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Introduction

Summary

Toll-like receptors (TLRs) signal through two main pathways: a myeloid
differentiation factor (MyD)88-dependent pathway that acts via nuclear
factor kB (NF-kB) to induce proinflammatory cytokines such as tumour
necrosis factor-a (TNF-a) and a MyD88-independent pathway that acts
via type I interferons to increase the expression of interferon-inducible
genes. Repeated signalling through TLR4 and a number of other TLRs
has been reported to result in a reduction in the subsequent proinflam-
matory cytokine response, a phenomenon known as TLR tolerance. In
this study we have shown that, whilst NF-xB activation and production
of TNF-a and interleukin-12 by murine RAW264.7 and J774.2 cells in
response to stimulation by TLR4, -5, -7 or -9, was reduced by prior sti-
mulation with TLR4, -5, -7 or -9 ligands, the primary stimulation of
TLR3, which does not use the MyD88 pathway, did not reduce the TNF-a
or interleukin-12 responses to subsequent TLR stimulation. The response
to TLR3 stimulation was not diminished by prior TLR ligand exposure.
Furthermore, the production of interferon-f (IFN-B) following stimula-
tion of TLR3 or -4, which is MyD88-independent, was increased by prior
activation of TLR4, -5, -7 or -9. In contrast, TLR9 ligand-induced IFN-3
production, which is MyD88-dependent, was tolerized by prior TLR sti-
mulation. These results are consistent with differential regulation of
MyD88-dependent and MyD88-independent cytokine production follow-
ing serial activation of TLRs.

Keywords: endotoxin tolerance; intracellular signalling; ]774.2; pattern
recognition receptors; RAW264.7

clearance of infection by innate immune cells and also for
the initiation of adaptive immune responses. Repeated

The toll like receptor (TLR) family of innate pattern recog-
nition receptors recognizes a wide range of conserved
microbial components, including cell wall components, un-
methylated CpG motif-containing DNA and double- and
single-stranded RNA. Stimulation of TLRs results in the
activation of innate immune cells such as macrophages and
dendritic cells, leading to the production of proinflamma-
tory cytokines and up-regulation of costimulatory mole-
cules. Thus, TLRs provide the ‘danger signals’ required for

exposure to a TLR agonist, such as lipopolysaccharide
(LPS), results in a diminished response, usually apparent as
a reduction in proinflammatory cytokine release.” This
phenomenon, described in vivo and in vitro before the dis-
covery of the TLR family as endotoxin tolerance, is thought
to play a part in susceptibility to re-infection in patients
treated for sepsis. It is characterized by an initial proinflam-
matory phase, followed by a hypoimmune state with a
diminished ex vivo mononuclear cell response to LPS.>*

