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INTRODUCTION 

Toll Receptors and the Renaissance of Innate 
Immunity 

Elizabeth H. Bassett and Tina Rich 

Overview 

I n the last few pages of Immunology: The Science of Self-Nonself Discrimination Jan Klein 
ponders on what he would study if he were to start over in the lab.^ Dismissing the 
antibody, MHC, the T-cell and parasitology, he considers instead the phylogeny of immune 

reactions, particularly in ancient phyla. As for a favored cell he chooses the macrophage. Describ
ing it as a ^^MddchenfUr alles," (all purpose kitchen maid) Klein believed that this immunocyte 
still had secrets to reveal. Toll-Like Receptor (TLR) biology would prove to be one of these 
secrets. Analyses of the evolution of these receptors (Tolls and TLRs) have also helped us to 
rethink immune system phylogeny. In the first part of this chapter the history of the discovery 
of Toll and TLR biology is described. The evolution of the TLR genes and theories of immune 
function are covered in later sections. 

The remainder of this book presents work from nine groups active in the field. In the first 
chapter, "The Function of Toll-Like Receptors", Zlatko Dembic sets the stage by introducing 
us to many of the components of the immune system and their relationships vis a vis Toll 
receptors. Zlatko finishes his chapter with a discussion about current immune system models 
and contributes his own 'integrity model'. Work from the laboratory of Nicholas Gay follows 
this in "Structures and Motifs Involved in Toll Signaling". Having established the structural 
similarities between Drosophila Toll and the IL-1 receptor in the early nineties, his lab now 
continues to solve structures of Toll signaling components. Ligand binding and receptor clus
tering is further analyzed by Martha and BCathy Triantafilou in their chapter "'Supramolecular' 
Activation Clusters in Innate Immunity". Using the immunologic synapse as an exemplar for 
Toll signaling, the Triantafilous describe how differential clustering introduces specificity into 
the immune response. Their work demonstrates how heterotypic complexes assemble at the 
plasma membrane, generating specific immune outputs. The signaling pathways themselves 
are then covered in three chapters. Harald Wajant and colleagues compare the molecular mecha
nisms of IL-IR/TLR signaling in their chapter "Interleukin-1 Receptor/Toll-Like Receptor 
Signaling". Virus mediated signaling is examined by Claudia Wietek and Luke O'Neill in their 
chapter "Virus Induced Signaling to Initiate the Interferon Mediated Anti-Viral Host Response". 
A particular emphasis is placed on the interferons and their regulation by IRF transcription 
factors. Dendritic cells have proven to be pivotal intermediaries between innate and acquired 
immunity, and for this reason Tsuneyasu Kaisho and Shizuo Akira describe DC activation by 
Toll-like receptors in their chapter "The Induction of Dendritic Cell Aaivation and Maturation 

Tolland Toll-Like Receptors: An Immunologic Perspective, edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenum Publishers. 
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by Toll-Like Receptor Signaling". In "Pathogen Avoidance using Toll Signaling in C. elegans", 
Nathalie Pujol and Jonathan Ewbank remind us that different organisms can use Toll signaling 
to quite different effects. The discovery of novel signaling intermediates are then described by 
Bruce Beuder and colleagues in their chapter "Forward Genetic Analysis of TLR Pathways: A 
Shared System for the Detection of Endotoxin and Viral Infection". Turning to therapeutics, 
Ekambar Kandimalla and Sudhir Agrawal describe recent advances in immune system modu
lation using synthetic molecules. Their chapter "Agonists of Toll-like Receptor 9: Modulation 
of Host Immune Responses with Synthetic Oligodeoxynucleotides" describes how antisense 
therapies with CpG containing oligos have provided valuable retrospective validation of the 
safety of CpG containing DNAs as therapeutic agents. This chapter also demonstrates the 
subdeties of medicinal chemistry and how it can be used to tailor the immune profile. 

Beginnings 
The phenotypes of the first toll mutants were described in the mid-eighties."^' At this 

point Toll activity was rooted firmly in developmental biology, with toll understood to be one 
of twelve maternal effect genes required for dorsal-ventral patterning. This, along with other 
discoveries in the control oiDrosophila development led to the award of the 1995 Nobel Prize 
in Physiology and Medicine to Christiane Nusslein-Volhard* and Eric Wieschaus** which 
they shared with Ed Lewis for his work on homeotic mutants. Soon afi:er reports in the litera
ture began to link Toll activity with immunity in die fly^ Toll would be cloned by 1988.^ The 
timing was propitious. Globally, sequencing projects were being used to compile the genomes 
of several organisms. All would provide sequence data with which to sift: for toll homologues. 
Uniquely, the high throughput computational technologies involved would have a second, less 
expected impact; to drive molecular biologists away from reductionist biology, back to inte
grated systems. For immunologists this meant bridging the gap between the two major wings 
of the immune system. Crucially, the Toll signaling apparatus was to provide a juncture be
tween the systems of innate and adaptive immunity. 

