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Neutrophil Signaling Pathways Activated by Bacterial DNA
Stimulation’

Maria E. Alvarez,*" Juan I. Fuxman Bass,*" Jorge R. Geffner,*" Paula X. Fernandez Calotti,*"
Mbonica Costas,* Omar A. Coso," Romina Gamberale,*" Ménica E. Vermeulen,*’

Gabriela Salamone,*" Diego Martinez,*’ Tamara Tanos,” and Analia S. Trevani**"

We have previously shown that bacterial DNA activates human neutrophils in a CpG-independent manner. In this study, we have
characterized the signaling pathways involved in the activation mechanism. We found that p38 MAPK, ERK1/2, and JNK
pathways, as well as the PI3K/Akt pathway, are activated by bacterial DNA. We also determined that bacterial DNA induces
NF-kB and AP-1 activation. When analyzing the role of these pathways on neutrophil functions, we observed that up-regulation
of CD11b triggered by bacterial DNA was decreased by pharmacological inhibitors of the p38 MAPK, ERK1/2, and JNK, whereas
stimulation of IL-8 release was dependent on p38, ERK1/2, and NF-kB. Moreover, we found that IL-8 production was markedly
enhanced by inhibition of JNK, suggesting that this pathway negatively modulates NF-kB-dependent transcription. We also
observed that bacterial DNA stimulated IL-1R-associated kinase-1 kinase activity and its partial degradation. Finally, we deter-
mined that bacterial DNA stimulated CD11b up-regulation in TLR9™/~ but not in MyD88~’~ mouse neutrophils, supporting that
bacterial DNA induces neutrophil activation through a TLR9-independent and MyD88-dependent pathway. The Journal of

Immunology, 2006, 177: 4037-4046.

eutrophils play a crucial role in the innate immune re-

sponse to bacterial infections. Previously we demon-

strated that neutrophils are able to discriminate between
mammalian and bacterial DNA, being activated only by bacterial
DNA. In contrast to the observations made in other leukocytes, our
previous results support the notion that stimulation of human neu-
trophils by bacterial DNA is mediated through a CpG-independent
mechanism (1). A growing number of reports suggest the existence
of pathways unrelated to the presence of CpG motifs through
which DNA may be able to trigger cell activation (2-5). Moreover,
in vivo studies conducted in transgenic mice lacking TLRY evi-
denced a CpG-independent mechanism that contributes to toxic
effects associated with systemic delivery of cationic lipid-plasmid
DNA complexes in nonviral gene therapy protocols (3). However,
the molecular basis underlying the CpG-independent mechanism
of cell activation remains elusive.

In this study, we analyzed the signaling events that take place
upon neutrophil stimulation with bacterial DNA. We report here
that stimulation of neutrophils with bacterial DNA triggers the
activation of the MAPKs p38, ERK 1/2, and JNK, as well as PI3K/
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Akt pathway. Bacterial DNA also induces NF-«kB and AP-1
activation.

Our previous studies showing that the activation of neutrophils
by bacterial DNA was not impaired by wortmannin and chloro-
quine, agents able to inhibit TLR9-DNA interaction, nor by im-
mobilization of bacterial DNA suggested that TLR9 was not in-
volved in the activation mechanism (1). Supporting this
hypothesis, in this study, we found that neutrophils from TLR9-
deficient mice were able to up-regulate CD11b in response to bac-
terial DNA stimulation. However, because the pathogen recogni-
tion capacity of neutrophils mostly rely on TLR (6) and
considering that their stimulation usually leads to the activation of
MAPKSs, PI3K, NF-kB, and AP-1 (6-9), in the present study, we
evaluated the involvement of TLR/IL-1R signaling pathway in
neutrophil activation by bacterial DNA. We observed that stimu-
lation of human neutrophils by Escherichia coli DNA led to an
increase in IL-1R-associated kinase (IRAK)-1 kinase activity and
to its partial degradation. In accordance, neutrophils derived from
MyD88™’~ bone marrow chimeric (BMC)® mice were not acti-
vated by E. coli DNA, suggesting that bacterial DNA signals neu-
trophils through a MyD88-dependent pathway.

Materials and Methods

The studies performed in this work have been reviewed and approved by
the institutional review board.

Abs and reagents

Endotoxin-free reagents and plastics were used in all experiments. RPMI
1640 and PBS were purchased from HyClone. Human albumin was pur-
chased from Laboratorio de Hemoderivados (Universidad Nacional de
Cordoba). Penicillin/streptomycin and 2-ME were purchased from Invitro-
gen Life Technologies. PE-conjugated anti-human CD11b (catalog no.

3 Abbreviations used in this paper: BMC, bone marrow chimeric; MEKK, mitogen-
activated protein kinase kinase; IRAK, IL-1R-associated kinase; Pam3CSK4, Pam3-
Cys-Ser-Lys4; TRAF6, TNFR-associated factor 6; ALLN, N-acetyl-leucinyl-leuci-
nyl-norleucinal;  AEBSF, 4-(2-aminoethyl) benzenesulfonylfluoride; ODN,
oligonucleotide; MBP, myelin basic protein; TIR, Toll-IL-1R.
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IM2581) was purchased from Immunotech. Rabbit polyclonal Abs against
Thr'*/Tyr'®-phosphorylated p38 MAPK (catalog no. 9211), Thr***-phos-
phorylated Akt (catalog no. 9275), mouse mAb against Thr?**/Tyr?**-phos-
phorylated ERK1/ERK2 (catalog no. 9106), and HRP-conjugated goat anti-
mouse Ab (catalog no. 7076) were obtained from Cell Signaling
Technology. Anti-phospho-Thr'¢/Tyr'#>-JNK (catalog no. sc-6254), anti-
NF-kB p50 (catalog no. sc-7178), and p65 (catalog no. sc-372), anti-c-Jun
(catalog no. sc-16312R), anti-Ser'®*%’_phosphorylated mitogen-activated
protein kinase kinase (MEKK)3/MEKKG6 (catalog no. sc-8407), anti-
MEKK3 (catalog no. sc-961), and anti-TNFR-associated factor 6 (TRAF6)
(catalog no. sc-7221) were purchased from Santa Cruz Biotechnology. An-
ti-IRAK-1 Ab (catalog no. 06-872) was purchased from Upstate. Rabbit
polyclonal anti-MyD88 Ab (catalog no. 14-6223), PE-conjugated anti-
mouse CDI11b (catalog no. 12-0112), and FITC-conjugated anti-mouse
Ly-6G (Gr 1) (catalog no. 11-5931) were purchased from eBioscience.
Anti-IkBa rabbit polyclonal Ab (catalog no. 554135) and HRP-conjugated
goat anti-rabbit IgG Ab (catalog no. 554021) were purchased from BD
Pharmingen. PD98059 (MEK inhibitor), SB203580 (p38 MAPK inhibitor),
SP600125 (JNK inhibitor), N-acetyl-leucinyl-leucinyl-norleucinal (ALLN)
(Calpain inhibitor 1), and 4-(2-aminoethyl) benzenesulfonylfluoride
(AEBSF) were obtained from Calbiochem. E. coli LPS (E. coli O111:B4),
aprotinin, leupeptin, pepstatin, PMSF, SDS, Triton X-100, B-glycerophos-
phate, and PMA were purchased from Sigma-Aldrich. The synthetic li-
popeptide Pam3-Cys-Ser-Lys4 (Pam3CSK4) was purchased from
InvivoGen.

