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NF-kB is a crucial mediator of macrophage inflammatory responses, but its role in the context of pathogen-
induced adaptive immune responses has yet to be elucidated. Here, we demonstrate that classical NF-«B
activation delays phagocytosis-induced cell death (PICD) in Raw 264.7 and bone marrow-derived macrophages
(BMDMs) upon ingestion of bacteria from the Escherichia coli laboratory strain Top10. By expression of a
nondegradable form of IkBa (superrepressor) and pyrrolidine dithiocarbamate treatment, prolonged activa-
tion of NF-kB upon bacterial coculture is suppressed, whereas initial induction is only partially inhibited. This
activation pattern results in partial inhibition of cellular activation and reduced expression of costimulatory
CD86. Notably, suppression of classical NF-kB activation does not influence bacterial uptake rates but is
followed by increased production of oxygen radicals and enhanced intracellular killing in Raw macrophages.
This is associated with reduced expression of NF-kB-dependent antiapoptotic c-IAP-2 and a loss of the
mitochondrial transmembrane potential. Accordingly, NF-kB inhibition in Raw cells and BMDMs causes
increased apoptotic rates within 12 h of bacterial ingestion. Interestingly, accelerated eradication of E. coli in
NF-kB-inhibited macrophages is associated with reduced antigen-specific T-cell activation in macrophage-
lymphocyte cocultures. These data suggest that E. coli inhibits PICD of macrophages via classical, antiapop-
totic NF-kB activation and thus facilitates signaling to T cells. Subsequently, a proper adaptive immune
response is likely to be generated. Conclusively, therapeutic inhibition of classical NF-kB activation in
macrophages may hamper the initiation of adaptive immunity.

The innate immune response represents the first line of
defense during infection. Innate immune cells, such as macro-
phages, are essential for the host to efficiently control and
remove invading pathogens. During this process, macrophages
orchestrate the innate and adaptive immunity in response to a
wide range of bacterial, viral, and fungal infections. In addi-
tion, they also play a key role in stimulating the subsequent
clonal response of adaptive immunity (17). Thus, e.g., upon
engulfment of bacteria, macrophages act as antigen-presenting
cells and provide costimulatory signals necessary for full lym-
phocyte activation (5).

On a molecular basis, signal transduction via the IkB kinase
(IKK)/NF-kB pathway is crucial for control and coordination
of the innate as well as the adaptive immune response (21).
Among others, proinflammatory cytokines and pathogen-asso-
ciated molecular patterns induce activation of the IKK com-
plex by signaling via tumor necrosis factor (TNF) receptor— or
Toll-like receptor—interleukin-1 (IL-1) receptor superfamilies.
The best known form of this complex consists of the IKKa and
IKKP catalytic subunits and the regulatory IKKy subunit, also
known as NEMO (NF-«B essential modulator), which recruits
upstream signals to the complex (12). Recently, experimental
evidence led to the separation of the classical NF-«kB activation
pathway, depending on IKK and IKKYy, from the alternative
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IKKa pathway (8, 31). During classical NF-«B signaling, acti-
vated IKK catalyzes the phosphorylation of inhibitory I«Bs,
which is followed by their polyubiquitination and proteasomal
degradation. Liberated NF-«kB, previously retained in the cy-
toplasm via binding to IkBs, translocates to the nucleus and
activates transcription of target genes especially involved in
innate immune responses (4, 12). The new alternative pathway
is strictly dependent on IKKa, which phosphorylates the
NF-«kB precursor protein p100. Similar to IkBs, p100 becomes
polyubiquitinated, and its inhibitory C-terminal end is de-
graded by the 26S proteasome (8). As a result, p100 is pro-
cessed to pS2 and mainly p52-RelB heterodimers enter the
nucleus to activate transcription of genes that play a central
role in development and maintenance of secondary lymphoid
organs (4).

Despite the important role of macrophages during immune
responses, little is known about macrophage effector functions
that crucially depend on classical or alternative NF-«kB activa-
tion. On the basis of evolutionary considerations, the original
function of the NF-kB pathway is the initiation of inflamma-
tion and innate immune responses via production of inflam-
matory mediators and recruitment of immune cells (17, 39). As
can be seen in IkkB~'~ and Ikky~'~ murine embryonic fibro-
blasts and macrophages, complete depletion of classical NF-kB
activation is associated with dramatically reduced production
of proinflammatory cytokines upon stimulation (20, 30, 35).
Interestingly, gene-targeting experiments showed that regu-
larly inducible classical NF-«B is dispensable for the produc-
tion and differentiation of granulocytes and monocytes/macro-
phages in vivo (18, 32). Regarding its functional role, however,
it might be assumed that impaired classical NF-«B signaling in
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macrophages might cause dramatic immune dysfunction in
vivo. Indeed, complete or partial inactivation of this pathway
results in a marked increase of susceptibility to infections in
vivo, once the embryonic lethality associated with these defi-
ciencies is prevented (2, 10, 32). Yet, it is not clear whether
classical NF-«kB deficiency primarily causes innate or adaptive
immune failure in vivo, as it was shown that defects of classical
NF-kB activation also result in impaired formation of second-
ary lymphoid structures (1). Subsequent to the initial inflam-
matory response, adaptive immunity to pathogens requires sec-
ondary signals generated by antigen-presenting cells, such as
macrophages, to activate lymphocytes. This mechanism usually
involves phagocytosis of pathogens, followed by killing, pro-
cessing, and presentation of pathogens. The exact role of clas-
sical NF-kB in this respect is not fully elucidated.

Notably, phagocytosis by professional phagocytes, such as
macrophages, is a prerequisite to combat, e.g., bacterial infec-
tions. Ingestion destroys most bacterial pathogens, although it
is known that bacteria that are highly virulent, such as Listeria,
Shigella, and Salmonella, are able to actively induce cell death
of macrophages (9), which makes up a significant part of their
pathology. However, it was shown recently that bacteria that
exhibit relatively low virulence, such as Escherichia coli, also
induce cell death upon phagocytosis (13). The significance of
this form of death is not fully understand. A widely accepted
point of view suggests that elimination of macrophages is dis-
advantageous for the host immune response, because they are
relatively long-lived cells residing in tissue that regulate inflam-
mation and subsequent immune responses. Thus, modulation
of macrophage cell death by bacteria can be regarded as a
mechanism of pathogenesis.

