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A Bacterial Small Molecule Undermining Immune
Response Signaling
M. Lienhard Schmitz* and Laureano de la Vega[a]

The innate immune system defends our
body from infection by other organisms
such as fungi, viruses and bacteria.
Innate immunity does not lead to immu-
nological memory and is comprised of a
network of soluble factors and cells that
protect the host in the first hours and
days against invading pathogens. The
immune cells recognize and uncover the
intruding microorganisms with the help
of specific receptors that bind to charac-
teristic and unique pathogenic struc-
tures. They are thus detected as “for-
eign.” For example, gram-negative bacte-
ria contain lipopolysaccharide (LPS), a
compound that is specifically recognized
by Toll-like receptor (TLR) 4 on the host
cell, as an important constituent of their
outer membrane.[1] TLR binding stimu-
lates multiple signaling cascades within
the immune cell, which in turn responds
with an increased expression of genes
that alert the innate immune system.
Among these inducible produced gene
products are inflammatory cytokines
such as interleukin 1 (IL-1) and tumor ne-
crosis factor (TNF), which are secreted by
LPS-stimulated cells.[2] These two cyto-
kines are themselves activators of specif-
ic receptors in the cell membrane and
thus rapidly amplify the signaling events
that occur in the LPS-stimulated cells. In
addition, IL-1 and TNF alert neighboring
cells that have not yet encountered TLR4
activation.[3]

LPS activates diverse signaling path-
ways including the inducible transcrip-
tion factor NF-kB and mitogen-activated
protein (MAP) kinases such as p38.[4]

Work from more than two decades has

mounted compelling evidence that the
NF-kB transcription factor is a key com-
ponent of the innate immune system. In
most cells, NF-kB is kept away from its
site of action in the nucleus by associa-
tion with an inhibitory IkB protein that
traps it in the cytosol.[5] Adverse condi-
tions such as LPS-induced TLR4 stimula-
tion trigger a signaling cascade that
leads to the activation of the so-called
IKK (IkB kinase) complex, which is com-
posed of the enzymatically active sub-
ACHTUNGTRENNUNGunits IKKa and IKKß and the regulatory
subunit IKKg/NEMO. The activated IKK
complex phosphorylates the inhibitory
IkB protein and thus marks it for subse-
quent Lys48-linked polyubiquitination
and proteasomal destruction.[6,7] The
DNA-binding dimer is then free to move
to the nucleus, where it induces the ex-
pression of a plethora of genes including
chemokines, cell adhesion proteins, and

further mediators of the inflammatory
process. In addition, the function of the
DNA-binding subunits can also be regu-
lated by posttranslational modifications
including phosphorylation, which is rela-
tively well characterized for the strongly
transactivating p65 subunit.[8] One of the
earliest NF-kB target genes is IkBa,
which is resynthesized quickly after its
proteolytic destruction and thus ensures
termination of the early NF-kB response
by an autoregulatory feed-back mecha-
nism. The LPS-induced NF-kB activation
pathway and the molecular events dis-
cussed here are schematically displayed
in Figure 1. Given the central relevance
of NF-kB for innate immunity, pathogens
have evolved multiple strategies to inter-
fere with the activation of this transcrip-
tion factor. For example, viruses can
either activate intracellular NF-kB signal-
ing (when this is needed for their effi-

Figure 1. Schematic summary of the signaling mechanisms regulated by Pseudomonas aeruginosa. Lipo-
polysaccharide (LPS) at the surface of the bacterium stimulates Toll-like receptor 4 (TLR4), thus leading
to the activation of NF-kB and p38. While p38 signaling is activated, NF-kB signaling is inhibited by
C12. The molecules with relevance to this text are shown; Ub: ubiquitin.
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cient replication) or prevent the activa-
tion of this signaling pathway (when
they want to escape from the immune
response).[9] Bacteria have also learned to
exploit key cellular responses to allow
their efficient survival in the infected
host.[10] For example, Mycobacterium tu-
berculosis secretes the ESAT-6 protein,
which binds to TLR2 and thus prevents
downstream signaling in macrophag-
es.[11] Many more examples of bacterial
strategies to undermine the host’s
immune system could be discussed here,
and a new clue into the mechanisms
used by bacteria was recently published
by Kravchenko and colleagues in the
July issue of Science.[12]

This paper reports on a small molecule
that is released by Pseudomonas aerugi-
nosa and inhibits NF-kB-dependent gene
expression, thus ensuring the attenua-
tion of the innate immune system to es-
tablish a local persistent infection with
this bacterium.[12] This bacterium can
cause persistent infections in susceptible
humans, including those who are
immune suppressed or suffer from cystic
fibrosis. The starting point for the study
was the question how opportunistic bac-
teria such as P. aeruginosa establish per-
sistent infections, while highly virulent
pathogens such as Staphylococcus aureus
and Salmonella typhimurium trigger an
acute and severe disease. The authors
compared the ability of these three dif-
ferent bacteria to trigger NF-kB activa-
tion, which is the main usual suspect
when it comes to innate immunity sig-
naling. The results showed efficient NF-
kB activation by the two virulent patho-
gens, as determined by monitoring the
elimination and subsequent NF-kB-de-
pendent resynthesis of IkB. In contrast,
P. aeruginosa allowed the degradation of
IkB but prevented its resynthesis, provid-
ing the first hint of its ability to manipu-
late NF-kB signaling. P. aeruginosa is
known to produce N-(3-oxo-dodecanoyl)
homoserine lactone (C12), a small mole-
cule involved in several bacterial func-
tions such as sensing bacterial crowding
in biofilms.[13] When the pure C12 com-
pound was tested for its effects on LPS-
induced NF-kB activation, Kravchenko
and co-workers found impaired phos-
phorylation of IkBa and a total block in
IkBa resynthesis, thus demonstrating its