The Innate and Adaptive Immune Systems 
Innate immunity is the branch of our immune system that governs our immediate and 

infection-proximal response to pathogens. Innate immune responses underpin and inform the 
adaptive response, which is unique to the vertebrate phylum. Because of its need to expand rare 
lymphocyte clones into effectors, the adaptive response takes several days to get under way, 
during which time the innate immune effectors prime and recruit other immunocytes. Adap
tive immunity gives us a memory of past infection, allowing us to mount a stronger, more 
specific response on re-challenge. The gene rearrangements used to generate B and T cell recep
tors also ensure great variability in their specificities. On the other hand, allergy, autoimmunity 
and graft; rejection are all properties of the adaptive immune response. Additionally, the adap
tive response is unable to determine the nature of the infecting pathogen.^ This diagnosis is left: 
to innate immunity and without its early intervention we are extraordinarily vulnerable to 
infection. Patient mortality in the pre-antibiotic era was evidence enough of this. 

A Little History 
The founder of the Cellular Theory of Immunology, in which the innate system is central, 

was the Russian zoologist filie (Ilya) Metchnikoff. Despite a turbulent personal life^ Metchnikoff 
none-the-less managed to complete his seminal work using the phagocytic cells of starfish 

*" http://www.nobel.se/medicine/laureates/1995/nusslein-volhard-lecture.html 
'* http://www.nobel.se/medicine/laureates/1995/wieschaus-lecture.pdf 
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larvae. By lodging a rose thorn under the skin of a star-fish larva he observed that phagocytic 
cells would soon surround the intruder. These were clearly part of the body s immunologic 
early warning system. The cells and mechanisms of this system were soon to be eclipsed by the 
antibody; rising star of the Humoral Theory of Immunology. The humoral-ists took precedence, 
despite the joint award of the 1908 Nobel Prize to Metchnikoff and Ehrlich, which was early 
recognition of the possibility for co-operation between the two systems. So well publicized was 
the acrimony between the two sides of the immunologic divide that Shaw even satirized their 
arguments in his play, The Doctor's Dilemma. 

The emerging discipline of biochemistry was soon to provide the tools with which to 
study the panacea offered by the antibody. The natural history of T and B cells, the cellular 
source of the adaptive immune paraphernalia, would prove far more ingenious than anyone 
had imagined. As for their genetics, the gene rearrangements used to build T and B cell recep
tors were a major innovation, probably conferred by the insertion of a retroposon carrying 
recombinase-activating genes. This insertion marked the origin of the adaptive immune re
sponse, and allowed for a previously unimaginable degree of diversity to be wrung from a 
relatively shallow gene pool. Against the backdrop of T and B cell biology it wasn't surprising 
that the effectors of innate immunity were overlooked. Fortunately, key experiments that would 
eventually lead to the reunion of the two schools of immunology were being carried out. Inter
estingly, the breakthrough was to come from the work of developmental biologists. 

Saturation Screening of the Drosophila Genome 
The re-emergence of innate immunology came long after a discovery made in the quite 

different discipline of developmental biology. Christiane Niisslein-Volhard had made forays 
into experimental physics, maths, mechanics and chemistry, before embarking on a course of 
biochemistry at Tubingen. Niisslein-Volhard (pictured in Fig. 1) was a polymath and, not 
surprisingly, found the lectures that were toughest to understand the most exciting.*** 
Niisslein-Volhard knew that the field of biology was changing and that developmental biology 
was providing intriguing questions, some of which could be answered using genetics. Droso
phila seemed the obvious choice of organism and had been a firm favorite with geneticists since 
Morgans proof that genes lay on chromosomes. 

Having devised her first post-doctoral project, to identify morphogens by mutational analy
sis, Niisslein-Volhard started her work at the Biozentrum in Basel. It was here that she met Eric 
Wieschaus from whom she would learn Drosophila embryology. Initial small-scale mutational 
screens were eventually scaled-up to genome-wide saturation screens. Now that the Drosophila 
genome is complete, the total number o^ Drosophila genes is known to be 13,639; a figure 
smaller than the earlier estimates of 20,000. Niisslein-Volhard knew that her task was enor
mous, having estimated the percentage of lethal mutations, despite working without the ben
efits of the genome data. Accordingly, she refined her experiments to examine more embryos, 
more efficiently than previously possible. Treating the eggs with oil to make the normally 
opaque chorion transparent, and optimizing egg collection, enabled the screens to be com
pleted in weeks rather than years. Initial experiments allowed the team to recover a mutant of 
bicaudaU the gene that had sparked Niisslein-Volhard s interest in pattern formation. A screen 
for maternal mutants, using 100 chromosomes, then recovered mutant C79, later called dorsal. 
We now know that Dorsal gradients drive multiple gene activities, controlling gene thresholds 
that direct the fate of three primary embryonic tissues: the mesoderm, neurogenic ectoderm 
and dorsal ectoderm. ̂ ^ 

*http://www.nobel.se/medicine/laureates/1995/nusselein-volhard-autobio.html 
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Figure 1. Christiane Niisslein-Volhard, one of the three winners of the 1995 Nobel prize for Physiology and 
Medicine. 