Abbreviations: CpG, unmethylated CpG-motif containing DNA; ELISA, enzyme-linked immunosorbent assay; IFN, interferon;
IL, interleukin; iNOS, inducible nitric oxide synthase; IRF, interferon regulatory factor; LPS, lipopolysaccharide; MyD88, myeloid
differentiation factor-88; NF-kB, nuclear factor kB; PIC, poly(inosine) cytosine; TLR, Toll-like receptor; TNF, tumour necrosis
factor; TRAM, TRIF-related adaptor molecule; TRIF, Toll/IL-1 receptor domain containing adaptor inducing IFN-f.
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Endotoxin tolerance has also been described in chronic
infections such as malaria® and may be important in main-
taining homeostasis in the gut® and liver,” which are
exposed daily to a range of microbial components from
commensal organisms in the gut. TLR tolerance has also
been described using ligands such as lipoteichoic acid
(TLR2) and unmethylated CpG DNA (CpG, TLR9).>™'*
TLRs signal through two main pathways, defined by the
adaptor molecules used at the start of each. The best char-
acterized of these is the MyD88-dependent pathway, com-
mon to all TLRs except TLR3, which results in rapid
activation of the transcription molecules nuclear factor kB
(NF-xB), activator protein 1 and Elk-1 and induction of
proinflammatory mediators such as tumour necrosis fac-
tor-o. (TNF-a), interleukin-6 (IL-6) and cyclooxygenase-
2.1 Activation of the NF-kB p65 and activator protein 1
transcription factors is reduced in endotoxin-tolerant
cells."”” TLR7, -8 and -9 can also induce type I interferon
(IFN) production in a MyD88-dependent manner, invol-
ving the activation of the interferon regulatory factor 5
(IRF-5)'® and IRF-7"7 transcription factors. The second,
less well-studied pathway is thought to be limited to TLR3
and TLR4. TLR signalling via the adaptor molecules Toll/
IL-1-receptor-domain-containing adaptor inducing IFN-f3
(TRIF) and TRIF-related adaptor molecule (TRAM) acti-
vates IRF-3 and IRF-7 and, ultimately, IFN-inducible genes
such as IFN-y-inducible protein 10 (IP-10) and RANTES,
via type I IFN production and autocrine activation of the
JAK/STAT pathway.'*'®'® This pathway also induces late
activation of NF-kB."> A number of negative regulators of
TLR signalling have been described, with an emphasis on
regulation of the MyD88-NF-kB pathway'® but negative
regulators of JAK/STAT activation are also well described.*’
Given the shared signalling pathway, it is not surprising
that cross-tolerance between a number of MyD88-utilizing
TLRs®>!! has been described, as well as cross-tolerance
between LPS and IL-1, which also uses the MyD88 path-
way to activate NF-kB.>' However, to describe TLR toler-
ance as a hyporesponsive state is an over-simplification.
While reductions in the production of proinflammatory
cytokines such as IL-1, IL-6 and TNF-o by endotoxin-
tolerant cells are well established, other functions may be
unaffected or enhanced. Elevated levels of IL-10 have been
reported in some in vivo models of endotoxin tolerance,
and in hypoimmune septic patients.”>** Intravenous CpG
(TLRY agonist) protects against LPS-induced airway
inflammation** but is reported to increase IFN-y and
IL-18 levels on re-challenge with LPS.*> Increases in indu-
cible nitric oxide synthase (iNOS)?*® and TNF receptor 2
(TNFR-2)* expression are reported in endotoxin-tolerant
macrophages, as is enhanced phagocytosis and clearance
of certain bacteria in TLR-tolerized mice,>*%° although
major histocompatibility complex class II expression® and
antigen presentation’” are reduced on endotoxin-tolerant
peripheral blood mononuclear cells. Recently, iNOS
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expression in macrophages has been linked to IFN-f pro-
duction via the Src family tyrosine kinases.”

The reported increase in iNOS expression in the endo-
toxin-tolerized state may be a reflection of differential
regulation of the TLR signalling pathways in recurrently
exposed cells. In vivo experiments have demonstrated
increased apoptosis and lethality on LPS injection follow-
ing viral infection®** or administration of a TLR3 lig-
and,” suggesting differences in the response to TLR3
activation from the MyD88-dependent TLRs. The current
study was designed to evaluate the effects of sequential
exposure to a range of TLR ligands on both MyD88-
dependent and MyD88-independent activation of murine
macrophages, with particular focus on the interactions of
TLR3 ligand stimulation and MyD88-independent IFN-f3
production. This was achieved by measurement of TNF-a,
IL-12 and IFN-B in supernatants and analysis of the
transcription factors NF-xB p65 in nuclear lysates in
sequentially stimulated cells.

Materials and methods

Cells

Murine RAW264.7 cells (ECACC no. 91062702) and
J774.2 cells (ECACC no. 85011428) were cultured in
RPMI-1640 (Cambrex, Nottingham, UK) supplemented
with 5% fetal calf serum, L-glutamine and no antibiotics.
TLR4 and TLR5 expression in both cell lines was con-
firmed using flow cytometry (data not shown). Cells were
passaged by scraping, were seeded at an initial density of
5 x 10* cells/ml and used within 10 passages. Forty-eight-
well plates were used for cytokine experiments, and
75-cm® flasks were used for transcription factor assays
(all Corning, Koolhovenlaan, the Netherlands).