DNA from E. coli was purchased from Sigma-Aldrich or from Worth-
ington Biochemical. DNA was purified by extraction with phenol:chloro-
form:isoamyl alcohol and ethanol precipitation (1). Where indicated, DNA
digestion was conducted in PBS containing 1 mM CaCl,, 1 mM MgCl,,
and 2 U DNasel/ug DNA. The reactants were incubated 2 h at 37°C, and
DNase was inactivated by heating during 10 min at 95°C. Free nucleotides
were removed by dialysis.

Human neutrophil isolation

Blood samples were obtained from healthy donors by venipuncture of the
forearm vein. Neutrophils were isolated from heparinized human blood by
Ficoll-Hypaque gradient centrifugation (Ficoll Pharmacia; Hypaque,
Winthrop Products) and dextran sedimentation as described previously
(10). Contaminating erythrocytes were removed by hypotonic lysis. After
washing, the cells (>96% of neutrophils on May-Grunwald-Giemsa-
stained cytopreps) were resuspended in RPMI 1640 supplemented with 5
mg/ml endotoxin-free human albumin, 100 U/ml penicillin, and 100 ug/ml
streptomycin (complete medium). Human albumin was used for protein
supplement medium instead of FCS to avoid possible effects produced by
contaminating LPS of the DNA samples since, as we and others have
demonstrated, under these conditions, LPS fails to activate neutrophils (1,
11, 12). In experiments where LPS was used as a positive control, cells
were suspended in FCS-supplemented medium.

Human CDI1b expression

The expression of the surface marker CD11b was evaluated by flow cy-
tometry. Neutrophils suspended in complete medium (5 X 10%ml) were
preincubated in the presence or absence of the indicated specific pharma-
cological inhibitors: PD98059 (5 uM), SB203580 (5 uM), SP600125 (10
M), or wortmannin (50 nM) for 15 min at 37°C and thereafter were
incubated with or without E. coli DNA (100 wg/ml) for 15 min at 37°C.
Then, neutrophils were stained with PE-conjugated anti-CD11b mAb or
isotype control mAb for 20 min at 4°C. Fluorescence was measured with
a FACScan argon laser flow cytometer (BD Immunocytometry Systems).
Data were analyzed by using CellQuest software (BD Biosciences).

Measurement of IL-8 production

Neutrophils suspended in complete medium (5 X 10%ml) were seeded into
round-bottom 96-well plates and were preincubated in the presence or ab-
sence of the indicated specific pharmacological inhibitors: PD98059 (5
M), SB203580 (5 uM), SP600125 (10 uM), ALLN (10 uM), or wort-
mannin (50 nM) for 15 min at 37°C and then were subjected to stimulation
with E. coli DNA (100 pg/ml) or medium (control) and were cultured for
3 h at 37°C. Culture supernatants were collected, and IL-8 concentration
was measured by ELISA (R&D Systems).

EMSA

The EMSA was performed essentially as described previously (13). Cells
were stimulated with E. coli DNA for the indicated times and then trans-
ferred into precooled tubes containing equivalent volumes of ice-cold PBS
supplemented with PMSF (1 mM, final concentration) before centrifuga-

tion at 2000 X g for 2 min at 4°C. Cell pellets were washed and resus-
pended in ice-cold low-salt lysis buffer A (10 mM HEPES (pH 7.90), 10
mM KCI, 1.5 mM MgCl,, and 0.5% Nonidet P-40) containing an anti-
protease mixture (I mM PMSF, 1 mM AEBSF, 100 ug/ml aprotinin, 10
ng/ml leupeptin, 10 ug/ml pepstatin, and 1 mM DTT, final concentra-
tions). Following a 10-min incubation period, cells were centrifuged at
800 X g (10 min, 4°C). The supernatants (nonnuclear fractions) were col-
lected, and the nuclear pellets were washed with a high-salt buffer B (10
mM HEPES (pH 7.9), 0.42 M KCl, 1.5 mM MgCl,, 0.25 M EDTA, and
20% glycerol) containing the anti-protease mixture by continuous shaking
for 15 min at 4°C. Then, samples were centrifuged (14,000 X g, 15 min,
4°C); the resulting supernatants (the nuclear extracts) were aliquoted and
stored at —70°C. The binding of extracted protein to DNA was performed
in buffer C (10 mM HEPES (pH 7.9), 60 mM KCl, 0.25 M EDTA, and 20%
glycerol) containing the anti-protease mixture. Five micrograms of nuclear
extract proteins was incubated with 1 ng of *?P end-labeled oligonucleo-
tides (ODNs) comprising the consensus sequences for AP-1 (5'-CGCTT
GATGCAGCCGGAA-3") or NF-kB (5'-AGTTGAGGGGACTTTCC
CAGGC-3") and 200 pg/ml poly(deoxyinosinic-deoxycytidylic acid) for
20 min at room temperature. The DNA-protein complex formed was sep-
arated from free ODN on 5% native polyacrylamide gels. The specificity of
binding was examined by competition with unlabeled ODNs and by pre-
incubation with mAbs specific for the transcription factor of interest. The
gels were dried under a vacuum and autoradiographed at —70°C.