The Toll Receptor in Development 
One screen recovered multiple ^o//mutations. The name ''toU\ German slang for "fantas

tic", was given in reference to the retrieval of both dorsalizing and ventralizing alleles of toll. 
Later work revealed that the Toll protein functioned as a transmembrane signaler. In the em
bryonic fly, Toll reacts to the end-products of a chain reaction set up in the maternal cells that 
surround it. In other words, gene and hence protein gradients established in the mother's cells 
trigger signals, which are then transmitted by Toll into the embryo. These signals sculpt the 
embryos ultimate appearance before cell walls are even laid down. At this point the embryo's 
phenotype is dictated by its mother's maternal-effect genes, rather than by its own genes, which 
are not yet active. 

To understand this process we should first consider that the fly egg is an elongated cylin
der. The sperm enters at one end, fuses with the egg, and a single nucleus results (Fig. 2). 
Rather than successive cleavage events, the nucleus alone divides. Within a couple of hours 
several thousand nuclei (--6000) are generated. Only then do walls enclose each nucleus, shut
ting each off from its neighbors. After 24 hours the larva is fully segmented and gastrulation is 
complete.* The larva consists of an anterior feeding structure, three thoracic segments, and 
eight abdominal structures. Cytoplasm at the anterior end of the egg translates maternally 
derived bicoid mRNA soon after the egg is laid. Bicoid diffuses along the egg, establishing an 
anterior posterior gradient, which controls the boundaries of the head and thorax. A second 
gradient, established at ninety degrees to Bicoid is set up by Dorsal, demarcating the dorsal 
ventral axis. A high concentration of Dorsal protein directs the synthesis of muscle (Fig. 2). As 
its concentration dips, nerve cells form, and at lower concentrations still, surface or ectodermal 
cells result.^ 

^Excellent on-line descriptions of these processes can be obtained at http://flybase.bio.indiana.edu/ and 
http://flymove.uni-muenster.de/. 
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Figure 2, Dorsal Ventral patterning in Drosophila. Some of the early steps of embryo development are 
oudined. The Dorsal nuclear gradient is shown by the black to grey transition in the nuclei (X-section only). 
After fertilization, Nudel is produced by maternal follicle cells and activates a proteolytic cascade. This 
cascade results in the processing of the inactive form of Spatzle which then activates Toll. The end-result of 
Toll activation is the translocation of Dorsal from the cytoplasm to nucleus. This is most prevalent in the 
ventral regions where Toll signaling is strongest. In the lateral regions, the lower concentration of Spatzle 
leads to a lower density of activated Toll receptors and a diminished translocation of Dorsal. 

The Implication of Toll in Fly Immunity 
Tollh evidently a maternal effect gene, at least in die developing fly. But what role, if any, 

does it play in the adult? Not long after the ft?//and human IL-1R genes were cloned researchers 
began to note the striking similarities between the two receptors. ' Both express a novel 
domain at their C-termini, which came to be called theToll-Interleukin-1 receptor domain or 
TIR. Crucially, the T I R domains provided the signature sequences with which to search for 
related genes. Toll and IL- IR cotdd also activate N F K B through signals transmitted by ho
mologous kinases (Pelle and IRAK). The finding that the promoter regions of Drosophila 
antimicrobial peptides seemed to carry consensus NF-KB-like binding sites was sufficient to 
implicate Toll in immunity. The tendency of Toll ntdl flies to succumb to ftxngal infections 
cemented the link. Later work showed that Toll signaling regulates the expression of numerous 
anti-microbial peptides which are synthesized in the fly fat body, equivalent to the human 
liver.̂ '̂̂ ^ A family o£ Drosophila toll genes (toll, IS-wheeler and toll-d to 9) has now been de
scribed, although most appear to support developmental rather than immune functions. The 
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Figure 3. Charlie Janeway ]r, founder of the "Pattern Recognition Hypothesis". 

signaling pathways that lead from the Toll receptor to the fly versions of N F K B , and a second 
pathway (Imd) that detects Gram-negative bacteria independently of Toll, are documented in 
later chapters. The question of how insects might detect infection is less well understood, 
which may reflect the paucity of microbes available to researchers with which to infect flies. 
Most studies rely on direct injection of microbes into the body cavity, a technique which often 
results in a skewed immune response. 

Given that insect larvae often thrive in rotting vegetable matter, and that the adults often 
carry infectious pathogens, their expression of Toll and Imd immune mechanisms is not sur
prising. Clearly, insects can count on robust immune protection. In the mid nineties, when the 
fly laboratories were describing these novel immune mechanisms, immunologists began to 
question whether the same family of proteins could operate in mammalian cells. 

