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Introduction

Summary

Lipopolysaccharide (LPS) tolerance is a state of refractoriness towards a
second stimulation by LPS after a preceding stimulation. LPS is recog-
nized by Toll-like receptor-4 (TLR-4), which belongs to a group of pattern
recognition receptors mediating activation of innate immunity by micro-
bial components. To date, it is not known in detail to what extent other
TLR-dependent stimuli also induce tolerance and whether preceding and
challenging stimuli are interchangeable. We have examined tolerance
induction in detail for lipoteichoic acid (LTA), LPS and CpG-DNA, which
are recognized by TLR-2, -4 and -9, respectively. In RAW264-7 macro-
phages, all three stimuli induced tolerance towards a subsequent challenge
with the same stimulus used for priming, as well as cross-tolerance
towards subsequent challenge with other stimuli signalling via different
TLRs. However, whereas LPS/LTA cross-tolerance was also functional in
an in vivo model of galactosamine (GalN)-primed liver damage, pretreat-
ment with CpG only protected against GalN/CpG challenge and failed to
induce cross-tolerance for LPS and LTA. CpG-DNA pretreatment even
enhanced tumour necrosis factor (TNF)-o production and liver damage
upon subsequent challenge with LPS or LTA. Stimulation with CpG-DNA
resulted in a peculiar sensitization for interferon (IFN)-y secretion. The
data indicate that, in contrast to in vitro macrophage desensitization, the
in vivo consequences of repeated TLR stimulation greatly differ amongst
different TLR ligands.
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into the LPS signalling pathways. LPS signal transduction
is initiated by Toll-like receptor 4 (TLR-4),>° which

Lipopolysaccharide (LPS) tolerance, which is hyporespon-
siveness to LPS stimulation after a preceding low-dose
treatment with LPS, is a phenomenon™? that reproduces
certain aspects of the immunosuppression observed fre-
quently in patients during late-phase sepsis.>* In recent
years, our knowledge of the mechanisms of LPS tolerance
and macrophage desensitization by repeated LPS exposure
has increased considerably as a result of novel insights

belongs to the group of pattern recognition receptors.”
These receptors mediate activation of the innate immune
system by microbial compounds.® To date, 13 TLRs have
been identified, most of which have been studied in detail
and have had specific ligands identified.*® Thus, TLR-2
mediates recognition of such microbial components as
lipoproteins, lipopeptides (e.g. macrophage-activating lipo-
peptide (MALP)-2) and lipoteichoic acid (LTA).® TLR-9

Abbreviations: IRAK, interleukin-1 receptor associated kinase; Mal, MyD88 adaptor like protein; MALP, macrophage-activating
lipopeptide; MyD88, myeloid differentiation factor 88; TICAM, toll-interleukin 1 receptor domain (TIR) containing adaptor
molecule; TIRAP, toll-interleukin 1 receptor domain containing adaptor protein; TRAM, TRIF related adaptor molecule;

TRIF, toll-interleukin 1 receptor domain containing adaptor inducing interferon beta.
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has been shown to be activated by bacterial CpG-con-
taining DNA, some double-stranded DNA viruses and
synthetic CpG-oligodesoxynucleotides (ODN).*!'%2

In light of the finding that cellular responses to differ-
ent microbial stimuli are mediated by different TLRs,
studies were initiated to determine whether, in analogy
to LPS tolerance, pretreatment with microbial non-LPS
stimuli also induces hyporesponsiveness to subsequent re-
stimulation. Indeed, it has been reported that stimulation
with prototypical ligands for TLR-2 (+TLR-1 or -6),">'®
TLR-4, TLR-5" and TLR-9°”*" also induces this state of
hyporesponsiveness towards subsequent stimulation with
the same ligand. Moreover, stimuli signalling via TLR-2
and TLR-4,"*"* as well as TLR-4 and TLR-9,* can substi-
tute for each other, mediating cross-tolerance in vitro as
well as in vivo. In contrast to the above findings of cross-
tolerance for different TLRs, the TLR-2-dependent stimuli
Porphyromonas gingivalis LPS,"”” LTA'® and PAM;CSK,*
do not induce cross-tolerance to LPS in different experi-
mental systems. It becomes obvious that tolerance devel-
opment is dependent on the cell type, the respective TLR
ligand and the experimental conditions and cannot be
extrapolated from one TLR to another.