Reagents

Poly(I:C), highly purified LPS from Escherichia coli, puri-
fied flagellin from Salmonella typhimurium, loxoribine
(all Invivogen, San Diego, CA) and unmethylated,
phosphorothioate-modified CpG oligodeoxynucleotides
(sequence 5-TCC ATG ACG TTC CTG ACG TT-3')*
(TAGN Ltd, Tyne and Wear, UK) were reconstituted in
accordance with the manufacturers’ instructions using
Limulus amoebocyte lysate grade pyrogen-free water or
sterile physiological salt solution. In some experiments, a
control non-stimulatory GpC sequence was used to con-
firm that the response was sequence-specific, and not the
result of contamination (data not shown).

Enzyme-linked immunosorbent assay (ELISA)
Supernatants were collected at appropriate timepoints

(6 hr for TNF-oo and 24 hr for IL-12 and IFN-B) and
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Table 1. Summary of outcome of sequential

stimulation with TLR ligands Ist = TLR3 TLR4 TLR5 TLR7 TLR9

PIC LPS Flagellin Loxoribine ~ CpG DNA
2ndd (2:5 pg/ml) (10 ng/ml) (100 ng/ml) (100 pum) (0-1 um)
TLR4 % 4% * %
LPS 10 ng/ml 1-28 £+ 0-18  0-18 £0-05 0-33 + 0-05 0-70 £ 0-09  0-46 £ 0-08
TLR5 * * *% %
Flagellin 100 ng/ml  1-14 £ 0-10  0-37 £ 0-14  0-27 £ 0-16 0-49 £ 0-04 0-49 = 0-06
TLR7 X% X% *% *%
Loxoribine 100 pm  0-84 £ 0-19  0-19 £ 0-11  0-12 + 0-06 0-07 £ 0-:04 0-07 = 0-06
TLR9 K% % * 4%
CpG DNA 0-1 pm 1.32 + 031 021 £0-08 0-25 + 0-07 0-18 £ 0-12  0-05 £ 0-07

J774.2 and RAW264.7 cells were stimulated for 48 hr with the TLR ligands stated above (col-
umns), washed and restimulated with the same or different TLR ligands (rows) and subse-

quent cytokine production was measured by ELISA. For comparison of data from multiple

experiments, TNF-o production in pg/ml was normalized by defining the response of naive

cells to each ligand within each experiment as 1 and expressing all other measurements as rel-

ative values. Data shown are the mean + SEM of three to 10 independent experiments, each
carried out in triplicate. At least one complete dataset for all TLR ligand combinations is
derived from each cell type. No difference was observed between cell types. *P < 0-05,
P < 0-01, ***P < 0-001, ****P < 0-0001.

stored at —20°. TNF-o and IL-12 p40 (both Peprotech,
London, UK) and IFN-B (PBL Biomedical Laboratories,
Piscataway, NJ) were assayed by ELISA according to the
manufacturers’ instructions.

Western blotting

Nuclear lysates were produced using Pierce NE-PER
(Pierce,
Rockford, IL) supplemented with protease inhibitors

nuclear and cytoplasmic extraction reagents

(Roche, Lewes, UK) according to the manufacturer’s
instructions. Sample protein concentrations were assayed
using Pierce Coomassie reagent and were equalized before
use. Samples in loading buffer were run on 10% poly-
acrylamide gels, transferred to nitrocellulose paper and
blocked with 5% milk. Membranes were incubated over-
night with rabbit anti-NF-xB p65 (Santa Cruz, Santa
Cruz, CA) followed by a horseradish peroxidase-conju-
gated donkey anti-rabbit secondary (Amersham, Bucks,
UK). Blots were developed using a Pierce development kit
and Kodak paper. Equal loading was confirmed by subse-
quently copper staining the membranes. Unused samples
were stored at — 80°.

NF-xB DNA-binding assays

NF-xkB p65 DNA-binding activity was assayed using
a Chemicon assay kit in accordance with the manu-
facturer’s (Chemicon, Hampshire, UK).
Briefly, 5 pl of each nuclear lysate was mixed with a
biotinylated DNA oligonucleotide containing the NF-xB
consensus binding site, then transferred to a strepta-
vidin-coated plate. DNA-bound NF-kB p65 was detec-

instructions
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ted using primary and horseradish peroxidase-conju-
gated secondary antibodies and a colour change was
detected using 3,3,5,5-tetramethylbenzidine  substrate
measured at 450 nm.