A Problem with Vaccination 
Much of the early work with mammalian Toll-Like Receptor genes came from the labora

tory of Charles Janeway Jr (pictured in Fig. 3). Janeway had long puzzled over how T and B 
cells could be alerted to the presence of pathogen in the lag phase between the onset of infec
tion and the expansion of antigen-specific effectors. He came up with the idea that pathogens 
could be recognized by conserved pathogen specific motifs. Crucially, Janeway realized that 
these pattern recognition receptors might bridge the gap between innate and adaptive immu
nity. Janeway s Pattern Recognition Hypothesis was published as a chapter in the Cold Spring 
Harbor Symposia of 1989. Could the same phenomenon also explain the need for adjuvants, 
often containing bacteria or parts thereof, in vaccines? Janeway dubbed the need for adjuvant 
"Immunology's dirty little secret".* Simply put, vaccinations often work only when emulsified 
in oils and concoctions of other substances, usually bacterial. These substances are loosely 
defined as enhancers of the immune response, or adjuvants. Could adjuvants act by opening 
the dialogue between the innate and adaptive immune response? The description of Hoffmanns 
fungus infested Toll null flies, led Janeway, now teamed up with Ruslan Medzhitov, to look for 
mammalian versions of Toll. These could be the pattern recognition receptors that Janeway was 

* http://www.the-scientist.com/yT2003/nov/opinion_031103.htnil 
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Figure 4. TheTLRs and some of their iigands. Horizontal dashes denote leucine-rich patches. Ovals indicate 
TIR domains. This schematic illustrates only a few of the Iigands that are recognized by TLRs. LP denotes 
lipoprotein; PG is peptidoglycan; LPS denotes lipopolysaccharide, IMQ indicates Imiquimod and CpG 
indicates unmethylated CpG DNA. The phylogenetic analysis of theTLR family (inset) is re-drawn from ref. 
20 and shows the relationship of TLRl 1 to other family members. Murine TLRl 1 appears to recognize 
uropathogenic bacteria. Our expression of a truncated version of TLRll could make us susceptible to 
infection from these same bacteria. Note that TLRs 3, 7, 8 and 9 recognize nucleic acid Iigands. 

looking for. Eleven mammalian Toll-Like Receptors (TLRs), all responding to natural micro
bial, self and synthetic Iigands have now been cloned (Fig. 4). More receptors and their Iigands 
remain to be discovered. Clearly mammalian TLRs comprise a web of homeostatic surveillance 
with nodes from which the adaptive system can 'listen-in'. Most recently TLRl l , was de
scribed in March 2004 and two more, TLRs 12 and 13 are rumored to be in the pipeline. 
Novel TLR Iigands have also recently been identified. TLRs 7 and 8 have long been known to 
respond to the anti-viral drug Imiquimod, which has led many to speculate that these receptors 
play some role in viral recognition. Murine TLR7 and human TLRS have now been shown to 
recognize ssRNA, both of viral and endogenous origin. ̂ '̂"̂ "̂  

The Question of Escape Mutants 
We now know that the TLRs recognize molecules that are displayed on microbes (Fig. 4). 

The beauty of TLR recognition is that their Iigands are invariant. Although pathogens con
stantly mutate many of their antigenic structures, their TLR Iigands appear to be immutable. 
Pathogens cannot avoid expressing these structures and escape mutants are generally less virulent. 
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viable, or both. Consequently, it is held that pathogens cannot avoid detection, but is this really 
the case? Plant recognition of bacterial flagellin, the principle component of bacterial propel
lers', involves the FLS2 protein (see "Plant Innate Immunity" section). ^ Like Toll, FLS2 ex
presses extra-cellular leucine repeats^ but has an intracellular kinase cassette rather than a TIR 
domain. The crucial point here is that FLS2 can discern the flagellae of pathogenic versus 
symbiont bacteria, the differences being manifested by sequence changes in the Flg22 mol-
ecule.'̂ '̂̂  What prevents the generation of escape mutants in this scenario? Closer to home, how 
do humans discriminate pathogenic microbes from normal gut flora? In the case of plants it is 
not yet clear how escape mutants are avoided. In humans the answer seems to be to compart
mentalize the flagellin signal. In order to tolerate the large commensal bacterial load of the gut, 
humans rely on two innovations. First, the epithelial cell is polarized. Its apical face is exposed 
to the lumen and this surface is devoid of TLR5. The basolateral surface is, however, decorated 
with TLR5 and the exposure of flagellin to this surface triggers proinflammatory gene expres
sion. ' This exposure necessitates the translocation of flagellin into the cells, a feat which is 
easily achieved by certain flagellated pathogenic bacteria. Recent work has shown that the 
sequence recognized by TLR5 is uniquely expressed on monomeric flagellin, not the polymeric 
version of the filament."^^ The TLR5 recognition site is also fairly permissive for mutations and 
spans a large number of residues. Mutation of any of these residues can impact bacterial motil
ity. As a result, TLR5 can recognize most flagella and those that are missed are likely to be 
expressed by defunct non-motile bacteria. However, the first cases of escape mutants are now 
being reported in the literature. Not surprisingly, Helicobacter pylori^ the gram negative bacte
rium linked with peptic ulcers, is leading the way. H. pylori neither releases monomeric flagel
lin nor expresses a flagellin which is overdy pro-inflammatory. 