In this study, we shed light on the role of NF-«kB signaling
during primary macrophage effector functions with particular re-
spect to bacterial clearance in the context of costimulatory signal-
ing. We propose that induction of NF-kB-dependent antiapop-
totic mechanisms upon ingestion of nonvirulent bacteria, such as
E. coli, has important implications for the generation of an adap-
tive immune response. Therefore, we stably transfected Raw
264.7 macrophages with a mutant form of IkBa (IkBa superre-
pressor [IkBaSR]). IkBaSR is resistant to inducible degradation
due to replacement of serine residues at positions 32 and 36 with
alanine, resulting in reduced NF-kB activation (16). Subse-
quently, we tested the extent of NF-«kB involvement in cell acti-
vation, cytokine production, and cell death in response to E. coli.
Further, we investigated whether NF-kB mediates the process of
bacterial clearance by coordinating the uptake of microbial par-
ticles or by inducing the formation of bactericidal oxygen species.
Finally, the impact of the macrophage NF-kB pathway on co-
stimulatory signaling to T cells upon E. coli ingestion was studied.
The main results were verified by means of pyrrolidine dithiocar-
bamate (PDTC)-mediated inhibition of NF-«B activation in bone
marrow-derived macrophages (BMDMs).

MATERIALS AND METHODS

Materials and reagents. Murine macrophages (Raw 264.7) were cultured in
Dulbecco modified Eagle medium (DMEM) (Invitrogen) supplemented with
10% fetal calf serum (PAA Laboratories), 1% Glutamax I (Invitrogen), and 0.02
mg/ml gentamicin (Refobacin; Merck) at 37°C in 5% CO,. For T cells, B-mer-
captoethanol was added to a final concentration of 50 uM. Long-term culturing
of transfected cells was performed with 200 wg/ml Geneticin (Invitrogen). Stim-
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ulation of cell cultures was carried out with 1 pg/ml lipopolysaccharide (LPS)
(from E. coli O26:B6; Sigma), 10 ng/ml murine tumor necrosis factor alpha
(TNF-a) (Sigma), and 10 U/ml gamma interferon (IFN-y) (Calbiochem), re-
spectively. To inhibit NF-kB activation in BMDMs, pyrrolidine dithiocarbamate
(10 uM) was used. To induce apoptosis, cells were treated with 1 pM stauro-
sporine for 3 h. Polyclonal antibodies against IkBa (C21), p65 (C-20), actin
(C-11), cytochrome ¢ oxidase II (K-20), and Sam 68 (C-20) were obtained from
Santa Cruz. Additionally, anti-FasL (catalog no. F37720; Transduction), anti-
caspase 3 (8G10) (Cell Signaling), and anti-p100/p52 (K-27) (Cell Signaling), and
anti-Bax (catalog no. 06-499; Upstate) antibodies were used. E. coli antibody
(clone BDI190) was obtained from Biodesign International.

BMDMs. Bone marrow from BALB/c mice was flushed from femurs in
DMEM (Invitrogen) supplemented with 10% fetal calf serum (PAA Laborato-
ries), 1% Glutamax I (Invitrogen), and 0.02 mg/ml Refobacin (Merck) and
cultured in DMEM conditioned with L929 medium (30%). After 24 h, floating
cells were recultured, and BMDMs were used for experiments after 1 week.

DNA constructs and transfection. IxBa-superrepressor plasmid (SR) was
kindly provided by R. Zwacka (IZKF, University of Ulm, Germany). The
pcDNA3 construct contains the IkBa sequence mutated at Ser32/Ser36 to form
a phosphorylation-resistant (A32/A36) IkBa superrepressor (IkBaSR). Trans-
fection was performed using Fugene 6 (Roche) according to the manufacturer’s
instructions. Cells were seeded in six-well plates and cultured to 60% confluence.

Proliferation assay. For proliferation analysis of empty-vector-transfected
(Mock) and SR cells, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was performed according to the manufacturer’s instructions
(Roche). Briefly, 5 X 10* cells/well were incubated in triplicate in a 96-well plate
in a final volume of 100 pl for the indicated time periods at 37°C. Thereafter, 25
pl of MTT solution (5 mg/ml in phosphate-buffered saline [PBS]) was added to
each well. After 2 h of incubation at 37°C, 100 .l of the extraction buffer (20%
sodium dodecyl sulfate, 50% dimethylformamide) was added, incubation was
continued overnight at 37°C, and the optical density was measured at 570 nm
using a microplate reader. Alternatively, cell proliferation was determined by
counting cells at distinct time points after 0.1% trypan blue treatment.

Nuclear and cytosolic extracts, mitochondrial purification, immunoblotting,
electrophoretic mobility shift assay (EMSA), and supershift analysis. For nu-
clear extract preparation, cells (2 X 107) were washed two times in NP-40 buffer
(10 mM Tris-HCI, 10 mM NaCl, 3 mM MgCl,, 30 mM sucrose, 0.5% NP-40, pH
7.0), centrifuged (1,500 X g) for 7 min, and then washed twice in CaCl, buffer (10
M Tris-HCI, 10 M NaCl, 3 mM MgCl,, 30 M sucrose, 0.1 mM CaCl,, pH 7.0).
Nuclei were resuspended in lysing buffer (50 mM Tris-HCI, pH 7.6, 250 mM
NaCl, 3 mM EDTA, 3 mM EGTA, 1% Triton X-100, 0.5% NP-40, 10% glycerol)
and lysed on ice for 30 min, followed by centrifugation at 14,000 rpm for 30 min.
The supernatant (nuclear extract) was collected and stored at —80°C. For total
cell extracts, cells were directly lysed with lysing buffer. Except for cell death
analysis, floating cells were always eliminated by washing steps. All steps were
carried out at 4°C. All buffers were supplemented with 1 mM B-glycerolphos-
phate, 2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride, 10 pM
leupeptin, 2 mM p-nitrophenylphosphate, and 0.1 mM orthovanadate. Mito-
chondria have been enriched as previously described (38). Briefly, PBS-washed
cells were resuspended in homogenization buffer and disrupted by 200 strokes in
an L-Dounce glass homogenizer. After removal of unbroken cells, membranes,
and nuclei by centrifugation (1,500 X g, 10 min at 4°C), mitochondria were
pelleted from the supernatant by further centrifugation at 12,000 X g for 10 min
at 4°C. Subsequently, the supernatant was centrifuged at 50,000 X g for 60 min
at 4°C to obtain the cytosol fraction.