Statistical analyses

Individual ELISA experiments were analysed by analysis
of variance (aNova) and Dunnet’s post test, comparing all
treatments with stimulated previously naive cells. Stan-
dardized data in Table 1 were analysed using one sample
Student’s t-test.

Results

Induction of TLR tolerance

in RAW264.7 and
J774.2 murine macrophages was optimized by stimula-
ting with a range of LPS concentrations for 24-48 hr,
washing and restimulating with LPS at 100 ng/ml
(Fig. 1a,b). A 48-hr primary stimulation was chosen for
all subsequent experiments, to minimize the detection
of primary stimulation-induced IL-12 following the sec-

Induction of endotoxin tolerance

ond stimulation. In both cell types, a dose-dependent
reduction in TNF-o and IL-12 was seen on restimula-
tion, although IL-12 production from the primary sti-
mulation continued beyond 48 hr in strongly stimulated
cells so 10 ng/ml LPS was used in subsequent experi-
ments (Fig. 1b). Optimal primary and secondary stimu-
lation ligand concentrations were chosen for induction
of tolerance with each of the TLRs in subsequent
experiments.
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Figure 1. Pre-stimulation with LPS reduces TNF-o (a) and IL-12
(b) production by RAW264.7 cells in response to subsequent LPS
stimulation in a dose-dependent manner. Cells were stimulated with
LPS at the concentrations stated. After 48 hr, cells were washed then
medium was replaced with (grey bars) or without (black bars) the
addition of 100 ng/ml LPS. Cytokine production was measured by
ELISA of supernatants collected at 6 hr (TNF-o) or 24 hr (IL-12)
after restimulation. Results displayed are means = SEM of triplicate
wells, with prestimulated samples compared to the primary response
to LPS and have been replicated in J774.2 cells. **P < 0-01.

TLR cross-tolerance

Having established optimal conditions for the induction
of TLR tolerance, a series of experiments was performed
using both RAW264.7 and J774.2 cells to determine
whether a range of TLR ligands could tolerize TLR
ligand-induced TNF-o. and IL-12 production. Example
experiments are shown in Fig. 2(a,b) and Fig. 3 and
standardized data from 10 experiments (four using
J774.2 cells and six using RAW264.7 cells) are summar-
ized in Table 1. No differences were observed between the
J774.2 and RAW264.7 cytokine responses to sequential
TLR stimulation. A consistent reduction in LPS-induced
TNF-o  production by cells pretreated with LPS
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Figure 2. Cross-tolerance of LPS-induced TNF-a production (repre-
sentative example of data summarized in Table 1). (a) RAW264.7
cells were stimulated with TLR ligands as stated. After 48 hr, cells
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were washed and restimulated with medium alone (open bars) or
10 ng/ml LPS (black bars). (b) PIC-induced TNF-a is not tolerized
by prior TLR stimulation. RAW264.7 cells were stimulated with the
TLR ligands stated as in (a) then restimulated with medium alone
(open bars) or PIC 2-5 pug/ml (grey bars). TNF-o production was
assayed by ELISA in supernatants collected at 6 hr following restimu-
lation. Results displayed are mean + SEM of triplicate wells and pre-
stimulated samples are compared with the primary response to each
ligand. Findings were replicated in RAW264.7 and J774.2 cells.
*P < 0-05, **P < 0-01.

(P < 0-01), flagellin (P < 0-01), loxoribine (P < 0-01) or
CpG (P <0-05) was seen (Fig. 2a). Cross-tolerance of
TNF-a production by prior exposure to LPS, flagellin,
loxoribine or CpG was seen in cells subsequently stim-
ulated with either LPS, flagellin, loxoribine or CpG
(P < 0-05 in every combination; Table 1). Generally sim-
ilar results were seen for IL-12 production (P < 0-05
except for LPS and CpG in combination). In a separate
experiment (not shown), this finding was confirmed in a
primary culture of adherent murine spleen cells.