A second layer of complexity was added when it
became clear that TLRs differ in their requirements for
signal transduction molecules.**> All TLRs seem to use a
common signalling pathway which involves the recruit-
ment of the adaptor protein myeloid differentiation factor
88 (MyD88). However, additional adaptor proteins have
been identified which mediate TLR-specific signal trans-
duction.”*?” Thus, in TLR-4 signalling, toll-interleukin 1
receptor domain containing adaptor protein (TIRAP)/
MyD88 adaptor like protein (Mal) can partly substitute
for MyD88. Furthermore, TLR-3 and TLR-4 make use
of toll-interleukin 1 receptor domain containing adaptor
inducing interferon beta (TRIF)/toll-interleukin 1 receptor
domain (TIR) containing adaptor molecule (TICAM)-1
and TRIF related adaptor molecule (TRAM)/TICAM-2,
thereby inducing interferon (IFN)-f, which in turn acti-
vates a set of IFN-inducible genes in a paracrine mode. In
the light of this knowledge, Sato et al. observed that
MALP-2, while inducing cross-tolerance for MyD88-
dependent LPS signalling, was not able to confer tolerance
for the MyD88-independent LPS-specific signalling path-
way.”® Also, TLR-7 only induced tolerance for MyD88-
dependent LPS genes, while TLR-3-mediated cross-toler-
ance was restricted to MyD88-independent signalling.
More generally, it was stated that tolerance affects more
genes than cross-tolerance.?? Thus, tolerance as well as
cross-tolerance can be differentially developed depending
on the specific TLR-activating compound.

Our understanding of the mechanisms underlying tol-
erance induction and cellular hyporesponsiveness is still
incomplete. It seems that tolerance induction is an inter-
play of altered conditions at several steps of signal trans-
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duction. Whereas initial findings in human cells stressed
the importance of inhibitory cytokines such as interleukin
(IL)-10 or transforming growth factor (TGF)-Bf’l experi-
ments using knockout mice'*** and co-culture experi-
ments'> did not support a major contribution of these
mediators. Also, while down-regulation of TLR-4 has
been postulated to contribute to tolerance,” other reports
demonstrated cellular refractoriness independent of TLR-
4 regulation," and no similar findings of an involvement
of receptor down-regulation in cellular refractoriness were
obtained for other TLRs. Next, tolerant cells seem to have
a very proximal failure in signalling, as reported for
recruitment of respective adaptor proteins.”* Of special
interest is the finding that interleukin-1 receptor asso-
ciated kinase (IRAK)-1 is altered at least in some aspects
of TLR signalling, a result that has been confirmed by dif-
ferent groups.'®*>** Without claiming completeness for
the various findings of tolerance experiments, it has to be
stated that different modes of action seem to be operative
and that TLR ligands seem to make different use of them.

In this study, we addressed the question of whether
and to what extent tolerance and cross-tolerance phenom-
ena could be induced via TLR-2, -4 and -9. Therefore, we
intended to perform tolerance experiments under defined
in vitro and in vivo conditions. Our findings demonstrate
robust in vitro and in vivo induction of cross-tolerance
against LPS, LTA and CpG-ODN after initial TLR-2
(LTA) or TLR-4 (LPS) engagement. In contrast, depend-
ing on the experimental setting, pretreatment with the
TLR-9 ligand CpG-ODN either suppressed or even
enhanced responses to subsequent challenge with LPS or
LTA, suggesting non-redundant signalling of different
TLRs.

