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This study was done to elucidate the signal transduction pathway of interleukin-8 (IL-8) induction by grampositive bacteria. Bacteria (micrococci) and peptidoglycan (PGN) induced transcription of IL-8 in HEK293
cells expressing Toll-like receptor 2 (TLR2) and CD14 but not in those expressing TLR1 or TLR4. A mutation
within the NF-B site in the IL-8 promoter abrogated transcriptional induction of IL-8 by the two stimulants.
Dominant negative myeloid differentiation protein (MyD88), IL-1 receptor-associated kinase (IRAK), NFBinducing kinase (NIK), and IB kinase (IKK) mutant forms completely inhibited micrococcus- and PGNinduced activation of NF-B and expression of the gene for IL-8. Induction of NF-B was partially inhibited
by dominant negative tumor necrosis factor receptor-associated kinase 6 (TRAF6) but not TRAF2, whereas induction of IL-8 gene was partially inhibited by both TRAF6 and TRAF2. These data indicate that micrococci
and PGN induce TLR2-dependent activation of the gene for IL-8 and that this activation requires MyD88,
IRAK, NIK, IKK, and NF-B and may also utilize TRAF6 and, to a lesser extent, TRAF2.
genes involved in immune responses. LPS from gram-negative
bacteria also induces activation of NF-B through CD14 and
TLR (16, 34), and this activation requires the signal transduction molecules myeloid differentiation protein (MyD88), IL-1
receptor-associated kinase (IRAK), tumor necrosis factor (TNF)
receptor-associated kinase 6 (TRAF6), NF-B-inducing kinase
(NIK), and IB kinase (IKK) (16, 30, 34, 37). LPS stimulation
of this pathway results in the activation of IKK (10), which then
phosphorylates IB, resulting in its degradation and the subsequent release and translocation of NF-B to the nucleus,
where NF-B activates various genes. However, the signal
transduction pathway that is activated by gram-positive bacteria and PGN and results in the activation of NF-B is not
known and furthermore, the role of NF-B in the induction of
the gene for IL-8 (and the genes for other chemokines and
cytokines) is also unknown.
Therefore, the objectives of this study were to determine
whether gram-positive bacteria and their PGN component (i)
induce TLR2-dependent transcription of IL-8, (ii) activate the
TLR23MyD883IRAK3TRAF63NIK3IKK3NF-B signal transduction pathway, and (iii) activate the gene for IL-8
through this TLR2-mediated pathway.

Innate immunity is an early line of host defense against
pathogens. Both gram-positive and gram-negative bacteria and
their cell wall components activate the innate immune system
of the host and induce secretion of proinflammatory molecules, mainly chemokines and cytokines (1, 5–7, 21, 32). These
inflammatory molecules are the main mediators of the pathological effects induced by bacteria, including inflammation, fever, hypotension, leukocytosis, decreased appetite, and arthritis (1, 5–7, 21).
We have recently discovered that chemokines are the main
proinflammatory mediators induced in monocytes by bacteria
and peptidoglycan (PGN) and lipopolysaccharide (LPS), the
main cell wall components of gram-positive and gram-negative
bacteria, respectively (32). The gene for the chemokine interleukin-8 (IL-8) is the gene most highly induced by all bacterial
stimulants out of 600 genes studied (32). However, the mechanism of this induction, i.e., the receptors, signal transduction
pathways, and transcription factors involved in the transcriptional activation of the gene for IL-8, are unknown.
Gram-positive bacteria and PGN activate cells through the
pattern recognition receptors CD14 and Toll-like receptor 2
(TLR2), which results in the activation of the transcription
factor NF-B (8, 11, 27, 29–31, 36). NF-B is a ubiquitous
transcription factor that regulates the transcription of various

MATERIALS AND METHODS
Materials. Soluble PGN (sPGN), a polymeric un-cross-linked PGN (average
Mr ⫽ 125,000) released from Staphylococcus aureus grown in the presence of
penicillin, was purified by vancomycin affinity chromatography and analyzed as
described before (25). Micrococcus luteus ATCC 4698 (obtained from Sigma, St.