Unlike the other TLR ligands, poly(inosine:cytosine)
(PIC, TLR3) activates cells in an entirely MyD88-inde-

© 2006 Blackwell Publishing Ltd, Immunology, 120, 103-111
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Figure 3. Pretreatment with PIC increases subsequent IL-12 produc-
tion by RAW264.7 cells in response to LPS (black bars) or flagellin
(horizontally striped bars), whilst pretreatment with LPS, flagellin or
loxoribine reduces subsequent IL-12 production in response to the
same ligands. Results shown are mean + SEM of triplicate wells
and findings have been replicated in RAW264.7 and J774.2 cells.
**P < 0-01.

pendent manner.”” Stimulation with PIC resulted in cyto-
kine production (Fig. 2b), which was followed by cell
death within 48 hr at PIC concentrations greater than
3 pg/ml. Following stimulation with 2.5 pg/ml PIC, as
used in Figs 2 and 3 and Table 1, there were consistently
fewer cells in wells exposed to PIC than in unstimulated
wells or in those exposed to any of the other ligands (data
not shown). CpG also inhibited cell growth, but to a
lesser extent. In contrast to the other ligands already
described, no tolerance was seen with PIC in combina-
tion with any of the ligands tested; overall, prior PIC
stimulation resulted in no significant change in
TNF-a production on repeat challenge with another TLR
ligand, despite the reduced cell numbers (Table 1 and
Fig. 2a). IL-12 production in PIC pretreated cells was,
in fact, greatly increased on subsequent stimulation
(Fig. 3). PIC activation of previously activated -cells
often resulted in cell death, but where sufficient cells
survived, PIC-induced IL-12 and TNF-a levels were not
significantly changed (P > 0-05) (Fig. 2b and data not
shown).

Nuclear transcription factors

Having demonstrated differences in the cross-tolerance
produced by sequential application of a range of TLR
ligands, a series of experiments was performed to exam-
ine nuclear translocation of NF-kB p65 by Western
blotting of nuclear lysates. Early (30 min) nuclear accu-
mulation of NF-kB p65 in response to LPS stimulation
was reduced in cells previously stimulated with LPS,
flagellin, loxoribine, CpG and PIC (Fig. 4a). Cross-toler-
ance of NF-xB p65 was also seen in cells pre-exposed to

© 2006 Blackwell Publishing Ltd, Immunology, 120, 103-111
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Figure 4. (a) Tolerization of LPS-induced NF-«xB by prior TLR sti-
mulation. RAW264.7 cells were prestimulated with TLR ligands as
described below. After 48 hr, cells were restimulated with LPS for
30 min. NF-kB p65 was detected by Western blotting of nuclear
lysates. Lane 1, unstimulated; lane 2, primary stimulation with LPS
(no prestimulation); lane 3, prestimulation with PIC, restimulation
with LPS; lane 4, prestimulation with LPS, restimulation with LPS;
lane 5, prestimulation with flagellin, restimulation with LPS; lane 6,
prestimulation with loxoribine, restimulation with LPS; lane 7, pre-
stimulation with CpG, restimulation with LPS. (b) Reduced DNA
binding of NF-kB p65 in tolerized cells. Cells were prestimulated
with the TLR ligands listed and 48 hr later were restimulated with
LPS for 30 min. Nuclear lysates were incubated with a biotinylated
oligonucleotide containing the NF-kB consensus binding sequence in
streptavidin-coated wells. DNA-bound NF-xB p65 was detected
using a horseradish peroxidase-conjugated antibody and 3,3,5,5-
tetramethylbenzidine substrate as in a conventional ELISA.

LPS that were then restimulated with PIC, LPS, flagellin,
loxoribine or CpG, and similar results were seen when
cells prestimulated with the panel of ligands were restim-
ulated with CpG (data not shown). DNA binding of
NF-kB was confirmed using a Chemicon ELISA-based
assay which detects activated p65 bound to a biotinylat-
ed DNA oligonucleotide containing the NF-kB consensus
binding sequence (Fig. 4b). This confirmed the potential
of PIC, LPS, flagellin, loxoribine and CpG to reduce
NF-kB accumulation following subsequent stimulation
with LPS.