Immunoblotting was performed using Bio-Rad Protean 11 Minigels with 10 pg
protein extracts per lane. Proteins were blotted on nitrocellulose, and mem-
branes were blocked with 7.5 or 10% nonfat dried milk in PBS and 0.3% Tween
20. For band shift assays, nuclear extracts (10 pg) were incubated in a 10-pl
reaction mixture for 30 min with 0.1 pg/pl poly(dI-dC) (Pharmacia) and 20,000
cpm [a-*?P]dATP-labeled oligonucleotide in 1 mM DTT, 10 mM HEPES, pH
7.6, 50 mM KCl, 6 mM MgCl,, 1.2 mM CaCl,, 1 mM DTT, and 5% glycerin.
Complexes were separated in native 4% polyacrylamide gels for 3 h. Gels were
dried and exposed to X-ray films. The following oligonucleotides were annealed
to form double-stranded gel shift oligonucleotides: NF-xB (HIVkB site), sense
(5'GGATCCTCAACAGAGGGGACTTTCCGAGGCCA3') and reverse (5'G
GATCCTGGCCTCGGAAAGTCCCCTCTGTTGA3'); NF-1, sense (5'TTTTG
GATTGAAGCCAATATGATAA3') and reverse (5 TTATCATATTGGCTTC
AATCCAZ'); AP-1, sense (5'CGCTTGATGACTCAGCCGGAAZ') and reverse
(S'TTCCGGCTGAGTCAGCAA 3'). Cold NF-kB (HIVkB site) gel shift oligo-
nucleotide and Ets-1/PEA3 (Santa Cruz) was used for specific and nonspecific
competitor analysis, respectively. For supershift analysis, nuclear extracts (10 ng)
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were preincubated (30 min) with 5 pl p65 (C-20) and 1 pl p50 (sc-114X) from
Santa Cruz.

Flow cytometry and measurement of ROS and antioxidative capacity. Upon
priming with 10 U/ml IFN-y and stimulation with 1 pg/ml LPS for 1 h, detached
Raw 264.7 cells (1 X 10°/reaction mixture) were preincubated with mouse Fc
block (Pharmingen) for 15 min on ice and washed with fluorescence-activated
cell sorting buffer (PBS, 0.1% bovine serum albumin, 0.1% NaN;). Cells were
then incubated with fluorescein isothiocyanate- or phycoerythrin-labeled anti-
bodies for 1 h on ice and subsequently analyzed by means of flow cytometry.
Anti-mouse CD40 (3/23), CD69 (H1.2F3), CD70 (FR70), CD80 (16-10A1),
CD86 (GL1), and isotype control antibodies were obtained from BD Pharmin-
gen. Membrane integrity was routinely tested by exclusion of propidium iodide,
and all preparations were >95% propidium iodide negative. For the detection of
reactive oxygen species (ROS) production upon stimulation, macrophages (1 X
10°/well in 96-well plates) were preincubated with 15 pM CM-H2DCFDA [5-
(and 6-)chloromethyl-2',7’-dichlorodihydrofluorescein diacetate, acetyl ester]
(Molecular Probes) in Hanks balanced salt solution (HBSS) (Invitrogen) for 10
min, allowing the dye to enter the cells. This dye freely permeates the cell
membrane and becomes fluorescent upon cleavage by ROS. Cells were washed
two times with PBS before stimulation with 5 X 10° E. coli per ml to induce ROS.
Plates were analyzed at 485-nm excitation and 535-nm emission on a GeniosPlus
(Tecan) microplate reader. Similarly, endogenous antioxidative capacity was
determined via incubation of CM-H2DCFDA-preincubated cells with 100 uM
H,O0, for 20 min.

Phagocytosis, confocal microscopy, and cell death assays. Cells were plated at
1 X 10° in six-well plates and preincubated overnight, and then the medium was
exchanged with HBSS (Invitrogen) containing 5% mouse serum. Subsequently,
cells were either untreated (control cells) or primed for 30 min (IFN-vy [10 U/ml])
at 37°C and subsequently cocultured with 4 X 10° living Escherichia coli (Top10)
containing an expression vector with green fluorescent protein (GFP) under the
control of a cytomegalovirus promoter (kindly provided by A. Borowski, Bonn
University). At the indicated time points, cells were washed extensively with
HBSS to remove extracellular bacteria, and bacterial uptake was analyzed by
flow cytometry. To discriminate between bacterial adhesion and phagocytosis, a
separate set of experiments was performed. Following coculture with macro-
phages, extracellular bacteria were additionally labeled with an antibody that
specifically recognizes the core region of E. coli endotoxin and also interacts with
protein-bound endotoxin (E. coli outer membrane proteins; fimbrial subunits)
(clone BDI190) (catalog no. B47171G; Biodesign International). Detection was
performed with tetramethyl rhodamine isocyanate-labeled anti- immunoglobulin
G1 secondary antibody. Extracellular adherent bacteria were identified via con-
focal microscopy. For analysis of microsphere phagocytosis, carboxylated fluo-
rescein isothiocyanate-labeled microspheres (Molecular Probes) were vigorously
resuspended by vortexing and sonication and preincubated with 1% bovine
serum albumin in PBS. Microspheres (1 X 107) were added per 1 X 10° cells in
a six-well plate and incubated at 37°C for 2 h. Upon extensive washing in PBS to
remove extracellular microspheres, phagocytosis was analyzed by means of flow
cytometry and determination of numbers of beads per cell. To detect mitochon-
drial transmembrane potential ({,), treated cells were stained with 200 nM
tetramethylrhodamine (TMRM) (Molecular Probes) in PBS (10 min, 37°C),
washed, and microscopically analyzed. The rate of cell death was determined by
detection of propidium iodide intercalation in isolated nuclei by the method of
Nicoletti et al. (27). Apoptotic cell population accumulates as a sub-G, peak.
Additionally, determination of dead cells, characterized by membrane disinte-
gration, was performed by trypan blue exclusion. After staining with trypan blue,
300 cells were examined, and dead cells were recorded as a percentage of cell
death.

Bactericidal activity. To determine bactericidal activity, a classical CFU assay
was used with minor modifications (26). Briefly, cells were placed in 24-well
culture plates (1 X 10°/well) and preincubated overnight. Subsequently, medium
was exchanged with antibiotic-free fresh medium, and after 1 h, cells were
infected with 1 X 10° CFU of live E. coli (Top10). Control wells contained only
bacteria. After 2 h of culture in a 5% CO, incubator, plates were placed at —80°C
for 30 min, and cells were lysed by thawing. Prior control experiments showed
that this did not affect bacterial viability. The lysates were serially diluted, plated
on LB agar plates, and incubated overnight at 37°C, and the number of bacterial
colonies was counted. Bactericidal activity was expressed as the percentage of
bacterial death = (CFU from control wells [without cells] — CFU from exper-
imental wells)/(CFU from control wells [without cells]) X 100.