Materials and methods

Reagents

Completely phosphorothioate-modified CpG-ODN #1668
(TCC ATG ACG TTC CTG ATG CT) was purchased
from TIB Molbiol (Berlin, Germany). LTA had been puri-
fied from Staphylococcus aureus and had previously been
characterized as being essentially dependent on TLR-2.'?
Highly purified LPS from Salmonella minnesota (smooth
form) was kindly provided by U. Seydel (Borstel, Ger-
many). It was solely recognized by TLR-4.

Mice

Details of the generation of IL-187~ mice backcrossed to
C57Bl/6 mice have been published.”® Balb/c and C57Bl/6
mice were purchased from Harlan-Winkelmann (Borchen,
Germany), while C3H/HeN mice were from Charles-River
(Sulzfeld, Germany). All animal experiments were appro-
ved by the local authorities.
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Cells and culture conditions

Cells were cultured in Clicks/RPMI 1640 supplemented
with 5-10% fetal calf serum (FCS), 50 um B-mercapto-
ethanol and antibiotics (penicillin G and streptomycin).
Peritoneal macrophages were obtained by intraperitoneal
(i.p.) thioglycollate injection for 3 days. Cells were fur-
ther purified by overnight adherence. Spleen cells were
obtained by passing removed spleens through a mesh to
obtain single cell suspensions followed by lysis of erythro-
cytes. RAW264-7 cells, a murine macrophage cell line,
were a kind gift from Dr R. Schumann (Institute for Med.
Microbiology, Humboldt University, Berlin, Germany).

Cell stimulation experiments

Macrophages (0-15 X 10°) or spleen cells (0-5 x 10°) were
prestimulated in 96-well plates in a total volume of 300 pl
medium as indicated in the respective experiments. Subse-
quently, cells were washed thoroughly three times and
then re-challenged by addition of the appropriate stimu-
lus. Supernatant was harvested after 6-8 hr and cytokine
levels were determined by commercially available enzyme-
linked immunosorbent assay (ELISA) (OptEIA sets; BD
Pharmingen, Heidelberg, Germany) in duplicates.

In vivo tolerance experiments

C3H/HeN mice (six mice in each group) were pretreated
with either pyrogen-free saline, 2 pg/kg LPS (Salmonella
abortus equi; Metalon, Aidenbach, Germany), 100 mg/kg
LTA or 500 nmol/kg CpG-ODN #1668 via i.p. injection
and starved overnight. Twenty-four hours later, the
animals were challenged i.p. with galactosamine (GalN;
0-75 g/kg; Roth Chemicals, Karlsruhe, Germany) together
with CpG-ODN, LPS or LTA at the above doses to
induce systemic tumour necrosis factor (TNF)-a produc-
tion and inflammatory liver damage. Tail blood was
obtained after 90 min for determination of TNF-o plasma
levels by ELISA (OptEIA; BD Pharmingen). Seven hours
post-challenge, mice were killed and heparin blood sam-
ples were drawn by cardiac puncture. Plasma alanine
aminotransferase (ALT) activities were determined with
an EPOS 5060 analyzer (Netheler & Hinz, Hamburg,
Germany), and cytokine levels of IFN-y and IL-18 were
determined by ELISA (OptEIA).

Quantitative reverse transcriptase—polymerase chain
reaction (RT-PCR)

Total RNA from 1 x 10° cells was isolated using the High-
Pure™ RNA kit (Roche, Mannheim, Germany) which
included DNasel digestion. A cDNA synthesis kit (MBI
Fermentas, St. Leon-Rot, Germany) was used to reverse-
transcribe 1 pg of the total RNA preparation. cDNA dilu-
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ted 1:4 was used as template in the quantitative PCR
mix according to the manufacturer’s standard protocol
(Eurogentec, Seraign, Belgium) (ABI Prism 7700; Applied
Biosystems, Darmstadt, Germany). Primer sequences were:
B-actin primer (sense: CCC TGT GCT GCT CAC CGA,
antisense: ACA GTG TGG GTG ACC CCG TC), IRAK-M
primer (sense: CAC AGT TGC TGC TCT TCG AC, anti-
sense: CCC AGG ACC AGA GCA ATT C), MyD88pjicea
primer (sense: TCG CGC ATC GGA CAA ACG, antisense:
GCA ATG GAC CAG ACA CAG GT). MyD88 primers
were used that only amplified the published inhibitory
splice variant of MyD88.>® Quantifications were performed
by means of SYBR-Green (Eurogentec, Seraing, Belgium)
with melting curve analysis. The specificity of RT-PCR
was controlled using no template and no RT controls.
PCR efficiencies for all reactions were determined and
were similar (0-93-0-98). Threshold values were normal-
ized to expression of B-actin. Quantitative PCR results are
expressed as relative induction towards the housekeeping
gene B-actin (1/229Y).

