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Systemic bacterial infection may culminate in a frequently fatal septic shock syndrome. The underlying pathology is the
result of an uncontrolled inflammatory response, stimulated by the pathogen and its products. Toll-like receptors (TLRs)
are critically involved in sensing bacteria and, in the case of sepsis, stimulate a pathogenic response by the innate
immune system. A new study reports a successful attempt to inhibit systemic inflammation in mice by disrupting the
formation of complexes between Gram-positive bacteria and their cognate receptor, TLR2.
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Systemic bacterial infection may culminate in a frequently fatal septic
shock syndrome. The underlying pathology is the result of an uncontrolled
inflammatory response, stimulated by the pathogen and its products. Toll-
like receptors (TLRs) are critically involved in sensing bacteria and, in the
case of sepsis, stimulate a pathogenic response by the innate immune sys-
tem. A new study reports a successful attempt to inhibit systemic inflam-
mation in mice by disrupting the formation of complexes between Gram-
positive bacteria and their cognate receptor, TLR2 (see the related article

beginning on page 1473).

Sepsis results from the inability of the
immune system to limit bacterial spread
during an ongoing infection. Massive bac-
terial load overrides the inhibitory mech-
anisms controlling inflammation. While
normally helping to eradicate pathogens
from a local infection of peripheral tis-
sues, inflammation during sepsis devel-
ops into a systemic syndrome with mul-
tiple manifestations such as tissue injury,
increased vascular permeability, and, ulti-
mately, multi-organ failure and shock (1).
Mortality rates of septic patients are high
(up to 70%), and the costs of treatment
have been calculated to amount to more
than $15 billion per year in the US alone
(2). Since antibiotics carry the risk of pro-
moting the release of bacterial products
and thus to exacerbate the shock syn-
drome during sepsis, the development of
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alternative treatments and the improve-
ment of current regimens for treating
septic patients are of high priority.

The septic shock syndrome

and its mediators

The list of suitable targets for interruption
of the inflammatory cascade begins with
the receptors involved in the binding and
uptake of bacteria and their products by
cells of the innate immune system (phago-
cytes, dendritic cells, vascular endothelial
cells). It continues with the many
proinflammatory molecules produced by
the innate immune system during infec-
tion, cytokines and/or chemokines like
TNF-a, IL-1, and IL-8, lipid mediators,
oxygen radicals, and tissue-damaging
enzymes. Components of the activated
complement and coagulation systems
also promote inflammation and are fur-
ther candidate targets for inhibitory
drugs (Figure 1). Several novel therapeu-
tic approaches have been tested in animal
models of septic shock and also in clinical
trials (3). Activated protein C, an inhibitor
of clotting factors, reduces monocyte syn-
thesis of proinflammatory cytokines and
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the interaction of phagocytes with the vas-
cular endothelium and has been approved
for clinical use (reviewed in ref. 3). The
therapeutic approach reported in this
issue of the JCI by Meng and colleagues
explores the possibility of interrupting
an initial step of septic inflammation, the
interaction of Gram-positive bacteria or
their cell wall components with toll-like
receptor 2 (TLR2) (4).

TLRs in innate immune

responses to pathogens

TLRs belong to the group of germline-
encoded, nonclonal receptors, which is
functionally defined by the ability to
discriminate self from pathogen-associ-
ated molecular patterns (PAMPs) (5). Ten
members of the TLR family in humans
and 11 in rodents allow cells of the innate
immune system to respond with appro-
priate intracellular signals to the pres-
ence of all groups of microorganisms (6,
7). TLR signaling stimulates cell-autono-
mous antimicrobial defense systems as
well as the secretion of immunoregula-
tory substances, including many of the
proinflammatory molecules listed above.
Associations between the susceptibility to
pathogens and defective or absent TLRs
have been established by genetic linkage
with inactivating mutations in humans
(8), and by targeted disruption of tlr loci
in mice (6). Further examples of immuno-
logical benefits resulting from TLR stim-
ulation have been provided by the anti-
viral imidazoquinolines and guanosine
analogues that exert their effects via TLRs

May 2004 1387



commentaries

Host )
defense
mechanisms

Early inflammatory
mediators
(e.g., TNF-a, IL-1)

Innate immune

o system cells
= (e.g., phagocyte,
Tl Tleukocyte)

(eg. TLR) /

Late imflammatory
mediators (e.g., Hmgb1)

by Lara McCarron J, Clin. nvest.