Animals, antigen, and cell coculture. Female BALB/c mice aged 8 to 10 weeks
were purchased from Charles River Breeding Laboratories. All experimental
protocols were approved by the local ethics committee. Mice were sensitized
intraperitoneally at two sites at days 0 and 10 with 50 pg of ovalbumin (OVA)
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(Sigma) adsorbed to 20 pl of aluminum hydroxide gel (Pierce) in a final volume
of 200 pl. Commencing day 20, single-cell suspensions of splenocytes were
prepared by crushing lymphoid organs between two microscope slides in cold
PBS. Cells were passed through a 40-pum cell strainer. Erythrocytes were lysed
using NH,Cl. Cell viability was verified by trypan blue exclusion. T cells were
magnetically separated according to the manufacturer’s instructions (Miltenyi
Biotec). For macrophage-T-cell coculture, Raw 264.7 cells (Mock and SR) or
BMDMs treated with PDTC (10 pM) or not treated with PDTC were plated for
48 h in 12-well plates (1 X 10°Awell) with 20 U/ml IFN-y. OVA (10 mg/ml) was
added for the final 16 h. Eight hours before isolated T cells were added, mac-
rophages were incubated with 5 X 10° E. coli/well or 1 pg/ml LPS for 1 h.
Thereafter, extracellular E. coli bacteria were eliminated by washing with fresh
medium (containing 10 mg/ml OVA and 20 U/ml IFN-vy) and further incubated.
Then, dead cells and PDTC were removed by three washing steps, and the
remaining macrophages were counted and again plated at 2.5 X 10°/well in
12-well plates. Isolated, antigen-primed T cells (5 X 10°/well) were added and
centrifuged onto the macrophages to initiate contact. Activation of T cells was
analyzed by flow cytometric detection of CD69 (H1.2F3; BD Pharmingen) ex-
pression after 6 h of coculture.

Statistical analysis. The data were analyzed using Student’s ¢ test and Mann-
Whitney U test. A P value of <0.05 was regarded as statistically significant. All
data were expressed as means *+ standard errors of the means (SEMs).

RESULTS

Expression of an IkBa superrepressor in Raw 264.7 mac-
rophages and PDTC treatment of BMDMs results in reduced
NF-kB DNA-binding activity upon LPS stimulation and E. coli
coculture. In order to biochemically verify blocked NF-«kB sig-
naling, the DNA-binding activity of NF-kB in stably trans-
fected Raw 264.7 SR clones was compared to that in empty-
vector-transfected control cells (Mock) upon stimulation with
E. coli (Fig. 1A and B) as well as stimulation with TNF-«a and
LPS (data not shown). The screened SR cell clones clearly
reveal reduced NF-«kB activation compared to Mock cells (Fig.
1B). Several stable SR clones were tested and showed similar
kinetics of NF-kB DNA-binding activity. However, the kinetic
patterns regularly show moderately depressed NF-«kB activation
during the first 30 min, followed by complete absence thereafter
(Fig. 1A and D). The initial activation pattern results from deg-
radation of endogenous IkBa, which parallels NF-kB activation.
Under baseline conditions, endogenous IkBa and IkBaSR are
expressed at levels similar to those observed for SR clone 3 (Fig.
1C). Upon stimulation with E. coli, endogenous IkBa becomes
degraded, whereas IkBaSR protein remains stable (Fig. 1C).
Thus, IkBaSR expression does not affect stimulus-induced deg-
radation of the endogenous IkBa protein, but it scavenged newly
synthesized or exported NF-«kB after initial stimulation. To ex-
clude the possibility that IkBa SR does affect other stress path-
ways, we examined the transcriptional activator AP-1. Only minor
reductions of AP-1 activity in Mock and SR cells suggest that
IkBaSR does not block other stress pathways that culminate
therein (Fig. 1D). Moreover, this effect is specific as demon-
strated by the results of competition assays (Fig. 1E) and selec-
tively involves classical NF-kB signaling as demonstrated by p65
and p50 supershifts (Fig. 1F) and induction of nuclear p52 upon
stimulation (Fig. 1G). Thus, the NF-«B inhibiting effect of
IkBaSR in this system is restricted to the classical NF-«kB path-
way. Notably, a moderate difference of initial NF-«B induction is
detectable upon comparison of clone SR 3 with SR 4 and 19 (Fig.
1A). Thus, these cell lines were analyzed separately, but the re-
sults were summarized in this work. Accordingly, significant dis-
parate results of distinct clones are addressed whenever differ-
ences were detected. In order to verify the main results of the
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FIG. 1. Characterization of Raw 264.7 Mock and SR macrophages. Several stable transfected clones of SR macrophages were independently
established by transfection of normal Raw 264.7 macrophages with IkBaSR pcDNA3, which introduces a superrepressor mutant of IkBa, and neo.
Mock cells are mock-transfected control macrophages that express neo alone. (A) NF-kB nuclear DNA-binding activity of Mock cells and three
stable SR clones upon stimulation with E. coli Top10 (1.5 X 107 cells/ml culture volume) for 4 h. Raw 264.7 cells and bacteria were incubated at
normal cell culture conditions, and nuclear extraction was performed at the indicated time points (e.g., 0 to 60 min [60']). NF-kB activity was
measured by an EMSA. Clones 3 and 19 were selected for further experiments. (B) Relative NF-kB activity. Calculation was performed via
phosphorimaging relative to NF-1 activity. C, control. (C) Western blot analysis of IkBa and IkBaSR expression. Mock and SR cells were
cocultured with E. coli Top10 (described above) for the indicated time points. (D) Comparison of NF-kB with AP-1 DNA-binding activity in Mock
and SR cells. Nuclear extracts were performed upon incubation with E. coli Top10 for the indicated time points. (E) Competitor analysis of NF-kB
DNA-binding activity. Cells were stimulated with E. coli for 30 min. For EMSA, 10 pg (Mock, BMDM) and 20 ug (SR 3, SR 19) of nuclear extracts
were incubated with either **P-labeled oligonucleotides alone (@) or together with nonspecific inhibitor (ns) or with specific, cold oligonucleotides
(s). (F) NF-kB supershift analysis of Raw 264.7 macrophages. Cells were stimulated with E. coli for 1 h, and nuclear extracts were prepared at the
indicated time points. Supershifted bands are indicated. (G) Nuclear p52. Western blot of nuclear extracts 12 h after E. coli stimulation.
(H) Inhibition of NF-«B activation in BMDMSs by PDTC. Normal BMDMs and BMDMs treated with PDTC (10 pM) were stimulated with E. coli
as described above. Nuclear extracts were prepared at the indicated time points, and EMSAs were performed. (I) Raw 264.7 macrophage
proliferation. Proliferation kinetics of cells were determined under normal basal cell culture conditions either by means of an MTT test (left) or
by counting living cells upon trypan blue exclusion (right). These data are representative of three independent experiments.
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FIG. 3. Phagocytosis of Raw 264.7 macrophages and BMDM:s upon coculture with E. coli. (A) Uptake of bacteria by Raw 264.7 macrophages.
Cells were incubated under normal culture conditions with GFP-expressing E. coli for the indicated time points and washed, and uptake was
assessed as GFP fluorescence of Raw 264.7 cells by flow cytometry. (B) Quantitation of bacterial uptake derived from three independent
experiments. Values represent means = SEMs (error bars). (C) Qualitative analysis of bacterial uptake. Raw 264.7 cells and E. coli were cultured
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and the cells were washed, counterstained with anti-E. coli antibody, and analyzed using confocal microscopy. Adherent bacteria (white arrows)
and internalized bacteria (white arrowheads) are indicated. (D) Uptake of bacteria by BMDMs. Cells were incubated under BMDM-specific
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Raw 264.7 cell line with primary cells, BMDMSs were established
and analyzed upon suppression of NF-«kB activation by PDTC.
Similarly, NF-kB activity is inhibited mainly at late time points
(Fig. 1H). To rule out effects on macrophage functions that de-
pend on cell growth differences, proliferation of Mock and SR cell
lines was determined by an MTT test and by counting cells under
baseline cell culture conditions at distinct time points upon 0.1%
trypan blue treatment. Under baseline conditions, no prolifera-
tion defect was detected in SR cells compared to empty-vector-
transfected macrophages (Fig. 1I). Accordingly, Raw 264.7 cell
lines stably transfected with an IkBa superrepressor and BMDMs
treated with PDTC represent appropriate in vitro systems to
investigate essential molecular and cellular effects in macro-
phages that particularly depend on late NF-«B signaling.
Suppression of NF-kB activation moderately affects cellular
activation but impairs the ability of macrophages to express
costimulatory molecules. To investigate the impact of NF-«kB
on macrophage cell functions, the expression of diverse mac-