Statistics

Data are presented as mean + standard error of the mean
(SEM). Statistical differences were determined by one-way
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison test of all groups versus the control
group. P < 0-05 was considered significant.

Results

Tolerance and cross-tolerance for TLR-2, -4 and
-9-dependent stimuli

We first assessed to what extent tolerance and cross-toler-
ance could be observed for TLR-2, -4 or -9-dependent,
highly purified microbial or synthetic stimuli. We pre-
treated RAW264-7 macrophages with differing amounts
of the respective stimuli and subsequently re-challenged
them with the same panel of TLR ligands (Fig. 1). The
results show that tolerance as well as cross-tolerance
induction was operative in each of the tested combina-
tions of stimuli. However, only LPS pretreatment nearly
completely abolished TNF-o production upon subsequent
LPS re-challenge; pretreatment with either LTA or CpG-
ODN was less effective. Similarly, TNF-a production
upon LTA re-challenge was only slightly diminished after
LTA and CpG-ODN pretreatment, suggesting different
potencies of the employed stimuli.

Differential effects of CpG-DNA in cross-tolerance
induction in peritoneal macrophages

Next, we intended to verify the novel results of TLR-2
and -9 cross-tolerance with isolated primary cells. In
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Figure 1. Induction of tolerance and cross-tolerance by Toll-like
receptor (TLR) stimuli. RAW264-7 macrophages were prestimulated
for 20 hr with (a) CpG-oligodesoxynucleotides (ODN), (b) lipotei-
choic acid (LTA) or (c) lipopolysaccharide (LPS) at the indicated
concentrations. Subsequently cells were washed and challenged with
100 nm CpG-ODN, 30 ng/ml LPS or 10 pg/ml LTA for 8 hr.
Tumour necrosis factor (TNF)-o concentrations were determined in
the supernatant. Displayed are mean values of duplicates + standard
deviation for one of three independent experiments.

naive spleen cells, LTA and CpG-ODN induced compar-
able levels of TNF-o, while CpG-ODN induced signifi-
cantly greater amounts of IL-12p40 (Fig. 2a). Consistent
with the data from RAW macrophages, CpG-ODN pre-
stimulation rendered cells refractory towards subsequent
restimulation with CpG-ODN or LTA. Interestingly, LTA
was able to partly inhibit CpG-ODN-induced IL-12p40
secretion, although alone it activated the secretion of IL-
12p40 only weakly. Next we resorted to induced perito-
neal macrophages for the analysis of CpG-ODN-mediated
effects (Fig. 2b). While CpG-ODN but not LTA induced
IL-12p40, the latter was more effective in the induction
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Figure 2. Differential effects of CpG-DNA in cross-tolerance induc-
tion in vitro. (a) Spleen cells or (b) thioglycollate-induced peritoneal
macrophages from Balb/c mice were stimulated with either 100 nm
CpG-oligodesoxynucleotides (ODN) (C) or 3 pg/ml lipoteichoic acid
(LTA) (L) for 18 or 28 hr, respectively. Subsequently, cells were
washed twice in phosphate-buffered saline and once in medium and
then were restimulated with either CpG-ODN or LTA as above.
Eight hours later, tumour necrosis factor (TNF)-o and interleukin
(IL)-12p40 concentrations were measured in the supernatant. Mean
values of duplicates + standard deviation for one of two experiments
are shown.