Western blotting

Neutrophils (4 X 10°) suspended in complete medium were prewarmed for
15 min at 37°C and were then stimulated with E. coli (100 pg/ml) for 0-30
min at 37°C. The reactions were terminated by addition of 1 ml of ice-cold
saline with 1 mM PMSF and rapid centrifugation. The pellets were imme-
diately frozen in dry ice after aspiration of the supernatants, then were
dissolved in a sample buffer (2% SDS, 10% glycerol, 5% 2-ME, and trace
amounts of bromphenol blue dye in 62.5 mM Tris-HCI (pH 6.8)), heated
for 5 min at 95°C, and stored at —70°C until subjected to gel electrophore-
sis. After SDS-PAGE, proteins were electotransferred from the gel to poly-
vinylidene difluoride membranes (Millipore) for 2 h and then blocked in
PBS containing 0.05% Tween 20 and 5% nonfat milk or 2.5% BSA for 1 h
at 25°C. The membranes were immunoblotted with the indicated Abs over-
night at 4°C. After washing, bound Abs were visualized with HRP-conju-
gated Abs against rabbit or mouse IgG by using the ECL Western Blotting
System (Amersham Biosciences).

Immunoprecipitation of endogenous IRAK-1 and Western
blotting

Neutrophils (15 X 10°) suspended in 0.5 ml of complete medium were
prewarmed for 15 min at 37°C and then were stimulated with E. coli DNA
(125 wg) or medium. After the incubation for the indicated times, reactions
were stopped with 5 ml of ice-cold saline with 2 mM PMSF and rapid
centrifugation. Then, the pellets were immediately frozen in dry ice after
aspiration of the supernatants. Afterward, the pellets were lysed with 0.5 ml
of ice-cold extraction bufter containing 20 mM HEPES (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 40 mM B-glycerophosphate, 1.5 mM MgCl,, 1
mM EGTA, 1 mM EDTA, 2 mM DTT, 20 mM NaF, 2 mM sodium or-
thovanadate, 5 mM PMSF, 100 wg/ml aprotinin, 10 wg/ml leupeptin, 10
ug/ml pepstatin, and 1 mM AEBSF. Following a 15-min incubation period
on ice, samples were briefly vortexed, transferred to microtubes, and cen-
trifuged at 13,000 X g, 10 min, at 4°C. Supernatants were collected, and
protein concentration was determined using the Micro BCA Protein Assay
Reagent kit, according to the manufacturer’s instructions (Pierce). Extracts
with equal amounts of proteins were used for immunoprecipitation. The
cell lysates (500 ug) were precleared by mixing with control rabbit IgG
Abs (matched isotype) plus protein A-Sepharose beads (Amersham Bio-
sciences) for 1 h at 4°C. Then, 4 ug of rabbit polyclonal IgG specific for
IRAK-1 (Upstate Biotechnology) was added to the precleared lysates and
incubated at 4°C for 2 h on a rotator. Then, immune complexes were
captured by the addition of 50 ul of prewashed protein A-Sepharose bead
slurry (Amersham Biosciences) and by incubation in a rotator for 1 h at
4°C. Sepharose beads were washed three times in ice-cold lysis buffer and
then mixed 1:1 with 2X sample buffer and boiled 5 min. Then, samples
were subjected to SDS-PAGE, transferred to polyvinylidene difluoride
membrane and immunoblotted with rabbit polyclonal Ab anti-TRAF6 and
anti-MyD88 and detected with ECL.

In vitro kinase assay

Anti-IRAK-1 immunoprecipitates, obtained as indicated above, were
washed twice in kinase reaction buffer (12.5 mM MOPS (pH 7.5), 12.5 mM
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B-glycerophosphate,7.5 mM MgCl,, 0.5 mM EGTA, 0.5 mM NaF, and 0.5
mM sodium orthovanadate). Thirty microliters of the same buffer supple-
mented with 1 mM DTT, 40 ug of myelin basic protein (MBP) (Sigma-
Aldrich), 50 uM ATP, and 10 uCi of [***P] ATP (30 Ci/mmol) was then
added to each sample and incubated at 25°C for 30 min. SDS sample buffer
was added after incubation, and the samples were subjected to SDS-PAGE
analysis. The gel was dried and exposed to x-ray film.

Mice

C57BL/6 (H-2°) mice were purchased from the Division of Animal Pro-
duction, Animal Core Facility, Faculty of Veterinary Sciences, La Plata
University. Male mice (7-8 wk age) were gamma irradiated (900 rad) and
reconstituted with 5 X 10° MyD88-deficient, TLR9-deficient, or control
bone marrow cells to generate MyD8S™/~, TLR9™/~, or wild-type chime-
ras. MyD88"~,TLR9™"~ bone marrow-derived cells were a generous gift
from S. Amigorena (Centre de Développement des Techniques Avancées
pour ’Expérimentation Animale, Orleans, France). At 6—8 wk postrecon-
stitution, BM cells were aspirated and layered over a discontinuous density
gradient composed by Histopaque 1077 and 1119 (Sigma-Aldrich) as de-
scribed previously (14). Two bands, one enriched with neutrophils and
another in mononuclear cells, were isolated by centrifugation. Then, mono-
nuclear cells were cultured for 24 h in bicarbonate-buffered RPMI 1640
supplemented with 10% FCS, 50 U/ml penicillin, 50 pg/ml streptomycin,
0.1 mM nonessential amino acids, and 0.055 mM mercaptoethanol. Then,
nonadherent cells were removed, and the ability of adherent cells to pro-
duce IL-6 and TNF-« in response to a CpG-ODN, LPS, or PMA was tested
by intracellular flow cytometry. As expected, MyD88/~ adherent cells did
not produce neither IL-6 nor TNF-«a when stimulated by the TLR agonists
CpG-ODN or LPS but produced these cytokines when stimulated by PMA.
On the other hand, TLR9 "~ adherent cells did not respond to CpG-ODN
stimulation but produced cytokines when stimulated by PMA (data not
shown). Wild-type chimeric-derived macrophages produced cytokines in
response to all agonists (data not shown).

The neutrophil-enriched band obtained from the Histopaque gradient
contained 70—75% of high Gr 1 cells. Neutrophils were stimulated with
either E. coli DNA (1-100 pg/ml), the synthetic tripalmitoylated lipopep-
tide Pam3CSK4 (1 pg/ml), or PMA (20 ng/ml) for 1 h at at 37°C. Then,
cells were stained with FITC-conjugated anti-Gr 1 and PE-conjugated anti-
CD11b mAb or isotype controls mAbs during 20 min at 4°C. Fluorescence
was measured with a FACScan argon laser flow cytometer. Data were
analyzed by using CellQuest software (BD Biosciences).

Statistical analysis

Statistical significance was determined using the nonparametric Friedman
test for multiple comparisons with Dunn’s posttest or Student’s ¢ test. Sta-
tistical significance was defined as p < 0.05.