rophage-specific differentiation and activation markers was ex-
amined by flow cytometry. No differences were found between
Mock and SR macrophages with respect to expression of major
histocompatibility complex class II, F4/80, and CD11b with and
without IFN-vy priming, followed by LPS stimulation (data not
shown). Next we tested the extent of cellular activation via the
expression of conventional macrophage activation markers,
such as CD70 (CD27L) and CD69 (25), as well as by the
determination of cytokine production. As shown in Fig. 2A and
B, stimulation with LPS and IFN-y activates SR and Mock
cells regarding CD69/CD70 expression to a similar extent. In
addition, the production of proinflammatory cytokines, such as
TNF-a (data not shown) and IL-1a (Fig. 2C), is decreased but
remains inducible in SR macrophages. However, macrophages
that interact with pathogens become activated. Due to some
suppressed SR cell activation, it can be assumed that there are
also differences in subsequently provided signals for the adap-
tive immune system to sufficiently support specific immune
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FIG. 4. Bacterial killing. (A) Cells and bacteria were cultured as described in the text. At the indicated time points, cells were washed, lysed,
diluted by serial dilutions, and incubated on agar. After 24 h, bacterial colonies were counted. Values were calculated as described in Materials
and Methods and represent means = SEMs (error bars). The values for Mock and SR cells were significantly different (P < 0.05) (*). (B) ROS
induction by E. coli bacteria in Raw 264.7 cells. Cells were preincubated with 15 pM CM-H2DCFDA. Thereafter, macrophages were exposed to
bacteria, and cells were analyzed by means of a fluorescence microplate reader at the indicated time points. Values are means = SEMs (error bars)
of three replicate samples in three independent experiments. RFU, relative fluorescence units. (C) Immunoblot analysis of iNOS expression upon
bacterial challenge for 1 h of Mock and SR macrophages. The changes in induction relative to actin was calculated by means of densitometry. These
data are representative of two independent experiments. (D) Oxidative capacity of Raw 264.7 cells. Cells were preincubated with 15 pM
CM-H2DCFDA. Thereafter, macrophages were incubated with 100 uM H,O, for 20 min, and cells were analyzed by means of a fluorescence
microplate reader at the indicated time points. Values are means = SEMs (error bars) of three replicate samples in three independent experiments.

* P < 0.05.

responses. To evaluate the role of NF-«kB signaling in this
context, the capability of Mock and SR macrophages to inter-
act with cells of the adaptive immune system was indirectly
studied in treated with IFN-y and LPS via analysis of the
expression of CD40 and the costimulatory molecules CD80
(B7-1) and CD86 (B7-2), as well as by analysis of the expres-
sion of proinflammatory IL-12 and anti-inflammatory IL-10.
Baseline and inducible CD40 expression is decreased (Fig. 2D
and E), whereas baseline expression of CD80 and CD86 (Fig.
2D) is similar in Mock and SR cells. Upon stimulation with
IFN-y and LPS, CD&6 is significantly reduced and CD80 (Fig.
2D and E) is partially reduced in SR macrophages compared
to Mock cells. The production of the anti-inflammatory IL-10
shows no difference between SR and Mock cells over a period
of 24 h, whereas IL-12 is suppressed (Fig. 2C). These data
suggest that cellular activation of Raw 264.7 macrophages only
partially depends on prolonged NF-«kB activation. Moreover,
the suppression of molecules associated with costimulatory

functions in SR macrophages supports the idea that NF-xB
signaling in these cells essentially contributes to the transfer of,
e.g., bacterial information between the innate and adaptive
immune system in the course of defense mechanisms.
Cellular uptake of E. coli is not affected upon inhibition of
NF-kB induction. Phagocytosis is a key mechanism of the
innate immune system to fight invading pathogens and, subse-
quently, to present foreign antigens as signals for the initiation
of an adaptive immune response. To rule out the possibility
that defective bacterial phagocytosis accounts for impaired cel-
lular activation, Mock and SR macrophages were primed with
10 U IFN-y and incubated with living E. coli bacteria express-
ing GFP. Bacterial uptake was determined at different time
points by flow cytometry. Engulfment of E. coli did not show
any difference between Mock and SR macrophages for up to
120 min (Fig. 3A and B). To exclude potential differences of
adherence and uptake, extracellularly bound bacteria were
counterstained with an anti-E. coli antibody, and immunoflu-



5996 GROESDONK ET AL. INFECT. IMMUN.

A B
- E.coli + E.coli 50
g § - —o— Mock
i 5"/ j 10{% g 40 { —e— SR
0
Mock £ | | ¢ | .. "
81 3 é 20
3 : 175% Bol ¥~
100 101 102 10° 10% 100 10! 102 10° 10° g * °
FL2-Height FL2-Height
& o Control 12h
. 6‘3’ . 109 mF‘Lzmj#\‘oa 10
1 6% 39% | . E
" § § Mock SR
; D Ecoli(th - + - +
01-00 10! 10?2 103 10t o'-ﬁa 10! 10?2 10% 10 MO_Ck SR hC|-2_
-Height

e g . v e -AP-
Control 12h CIAP-2 [0S @ o =

c NF-x8 bax [ e =]

100
g | = o - EEES
# SR3 . actin _
P 801 = SR 19 C 12h C 12h S & 1
8 BMDM
® s BVDM+PDTC *
g %9 > Mock SR3 SR 19 Mock SR3 SR 19
G
g e Bl 4 ok e B o b
g = LI pp—p—— () —p——— e
E oct-2 RN [EE ] bo-2
§ 20 1 Cytc Ox N SR actin
= mitochondria cytosol

o.