of TNF-o. Consistent with the above findings, LTA
prestimulation resulted in the induction of complete
refractoriness towards subsequent LTA or CpG-ODN
administration in both TNF-o and IL-12p40 secretion.
Prestimulation with CpG-ODN also completely abrogated
subsequent CpG-ODN stimulation (tolerance). However,
CpG-ODN prestimulation inhibited subsequent LTA only
partially. Thus, TNF-o secretion upon LTA administra-
tion was only reduced by 43%, while with CpG-ODN as
a second stimulus there was 100% inhibition. Peritoneal
macrophages from C3H/HeN and C57Bl/6 mice gave sim-
ilar results (data not shown).

Mechanisms of TLR-mediated tolerance/
cross-tolerance

Next we asked which mechanisms are involved in either
CpG-ODN- or LTA-mediated tolerance/cross-tolerance.
Induction of an inhibitory splice variant of MyD88>° was
observed at equal levels upon LTA or CpG-DNA stimula-
tion (Fig. 3a). This showed a biphasic course, being
induced after 4-8 hr and again after 22 hr of stimulation.

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 203-212
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Figure 3. Mechanisms of tolerance induction. mRNA induction of
an inhibitory splice variant of (a) myeloid differentiation factor 88
(MyD88) and (b) interleukin-1 receptor associated kinase (IRAK)-M
upon stimulation with 1000 nm CpG-oligodesoxynucleotides (ODN)
or 3 pg/ml lipoteichoic acid (LTA) was determined by quantitative
reverse transcriptase—polymerase chain reaction (RT-PCR). Shown is
the relative expression normalized to B-actin for one of three experi-
ments with RAW264-7 cells.

Expression of full-length MyD88, which was about 50-
fold higher than that of the splice variant in non-stimula-
ted cells, did not change significantly over time (data not
shown). In addition, we examined the inhibitory IRAK-M
molecule.”” This was also equally induced by LTA and
CpG-DNA (Fig. 3b) and increased in expression over
4-22 hr after stimulation. Furthermore, we examined
expression of ST2, which has recently been reported to be
a regulator of LPS tolerance.”® However, ST2 expression
was not altered by CpG-DNA, LPS or LTA stimulation
(data not shown).

Induction of tolerance but not of cross-tolerance
by CpG-DNA in vivo

We then addressed the question of tolerance and cross-
tolerance in an in vivo model of TLR ligand/GalN-
induced liver injury in mice (Fig. 4). In saline-pretreated
animals, challenge with any of the three TLR ligands
(LPS, LTA or CpG-ODN) in combination with GalN
induced increased plasma TNF-o levels at 90 min post-
challenge and resulted in significant liver damage (Fig. 4;
NaCl pretreatment), as measured by increased ALT levels
7 hr after challenge. Control mice without restimulation
showed no significant ALT or TNF-a release. As predicted

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 203-212
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from the in vitro data, pretreatment with any of the three
TLR stimuli induced refractoriness towards CpG-ODN
re-challenge in terms of both ALT and TNF-a induction
(Figs 4a and b). Upon challenge with either LPS or LTA
(Figs 4c—f), protection was also observed in animals pre-
treated with either LTA or LPS, indicating the establish-
ment of tolerance and cross-tolerance via TLR-2 and
TLR-4. However, CpG-ODN pretreatment, surprisingly,
was not able to induce cross-tolerance to either LPS or
LTA challenge and even enhanced TNF-o secretion and
liver damage. Thus, pretreatment with the TLR-9 stimulus
CpG-ODN, instead of inducing the refractory state of
cross-tolerance, led to an enhanced sensitivity in the case
of restimulation of TLR-2 and -4 but not of TLR-9.