The Evolution of Toll Receptors 
The discovery of a set of immune efl̂ ectors conserved in mammals and flies paved the way 

for comparative genomic investigations of TLR evolution. These studies provide a snapshot of 
the evolution of gene organization, although in the future, the ^o//and /̂ /r orthologs and paralogs 
that we detect may be lost or mutated beyond recognition. Genome searches have uncovered 
TIR domains across the animal and plant kingdoms. These analyses have revealed the selective 
pressure to evolve new TLR affinities, and provide an indication of the burden of immune 
recognition carried by TLR signaling. 

The ectodomains of Toll andTLRs show considerable variation compared to the intracellular 
signaling apparatus. This is not surprising given the evolutionary pressure placed on ligand 
recognition domains. By comparison, the cytoplasmic TIR domains show higher sequence 
conservation, reflecting their role as structures to which the intracellular signaling apparatus is 
tethered. The sequence identity between animal and plant TIRs is ofi:en less than 2W(P'^^ 
with the majority of conserved residues clustered at the five alpha helical and beta sheet mo
tifs. The finding that TIR domains are involved in both plant and animal immunity suggests 
that this structural element was expressed by the last common ancestor of plants and animals. 
The later adoption of the Toll signaling apparatus for developmental patterning in Drosophila 
will have necessitated changes at either end of the signal transduction pathway. These modifi
cations would have merged a pre-existing proteolytic cascade that controls development with 
the Toll signaling apparatus, and altered the transcription factor output. 

In view of the low identities between TIRs, optimized consensus sequences (hidden Markov 
models) can be constructed and used to mine databases for novel TIR sequences.^^ 'SMART' 
(Simple Modular Architecture Research Tool) searches have even identified TIR homologies in 
prokaryotes, although these genes may have been acquired by horizontal transfer and used to 
negate Toll and TLR signaling in a similar fashion to the poxvirus (see chapter by C. Wietek 
and L. 0'Neill).32 
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It is a paradox that Toll receptors are classified as part of the primitive innate immune 
response, when one considers that this system is exploited by insects, possibly the most success
ful organisms on earth. Insects first arose in the early/mid Devonian period (4l7-354mya). 
Their evolution, closely tied with the emergence of flowering plants (144-65mya), generated 
three-quarters of all living and fossil organisms. The completion of the Drosophila genome 
provided the first opportunity to examine the immune gene organization of a fly. The Droso
phila melanogaster genome comprises 180 Mb of sequence organized on 3 autosomes plus the 
X and Y chromosomes. The immune response genes are littered throughout the genome, al
though several small gene clusters are also evident. ̂ ^ These encode antimicrobial peptides, 
pattern recognition proteins, and the Rel proteins, for example Dif and Dorsal. As described 
earlier. Dorsal regulates patterning in the fly embryo. As for immune system fianction, both 
Dorsal and Dif trans-activate drosomycin in larvae, whereas Dif alone activates drosomycin in 
the adult fat body. The dorsal 2ind dif genes appear to have arisen from a duplication event in an 
ancestral gene. A second cluster contains necrotic, along with two related serpin genes, although 
only necrotic has a role in immunity. Three gene clusters related by fiinction stand out; spatzle, 
tolloindpelle; cactus, dorsal 2ind dif; attacin, drosocin and metchnikowin. This clustering may well 
favor the rapid evolution of variants by unequal crossing-over events.^^ Indeed clustering of 
immune ftmction genes appears to be synonymous with accelerated evolutionary potential. 
Multiple Drosophila toll genes have now been cloned, although analysis of their fimction impli
cates most in development rather than in immunity. 

Therapeutic Targets in the Mosquito Genome 
The sequencing of a second dipteran genome, the mosquito {Anopheles gambiae), made 

possible the comparison of its genomic organization with Drosophila, with whom it shared a 
common ancestor approximately 250 million years ago.^ A.gambiae is a vector for the proto
zoan parasites that cause malaria; a disease that infects 500 million people annually, of whom 
more than a million die. Consequendy, a major impetus in genomic analysis is the desire to 
identify novel drug targets that may disturb the balance between vector and parasite. ̂ ^ The aim 
is to break the lifecycle of the parasite and disturb both its sexual maturation and transmission. 
^\\e A.gambiae genome encodes 10 Tolls, four of which are orthologs oi Drosophila Toll-6y7,8 
and 9.^ ' A second group o^Anopheles genes, TOLLlA,lB,5A and 5B, appear to be recently 
duplicated orthologs o£DrosophilaTo\\-\ and 5. Evidence for immune function is provided 
by one oiAnopheles gambiaes ten Toll receptors which is highly expressed in the gut and may be 
involved in 2^n-Plasmodium responses. ̂ ^ Much of the intracellular signaling pathway is intact. 
The mosquito genes myd, tube, pill, cact, and rell, are clear orthologs oimyd, tube,pelle, cactus, 
and dorsal. A ^/z/equivalent is missing however, which is interesting given the dorsal! dif duster: 
in Drosophila. Six genes also show similarity to spdtzle. 