Control 12h

G Mock

SR

FIG. 5. Phagocytosis-induced cell death of macrophages upon coculture with E. coli. (A) Induction of PICD. Raw 264.7 cells and bacteria were
cultured under normal culture conditions for 1 h, washed, and again cultured under normal conditions. Twelve hours later, apoptotic cell death
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independent experiments. *, P < 0.05. (C) Trypan blue exclusion test. Raw 264.7 macrophages and BMDMs treated with PDTC or not treated
with PDTC were challenged with E. coli as described in Materials and Methods. At 0 h (control) and 12 h, the relative frequency of trypan
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(F) Stable mitochondrial and cytosolic bax and bcl-2 levels. Raw 264.7 cells were incubated with E. coli as described above, and mitochondrial and
cytosolic extracts were prepared and subjected to immunoblotting. CytC Ox, cytochrome ¢ oxidase. (G) Uptake of E. coli induces a decrease in
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orescence analysis was performed. Analysis by means of con-
focal microscopy revealed similar bacterial adherence and up-
take by Mock and SR macrophages (Fig. 3C). Also, phagocytic
capacity did not reveal any differences between Mock and SR
macrophages, as in both cases, equal numbers of fluorescent
microspheres per cell were taken up (data not shown). Simi-
larly, no difference of phagocytic activity could be detected
between BMDMs with and without NF-kB inhibition upon
incubation with fluorescent E. coli (Fig. 3D).

Suppression of NF-kB activation is associated with in-
creased bacterial killing and ROS production. Effective combat
of microbial invaders involves not only efficient phagocytosis but
also the elimination of pathogens. We hence examined bacteri-
cidal activity in empty-vector-transfected and IkBaSR-trans-
fected macrophages. Interestingly, as shown in Fig. 4A, bacte-
ricidal activity in Mock macrophages was significantly lower
than that from NF-«kB-inhibited macrophages. Consequently,
as intracellular bacterial killing strongly depends on the pro-
duction of oxygen radicals, the formation of ROS was deter-
mined upon coculture with bacteria. Thus, in line with the
results of bacterial killing, ROS production by SR macro-
phages upon challenge with E. coli is increased compared to
cells with normal NF-«B activation (Fig. 4B). These results are
rather striking, as in murine macrophages, e.g., regulation of
inducible nitric oxide synthetase (iNOS) expression is gov-
erned predominantly by the transcription factor NF-kB (28).
Surprisingly, induction of iNOS is moderately increased in SR
cells upon E. coli stimulation compared to Mock cells (Fig.
4C), which suggests slightly improved production of oxidizing
substances, such as NO, following NF-kB inhibition. However,
several enzymes and molecules with antioxidative properties,
such as Mn superoxide dismutase or members of the glutathi-
one system, are under the control of NF-kB (28). This indi-
cates some antioxidative function that is linked to the NF-«xB
pathway. To shed more light on the role of NF-kB signaling in
this context, the antioxidative capacity of Mock and SR mac-
rophages was analyzed during oxidative stress. As expected,
increased scavenging of H,0,-induced ROS in Mock macro-
phages compared to SR cells demonstrates their increased
endogenous antioxidative capacity (Fig. 4D). In conclusion,
accelerated killing of E. coli in macrophages deficient of pro-
longed NF-kB activation is most likely due to reduced levels of
ROS-scavenging molecules.

E. coli prevents PICD of macrophages via induction of NF-
kB-dependent antiapoptotic proteins. NF-kB activation is con-
sidered an essential mechanism to prevent programmed cell
death during cellular stress (21). In order to address this mech-
anism in our SR macrophages with moderately decreased ini-
tial but suppressed prolonged NF-«kB activation, the percent-
age of hypodense sub-G, (apoptotic) nuclei after propidium
iodide staining (27) was quantified. For a positive control,
staurosporine-treated Mock cells are shown (Fig. 5A). LPS
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alone was not found to significantly induce apoptosis in Mock
or SR Raw 264.7 macrophages or in BMDMs treated with
PDTC or not treated with PDTC over a period of 48 h (data
not shown). Interestingly, TNF-a stimulation, which induces
apoptosis in cells completely devoid of NF-kB (3, 32), does not
increase cell death rates in SR cells (data not shown). In
contrast, apoptotic rates of SR cells are significantly increased
upon incubation with E. coli (Fig. SA and B), suggesting an
essential antiapoptotic role of NF-kB upon bacterial ingestion.
These data could be confirmed by the trypan blue exclusion
test, which also demonstrates increased numbers of dead SR
cells upon E. coli treatment (Fig. 5C). Moreover, NF-kB inhi-
bition of BMDMs via PDTC also leads to increased death rates
upon E. coli engulfment compared to untreated BMDMs (Fig.
5C). It is conceivable that this mechanism reflects a more
general property of NF-kB activation to prevent cell death
during stress. Since prolonged NF-«kB activation kinetics and
its inhibition after 1 h of E. coli coculture may be different from
long-term E. coli stimulation (Fig. 1A), NF-kB DNA-binding
activity was determined in Mock and SR macrophages follow-
ing 1 h of E. coli coculture. Thus, upon bacterial phagocytosis,
prolonged activation of NF-«B is suppressed in SR cells com-
pared to Mock macrophages (Fig. 5D). To gain more insight
on the form of cell death, we analyzed the expression of certain
apoptosis-associated proteins. Expression of proapoptotic
NF-«kB target genes Bax and FasL in total cell lysates did not
show any difference in both cell lines upon phagocytosis of E.
coli (Fig. SE). Antiapoptotic effects mediated by NF-kB in-
volve the transcription of caspase inhibitors, such as proteins of
the IAP (inhibitor of apoptosis) family or antiapoptotic Bcl-2
family members (21, 29). Immunoblot analysis revealed in-
creased expression of Bcl-2 and even induction of c-IAP-2
(cellular inhibitor of apoptosis protein 2) upon phagocytosis of
E. coli in total lysates of Mock cells but suppressed expression
levels in SR macrophages (Fig. SE). However, levels of bax and
bcl-2 expression in mitochondrial and cytosol extracts are more
stable, suggesting other mechanisms leading to increased SR
death (Fig. 5F). It is known that a loss of the mitochondrial
transmembrane potential precedes apoptosis (34). Therefore,
mitochondrial homeostasis was analyzed 6 h after 1 h of co-
culture of Mock and SR macrophages with E. coli. TMRM
staining and confocal microscopic analysis revealed a marked
decrease of {5, in Mock cells compared to SR cells (Fig. 5G).
These data suggest that phagocytosis of E. coli by macrophages
induces an NF-kB-dependent antiapoptotic program in both
ways, by stabilizing {s,,, and by blocking effector caspases.
Increased elimination of E. coli antigens upon phagocytosis
by SR macrophages. In order to evaluate whether accelerated
bacterial killing is followed by increased intracellular elimina-
tion of bacterial antigens in SR macrophages, we performed
immunoblot analysis of an E. coli-specific antigen (see Mate-
rials and Methods). Figure 6 demonstrates a more rapid erad-