IL-18 and IFN-y are differentially affected in
CpG-ODN-induced tolerance/cross-tolerance

IEN-y has been shown to overcome tolerance.”® In our
experiments, challenge with CpG-ODN and LTA but not
with LPS (at this dose) was able to induce detectable IFN-
v levels in the plasma of animals without prestimulation
(Fig. 5). The failure of LPS to induce detectable amounts
of IFN-y was attributable to the low LPS dose employed
in the GalN model but did not represent a general lack of
activity (data not shown). LPS and LTA pretreatment con-
ferred complete tolerance and cross-tolerance towards
subsequent CpG-ODN or LTA administration in terms of
IFN-y production. In contrast, CpG-ODN pretreatment
failed to induce either tolerance or cross-tolerance and
even boosted IFN-y levels in LPS-restimulated animals.
Because of the chosen experimental setting, the elevated
levels of IFN-y might also be attributable at least partly to
the prestimulation with CpG-ODN.

According to recent findings by Gould efa
enhanced LPS-induced release of IFN-y in CpG-ODN-
pretreated animals critically depends on IL-18. However,
in our model, preconditioning with CpG-ODN equally
attenuated IL-18 release upon GalN/CpG challenge, as
observed for animals pretreated with either LPS or LTA
(Fig. 5b). In addition, CpG-ODN pretreatment sup-
pressed LPS-induced IL-18 production (Fig. 5f), which is
in contrast to the observed enhancement of LPS-induced
TNF-a production and liver damage by CpG-ODN pre-
treatment. Although no IL-18 was induced in any of the
LTA-challenged animals (Fig. 5d), pretreatment with LTA
at the same dose potently suppressed CpG-ODN- and
LPS-induced IL-18 (Figs 5b and f).

40
L,

IL-18 is not required for the differential CpG-DNA
effects on tolerance induction

To further clarify whether the poor cross-desensitization
activity of CpG to LTA restimulation in vivo and in
peritoneal macrophages depended on endogenous IL-18
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production, we examined IL-18 knockout mice (Fig. 6).
For better comparison, the cytokine levels induced by
either CpG-ODN or LTA in non-pretreated peritoneal
macrophages were set to 100%. CpG-DNA induced com-
plete tolerance for CpG re-challenge while only partly
desensitizing for LTA (compare Figs 6a and b) in wild-
type Balb/c mice.

We then studied whether the poor cross-desensitization
activity of CpG to subsequent LTA restimulation depen-
ded on endogenously produced IL-18. Comparison of peri-
toneal macrophages from IL-18 knockout and C57Bl/6
wild-type mice (Figs 6¢ and d) revealed no qualitative dif-
ferences between the strains. Again, pretreatment with
CpG-ODN efficiently desensitized cells to subsequent
restimulation with CpG-ODN, whereas only a partial
attenuation of TNF-a release in response to LTA restimu-
lation was observed (similar to the results with Balb/c
macrophages). However, cytokine production was a little
lower in IL-18 knockout mice as compared to the wild
type (2196 pg/ml versus 3004 pg/ml of TNF-a for CpG-
ODN restimulation and 1158 pg/ml versus 1624 pg/ml
for LTA). The results do not support a major role for
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Figure 4. Differences in the induction of toler-
ance and cross-tolerance in vivo. Mice were
pretreated intraperitoneally (i.p.) with NaCl,
lipopolysaccharide (LPS) (2 pg/kg), lipotei-
choic acid (LTA) (100 mg/kg) or CpG-
oligodesoxynucleotides (ODN) (500 nmol/kg)
24 hr prior to i.p. challenge with galactosamine
(GalN) (0-75 g/kg) and the indicated Toll-like
receptor (TLR) stimulus at the same dose used

LTA  CpG

ok

for pretreatment. Circulating blood levels of
tumour necrosis factor (TNF)-a (a, ¢, e) were
determined 90 min later and alanine amino-
transferase (ALT) plasma activities (b, d, f)
were measured after 7 hr. Displayed are mean
values + standard error of the mean (six mice
in each group). *P < 0-05; **P < 0-01; ns, not
significant  (Dunnett’s

test).

multiple comparison

LTA CpG

CpG-ODN-induced IL-18 in the poor cross-desensitiza-
tion potency of CpG to LTA.