Interferon-f production is increased on repeat TLR3
or TLR4 stimulation

Having shown that NF-kB activation, and production
of TNF-a and IL-12 are differentially regulated by prior
TLR stimulation, a further series of experiments was
performed to examine the effect of IFN-f production. Sti-
mulation of naive cells with PIC resulted in the produc-
tion of large amounts of IFN-B (not shown). PIC- or
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Figure 5. (a) Enhancement of PIC-induced and LPS-induced IFN-
production by prior TLR ligand exposure. RAW264.7 cells were sti-
mulated with each of the TLR ligands shown. After 48 hr, cells were
washed and restimulated with 0-1 pg/ml PIC (grey bars), LPS (black
bars) or medium alone (open bars). IEN-B was measured by ELISA
in supernatants collected at 6 hr. Although higher concentrations of
PIC induce a potent IFN- response in naive cells, a low concentra-
tion (0-1 pg/ml) that did not induce detectable IFN-f in naive cells
was used in the experiment shown to demonstrate the enhancement
of the response to PIC within the limit of detection of the assay.
*P < 0-05, **P < 0-01. (b) Tolerization of loxoribine- or CpG-
induced IFN-B production by prior TLR ligand exposure. Cells were
stimulated as in (a) and restimulated with loxoribine (diagonal
lines), CpG (grey bars) or medium alone (open bars). Results are
expressed as mean + SEM of duplicate wells. ***P < 0-001. Data
shown are representative of at least two independent experiments.

LPS-induced IFN-B production was significantly greater
in cells previously stimulated with LPS (P < 0-01), flagel-
lin (P < 0-01), loxoribine (P < 0-01) or CpG (P < 0-05)
(Fig. 5a). There was no significant change in PIC- or
LPS-induced IFN-B production in cells pretreated with
PIC. Loxoribine or CpG-induced IFN-f3 appeared reduced
by prior stimulation with LPS, flagellin, loxoribine or
CpG (P < 0-05) and was unaffected by prior PIC stimula-
tion (Fig. 5b). Thus, prior stimulation with a TLR3 ligand
(MyD88-independent) does not tolerize cells to subse-
quent TLR stimulation, and prior signalling via the
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MyD88-dependent TLR4, -5, -7 or -9 results in a toler-
ized MyD88-dependent TNF-o. or IFN- response but an
enhanced MyD88-independent IFN-f response to subse-
quent stimulation.

Discussion

In this study we have confirmed the attenuation of
NF-xB activation and MyD88-dependent cytokine res-
ponses to repeated TLR stimulation by demonstrating a
reduction in TLR4-, TLR5-, TLR7- and TLR9-dependent
TNF-a production in both RAW264.7 and J774.2 cells.
Cross-tolerance of IL-12 production between TLR4, -5, -7
and -9 was consistently observed in all combinations
except TLR4 and TLR9 and NF-«xB activation was
reduced in tolerized cells. In vitro cross-tolerance of
TNF-a and IL-6 production between TLR4 and TLRY has
been described previously.” In conjunction with previous
reports of cross-tolerance between TLR2 and TLR4,>'!
these findings suggest a consistent auto-regulation of the
MyD88-dependent signalling pathway. The large number
of regulatory proteins identified from the cell surface to
the nucleus along the MyD88-NF-kB pathway is added
evidence of the importance of controlling this powerful
response to inflammatory stimuli.*®

We have demonstrated, however, interesting differences
between the modification of ‘classical’ MyD88-dependent
TLR responses and those responses that have been repor-
ted to be MyD88-independent, namely TLR4-induced
type 1 IFN production and responses to TLR3 ligand sti-
mulation. In contrast to the tolerization seen with other
TLR combinations, there was an enhanced TNF-o and
IL-12 response in PIC-prestimulated cells, despite an
often reduced number of cells. PIC stimulation of previ-
ously stimulated cells frequently resulted in cell death.
This is consistent with in vivo data showing that prior
viral infection/TLR3 activation results in increased apop-
tosis and mortality on subsequent LPS challenge.’**
TLR3 does not signal via MyD88; instead it signals via
TRIF, resulting in late activation of NF-«B, and produc-
tion of type I interferons via IRF-3. This is a pathway that
is shared with TLR4 but not with the other TLRs.