C. elegans Tol-l Signaling 
C. elegans expresses a single Toll receptor gene tol-1 and several elements of the toll-signaling 

pathway. Pellino, a C. elegans version of the Drosophila Pelle associated protein, has also been 
described. More recendy, a second TIR domain containing protein called TIR-1, homolo
gous to the vertebrate SARM protein has also been described. Interestingly, C. elegans does 
not appear to use Tol-1 signaling to combat infection. A combination of TGF-P, DAF-2 and 
p38 signals are instead used to control the stress and immune response. '̂ '^ Curiously, Tol-1 
signals still play a role in pathogen detection, but in this case controlling the pathogen avoid
ance reaction of C. elegans. Nathalie Pujol and Jonathan Ewbank describe this phenomenon in 
detail in their chapter. Before we conclude that Tol-1 signals play a different and rather unique 
fimction in C. elegans we should consider a point raised in a recent review. Schulenburg and 
colleagues pointed out that much of the C. elegans research has been conducted with a single 
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strain. Under laboratory conditions there is litde positive selection for the energetically cosdy 
immune system, much of which might be jettisoned in favor of reproductive vigour. ^ Argu
ably, the analysis of natural strains of C. elegans will provide a more realistic picture of the role 
of Tol-1 in immunity. 

Viral Subversion 
Elements of the Toll signaling pathway have also been found in viruses. Poxviruses are 

formidable genetic thieves. They steal host immune genes, then alter them, often to convert 
them into dominant negative mutants. Consequendy, an analysis of the Pox genome gives us 
a good idea as to which host biologic systems are targeted. Vaccinia virus encodes two proteins 
(A46R and A52R) that interfere with IL-1 and TLR signaling. Luke O'Neill and Claudia 
Wietek describe these proteins in more detail in their chapter. An insect-infecting 
Entomopoxvirus has also been found to have acquired a copy of the pellino gene. 

Teleosts and Their Tolls—Ever Expanding Repertoires 
How many toll genes do fish have? This is an interesting question as the emergence of 

jawed fish is presumed to mark the beginning of adaptive immune ftmction. The zebrafish 
genome {Danio rerio) contains 19 putative TLRs (DareTLRs), including orthologs of mammalian 
TLRs 2-5,7-9 and a group offish specific TLRs.^ The zebrafish genome contains one receptor 
that appears to be the ancestor of TLRs 1,6 and 10. Unlike the pufFerfish {Fugu rubripes) the 
zebrafish also expresses two TLR4 orthologs. All zebrafish TLRs express the classic LRR-TM-TIR 
domain organisation. ^ Clearly the large number of DareTLRs constitutes a more complex 
innate immune system than was previously thought, with considerable pressure for the ampli
fication of the TLR repertoire. 

Plant Innate Immunity 
Consideration of a plant's requirement vis ^ vis innate immunity draws some interesting 

conclusions. Plants encounter just as many pathogens as do vertebrates, yet they must do so 
without an adaptive immune response, specialized cell types (e.g., macrophages, DCs) or a 
circulatory system. Plants are sessile and cannot avoid a predator, some of which kill their host 
to extract nutrients (necrotrophs), whilst others require living host tissue to complete their life 
cycles (biotrophs). To counter these threats, every plant cell must be capable of mounting a 
cell-autonomous response to infection. Additionally, plants have evolved mechanisms to in
duce heightened systemic immunity, using salicylic acid, jasmonic acid and ethylene. Al
though systemic immunity, like adaptive immunity, is durable, it lacks specificity. 

The localized resistance response is driven by the 'gene for gene' system in which the 
activities of pathogenic avirulence genes (Avr) are countered by cultivar specific plant resistance 
genes (R genes).^ '̂̂ ^ These R genes are bred into crops to improve their resistance. Importantly, 
the robustness of anti-pathogen responses is determined by the expression of pathogen recog
nition proteins, and not by any deficiency in the response that these pathogens provoke. The 
response to different pathogenic insults is also often identical. A rapid oxidative burst that 
induces apoptotic death is common, the so-called hypersensitive response. Plant defense mecha
nisms also include the production of lytic enzymes (chitinases, proteases), anti-microbial pro
teins (defensins), and anti-microbial metabolites (phytoalexins). 

The localization of R proteins gives a good indication of where they encounter pathogens. 
For example, the intracellular A/̂ R-gene product recognizes the helicase domain of TMV rep-
licase, whilst extra-cellular pathogens are recognized by extra-cellular orTM ligated R proteins. 
R proteins can even shutde between cellular compartments. The bacterial type III secretion 
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system, which can best be described as a molecular syringe, has also been implicated in the 
delivery of pathogenic effectors. 

A second non-cultivar specific wing of plant innate immunity also exists. This system 
appears to use receptors to recognize general elicitors (PAMPs) such as bacterial flagellin, polypep
tides, glycoproteins, lipids and even host cell fragments released by pathogen damage."^^ The 
available evidence suggests that the PAMPs themselves are not subject to frequent mutation, 
and are largely immutable. This system equates to the TLR-PAMP system of vertebrates al
though true homologues of TLRs are not found in plants. Plant TIR domains are found in R 
genes, however. 