Louis, Mo.) was used as a prototypic gram-positive nonpathogenic (i.e., easily
eliminated by the host innate immune system) bacterium with unmodified and
unsubstituted PGN readily accessible on its surface. sPGN and micrococci contained ⬍24 and ⬍500 pg of endotoxin/mg, respectively, as determined by the
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RESULTS
Micrococci and sPGN induce TLR2-dependent transcription of the gene for IL-8 in HEK293 cells, and this induction
requires NF-B. Because the gene for IL-8 is the most highly
induced gene for proinflammatory molecules in human monocytes activated by bacteria and bacterial products (32) and
because PGN and gram-positive bacteria activate cells through
TLR2, we wanted to test the hypothesis that the transcriptional
activation of the gene for IL-8 is mediated through TLR2. We
tested whether micrococci and sPGN induce TLR2-dependent
transcription of the gene for IL-8 by two different assays: (i)
reverse transcription-PCR of IL-8 mRNA in HEK293 cells

stably transfected with TLR2 and (ii) transactivation of an IL-8
promoter–CAT construct in HEK293 cells transiently transfected with pIL8(wt)CAT and with plasmids expressing TLR2
and CD14.
IL-8 mRNA was induced within 60 min of activation and
continued to increase for up to 4 h after activation by micrococci and sPGN (Fig. 1A). IL-8 cDNA and the control
GAPDH cDNA were synthesized and amplified as 243- and
451-bp fragments, respectively. This induction was specific for
IL-8 because the amount of GAPDH mRNA remained constant in all of the samples (Fig. 1A). The induction of IL-8 was
mediated through TLR2 because it was induced only in TLR2
(Fig. 1A) and not in control vector or TLR1 or TLR4 transfectants (data not shown).
We confirmed this induction of IL-8 transcription using an
IL-8 promoter–CAT construct, pIL8(wt)CAT, which has bp
⫺420 to ⫹101 of the IL-8 promoter fused to the gene for CAT
(17). Micrococci and sPGN strongly induced IL-8 promoter
activity, as shown by an increase in CAT activity (Fig. 1B). The
average fold induction for micrococci and sPGN was 18.6 and
7.8, respectively. Micrococcus- and sPGN-induced transcription of IL-8 was mediated through TLR2, because this induction was observed in HEK293 cells expressing TLR2 and not in
cells expressing the control vector or TLR1 (Fig. 1B) or TLR4
(data not shown).
The IL-8 promoter has a binding site for NF-B, one of the
main transcription factors involved in the regulation of genes
during inflammatory and immune responses. To determine
whether NF-B is required for micrococcus- and sPGN-induced IL-8 transcription, we next tested plasmid pIL8 (⫺B)
CAT (17), which contains a nonfunctional B site in the IL-8
promoter. Induction of IL-8 transcription by micrococci and
sPGN was completely inhibited by a nonfunctional B site
within the IL-8 promoter (Fig. 1C), which indicates that NF-B
is required for induction of the gene for IL-8 by micrococci and
sPGN.
Micrococci and sPGN induce binding to an NF-B site and
transactivation of an NF-B-regulated gene in HEK293 cells
expressing TLR2 but not in those expressing TLR1. To begin
to identify signal transduction pathways that regulate IL-8 induction by gram-positive bacteria and PGN, we first determined the signal transduction pathway involved in the activation of NF-B. We have recently shown that sPGN induces
TLR2-dependent activation of NF-B (27, 36). In the current
experiments, we confirmed these results and tested whether
micrococci also induce TLR2-dependent NF-B activity by two
different assays: (i) electrophoretic mobility shift assay of
HEK293 cells stably transfected with TLR1, TLR2, or TLR4
and (ii) NF-B transcriptional activity in HEK293 cells transiently transfected with an NF-B luciferase plasmid (ELAM-1
luciferase) and with TLR1, TLR2, or TLR4. Cells expressing
TLR2, but not those expressing TLR1 (or TLR4 [not shown]),
became highly responsive to both micrococci and PGN. Nuclear extracts from activated cells contained proteins that bind
to the NF-B site, as shown by a shift in the band (Fig. 2A).