efficacy for the inhibition of NF-kB sig-
naling. However, C12 is not a general in-
hibitor of LPS-induced signaling cas-
cades, as it potently activates the p38
MAPK signaling pathway, a result that is
in accordance with a previously pub-
lished paper of the same group.[14] The
key finding of C12-mediated NF-kB in-
hibition was corroborated by a further
experiment that compared the effects
on NF-kB between wildtype P. aeruginosa
and a mutant bacterial strain lacking the
lasI gene, which is required for the effi-
cient synthesis of C12. These experi-
ments confirmed the inhibitory activity
of C12 on IkBa resynthesis, as the lasI
mutant failed to repress IkB resynthesis.
Further experiments substantiated the
result of C12-dependent inhibition of
LPS-induced transcription for many NF-
kB target genes. These blocking effects
were already visible with C12 concentra-
tions (10 mm) only slightly above the C12
concentrations found to be in P. aerugi-
nosa samples (4.7 mm). The inhibitory
effect on target gene expression oc-
curred in different cell lines and also in
response to NF-kB activation by TNF, but
was not detected for interferon-triggered
transcription programs. Kravchenko and
co-workers extended these assays and
also found the inhibitory effects of C12
on NF-kB-dependent target genes in
intact animals, as revealed by the analy-
sis of transgenic mice harboring a lucifer-
ase reporter gene driven by an NF-kB-
dependent promoter. While all these dif-
ferent experimental approaches uncov-
ered a specific and clear inhibitory activi-
ty of the C12 compound on NF-kB-de-
pendent gene expression, the effects on
the upstream steps of NF-kB signaling
did not reveal the candidate protein tar-
geted by this small molecule.

In all experiments, either P. aeruginosa
or C12 did not prevent IkBa degrada-
tion, which is the classical key event in
the canonical NF-kB activation cascade
and a standard indicator for a functional
NF-kB activation pathway. C12 concen-
trations of 50 mm, which is more than
ten-times the C12 concentration con-
tained in the P. aeruginosa cultures, al-
lowed the detection of slightly impaired
phosphorylation of the IKK substrates
IkBa and p65. In contrast, the same con-
centration virtually wiped out transcrip-

tion of NF-kB target genes. These results
make any direct effects of C12 on the
IKK complex rather unlikely. Accordingly,
in vitro kinase assays failed to reveal any
significant inhibitory effect of this com-
pound on IKK activity. Thus, the molecu-
lar target mediating the inhibitory activi-
ty of C12 on NF-kB signaling remains to
be identified in future studies. Intriguing-
ly, C12 is a potent inducer of the p38 sig-
naling pathway and causes phosphoryla-
tion of the p38 target cAMP response el-
ement-binding protein (CREB). Also the
receptor structure that allows for C12-in-
duced p38 activation is still unknown,
and it is now an exciting goal to find the
cellular receptor(s) that mediate these
two opposite effects (NF-kB inhibition
and p38 activation). This dual effect of
C12 can be also taken as an indication
that C12 inhibits NF-kB at a rather late
stage in the signaling cascade after the
branching point on the road leading
from the TLR4 to p38 activation. This hy-
pothesis can be easily tested, as the
compound should interfere with target
gene expression triggered by expression
of the IKKs or other downstream compo-
nents of the NF-kB pathway. Also dose
dependence experiments to measure
the effects of C12 on NF-kB signaling
will help to clarify these issues in the
future.

While the target molecule(s) for C12 in
the host cell await their identification,
the main advancement made by the
Kravchenko study is the view on the
mechanisms that allow chronic bacterial
infections. The study implies that the op-
portunistic bacterium P. aeruginosa en-
sures its chronic residence in the host by
its ability to produce a small molecule
that dampens NF-kB immune signaling.
This exciting concept can be experimen-
tally tested in the future by comparing
the infectiousness and persistence of
wildtype P. aeruginosa and the lasI
mutant, which shows impaired C12 syn-
thesis.[13] The relative concentration of
C12 that actually occurs in the microen-
vironment at the site of infection in the
host also remains to be determined. But
even suboptimal amounts of the com-
pound should at least partially inhibit
NF-kB target gene transcription and
therefore target an early amplification
step of the innate immune response. In
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addition, the inhibition of NF-kB pre-
vents the anti-apoptotic activity of this
transcription factor, and the authors ac-
cordingly show that C12 confers pro-
apoptotic activity to TNF. Thereby, C12
would not only down-modulate NF-kB
signaling, but also eliminate immune
cells by apoptosis. The concept that bac-
terial virulence correlates with the
strength of TLR4 signaling is corroborat-
ed by a study that compared two Yersi-
nia pestis strains. While the wildtype
strain, which caused only a mild TLR4 re-
sponse, was highly virulent, a modified
strain that causes a potent TLR4 signal
showed a largely decreased virulence.[15]

The everlasting battle between our body
and pathogens employs numerous
mechanisms and both combatants use a
large array of deceptions and tricks. The
Kravchenko paper reveals a new clue by
demonstrating that small molecules can
also be used by bacteria.
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