Discussion

To our knowledge, this is the first comprehensive study of
cross-tolerance of TLR-2, -4 and -9 in vitro and in vivo.
Within the in vitro system of RAW264-7 macrophages, we
observed induction of tolerance as well as cross-tolerance
in terms of suppressed TNF-o secretion in response to
restimulation by any of the three TLR ligands. No qualit-
ative differences could be observed. Thus our findings sup-
port and add to the results of other groups showing in vitro
cross-tolerance for TLR-2/TLR-4'* and TLR-4/TLR-9.°%*!
However, contrasting results have been reported for
TLR-2/TLR-4 using either P. gingivalis LPS (PgLPS)'” or
LTA' within human THP-1 cells. In addition, another
report showed that PgLPS/Escherichia coli LPS tolerance
was operative but not vice versa, and Pam;CSK, did not
induce tolerance to LPS.*> These contrasting results are
difficult to interpret. However, there were differences in
cell type (human THP-1 versus murine RAW264-7) as well

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 203-212



Figure 5. Differential induction of interleukin
(IL)-18 and interferon (IFN)-y by Toll-like
receptor (TLR) stimulation in vivo. Mice were
pretreated intraperitoneally (i.p.) with NaCl,
lipopolysaccharide  (LPS) (2 pg/kg), lipo-
teichoic acid (LTA) (100 mg/kg) or CpG-
oligodesoxynucleotides (ODN) (500 nmol/kg)
24 hr prior to i.p. challenge with galactosamine
(GalN) (0-75 g/kg) and the indicated TLR sti-
mulus at the same dose used for pretreatment.
Circulating blood levels of IFN-y (a, ¢, e) and
IL-18 (b, d, f) were determined after 7 hr of
restimulation. Displayed are mean values +
standard error of the mean (six mice in each
group). *P < 0-05; **P < 0-01; nd, not detect-
able (Dunnett’s multiple comparison test).

Figure 6. Differences in Toll-like receptor
(TLR)-9/TLR-2 cross-tolerance are independ-
interleukin (IL)-18.
induced peritoneal macrophages from Balb/c
(a, b), C57Bl/6 (c) or IL-187~ (d) mice were
pretreated with either lipoteichoic acid (LTA)
(a) or CpG-oligodesoxynucleotides (ODN)
(b—d) for 24 hr and re-challenged with either
1000 nm (a, b) or 3000 nm CpG-ODN (c, d)
or 3 ug/ml LTA for 8 hr. Tumour necrosis fac-

ent of Thioglycolate-

tor (TNF)-o concentration was measured in
the supernatant. Data for LTA and CpG-ODN
restimulation without pretreatment were each
set at 100% for better comparison. Shown are
results from one of three experiments in each
case (mean + standard deviation).

as in the stimuli and stimulus concentrations employed in
the two studies. In murine macrophages, we observed that
1-10 pg/ml LTA was required to induce tolerance as well
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as cross-tolerance. Some of the contrasting studies, how-
ever, used maximum concentrations of 1 pug/ml, and thus
a potential inhibitory effect might have been overlooked.
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Macrophage desensitization with a suppression of cyto-
kine release is often used to explain the protective effect
of LPS tolerance in vivo. In a model of GalN + CpG/LPS/
LTA-induced inflammatory liver damage, we assessed to
what extent the observed (cross-) desensitization potency
of CpG-ODN, LPS and LTA in RAW macrophages
also translated into in vivo (cross-)tolerance induction.
Pretreatment of mice with either LPS or LTA potently
suppressed TNF-o production and liver damage in
response to LPS and LTA challenge, confirming previous
results.’® In addition, both stimuli similarly conferred
protection to subsequent GalN/CpG challenge, suggesting
that common signalling cascades shared by different TLRs
are suppressed. Our finding that TLR-9 engagement also
suppressed TNF-o production and liver damage in
response to subsequent GalN/CpG challenge accords well
with the view of macrophage desensitization as a central
mechanism of in vivo “TLR tolerance’. However, no pro-
tection and even an enhancement of TNF-a release and
liver damage were observed when CpG-ODN-precondi-
tioned mice were challenged with GalN + LPS/LTA. This
indicates that in certain settings CpG-DNA might induce
sensitization instead of tolerance.