Furthermore, micrococci and sPGN induced NF-B-dependent luciferase activity in HEK293-TLR2 cells (Fig. 2B), and
this activity was enhanced by CD14 (Fig. 2B), although CD14
is not necessary for the responsiveness to micrococci or sPGN
(Fig. 2B, and reference 27). By contrast, cells transfected with
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Limulus lysate assay (25). Recombinant mouse TNF-␣ (specific activity, 4 ⫻ 107
U/ml in the L929 cytotoxicity assay; containing ⱕ1 endotoxin unit/mg; obtained
from Genzyme, Boston, Mass.) was used as a control nonbacterial stimulus that
activates NF-B through a pathway that is initially distinct from the TLR- and
IL-1R-induced pathways (26).
Cell culture. The human embryonic kidney cell line HEK293 (American Type
Culture Collection, Manassas, Va.) was cultured in Dulbecco’s modified Eagle’s
medium with 10% defined fetal calf serum (HyClone, Logan, Utah; endotoxin
content, ⬍6 pg/ml). The stable transfectants expressing different TLRs with a
FLAG epitope at the 5⬘ end or the control vector, 293/TLR1-5⬘, 293/TLR4-5⬘,
293/TLR2-5⬘, and 293/cv, were generated and cultured as described before (16,
27).
Electrophoretic mobility shift assays. Cells were cultured at 0.35 ⫻ 106 to
0.4 ⫻ 106/ml in 24-well plates (1.0 ml/well) for 16 to 20 h and stimulated as
indicated in the figure legends, and nuclear extracts were prepared as described
before (11). Nuclear proteins (5 g) were incubated with 32P-labeled oligonucleotide containing a consensus NF-B binding site for 30 min at 22°C as
described before (11). All samples were then separated on 6% nondenaturing
polyacrylamide gels, and the DNA-protein complexes were visualized by autoradiography.
RNA isolation and reverse transcription-PCR. 293/TLR2-5⬘ cells were cultured at 0.75 ⫻ 106 to 1.0 ⫻ 106/ml in six-well plates (2.0 ml/well) for 16 to 20 h
and stimulated as indicated in the figure legends, and total RNA was isolated
using the RNeasy Purification Kit (Qiagen, Valencia, Calif.). One microgram of
total RNA was used for the synthesis of cDNA, and the cDNA was then amplified using the Access kit (Promega, Madison, Wis.). The primers used for the
amplification of IL-8 cDNA were (14) 5⬘ GCAGCTCTGTGTGAAGGTGCAG
TTT 3⬘ (sense) and 5⬘ CTCAGCCCTCTTCAAAAACTTCTCC (antisense).
The same antisense primer was used for the synthesis of IL-8 cDNA from total
RNA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used
as a control, and GAPDH cDNA was amplified with the primers 5⬘ ACCACA
GTCCATGCCATCAC 3⬘ (sense) and 5⬘ TCCACCACCCTGTTGCTGTA 3⬘
(antisense). The same antisense primer was used for the synthesis of GAPDH
cDNA from total RNA. Synthesis of cDNA was done at 48°C for 45 min, and the
amplification was performed with an initial denaturation step of 94°C for 3 min,
followed by 45 cycles of 55°C for 20 s, 72°C for 30 s, and 94°C for 20 s, and a final
polymerizing step of 72°C for 7 min. The amplified products were separated on
a 3% Nu-Sieve agarose gel, stained with ethidium bromide, and quantified using
Kodak Digital Science Image Station 440CF and Image Analysis Software 3.0.
Transfection and chloramphenicol acetyltransferase (CAT) and luciferase
assays. HEK293 cells were cultured at 0.35 ⫻ 106 to 0.4 ⫻ 106/ml in 48-well
plates (0.25 ml/well) for 16 to 20 h and transfected with Lipofectamine and DNA
(the amount of DNA used was optimized for different plasmids and is indicated
in the figure legends). Duplicate or triplicate wells were set up for each group.
The reporter plasmids used were ELAM-1 luciferase (27) and IL8-CAT (17).