7 and 8, and by the microbe DNA recep-
tor TLR9, which creates a favorable envi-
ronment for vaccination (9-11). On the
other hand, TLR-derived signals are also
responsible for adverse effects of immune
reactions like the septic shock syndrome
(12). This is best illustrated by the fact
that mice deficient either for TLR4, the
receptor required for responses to the LPS
of Gram-negative bacteria, or for essential
transducers of TLR4-derived signals, are
highly resistant to LPS infusion (13, 14).
TLRs thus hold considerable promise for
both agonistic and antagonistic therapeu-
tic intervention.

TLR2 blockade reduces the lethality
of the septic shock syndrome in
response to Gram-positive bacteria
TLR2 interacts physically and function-
ally with TLR1 and TLR6 and mediates
responses to Gram-positive bacteria and
Mpycobacteria, Borrelia (spirochetes), and
yeast (15). Bacterial components stimu-
lating TLR2 signaling are peptidoglycan,
lipoteichoic acid, and tripalmitoylated
lipoproteins (mimicked by the synthet-
ic lipopeptide P3CSKy) (6, 16). In their
study, Meng and colleagues demonstrate
the direct binding of P;CSK4 to the TLR2
ectodomain (4). They noted the ability of
P3;CSK,, or of viable and heat -inactivated
Bacillus subtilis, to evoke a septic shock syn-
drome in mice that was strongly depen-
dent on the presence of TLR2. Based on
these observations the authors explored
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the ability of monoclonal antibody T2.5,
raised in their laboratory against the
TLR2 ectodomain, to suppress lethality
in mouse models of the septic shock syn-
drome, caused by infection with Gram-
positive bacteria. Preparatory experi-
ments clearly demonstrated the ability of
this antibody to interfere with the forma-
tion of TLR2/P3;CSKy4 complexes. Addi-
tion of T2.5 reduced macrophage signal
transduction and synthesis of inflamma-
tory cytokines after treatment with either
P3;CSKy or B. subtilis. Similarly, pretreat-
ment of mice with the antibody reduced
serum concentrations of cytokines pro-
duced in response to P;CSKy injection.
Most of the TLR2 expressed in freshly
isolated phagocytes was found in the
cytoplasm. When the same cells were iso-
lated from B. subtilis-infected mice, TLR2
cell surface expression was enhanced.
This may indicate that less TLR2 must be
blocked at the onset of sepsis to prevent
lethal shock.

One milligram of antibody T2.5 sup-
pressed lethality in all experimental ani-
mals, both those presensitized with IFN-y
and D-galactosamine before application
of low-dose P;CSK4 and, alternatively,
those treated directly with a high dose of
heat-inactivated B. subtilis. In the case of
the high-dose B. subtilis protocol, a thera-
peutic window for complete protection
was defined as lasting from two hours
prior to challenge until three hours after
challenge. These results further estab-
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Figure 1

Potential targets of treatments of septic
shock. Interaction of bacteria with receptors
recognizing PAMPs like the TLRs stimulates
cells of the innate immune system to produce
proinflammatory molecules, which, together
with components of the activated comple-
ment and coagulation systems, promote
the development of septic shock syndrome.
Some prominent examples of molecules
involved in the inflammatory cascade are
shown in parentheses.

lish the important role of TLRs in lethal
inflammatory syndromes and pinpoint
TLR2 as a target molecule for interven-
tion in the harmful sequelae of infection
with Gram-positive bacteria. They also
prove the ability of antibodies to effec-
tively disrupt the interaction of TLRs
with their cognate ligands in vivo. It will
be interesting to see whether similarly
positive results can be obtained upon
infection of mice with rapidly replicating
viable bacteria.

Evaluations of the potential of TLR
blockade for future clinical applica-
tion must take a number of aspects into
account. Limitations in the predictive
value of rodent models for human disease
are a frequent and unfortunate outcome
and apply also to the therapy of septic
shock. For example, antibodies to LPS, as
well as TNF-a or IL-1 antagonists, pro-
tected mice from lethal septic shock syn-
drome but have so far proven ineffective
in human clinical trials (3). The presen-
tation by bacteria of ligands for multiple
TLRs may necessitate simultaneous treat-
ment with several antagonists (17, 18).
Furthermore, the extent of the therapeu-
tic window for each intervention strategy
will most likely be of critical importance.
In this regard the effectiveness of vari-
ous drugs that interfere with crucial early
events of the inflammatory cascade like
TLR occupancy must be compared. Alter-
native strategies aimed at the inhibition
of late inflammatory mediators might
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increase the time span during which suc-
cessful treatment is possible. In this regard
the results of animal experiments block-
ing the activity of the high-mobility group
box 1 protein (Hmgb1), a late mediator of
the endotoxin-induced septic shock syn-
drome, are encouraging (19). The inhibi-
tion of late inflammatory mediators may
rival TLR antagonism as an equally prom-
ising new approach for the clinical treat-
ment of the septic shock syndrome.
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