derstanding of how TLR4 inhibition could influence meningococ-
cal sepsis.

The ability of an individual bacterial component to stimulate
cytokine release via two apparently independent pathways is un-
usual. Therefore, the identification of mechanisms involved in
mediating NhhA-dependent TNF release is an interesting target of
future studies. Live meningococci stimulate TLR signaling via
TLR2, TLR4, and TLR9 (17). We could not link NhhA-induced
TNF release to TLR2 or TLR4. Since TLR9 signals via MyD88, it is
an unlikely mediator of NhhA-induced TNF release. Further-
more, chloroquine, an inhibitor of endosomal acidification and
TLR9 signaling (8), did not prevent TNF release after NhhA stim-
ulation (results not shown). Instead, NhhA-induced TNF release
might involve other pattern recognition receptors (PRRs) such as
members of the scavenger receptor (SR) family or NOD-like pro-
teins. NhhA-induced TNF release was NF-�B dependent, and
both SR and NOD-like proteins have been reported to activate

FIG 5 TLR4 mediates cytokine mRNA induction by NhhA in macrophages. (A) Human THP-1 cells differentiated to macrophages by PMA treatment were
exposed to 400 nM NhhA for 6 h. RNA was isolated and real-time RT-PCR experiments were performed. Relative changes in cytokine mRNA expression were
determined using unstimulated cells as the control. (B) THP-1-derived and RAW 264.7 macrophages were pretreated with 1 �M CLI-095 (TLR4 inhibitor) for
1 h before exposure to 400 nM NhhA for 6 h. RNA was isolated and real-time RT-PCR experiments were performed. Relative changes in cytokine mRNA
expression were determined. NhhA-exposed cells not pretreated with CLI-095 were used as the control to visualize the effect of CLI-095 pretreatment. (C)
Human monocyte-derived macrophages were exposed to 400 nM NhhA for 6 h. RNA was isolated and real-time RT-PCR experiments were performed. Relative
changes in cytokine mRNA expression were determined using unstimulated cells as the control. (D) Human monocyte-derived macrophages were pretreated
with 1 �M CLI-095 for 1 h before exposure to 400 nM NhhA for 6 h. RNA was isolated and real-time RT-PCR experiments were performed. Relative changes in
cytokine mRNA expression were determined. NhhA-exposed cells not pretreated with CLI-095 were used as a control to visualize the effect of CLI-095
pretreatment. Values indicate means � SD from three independent experiments. *, P 	 0.05 versus NhhA-treated control.

FIG 6 TLR4 mediates cytokine mRNA induction by NhhA in HEK 293 cells.
Nontransfected HEK 293 control cells (HEK 293/null) and stably transfected
HEK 293 cells expressing TLR4 and its coreceptors MD2 and CD14 (HEK
293/TLR4) were exposed to 400 nM NhhA for 6 h. RNA was isolated and
real-time RT-PCR experiments were performed. Relative changes in cytokine
mRNA expression were determined using unstimulated cells as the control.
Values indicate means � SD from three independent experiments. *, P 	 0.05.
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NF-�B (6, 25, 26). Screening for human proteins interacting with
NhhA by using biochemical or yeast two-hybrid-based methods
might be helpful to identify additional NhhA receptors.

NhhA was recently shown to stimulate apoptosis in macro-
phages (23). Since TNF has been linked to proapoptotic signaling
(28), NhhA-induced TNF production might play a role in induc-
ing macrophage apoptosis. However, antibody-mediated inhibi-
tion of TNF signaling failed to prevent NhhA-induced apoptosis
(23). Another function of NhhA related to host defense was high-
lighted in a recent study. It was shown that NhhA can bind to
vitronectin and thereby increase serum resistance by regulating
complement activity (7). Since vitronectin is abundant in serum, the
vitronectin-NhhA interaction could potentially regulate other ac-
tions of NhhA, such as its cytokine production-stimulating activity
described here. Bovine vitronectin binds to NhhA with an affinity
similar to that of human vitronectin (7). Since our experiments were
carried out in the presence of bovine serum, we draw the conclusion
that NhhA-induced cytokine production is not prevented by vitro-
nectin. Further studies will be needed to elucidate to what extent the
different functions of NhhA influence each other.

NhhA has been shown to trigger antibactericidal antibody re-
sponses in mice and has been suggested to be a candidate for
vaccine development (19, 27). Immunostimulatory adjuvants
may enhance vaccine responses (12), and therefore the immuno-
stimulatory functions of NhhA described here may be of impor-
tance for successful development of NhhA-based vaccines. Also,
the need for nonantibiotic or adjunctive therapies to complement
antibiotic-based treatment of sepsis and septic shock is now being
increasingly recognized (4). Continued studies on how mem-
brane-bound factors, such as NhhA, stimulate host responses will
be important for supporting complementary approaches to po-
tentially decrease inflammatory reactions to meningococci. In
summary, we demonstrate that NhhA has immunostimulatory
functions that involve potent gene regulatory events. These find-
ings will contribute to understanding the role of NhhA in host-
pathogen interaction.
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