The plasmids expressing CD14 (5), TLR1 (27), TLR2 (27), and TLR4 (27) have
been described previously. Expression of surface molecules was monitored by
Western blotting of cell lysates with antitag antibodies as previously described
(8). The following plasmids expressing dominant negative mutant proteins were
used for transfections: MyD88[152-296] (20), ⌬IRAK1 (20), IRAK2[97-590]
(20), TRAF6[289-522] (4), TRAF2[87-501] (26), NIK[KK429,430AA] (33),
IKK␣[S176A] (24), IKK␤[S177A] (24), and IB⌬N (3). Cells were allowed to
recover for 12 to 24 h and then were left unstimulated or were stimulated as
described in the figure legends. Lysates were prepared and were assayed for
luciferase activity using the Luciferase Reporter kit (Promega) or for CAT
activity as previously described (12).
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a control vector or TLR1 (or TLR4 [not shown]) were unresponsive to micrococci or sPGN, regardless of the presence of
CD14. These data indicate that TLR2 is a cell-activating receptor for both micrococci and sPGN. As expected, expression
of TLRs did not influence TNF-induced activation of NF-B
(Fig. 2B).
Micrococcus- and sPGN-induced TLR2-dependent NF-B
activation is mediated by MyD88, IRAK, TRAF6, NIK, and
IKK. Because the C-terminal regions of TLR2 and IL-1R
share significant sequence homology and because the LPSinduced TLR2-mediated signal transduction pathway resembles the IL-1-induced signal transduction pathway (16, 35, 37),
we tested whether this signal transduction pathway is also
involved in TLR2-induced NF-B activation by gram-positive
bacteria and sPGN. We cotransfected cells with TLR2, CD14,
and NF-B reporter plasmids and dominant negative mutant
forms of various components of the above signal transduction
pathways. Dominant negative MyD88 and dominant negative
IRAK1 completely inhibited micrococcus- and sPGN-induced
NF-B activity in 293 cells expressing TLR2 (Fig. 3A). There

was also significant inhibition of micrococcus- and PGNinduced NF-B activity by dominant negative IRAK2 and
TRAF6 (Fig. 3A). As expected, TRAF2 (a component of the
TNF-R signal transduction pathway), but not TRAF6, almost
completely inhibited TNF-␣-induced NF-B activation (Fig.
3A). Inhibition by these plasmids was dose dependent (data
not shown). These results indicate participation of MyD88,
IRAK, and TRAF6 in the signal transduction pathway activated by PGN and micrococci.
In the IL-1 signaling pathway, activation of TRAF6 results in
phosphorylation and activation of NIK, which stimulates IKK
activity. Activated IKK phosphorylates IB, which results in
degradation of this inhibitory protein and subsequent release
and activation of NF-B (33). We tested the role of the kinases
NIK, IKK␣, and IKK␤ in micrococcus- and sPGN-induced
NF-B activation in cells expressing TLR2. Dominant negative
NIK, IKK␣, and IKK␤ completely inhibited NF-B activation
by all three stimulants (Fig. 3B), indicating that these kinases
are required for NF-B activation by micrococci, sPGN, and
TNF-␣. A constitutive repressor of IB (the inhibitory protein
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FIG. 1. Micrococci (Micro) and sPGN induce transcription of IL-8 in HEK293 cells expressing TLR2, and this induction is NF-B dependent.
(A) HEK293/TLR2 cells were stimulated with micrococci at 40 g/ml or sPGN at 10 g/ml, total RNA was isolated, IL-8 and GAPDH cDNAs
were synthesized and amplified using primers specific for IL-8 and GAPDH, and the amplified products were separated on a 3% agarose gel. The
results shown are from one of two similar experiments. (B) 293 cells were cotransfected with the following plasmids: TLR2, TLR1, or a control
vector at 0.25 g/ml, CD14 at 0.025 g/ml, and IL-8 reporter pIL8(wt)CAT at 0.125 g/ml. At 24 h after transfection, cells were stimulated with
micrococci at 40 g/ml, sPGN at 10 g/ml, or TNF-␣ at 100 ng/ml for 16 h and cell lysates were assayed for CAT activity. (C) 293 cells were
cotransfected with plasmids TLR2, CD14, and pIL8(wt)CAT (as described for panel B) or with an IL-8 reporter plasmid with a nonfunctional
NF-B site, pIL8(⫺B)CAT, at 0.125 g/ml. Cells were stimulated and assayed as described for panel B. The results are means of duplicate
samples from one of three similar experiments. CV, control vector.