Results
Neutrophil MAPKs are activated by bacterial DNA

Many different neutrophil responses, including chemotaxis, exo-
cytosis, respiratory burst activity, cytokine, and chemokine syn-
thesis, as well as regulation of cell survival, are mediated by the
activation of MAPKs. In fact, activation of overlapping but distinct
MAPK subtype cascades has been demonstrated in human neutro-
phils stimulated with different agonists (15-19). Therefore, to de-
lineate the signaling intermediates activated by bacterial DNA,
neutrophils were stimulated with E. coli DNA (100 pg/ml) for
different times at 37°C. Samples were harvested at indicated time
points and subjected to Western blotting to assess activation of p38
MAPK, ERK, and JNK. Activation was revealed by using Abs
against the phosphorylated forms of each protein. As shown in Fig.
la, p38 MAPK was strongly phosphorylated by E. coli DNA stim-
ulation. The phosphorylation of p38 MAPK was detected at 5 min
after stimulation with bacterial DNA, but maximal activation was
observed at 10 min, followed by gradual decrease by 30 min post-
stimulation. As expected, degradation of bacterial DNA with
DNase I abolished its ability to induce p38 MAPK activation (Fig.
1b). An increased phosphorylation of ERK1 and ERK2 was also
induced by bacterial DNA (Fig. 1¢). The kinetic of ERK phos-
phorylation paralleled that observed for p38 MAPK; however,
some phosphorylated ERK 1/2 was consistently observed in un-
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FIGURE 1. Neutrophil MAPKSs are activated by bacterial DNA. Neu-
trophils were stimulated by E. coli DNA (100 pg/ml) for the indicated
times at 37°C. Phosphorylation of the MAPKs p38 (a and b), ERK1/2 (c),
and JNK (d) was analyzed by immunoblotting using specific Abs against
the phosphorylated forms of each protein. b, Neutrophils were stimulated
with whole-size E. coli DNA of degraded E. coli DNA, and phosphoryla-
tion of p38 was analyzed by immunoblotting as described above. Immu-
noblots are representative or at least three independent experiments. e,
Pharmacological inhibitors of MAPKs prevent bacterial DNA-induced
phosphorylation of MAPKSs. Cells were treated with SB203580 (5 uM),
PD98059 (5 uM), or SP600125 (10 uM) for 15 min at 37°C, followed by
stimulation with E. coli DNA (100 ug/ml) for 10 min (for p38 and ERK1/2
detection) or for 15 min (JNK detection). Then, MAPK phosphorylation
was assessed as described above. f, Bacterial DNA induces neutrophil
MEKK3/MEKK®6 phosphorylation. Neutrophils were stimulated by E. coli
DNA (100 pg/ml) for the indicated times at 37°C. Phosphorylation of
MEKK3/MEKK6 was analyzed by immunoblotting using mouse poly-
clonal Abs against the phosphorylated forms of each protein. Equal loading
was determined by blotting with rabbit polyclonal anti-MEKK3 Ab. Im-
munoblots are representative of three independent experiments.

stimulated neutrophils. Furthermore, a transient and time-depen-
dent phosphorylation of JNK was observed in neutrophils stimu-
lated with bacterial DNA (Fig. 1d); however, it was slower in
onset, reaching a peak within 15 min. Degradation of bacterial
DNA with DNase I eliminated its ability to induce ERK1/2 and
JNK activation (data not shown). All blots were probed with Abs
recognizing the housekeeping protein (3-actin to rule out that the
differences between the levels of phosphorylated proteins were due
to distinct protein loading.

As expected, the addition of the specific pharmacological inhib-
itors of MAPKs, SB203580 (p38 MAPK inhibitor), PD98059
(MEK-ERK kinase-inhibitor), and SP600125 (JNK inhibitor), to
neutrophil cultures before stimulation with E. coli DNA markedly
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FIGURE 2. Effect of pharmacological inhibitors of E_
MAPKSs on neutrophil activation induced by bacterial _:
DNA. CD11b up-regulation (a and ¢) and IL-8 produc- g
tion (b and d) by neutrophils incubated with E. coli o
DNA (100 pg/ml). Cells were pretreated with o
SB203580 (5 wM), PD98059 (5 M), or SP600125 (10 i

M) for 15 min at 37°C, followed by stimulation with PDYSO5Y
E. coli DNA (100 wg/ml) for 20 min (for CD11b de-
tection) or 3 h (for IL-8 detection). Results are ex-
pressed as percentage of up-regulation of CD11 expres- 100
sion (a and c) or as picograms per milliliter of IL-8
released to culture supernatant per 10° neutrophils (b
and d). Data represent the mean *= SEM of six exper-
iments. *, p < 0.01 and **, p < 0.05 compared with
DNA-stimulated cells.
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reduced p38 MAPK, ERK, and JNK phosphorylation, respectively
(Fig. 1e).

Because MEKK3 is capable of activating JNK and p38 MAPK
(17, 20), we also determined whether this kinase was activated by
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bacterial DNA. Neutrophils were stimulated with E. coli DNA
(100 pg/ml) for different times at 37°C. Samples were harvested at
indicated time points and subjected to Western blotting with anti-
phospho-MEKK3/MEKKG6 polyclonal Ab to assess activation of