Aus,,, in SR cells. Mock and SR Raw 264.7 cells (2 X 10°) were seeded into 12-well plates on coverslips. The following day, some wells were exposed
to E. coli for 1 h and washed thereafter. Subsequently, plates were incubated under normal culture conditions. After 6 h, cells were incubated with
TMRM and photographed under a fluorescence microscope. In the top two panels, control (C) Mock and SR cells show regular staining of Ays,,,.
In the lower left panel, E. coli phagocytosis has no clear effect on Ays,,, of Mock macrophages. The lower right panel shows diminished Aym upon
bacterial uptake in SR cells (arrows). Data are representative of at least three independent experiments.
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FIG. 6. Accelerated elimination of E. coli antigen in SR cells. Im-
munoblot analysis of intracellular bacterial antigen (see Materials and
Methods) in Mock and SR cells upon ingestion of E. coli. Raw 264.7 cells
and bacteria were incubated with bacteria as described in the text, total
protein extraction was performed at the indicated time points, and cell
lysates were immunoblotted with an antibody that specifically recognizes
the core region of E. coli endotoxin and also interacts with protein-bound
endotoxin (E. coli outer membrane proteins; fimbrial subunits). Data are
representative of two independent experiments. C, control.

ication of this antigen after 36 and 48 h in SR macrophages
compared to Mock cells following E. coli phagocytosis.
Decreased activation of lymphocytes upon coculture with E.
coli-stimulated SR macrophages. To further investigate the
effect of macrophage NF-kB inhibition on lymphocyte re-
sponses, we cocultured Mock, SR macrophages, and BMDMs
treated with PDTC or not treated with PDTC (H-2¢) with
spleen T cells isolated from H-2¢ restricted BALB/c mice pre-
viously immunized with ovalbumin. Initially, macrophages
were primed with IFN-y, loaded with OVA overnight, and
cocultured (1 h) with E. coli or LPS 8 h before T cells were
added. After 6 h of interaction, T cells were harvested, and
their activation was determined via expression of early activa-
tion marker CD69 by flow cytometry. As shown in Fig. 7A,
coculture of T cells with Mock macrophages, treated with
either E. coli or LPS, induces T-cell activation. However, sup-
pression of classical NF-«kB induction in E. coli-treated Raw
264.7 macrophages reduces the activation of T cells. Interest-
ingly, LPS-treated SR cells are able to activate T cells to an
extent comparable to that by Mock cells (Fig. 7A). Similarly,
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normal BMDMs activate T cells, but inhibition of NF-kB by
PDTC markedly reduces T-cell activation upon E. coli chal-
lenge (Fig. 7B). This suggests defective communication of SR
macrophages with T cells upon antigenic challenge. Increasing
concentrations of IFN-y or OVA were not able to efficiently
compensate for this defect (data not shown), which therefore
accounts for a specific function of NF-kB. Most likely, this
defect is associated with rapid elimination of E. coli antigens in
SR cells (Fig. 6), as LPS-treated SR cells fully activate T cells.
In conclusion, these data provide sufficient evidence that the
absence of NF-«B activation in macrophages results in marked
defects of providing secondary signals to efficiently induce
adaptive immune responses.

DISCUSSION

By stable expression of a gene coding for the IkBa superre-
pressor in Raw 264.7 macrophages, an in vitro system primarily
devoid of prolonged NF-kB activation was established and veri-
fied by primary bone marrow-derived macrophages treated with
the NF-«B inhibitor PDTC. However, some remaining initial
NF-kB induction can be detected in both cell systems, which is
central to the results reported here. It is known that during in-
flammatory responses NF-«B is induced in a biphasic mode in
macrophages: first, a transient IkBa degradation-dependent
phase of activity and a second, persistent phase of activation (14,
15). Previous studies suggest that a second NF-«kB activation
phase is caused by newly produced proinflammatory cytokines
(14). Thus, the absence of prolonged NF-kB activation in our
macrophages might simply be due to reduced proinflammatory
cytokine production. However, this mechanism as well as the fact
that IkBaSR represses the constitutive activity of NF-«kB probably
does not play a major role in this system, as SR macrophages are
initially activated and TNF-o as well as IL-1a is inducible upon
stimulation, though to a smaller extent. More importantly, the
biochemical data suggest that suppression of NF-«kB activation is
derived from the scavenging of exported and newly synthesized
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FIG. 7. Activation of T cells by macrophages is impaired upon NF-kB inhibition. T cells were isolated from the spleens of OVA-immunized BALB/c
mice and cocultured with OVA/IFN-y-primed and E. coli- or LPS-challenged macrophages. Analysis was performed by means of flow cytometry.
(A) Histograms of CD69-positive cells of CD4-gated lymphocytes following coculture of E. coli- or LPS-stimulated Mock and SR cells. The percentages
are the relative frequencies of positive cells. These data are representative of three independent experiments. (B) Histograms of CD69-positive cells of
CD4-gated lymphocytes following coculture of E. coli- or LPS-stimulated BMDMs treated with PDTC (+ PDTC) or not treated with PDTC (— PDTC).
The percentages are the relative frequencies of positive cells. These data are representative of two independent experiments.
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NF-«kB by the accumulated IkBaSR. In addition, TNF-a stimu-
lation does not increase NF-«kB activity in SR macrophages dur-
ing time points corresponding to the second activation phase. This
suggests a definitive and specific block of classical NF-«kB activa-
tion via IkBaSR as demonstrated by pS0 and p65 supershifts and
similar levels of nuclear p52 upon stimulation. In this context it
has to be noted that NF-«kB has a precisely defined role during
programmed cell death. Mainly considered a survival transcrip-
tion factor, prevention of TNF-a-induced programmed cell death
is a hallmark of classical NF-kB signaling (3). It occurs in different
cell types, such as hepatocytes (2, 3, 11) and lymphocytes (32).
Moreover, it has been shown that Ikk~/~ macrophages, which
are completely devoid of NF-kB activation, are very sensitive to
LPS-induced apoptosis (19). These survival defects upon suppres-
sion of NF-kB activation are less dramatic in the stable SR clones
reported herein, most likely due to moderate initial NF-kB acti-
vation upon stimulation. Similarly, NF-«kB inhibition in BMDMs
does not sensitize these cells to undergo LPS-induced cell death,
which is due to some initial NF-«kB activation under the PDTC
concentrations used. Hence, this model serves to primarily inves-
tigate cellular mechanisms associated with the second activation
peak of the classical, IkBa-dependent NF-«kB pathway.