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for NF-B), IB⌬N, also completely inhibited NF-B activation by micrococci, sPGN, and TNF-␣ (Fig. 3B), further confirming that degradation of IB is necessary for activation of
NF-B.
Micrococcus- and sPGN-induced TLR2-dependent IL-8 expression is mediated by MyD88, IRAK, TRAF6, TRAF2, NIK,
and IKK. Because activation of NF-B in cells stimulated with
micrococci and sPGN was mediated through the signal transduction molecules MyD88, IRAK, and TRAF6, we next tested
if induction of IL-8 was also mediated through these signal
transduction molecules. Dominant negative forms of MyD88
and IRAK completely inhibited and dominant negative forms
of TRAF6 and TRAF2 partially inhibited induction of IL-8
transcription by micrococci and sPGN (Fig. 4A). TNF-␣-induced expression of IL-8 was inhibited by dominant negative
IRAK1, IRAK2, and TRAF2, partially inhibited by dominant
negative MyD88, and not inhibited by dominant negative
TRAF6.
We next determined the requirement for the kinases NIK,
IKK␣, and IKK␤ in micrococcus- and sPGN-induced expression of the gene for IL-8 in 293-TLR2 cells. Dominant negative

forms of NIK, IKK␣, and IKK␤ strongly inhibited transcriptional induction of the gene for IL-8 by all three stimulants
(Fig. 4B). These data indicate that NIK, IKK␣, and IKK␤ are
required for TLR2-dependent induction of expression of the
gene for IL-8 by micrococci and sPGN.
DISCUSSION
Our results demonstrate that (i) micrococci and sPGN induce transcription of the gene for IL-8 in cells expressing
TLR2 but not in cells expressing TLR1; (ii) micrococci and
sPGN induce activation of NF-B in cells expressing TLR2,
and this activation requires the signal transduction molecules
MyD88, IRAK1, NIK, IKK␣, and IKK␤ and, to a lesser extent,
IRAK2 and TRAF6; and (iii) micrococcus- and sPGN-induced
transcription of the gene for IL-8 requires MyD88, IRAK1,
IRAK2, NIK, IKK␣, IKK␤, and NF-B and, to a lesser extent,
TRAF6 and TRAF2. These data are the first to identify signal
transduction molecules required for IL-8 induction in cells
stimulated with bacteria and bacterial cell wall products.
These data also confirm our previous results showing that
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FIG. 2. Micrococci (Micro) and sPGN activate NF-B in HEK293 cells expressing TLR2 but not in cells expressing TLR1. (A) HEK293 cells
expressing TLR1 or TLR2 were stimulated as described in the legend to Fig. 1A for the indicated times, and NF-B was detected in nuclear extracts
by electrophoretic mobility shift assay. The results shown are from one of two similar experiments. (B) HEK293 cells were transfected with the
following plasmids: TLR1, TLR2, or a control vector (CV) and CD14 as described in the legend to Fig. 1B and the NF-B reporter plasmid
ELAM-1 luciferase at 0.125 g/ml. Cells were stimulated as described in the legend Fig. 1B for 6 h, and cell lysates were assayed for luciferase
activity. The results are means of duplicate samples from one of two similar experiments.
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gram-positive bacteria and bacterial cell wall component PGN
activate cells through TLR2, but not TLR1 or TLR4 (8, 27,
36), and that this TLR2-mediated cell activation is enhanced
by CD14 (27). PGN binds CD14 (5), and this binding may be
the first step in PGN-induced cell activation. Although we have
previously shown indirect activation of endothelial and epithe-

lial cells by PGN-induced TNF-␣ and IL-1 secreted from
monocytes (15), in our current experiments, activation of 293
cells by PGN is a direct activation mediated through TLR2 and
CD14 and not an indirect effect because 293 cells do not
produce TNF-␣ and IL-1 (D. Gupta and R. Dziarski, unpublished data).