— -y = - P-Akt

e ——— i

Time(min) 0 5 10 15 30Per 0 5 10 15 30
EcoliDNA - - - - -« - 4+ 4+ + + +

b e ww - P-Akt

- < i
EcoliDNA - + - +
Wortmannin - -+ o+

C - - P38 b 4 "‘P-ERKUZ

FIGURE 3. PI3K/Akt activation in neutrophils stimu-
lated by bacterial DNA. a, Neutrophils were stimulated by
E. coli DNA (100 pg/ml) for the indicated times at 37°C.
Phosphorylation of Akt was analyzed by immunoblotting
using a specific Ab against the phosphorylated form of the
protein. Pervanadate is shown a positive control. b, Wort-
mannin prevents Akt phosphorylation induced by bacterial
DNA. Cells were treated with wortmannin (50 nM) for 15
min at 37°C, followed by stimulation with E. coli DNA
(100 wg/ml) for 10 min. Then, Akt phosphorylation was
assessed as described above. ¢, PI3K is not involved in
bacterial DNA-induced p38 or ERK1/2 activation. Cells
were treated with wortmannin (50 nM) for 15 min at 37°C,
followed by stimulation with E. coli DNA (100 ug/ml) for
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h ~ f-actin * s 10 min. Afterward, p38 and ERK1/2 phosphorylation were
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evaluated as described above. d, PI3K is not involved in
IL-8 production by neutrophils stimulated by bacterial
DNA. Cells were pretreated with wortmannin (50 nM) for
15 min at 37°C and incubated in the presence of E. coli
DNA (100 pg/ml) for 3 h. The IL-8 released to medium
was determined by ELISA. Results are expressed as pico-
grams per milliliter of IL-8 released to culture supernatant
per 10° neutrophils. Data represent the mean + SEM of six
experiments. #, p < 0.01 compared with unstimulated
cells.
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FIGURE 4. Bacterial DNA induces NF-«B activation in human neutrophils. a, Neutrophils were stimulated by E. coli DNA (100 pg/ml) during 0, 5,
15, and 30 min. Afterward, nuclear extracts were prepared, and the presence of NK-«B in these extracts was assessed by EMSA using a consensus NF-«B
probe. Specificity of the bands was assessed by competition with a cold probe (cold-S-oligo) vs a mutated cold probe (cold-NS-oligo) and supershift
experiments. A 20-fold excess of unlabeled NF-«B probe and mutated cold probe and anti-p65- and pS0-specific Abs were added to nuclear extracts before
incubation with a labeled NF-«kB ODN probe (n = 3). Two specific bands could be identified: the lower band as the p5S0/p50 homodimer and the upper
band as the p50/p65 heterodimer. b, Western blot analysis of IkBa expression demonstrating time course of IkBa degradation under treatment of
neutrophils with E. coli DNA (100 pg/ml). ¢ and d, Selective inhibition of p38 MAPK or PI3K does not affect neutrophil NF-«B activation induced by
bacterial DNA. Neutrophils pretreated with SB203580 (5 uM) (c¢) or wortmannin (50 nM) (d) for 15 min at 37°C were stimulated with E. coli DNA (100
ug/ml) for 15 min at 37°C. Then, IkBa expression was analyzed by immunoblotting using a rabbit polyclonal-specific Ab. Immunoblots are representative
of three independent experiments. e, Inhibition of IL-8 production by pretreatment of neutrophils with ALLN. Neutrophils pretreated with ALLN (10 uM)
for 15 min at 37°C were stimulated with E. coli DNA (100 wg/ml) for 3 h at 37°C. Results are expressed as picograms per milliliter of IL-8 released per
10° neutrophils. Data represent the mean + SEM of six experiments. *, p < 0.01 vs basal release and #, p < 0.01 compared with bacterial DNA-stimulated
cells. f, Neutrophils pretreated with ALLN (10 uM) for 15 min at 37°C were stimulated with E. coli DNA (100 ug/ml) for 15 min at 37°C. Then IkBa
expression was analyzed by immunoblotting using a rabbit polyclonal-specific Ab. Immunoblots are representative of two independent experiments.

these kinases. As shown in Fig. 1f, bacterial DNA induced the SP600125, significantly inhibited CD11b up-regulation but up-
phosphorylation of a band consistent with MEKK3/MEKKG®6. regulated IL-8 production induced by bacterial DNA (Fig. 2, ¢
We have previously demonstrated that bacterial DNA trig- and d).
gers neutrophil activation by inducing L-selectin shedding,
CD11b up-regulation, cellular shape changes, IL-8 secretion,
and cell migration. Thus, to analyze the role of MAPKSs in neu- Several reports indicated that PI3K and the downstream serine/
trophil activation induced by bacterial DNA, we examined the threonine kinase Akt/protein kinase B are involved in modulating
effect of the specific pharmacological inhibitors of MAPKs on neutrophil activation, chemotaxis, and apoptosis (22-24). Other
both the production of IL-8 and CD11b up-regulation. We used studies have shown that the PI3K/Akt pathway negatively regu-
concentrations of inhibitors that have been shown to be specific lates NF-kB and the expression of inflammatory genes (25, 26). To
for each MAPK (17, 21) and that slightly modify, per se, acti- evaluate whether bacterial DNA induces PI3K/Akt activation, neu-
vation parameters. As shown in Fig. 2, a and b, both SB203580 trophils were stimulated by E. coli DNA, and Akt activation was
and PD98059 significantly reduced CD11b up-regulation and determined by immunoblotting with a specific Ab to phosphory-
IL-8 secretion induced by E. coli DNA, albeit complete inhi- lated Akt. Fig. 3a shows that exposure of neutrophils to E. coli
bition was never observed. Contrastingly, the JNK inhibitor, DNA resulted in Akt activation. Phosphorylation of Akt was

Bacterial DNA induces PI3K/Akt activation
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slower in onset than MAPKs activation and remained detectable
even at 30 min poststimulation, the last time point determined.
Addition of the specific pharmacological inhibitor of PI3K, wort-
mannin (50 nM), used at a concentration that does not inhibit other
non-PI3Ks (23), nearly abolished Akt phosphorylation (Fig. 3b).

Since previous studies indicated that PI3K/Akt can modulate the
activation of p38 MAPK and ERK1/2 (25, 27), we examined the
phosphorylation of p38 and ERK 1/2 in neutrophils pretreated with
wortmannin. Results in Fig. 3¢ show that PI3K inhibition did not
affect p38 MAPK and ERK1/2 phosphorylation triggered by bac-
terial DNA, indicating that activation of these MAPKs was not
under regulation of the PI3K.

Functional studies were then conducted to examine the role of
the PI3K pathway on neutrophil activation induced by bacterial
DNA. Results indicated that wortmannin did not inhibit the up-
regulation of CD11b expression (data not shown) nor the produc-
tion of IL-8 induced by bacterial DNA (Fig. 3d), supporting that
the stimulation of these responses did not involve the PI3K
pathway.

Bacterial DNA stimulates human neutrophil NF-kB activation

We next examined whether NF-«B translocation is triggered upon
neutrophil stimulation with bacterial DNA. To this aim, nuclear
extracts of neutrophils incubated with E. coli DNA (100 ug/ml)
during 0, 5, 15, and 30 min were obtained. They were assayed to
detect NF-«kB by EMSA. Results revealed that this transcription
factor was activated following neutrophil treatment with E. coli
DNA (Fig. 4a). The specificity of NF-«kB binding in the EMSA
was confirmed by incubation of nuclear extracts with 20-fold ex-
cess of cold-specific ODN, which completely removed the NF-«kB
band. By contrast, a 20-fold excess of a cold-mutant ODN did not
reduce NF-«kB signal. To detect the composition of the NF-«B
band visualized by EMSA, nuclear extracts from neutrophils stim-
ulated by E. coli DNA were incubated with Abs anti-p50 (NF-«BI)
or anti-p65 (Rel A). Whereas the anti-p5S0 Ab completely impaired
the detection of the complex, the anti-p65 Ab only partially re-
duced it (Fig. 4a), suggesting the NF-«kB complex induced by E.
coli DNA consisted both of p65/p50 heterodimers and p50/p50
homodimers.