PIC-induced or LPS-induced IFN-B release was
enhanced by prior stimulation with MyD88-activating
TLR ligands including LPS (TLR4) but appeared to be
unaffected by prior PIC exposure. It is possible that an
unchanged total represents an increased production at the
level of the individual cell, given the relative reduction
in cell numbers. The LPS-induced expression of iNOS
by RAW264.7 cells is dependent on IFN-B production
via the activation of Src-family tyrosine kinases.”> The
enhanced LPS-induced IFN-B production in these current
experiments may therefore explain the enhanced iNOS
activity previously reported in endotoxin-tolerant macro-
phages.”® IFN-B production in response to TLRY stimula-
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tion was tolerized by prior TLR4, -5, -7 or -9 activation,
as shown with TNF-o. This is perhaps not surprising
because TLR9 induces IFN-B production via IRF-7
in a MyD88-dependent manner."” While activation of
the MyD88 pathway resulted in a reduction in subsequent
MyD88-dependent effects, therefore, MyD88-independent
IFN-B production was enhanced in the same cells.
MyD88-independent IFN-f production was not tolerized
by prior MyD88-independent signalling and MyD88-
dependent effects were enhanced by prior TLR3
activation.

It is interesting to speculate about the possible implica-
tions of this observation. MyD88-dependent activation of
NF-«B is common to the majority of TLRs and the IL-1
and IL-18 receptors.”® The MyD88-dependent pathway
activates an acute inflammatory response that is necessary
for the clearance of many pathogens**™*’ but that can also
be harmful in excess. Like TLR3, TLR7, -8 and -9 are
located in endosomal compartments, recognize RNA
and/or DNA and all can induce type I interferons,
although via MyD88 and IRF-5 and IRF-7 rather than
TRIF and IRF-3. The MyD88-dependence explains why
the attenuation of cytokine responses to and by loxori-
bine and CpG resembled those seen with flagellin rather
than PIC.

The IRF3 pathway is used by TLR3 and TLR4 and
recently, further cytosolic antiviral signalling proteins cap-
able of activating IRF3 have been identified.** TLR3
detects PIC/double-stranded RNA of extracellular origin,
whereas other mechanisms may detect the same ligands
within the cytosol.*> These proteins alert a cell that it
has been infected and IRF3 induces production of
type I interferons, a crucial part of antiviral defence.
It is possible, then, that the observed tolerization of
MyD88-dependent responses and the enhancement of
IRF3-dependent IFN-B reflect the different requirements
of an acute, predominantly innate response, with resol-
ution following clearance, versus a potentially more
prolonged antiviral response often requiring activation of
the adaptive immune system. A number of studies have
shown that viruses that cause persistent infection, such as
hepatitis C virus, disrupt IRF3-mediated type I interferon
production.**** In using the TRIF-IRF3 pathway, TLR3
and TLR4 may have ‘hijacked’ a primarily intracellular
antiviral pathway. That TLR4 activates IRF3 may seem
contradictory to this model when it is considered as the
receptor for LPS. However, there is a body of evidence
suggesting that TLR4 recognizes a number of endogenous
ligands;*>* it may be that it is in this role of detecting
cellular damage, rather than particular extracellular path-
ogens, that enhanced IFN production is most important.

In conclusion, rather than the simple down-regulation
suggested by TLR tolerance, we have demonstrated a
more complex ‘TLR adaptation’ characterized by differen-
tial regulation of the downstream pathways. Macrophage
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phenotype and response to stimuli can adapt sequentially
to different environments, changing between immuno-
stimulatory and tolerogenic phenotypes depending on the
cytokine milieu.”! Understanding the complex relation-
ships between the different signalling pathways should
therefore ultimately enable development of therapies
aimed at modulating the immune response so that ade-
quate function can be restored in post-septic hypo-
immune patients.
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