FIG. 4. Micrococcus- and sPGN-induced transcription of the gene for IL-8 in HEK293 cells expressing TLR2 is inhibited by dominant negative
(dn) MyD88, IRAK, TRAF2, TRAF6, NIK, and IKK. HEK293 cells were cotransfected with plasmids expressing TLR2, CD14, and pIL8(wt)CAT
and with dominant negative mutant forms of the following signal transduction molecules: MyD88, IRAK1, IRAK2, TRAF2, TRAF6, or the
appropriate control vector (CV) (A) and NIK, IKK␣, IKK␤, IB⌬N, or the appropriate control vector (B). All plasmids were used at the same
concentrations as in previous experiments. Cells were stimulated as described in the legend to Fig. 1 for 16 h, and cell lysates were assayed for CAT
activity. The results were calculated as described in the legend to Fig. 3 and are means ⫾ standard errors from three experiments.
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FIG. 3. Micrococcus- and sPGN-induced NF-B activation in HEK293 cells expressing TLR2 is inhibited by dominant negative (dn) MyD88,
IRAK, TRAF6, NIK, and IKK. HEK293 cells were cotransfected with plasmids expressing TLR2, CD14, and ELAM-1 luciferase as described in
the legend to Fig. 2B and with dominant negative mutant forms of the following signal transduction molecules: MyD88, IRAK1, or IRAK2 at 1.25
g/ml; TRAF2 or TRAF6 at 0.625 g/ml; or the appropriate control vector(s); (CV) (A) and NIK, IKK␣, IKK␤, IB⌬N, or the appropriate control
vector(s) at 1.25 g/ml (B). Cells were stimulated, and cell lysates were assayed for luciferase activity (LA). The following equation was used: percentage
of control vector ⫽ (mean LA stimulated with dominant negative ⫺ mean LA unstimulated with dominant negative) ⫻ 100/(mean LA stimulated
with empty vector ⫺ mean LA unstimulated with empty vector). The results shown are means ⫾ standard errors from three experiments.
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FIG. 5. Proposed signal transduction pathway activated by micrococci and sPGN.

8 induction in response to these bacterial products. Therefore, these results suggest that alternative pathways involving
TRAF2 or TRAF6 may play an equal role in IL-8 induction,
but not in NF-B induction, in cells stimulated with bacteria
and bacterial cell wall components (Fig. 5). However, there
may also be cross talk between TNF-R- and TLR2–IL-1Rinduced pathways because of the partial inhibition of TNFinduced IL-8 activation by dominant negative MyD88 and
IRAK.
In summary, our results demonstrate that gram-positive bacteria and PGN induce IL-8 transcription through the TLR23
MyD883IRAK3TRAF63NIK3IKK3NF-B (i.e., IL-1Rlike) signal transduction pathway, although additional signal
transduction molecules may participate in this pathway, and
other signal transduction pathways may also be involved in
induction of IL-8 transcription.
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Of the six different TLRs that have been identified (published), only two have a known function, TLR2 and TLR4.
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nonactivating LPS structures (8). TLR2 is recruited to macrophage phagosomes containing yeast, and dominant negative
TLR2 abolishes TNF-␣ production in response to yeast and to
gram-positive bacteria but not in response to gram-negative
bacteria (31). Thus, TLR2 appears to be a true pattern recognition receptor that recognizes a large variety of microbes and
microbial products and mediates cell activation and host inflammatory responses. However, a structural feature common
to these putative ligands that is needed for recognition by
TLR2 has not been identified.
TLR4 is implicated in host immune responses to gram-negative bacteria and to their LPS cell wall component (22, 23, 29)
but not to gram-positive bacteria or PGN (8, 29, 30). The Lps
gene in C3H/HeJ and C57BL/10ScCr mice, which is responsible for their defective responsiveness to LPS, was identified as
Tlr4 (22, 23). Moreover, TLR4-mediated cell activation by LPS
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Our data are the first to demonstrate that the signal transduction molecules MyD88, IRAK, NIK, and IKK are required
for TLR2-mediated NF-B activation in cells stimulated with
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responsiveness to bacterial products would depend on the expression of appropriate receptors, such as CD14 and TLR2.
The signal transduction molecules MyD88, IRAK, NIK, and
IKK are required for TLR2-dependent induction of IL-8 expression in cells stimulated with micrococci and PGN. Both
dominant negative TRAF6 and TRAF2 partially inhibit IL-
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