Neutrophil NF-kB activation by bacterial DNA was confirmed
by the decrease in IkBa levels observed between 10 and 60 min
(Fig. 4b).

Since neutrophil stimulation by LPS results in p38- and PI3K-
dependent NF-«B activation (17), we investigated whether this
pathway was also operative in neutrophils stimulated with bacte-
rial DNA. Cells were pretreated with pharmacological inhibitors of
p38 MAPK or PI3K and subsequently stimulated with E. coli DNA
before Western blotting analyses of extracts were performed to
determine IkBoa expression. Results indicated that neither
SB203580 nor wortmannin were able to block IkBa degradation
induced by bacterial DNA, suggesting that NF-«B activation is not
under the regulation of p38 MAPK nor PI3K (Fig. 4, ¢ and d).

Then, we analyzed whether the induction of IL-8 production by
neutrophils stimulated by bacterial DNA was dependent on NF-«B
activation. To this aim, we evaluated the effect of ALLN, a potent
proteasome inhibitor that has been shown to inhibit IkBa degra-
dation and in turn the activation of NF-kB. In accordance to the
presence of a NF-«kB binding site in its gene promoter (28), se-
cretion of IL-8 stimulated by bacterial DNA was markedly inhib-
ited by preincubation of neutrophils with ALLN (Fig. 4e). As ex-
pected, ALLN markedly prevented IkBa degradation induced by
bacterial DNA (Fig. 4f).

Bacterial DNA induces neutrophil AP-1 activation

Considering that not only NF-«B but also AP-1 are regulatory
elements for IL-8 gene expression (28), EMSAs were performed to
investigate the ability of bacterial DNA to activate AP-1. As
shown in Fig. 5, unstimulated neutrophils did not display AP-1
DNA binding activity. By contrast, it was observed in nuclear
extracts from neutrophils stimulated for 5, 15, and 30 min with E.
coli DNA being the maximal activation detected after 30 min stim-
ulation. To confirm the specificity of this signal, competition stud-
ies were performed with increasing amounts of the unlabeled spe-
cific probe. As shown in Fig. 5, AP-1 binding to the **P-labeled
ODN probe was completely inhibited by a 20-fold excess of un-
labeled specific probe. By contrast, a 20-fold excess of a cold
nonspecific probe did not remove the band.

AP-1 proteins consist of a variety of homo- and heterodimers,
including members of the Fos and Jun families (29). We found that
the band of AP-1/DNA complex nearly disappeared by the addi-
tion of a specific Ab against c-Jun to the nuclear extracts (Fig. 5).
Thus, the supershift assay suggested that E. coli DNA-induced
AP-1 DNA binding proteins mainly contained c-Jun.

Bacterial DNA induces neutrophil activation through a
mechanism that involves the TLR/IL-1R pathway

Our previous studies have suggested that TLRO is not involved in
neutrophil activation by bacterial DNA (1). However, as stated,
TLRs are the best characterized pattern recognition receptors in
neutrophils, in which lies most of their pathogen recognition ca-
pacity (6). Moreover, TLRs recognize distinct structural compo-
nents of pathogens and trigger a signaling cascade that involves
association of its intracellular Toll-IL-1R (TIR)-signaling domain
with the adaptor molecule MyD88 (30, 31). This molecule recruits
IRAK-4, allowing association and phosphorylation of IRAK-1,
which in turn recruits TRAF6 (7). From this signaling complex,
downstream cascades ultimately lead to activation of NF-«kB, reg-
ulating proinflammatory gene transcription (7). Stimulation of
TLR also typically leads to activation of MAPKs and AP-1 and
activation of PI3K (6-9). Therefore, we considered the possibility
that the highly conserved TLR signaling cascade was involved in
CpG-independent neutrophil activation.

We first analyzed the ability of bacterial DNA to trigger IRAK-1
kinase activity by means of an in vitro kinase assay against the
exogenous substrate MBP. As shown in Fig. 6a, IRAK-1 exhibited
an increased kinase activity within 2 min after bacterial DNA stim-
ulation as compared with control cells, which gradually decreased

20X cold-NS-oligo
20X cold-S-oligo =

E coli DNA
AP-1 D ' " - “
Time (min) 05 15 30 3 3 30 3
Ab anti-e-Jun - - wr  om ah o e e
SX cold-S-oligo - - - +

- - - + -
- - - -+
FIGURE 5. Bacterial DNA induces neutrophil AP-1 activation. Neutro-
phils were stimulated by E. coli DNA (100 wg/ml) during 0, 5, 15, and 30
min. Afterward, nuclear extracts were prepared, and the presence of AP-1
DNA binding activity was determined by using a consensus AP-1 ODN.
EMSAs were also conducted using nuclear extracts of neutrophils stimu-
lated by bacterial DNA during 30 min at 37°C in the presence of anti-c-Jun-
specific Ab to determine the composition of the complexes. Specificity of the
bands was assessed by competition with a 20-fold molar excess of either un-

labeled probe (cold-S-oligo) or a mutated cold probe (cold-NS-oligo).
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FIGURE 6. IRAK-I is activated upon neutrophil stimulation with bac-
terial DNA. Neutrophils (30X 10%ml) were stimulated with bacterial DNA
(100 wg/ml), LPS (500 ng/ml), or medium (control) during the indicated
times. Cell extracts were immunoprecipitated (IP) with anti-IRAK-1 (a and
b) or anti-TRAF6 (d) Abs. IRAK-1 immunoprecipitates were used (a) in a
kinase assay to determine the ability of IRAK-1 to phosphorylate the ex-
ogenous substrate MBP (n = 2) and (b) to analyze coimmunoprecipitation
of MyD88 or TRAF6 by immunoblotting (IB). ¢, Immunoblots of whole-
cell extracts obtained from neutrophils stimulated or not with E. coli DNA
(100 ug/ml) for different times revealed with a rabbit polyclonal anti-
IRAK-1 Ab. Immunoblots are representative of at least three independent ex-
periments. d, TRAF6 immunoprecipitates were used to analyze coimmuno-
precipitation of IRAK-1 by immunoblotting. Note: calf fetal serum was added
to neutrophils before LPS stimulation to provide a source of LBP.

to turn nearly undetectable by 10 min poststimulation. Induction of
IRAK-1 kinase activity in response to 5 min stimulation with LPS
is shown as a positive control (Fig. 6a).