There are at least 135 TIR domain-containing proteins in the Arahidopsis genome, prob
ably many more. In dicots, the TIR domain is conjoined to a number of different domains, 
including the nucleotide binding site domain (NB) and leucine-rich repeats (LRRs). In plants 
the most common TIR arrangement is TIR-NB-LRR. This domain organization is found in 
the prototypic plant defence protein, the tobacco A^gene product, which confers resistance to 
tobacco mosaic virus (TMV). Interestingly, TIR-NB-LRR proteins are absent from one of the 
two subdivisions of angiosperms (flowering plants). Angiosperms arose 130 million years ago 
and are subdivided into two monophyletic groups, the monocots and the eudicots. The 
TIR-NB-LRR family of R genes appears to be absent from monocots (cereals), but is found in 
Gymnosperm databases (e.g., Pinus Taedd) and, presumably, in the Angiosperm progenitor 
plant. We can only conclude that TIR-NB-LRR genes were found in the progenitors of grasses 
and were amplified in dicots, but were lost or have evolved to an unrecognizable degree in 
cereals. ' As SMART searches of current databases reveal TIR homologies in prokaryotes, 
the former conclusion is more likely. Variant TIR domain containing genes have been identi
fied in rice, although these have diverged considerably from the NB-LRR family of genes. One 
proposal is that cereal genomes have replaced TIR domains with coiled coil domains, another 
common protein-protein interaction domain. There is also considerable variation in the ability 
of monocot and dicot plants to recognize non-self. For example the flg22 epitope on flagella, 
which was described earlier, is not recognized by rice. 

The number of R gene sequences mArabidopsis reveals that they may comprise as much as 
1% of the total genome, indicating that R genes are used as a pool from which to mold new 
anti-pathogen specificities. Certainly the clustering of R genes and the high mutation rates in 
duplicated alleles suggest that selection is driven most rapidly in clusters of related paralogs. 
However, the number of R proteins is still smaller than the number of potential pathogens. An 
interesting explanation for the success of the R gene system despite this shortfall uses the olfac
tory system as a model. In higher vertebrates only 500-1000 odor receptors are necessary for a 
complete sense of smell. One model that explains this feat relies on a reduced affinity between 
odorant and olfactory receptor. Similarly, a lower affinity between Avr and R proteins may explain 
how R proteins of the same order of magnitude can recognize so many pathogens. 

R Protein Signaling 
Experiments to elucidate how R proteins and their effectors interact have met with lim

ited success. This is due to several factors. R proteins are not abundant and tend to be targeted 
for destruction after stimulation. Nor are leucine-rich repeat containing proteins amenable 
targets for two-hybrid assay. Lasdy, if the 'olfactory' model is correct, then effector-R protein 
affinities may not be particularly high. However, yeast two-hybrid has been used to show that 
a single amino acid substitution in an LRR weakens the interaction of a susceptible strain with 
its pathogen effector. Hypermutation at LRRs is consistent with these findings. The consensus 
opinion seems to be that R proteins relay their signals through a complex network of additive 
and interconnected pathways. How R and Avr proteins interact remains largely unsolved. 
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Multiple models have been proposed, of which the most influential is the "Guard" hypothesis. 
This model proposes that the pathogen effector targets a plant protein, presumably to promote 
disease. A host guard protein monitors the status of the "guardee", and can activate defense 
responses if a pathogen disrupts its charge. ̂ ^ 

Self Recognition by Toll-Like Receptors 
Thus far we have described the recognition of foreign molecules by TLRs. However, TLRs 

have also been implicated in the recognition of host self proteins. This aspect of TLR action 
can be used to test some of the current theorems that surround a central issue of how the 
immune system works. These theorems are described by Zlatko Dembic in his chapter, "The 
Function of Toll-Like Receptors", in which he also explains his integrity hypothesis. 

Self Protein Signaling via Toll Receptors 
Self proteins are usually closeted from the immune system in healthy cells but can be 

released under certain conditions, of which one is necrotic cell death. Normal, physiologic cell 
death or apoptosis entails the ordered collapse and removal of a cell. This is an energetic process 
which drives cell condensation, without membrane rupture, and ultimately generates a num
ber of shrunken-membrane bound apoptotic bodies. These can be quickly recognized and 
phagacytosed by macrophages and dendritic cells, a process that shields host proteins from the 
immune system. In contrast, necrotic death and the accompanying rupture of cellular com
partments can result in the release of self proteins. Some of the self proteins to which the 
immune system responds are heat shock proteins, amongst the oldest and most abundant pro
teins in the cell. Heat shock proteins (HSPs) have been shown to interact with and to activate 
TLRs, although some of these data have been discredited as artefactual.^^'^^ 