The precise biological significance of prolonged NF-«B activa-
tion is poorly understood. Presumably, the initial phase primarily
supports proinflammatory tasks, whereas prolonged NF-«B acti-
vation probably serves different, cell type-specific functions (14).
Recently, Lawrence et al. (24) reported that the late phase acti-
vation of NF-«kB is associated with the resolution of inflammation.
However, these data were obtained from a noninfectious model,
whereas other studies suggest a direct prolonged activation of
NF-kB by bacterial virulence factors within the macrophage (15)
that may also result in a proinflammatory status (6). The present
investigation demonstrates moderate to marked suppression of
proinflammatory properties in stimulated SR macrophages. This
study is therefore in agreement with reports that describe a proin-
flammatory role of prolonged classical NF-kB activation (23).
Further, our data suggest that prolonged NF-«B activation mainly
consists of the classical way, whereas the alternative way is in-
duced independently of classical NF-kB signaling. So far, the
contributions of the classical and alternative pathways to pro-
longed NF-kB activation in innate immune cells have not been
fully elucidated. Interestingly, inactivation of the alternative path-
way in mice enhances inflammation upon gram-positive bacterial
challenge, which is due to suppressed downregulation of classical,
apparently prolonged NF-«B activity in macrophages (23). The
role of the alternative IKKa-dependent pathway for downregu-
lation of classical induced NF-kB activation is further confirmed
by the fact that p52 is accumulated in the nucleus 12 h after E. coli
stimulation. As a result, macrophages devoid of alternative
NF-kB activation demonstrate aggravated proinflammatory activ-
ity and thus exhibit the opposite phenotype of the SR macro-
phages described here. Thus, classical NF-kB activation in mac-
rophages predominantly fulfills proinflammatory tasks.

Following bacterial ingestion, the innate ability of phago-
cytes to kill bacteria is crucial for the host defense, because it
is immediate, nonspecific, and not dependent on previous
pathogen exposure. It is known that this process can cause
apoptosis in neutrophils and macrophages, a process called
phagocytosis-induced cell death. Regarding neutrophils, this
process was shown to be beneficial for the host, as it contrib-
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utes to the clearance and killing of pathogens and accelerates
the resolution of inflammation (9). In contrast to neutrophils,
macrophages not only kill but eliminate pathogens. They also
provide an important link to initiate adaptive immune re-
sponses. Therefore, increased PICD of macrophages might
impair the induction of a complete adaptive immune response
in which classical NF-«B is likely to play a key role.

In order to study basic cellular and bactericidal mechanisms,
a low-virulence laboratory strain of E. coli was used in the
present study. Notably, macrophages completely defective of
NF-«kB activation underwent rapid apoptosis upon coculture
with E. coli (22). In principle, our results confirm these data
and suggest that macrophage PICD is induced by E. coli but is
antagonized by classical NF-kB activation. An antiapoptotic
approach is known to be used extensively by distinct microbes,
such as Chlamydia pneumoniae, to try to prevent the death of
infected cells in order to give the pathogen the opportunity to
replicate (36). In our model the prevention of cell death is
likely to depend on induction of NF-kB-dependent antiapop-
totic proteins, such as c-IAP-2, and is associated with a loss of
the mitochondrial membrane potential. As a consequence, the
bactericidal function of SR macrophages should be impaired.
Strikingly, our data show that suppressed NF-kB activation
leads to normal phagocytosis but enhanced bactericidal activ-
ity. This is most likely due to increased production of oxygen
radicals, which is known to be an important antimicrobial
mechanism. There are several possibilities that might contrib-
ute to increased ROS production upon classical NF-kB sup-
pression in Raw 264.7 cells. First, moderately increased iNOS
induction in the SR cells reported here should produce higher
levels of NO. Second, several recent studies indicate that ROS
production is critical to PICD (9). In particular, phagocytosis
of E. coli by neutrophils is accompanied by production of ROS,
which is in turn linked to cell death (37). Thus, aberrant reg-
ulation of cell death pathways leads to impaired survival and
may at least in part explain increased ROS production by
stimulated SR macrophages. Third and most important, the
antioxidative capacity of SR cells is reduced as a result of
diminished transcription of NF-kB-dependent scavenging pro-
teins, such as Mn superoxide dismutase (7). This releases ROS
effects and ultimately leads to increased bactericidal function.

What is the biological importance of NF-kB-associated bac-
terial resistance? In contrast to neutrophil apoptosis, which is
accepted to be beneficial for the host, cell death of macrophages
is considered to be disadvantageous for the host regulatory re-
sponse to infection (9). In the case of E. coli with low virulence,
delayed PICD of macrophages via activation of classical NF-«kB
suggests a positive effect on the induction of adaptive immune
responses. Indeed, it was shown here that macrophages defi-
cient of classical NF-kB activation fail to activate T cells. In
addition to reduced expression of costimulators, impaired sec-
ondary signaling of NF-kB-defective macrophages to T cells in
the present study results from rapid intracellular killing and,
consequently, accelerated elimination of E. coli antigens. As a
consequence, T cells without costimulation are either unre-
sponsive and enter a state of anergy or become apoptotic (33).
In this context, it is conceivable that NF-«kB-mediated anti-
apoptosis improves the availability of bacterial antigens. The
transfer of bacterial information from macrophages to T cells
is essential to mount an adaptive immune response (9). Con-
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clusively, certain antiapoptotic aspects of macrophages that are
NF-kB dependent and induced by bacteria are likely to be
necessary for achieving an efficient immune response to infec-
tion.

Our data support the idea that—rather than simply being a
proinflammatory pathway—classical NF-kB-mediated inhibition
of macrophage death along with the preservation of bacterial
information depicts an important prerequisite to initiate adaptive
immune responses. Hence, from an evolutionary point of view, it
would appear that the innate, pathogen-removing function of the
classical NF-kB pathway in fruit flies is extended by a supportive
role in mammalian innate immune cells. Thus, under certain
circumstances, new NF-kB-activating treatment strategies might
provide a means to more efficiently mount an adaptive immune
response in treating infectious diseases.
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