We then analyzed whether bacterial DNA induced the coimmu-
noprecipitation of IRAK-1 with MyD88 and TRAF6. Thus, neu-
trophils were subjected to bacterial DNA treatment during 2, 5, or
10 min at 37°C, cell extracts were prepared as described under
Materials and Methods, and IRAK-1 was immunoprecipitated fol-
lowed by Western blotting. We first analyzed whether IRAK-1
associated with MyD88 and TRAF6 upon bacterial DNA trigger-
ing (Fig. 6b). To this end, blots were probed with anti-TRAF6- or
anti-MyD88-specific Abs. We found that both TRAF6 and MyD88
coimmunoprecipitated with IRAK-1 either in unstimulated or
stimulated neutrophils. However, an increased association between
IRAK-1 and MyD88 was observed by 2 min poststimulation with
bacterial DNA, which gradually decreased to turn undetectable by
10 min poststimulation. By contrast, although an enhanced asso-
ciation between IRAK-1 and TRAF6 was not observed in stimu-
lated cells, TRAF6 was no longer detected after 10 min of bacterial
DNA stimulation (Fig. 6b). As expected, IRAK-1 underwent par-
tial degradation upon stimulation with bacterial DNA as evidenced
in immunoblots of whole-cell extracts with anti-IRAK-1 Ab (Fig.
6¢). Of note, we could not detect the phosphorylated forms of
IRAK-1 in these assays probably due to sensitivity limitations of

4043

the assay. However, when TRAF6 was immunoprecipitated and
the membrane probed with an anti-IRAK-1 Ab, only a slower mi-
grating band compatible with a phosphorylated form of IRAK-1
was detected (Fig. 6d) (7, 32). This is consistent with the previous
observation that TRAF6 associates to IRAK-1 once it undergoes
phosphorylation (7). Although phospho-IRAK-1 was detected in
either unstimulated or stimulated neutrophils, it was barely de-
tected by 10 min poststimulation with bacterial DNA (Fig. 6d), in
agreement with the notion that it becomes degraded.

To confirm a role for MyD88 pathway in cell activation induced
by bacterial DNA, we performed additional experiments by using
neutrophils from MyD88™"~ BMC mice. Considering that mice do
not produce IL-8 and the production of its murine counterpart, the
chemokine MIP-2, is restricted to a small subpopulation of bone
marrow neutrophils and is not increased upon neutrophil stimula-
tion (33), we restricted our analysis of murine neutrophil functions
to the determination of CD11b expression. Results in Fig. 7a in-
dicate that CD11b up-regulation induced by bacterial DNA was
markedly inhibited in MyD88~’~ neutrophils as compared with
that observed in wild-type neutrophils. Moreover, CD11b up-reg-
ulation induced by both single-stranded methylated E. coli DNA
(ss-metDNA) and double-stranded E. coli DNA (dsDNA) ob-
served in wild-type neutrophils was also markedly reduced in
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FIGURE 7. Bacterial DNA induces neutrophil activation through a
MyD88-dependent, TLR9-independent mechanism. Neutrophils from
wild-type and MyD88™”~ BMC mice (a) or wild-type and TLR9™~ BMC
mice (b) were stimulated with either single-stranded E. coli DNA (1 or 100
ng/ml), single-stranded methylated E. coli DNA (100 mg/ml) (ss-
metDNA), double-stranded E. coli DNA (dsDNA) (100 pg/ml),
Pam3CSK4 (1 pg/ml), or PMA (20 ng/ml) for 1 h at 37°C, then were
stained with FITC-conjugated anti-Gr 1 and PE-conjugated anti-CD11b
mAbs or isotype controls mAbs during 20 min at 4°C. Then, the expression
of CD11b was evaluated on the high Gr 1-expressing cells by flow cytom-
etry. Data represent the mean = SEM of five experiments. *, p < 0.05
wild-type vs MyD88 ™"~ neutrophils and #, p < 0.05 compared with the
expression in nonstimulated cells.
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(o Bacterial DNA

IL-8 transcription
FIGURE 8. Model for neutrophil signaling mechanisms triggered by

bacterial DNA. Although the activation of the intermediates indicated in
the figure have been probed, a causal relationship between TIR pathway
activation and MAPKs, AP-1 and NF-«B, has not been directly deter-
mined. Discontinued lines indicate hypothetic connections. Criss-cross
lines symbolize the absence of regulation by the indicated kinase.

MyD88’~ neutrophils (Fig. 7a), supporting the notion that bac-
terial DNA activates neutrophils by a CpG-independent MyD88-
dependent pathway. Responses induced by both Pam3CSK4, a
TLR2 agonist that transduces through a MyD88-pathway, and
PMA, a TLR-independent agonist, are shown as controls (Fig. 7a).
To confirm that TLR9 is not involved in neutrophil activation by
bacterial DNA, assays were performed with neutrophils from
TLR9™"~ BMC mice. Results indicated that both single-stranded E.
coli DNA and single-stranded methylated E. coli DNA were able to
induce CD11b up-regulation in TLR9 ™~ neutrophils (Fig. 7b).

Discussion

Neutrophils provide the rapid deployment and effector arm of the
innate immune system (34). They display a wide variety of pattern
recognition receptors, which account for the recognition of a myr-
iad of invading microorganisms (6, 34, 35). Thereafter, they re-
lease inflammatory mediators and antibacterial agents. As we have
previously shown, neutrophils can be activated by bacterial DNA
through a CpG-independent mechanism (1). Moreover, additional
studies demonstrated that neutrophils respond in a CpG-indepen-
dent phosphorotioate-dependent manner to ODNs (36). These
findings are in accordance with different reports that support the
existence of non-CpG molecular motifs in natural DNA or syn-
thetic ODN responsible for immune cell activation (4, 5, 37-40).
Even though some of these reports sustain a role for TLR9 in
CpG-independent cell activation, other evidences account for
TLR9-independent mechanisms (41, 42).