TLR ligands, although inducing an overlapping set of
genes, are able to elicit some specific responses, as
observed in gene array experiments.’ In the case of
TLR-9, a peculiarity is the induction of large amounts of
IL-12,">* at least in mice, and subsequently strong Thl
polarization.** Moreover, CpG-DNA is a potent inducer
of the pro-inflammatory cytokines IL-18 and IFN-y which
have been shown to reverse LPS tolerance and macro-
phage desensitization.”® Toxicity of either LPS or LTA can
be markedly enhanced by concomitant administration of
exogenous IEN-y.*> In addition, recently published data
demonstrated enhanced release of IFN-y in CpG-DNA-
preconditioned mice upon subsequent challenge with
either CpG or LPS.*” Our findings show that CpG-ODN-
preconditioned animals challenged with CpG, LTA or LPS
displayed increased plasma IFN-y levels compared with
saline-pretreated mice. This provides a possible clue to the
contrasting effects of TLR-9 and TLR-2/-4 precondition-
ing on immune responsiveness. The findings support the
concept that CpG-ODN-induced IFN-y release accounts
for the observed lack of TLR-9/TLR-2 and TLR-9/TLR-4
cross-tolerance. Indeed, it could be shown that in vivo
administration of CpG-DNA followed 4 hr later by LPS
increased LPS toxicity in an IFN-y-dependent manner.*®
As there is no induction of IFN-y in isolated RAW264-7
macrophages in vitro, it is conceivable that we did not
observe the sensitizing effects of CpG-DNA as compared
with the in vivo situation. However, if CpG-DNA induces
tolerance for subsequent CpG-DNA stimulation also
in vivo, then additional factors must be present.

Release of IL-18 in response to secondary CpG-ODN
or LPS challenge was equally suppressed in CpG-ODN-,
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LPS- and LTA-pretreated animals, suggesting IL-18-inde-
pendent up-regulation of IFN-y in CpG-preconditioned
animals in our model. However, Gould et al. showed a
10-fold increase in LPS-induced IL-18 release in CpG-
DNA-pretreated mice.* This discrepancy is probably rela-
ted to the different treatment schedule and the higher
doses used for preconditioning and challenge as com-
pared with our study, as it has been shown that in many
settings tolerance can be overcome by increasing the dose
of the challenge.

The role of IL-18 was further studied in an in vitro set-
ting of repeated stimulation of peritoneal macrophages.
However, following CpG-ODN preconditioning, cells
from IL-18-deficient mice displayed no difference in their
responses to restimulation with either CpG-ODN or LTA,
as compared with cells from wild-type mice, supporting
the view that IL-18-independent mechanisms are respon-
sible for the different consequences of CpG and LPS/LTA
pretreatment.

Concerning the differences between in vivo and in vitro
experiments, additional factors have to be acknowledged.
TLRs differ in their expression profiles on various
immune cells. Plasmacytoid dendritic cells (pDCs) have
been reported to express TLR-9 but not TLR-2 and -4*"
and equivalent cells have been identified in mice.** Given
the possibility that CpG-DNA especially activates a subset
of cells like pDCs, it seems feasible that these cells do not
confer tolerance to LPS- and LTA-responsive myeloid
DCs. Also, it has to be noted that TLR-9 is expressed
intracellularly while TLR-2 and -4 are thought to initiate
activation from the cell surface.*’

Taken together, the results of our experiments demon-
strate interchangeable potency of TLR-2, -4 and -9 ligands
to induce tolerance as well as cross-tolerance in vitro.
Whereas LTA/LPS cross-tolerance could also be observed
in an in vivo model of GalN + TLR-ligand liver damage,
CpG-DNA preconditioning not only failed to induce
cross-tolerance to either LPS or LTA but even enhanced
liver damage. This suggests non-redundant biological
responses of TLR-9 and TLR-2/-4 stimulation in orches-
trating the immune response.
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