The current study was undertaken to identify the signaling path-
ways triggered upon neutrophil stimulation by bacterial DNA. We
found that bacterial DNA triggers the phosphorylation of p38,
ERK 1/2, and JNK MAPKSs, as well as PI3K activation, and also

induces NF-«B and AP-1 activation (Fig. 8). Our results show that
the activations of p38 MAPK, ERK1/2, and JNK are functionally
correlated with the up-regulation of CD11b induced by bacterial
DNA. Moreover, the activation of p38 and ERK1/2 MAPKs, as
well as NF-kB, seems to be involved in the stimulation of IL-8
production induced by bacterial DNA. Our data support the notion
that different signaling pathways work independently to stimulate
neutrophil function. In fact, selective inhibition of p38 or PI3K
activation did not affect bacterial DNA-induced IkBa degradation,
suggesting that in contrast to the observations made in LPS- and
CpG-stimulated cells, neither p38 nor PI3K modulate NF-«B nu-
clear translocation (Fig. 8) (17, 43, 44). Moreover, a role for both
NF-«B and AP-1 in the regulation of IL-8 production induced by
bacterial DNA was supported by the fact that proteasome inhibi-
tion mediated by ALLN and the selective inhibition of p38 MAPK,
an upstream signaling molecule for AP-1 activation, partially re-
duced IL-8 secretion. Surprisingly, another upstream signaling
molecule for AP-1 activation, INK MAPK, appears to negatively
modulate NF-«kB-dependent transcription. This contention is sup-
ported by experiments performed by selectively inhibiting JNK
activation which markedly increased the production of IL-8 in-
duced by bacterial DNA. In line with this observation, previous
studies have shown that JNK is able to inhibit p65-dependent tran-
scription (45).

Our data indicating that NF-kB is not under regulation of p38
nor PI3K are consistent with results observed upon stimulation of
TLR, which usually leads to NF-«B translocation through a path-
way not involving the activation of p38 and PI3K (8).

Previous studies showed that bacterial DNA delays neutrophil
apoptosis (46). These studies also detected ERK and Akt phos-
phorylation after neutrophil stimulation with bacterial DNA but
failed to demonstrate a role for p38 MAPK. Differences between
these results and our findings might be related not only to the
different functions analyzed in each study (apoptosis vs activation)
but also to the fact that this work employed a low concentration of
SB203580, which could not be able to effectively inhibit the p38
MAPK, a possibility that was not addressed by the authors.

Prior studies demonstrated that MEKK3 plays a crucial role in
IL-1- and LPS-induced activation of NF-«B, p38, and JNK but not
in CpG-induced activation of primary mouse embryonic fibroblast
cell lines (20). We found that stimulation of neutrophils by bac-
terial DNA induces the appearance of a band consistent with phos-
phorylated MEKK3/MEKK®6. Considering previous reports indi-
cating that human neutrophils possess MEKK3 but lack MEKK6
(17), our results suggest that activation of P38, JNK, and/or NF-«B
might proceed through the activation of MEKK3.

Our results also indicated that TLR/IL-1R signaling pathway is
activated upon neutrophil stimulation with bacterial DNA. In fact,
a rapid induction of IRAK-1 kinase activity was observed after
bacterial DNA stimulation. This kinase activity decreased at the
time that phosphorylated IRAK-1 underwent degradation. Also
supporting the TLR/IL-1R signaling pathway activation, we ob-
served that coimmunopreciptation of MyD88 and IRAK-1 was in-
creased by 2 min after stimulation. Contrasting with this finding,
we were unable to detect an enhanced coimmunoprecipitation of
TRAF6 and IRAK-1 in neutrophils stimulated either with bacterial
DNA or LPS compared with untreated cells, an observation that
could be due to a high rate of dissociation of TRAF6 from the
IRAK-1/TRAF6 complex under our experimental setting. A role
for MyD88 pathway was confirmed by the fact that CD11b up-
regulation induced by bacterial DNA was markedly reduced in
neutrophils from MyD88~'~ BMC mice. Moreover, both single-
stranded methylated E. coli DNA and double-stranded E. coli
DNA were also able to induce CD11b up-regulation in wild-type
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neutrophils, but this response was markedly diminished in
MyD88™’~ neutrophils. On the other hand, our results indicating
that both single-stranded E. coli DNA and single-stranded meth-
ylated E. coli DNA were able to induce CD11b up-regulation in
TLR9~’~ neutrophils indicated that neutrophil activation by bac-
terial DNA does not involve TLRO. These findings are in accor-
dance with our previous observations indicating that neither agents
that interfere with TLR9 signaling nor bacterial DNA immobili-
zation affects its ability to trigger neutrophil activation (1). Taken
together, our findings suggest that bacterial DNA activates neu-
trophils by a CpG-independent MyD88-dependent pathway that
does not involve TLRO.

Studies performed with human neutrophils by Jozsef et al. (46,
47) showed that bacterial DNA moderately delays apoptosis and
induces IL-8 secretion through a CpG- and TLR9-dependent
mechanism. Their studies were based on results obtained by using
endosomal acidification inhibitors such as chloroquine and bafilo-
mycin A and CpG-methylated DNA but did not include the use of
TLRY knockout mice. Remarkably, our findings contrast with
those reported by Jozsef’s et al. In fact, our previous (1) and
present results showed that CpG methylation of bacterial DNA did
not inhibit its ability to trigger neutrophil activation (IL-8 secre-
tion, CD11b up-regulation, and shape change). These results to-
gether with those obtained with TLR9-deficient neutrophils sup-
port that bacterial DNA activates neutrophils by a CpG- and
TLRO-independent pathway. To date, we cannot understand the
reasons for these contrasting findings. However, it should be noted
that our results are in line with previous reports indicating that
neutrophils differ from other leukocyte populations in their ability
to respond to CpG-DNA. In fact, all previous studies aimed to
analyze the effects of ODN on neutrophil function have shown that
neutrophils are not activated by phosphodiester ODN regardless of
CpG content and can only be stimulated by backbone-substituted
phosphorothioate ODN in a sequence-independent (CpG-indepen-
dent) manner (35, 36, 48).

Considering that members of the TLR-IL-1R superfamily are
evolutionary conserved receptor molecules, essential for host de-
fense against infectious pathogens (8, 49), it is possible to specu-
late that a TLR distinct to TLRO is involved in neutrophil recog-
nition of bacterial DNA. However, our results do not rule out that
a molecule distinct to TLR was responsible for DNA recognition
and recruits, per se, TIR intermediates to promote neutrophil ac-
tivation. Such a role has been demonstrated for the leukocyte in-
tegrin Mac-1 (50). Nevertheless, even though this adhesion mol-
ecule has the capacity to bind ODNs (51), we have previously
demonstrated that it is not involved in the activation of neutrophils
by bacterial DNA (1). Experiments to determine the identity of the
receptor involved in neutrophil activation by bacterial DNA are
being currently undertaken in our laboratory.

Taken together, our results suggest that bacterial DNA induces
human neutrophil activation by triggering the TIR signaling path-
way, which in turn might activate MAPK pathways and AP-1 and
stimulate NF-kB translocation (Fig. 8).
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