Heat shock proteins protect the cell machinery from stresses, such as oxidative damage 
and temperature fluctuations, both hyper and hypothermic. Their abundance makes them an 
attractive flag for cellular stress. Hsp molecules (gp96) that carry antigenic peptides can also 
stimulate both wings of the immune system simultaneously. Interestingly, Hsps (gp96, Hsp90) 
have also been implicated in the chaperoning of Toll like receptors and R proteins in man and 
plants respectively.^^ One fascinating hypothesis is that these chaperones facilitate phenotypic 
change by easing the folding and transport of emergent R proteins with variant LRR domains.^^ 
Immune complexes that accrue during autoimmune responses,^^ the extra domain A of 
fibronectin and endogenous ssRNAs '̂ have all been found to act as self-ligands for TLRs. 
Indeed TLR recognition of self proteins may constitute an important part of the machinery of 
the Danger Hypothesis. 

The Danger Hypothesis 
In 1994 Polly Matzinger published her first version of the Danger model.^^'^^ She claimed 

that the immune system responds to dangerous substances, regardless of whether these are 
foreign. By implication an immune response need not be mounted against a bacterium that is 
not damaging the host. This model counters the ^dualism' of the self-non-self theory, and 
instead considers the self and 'other' as parts of an integrated system. The Danger hypothesis 
takes a holistic approach to the immune response and appears to account for some of the 
anomalies of the self non-self model of discrimination. Matzinger felt that the textbook expla
nation of T cell education was unrealistic and that a more plausible model would describe 
immune reactions tailored to need rather than strict self non-self designations. In defending 
her hypothesis Matzinger drew on a number of scenarios in which the self non-self hypothesis 
falls short. The oft cited example is that of tolerance of post puberty proteins. If all thymocytes 
are educated such that overt self reactors are deleted, what about the 'self that was absent when 
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the thymoq^es went to school? Proteins that are synthesized after puberty fall into this cat
egory. Simply put, how can the self non-self model account for the fact that the adult body 
does not mount an immune response to the lactating breast, when it had no opportunity to 
designate milk proteins as self? 

Tissue trauma is another obvious danger signal. Matzinger proposes that the intensity of 
the danger signal evoked by damaged tissue explains the success of unmatched kidney trans
plantation from live donors over matched donations from cadavers. Likewise, the success of 
liver transplants may be due to their innate regenerative capacity after the initial response to 
surgical trauma. 

There are many more immune model theories. Most acknowledge that the complexity of 
the immune system is not well served by the self non-self model. Some work uses computer 
models to simulate the immune system. With ftizzy logic, an extension of conventional 
(Boolean) logic, the partial truths' of immunity can be accounted for. 

Beyond Self Non-Self: A Critique from the Humanities 
Wider searches of the literature on TLR biology and the Danger hypothesis reveal consid

erable interest from social scientists. An awareness of the range of models currendy utilized in 
Immunologic research should prompt any researcher to question the relationship between these 
models, the language in which they are expressed, and the direction that experimental work is 
taking. Social Scientists have invested considerable academic effort in critiquing how scientific 
language shapes the experimental landscape. Some of this work applies directly to toll, at least 
in its guise as a maternal effect gene. Evelyn Fox Keller, a social scientist who holds a PhD in 
Physics, argued that the dominance of the discourse of genetics over that of embryology during 
the first half of the Twentieth century rendered the discovery of maternal effect genes all but 
impossible. ̂ ^ She postulates that as the field of genetics came to eclipse that of embryology, the 
cytoplasm was demoted, and described as a substance that existed merely to nurture genes. The 
language not only described known phenomena, it also restricted what experimental work was 
carried out. According to Fox Keller, the discourse that prioritized gene action and depicted the 
cytoplasm as by-product "... not only enabled geneticists to get on with their work without 
worrying about what they did not know; it framed their questions and guided their choices, 
both of experiments worth doing and of organism worth studying". 

The /»//gene was first identified as a "Maternal Effect" gene by Christiane Niisslein-Volhard, 
whose work on Drosophila was described earlier in this chapter. Niisslein-Volhard s work marked 
a sharp change in direction from the accepted view of cytoplasm as neutral substrate, as it by 
assigned it a role in the development of the egg. According to Fox Keller, the crucial develop
ment in experimental enquiry that Niisslein-Volhard s work represented was dependent upon a 
previous shift in scientific discourse; a change in the ways in which the phenomena under 
study were described and discussed. Fox Keller argues that this change in discourse was a more 
decisive factor in the discovery of Maternal Effect genes than was the availability of new tech
nology and experimental techniques. In fact, the experimental hardware necessary for 
Nusslein-Volhards work had been available to scientists in the 1930s. 

The discourse of Immunology has also been subject to critique in the social sciences. 
Much of the discussion focuses on the use of metaphors used to describe this complex field, 
and questions how these metaphors may have shaped researchers' lines of enquiry and interpre
tation of findings. The dominant immunologic model of distinction between self and non-self, 
with its emphasis on the body's ability to recognize and destroy alien elements, uses metaphors 
that were developed after the Second World War. The model was developed largely through the 
work of Frank Macfarlane Burnet and Peter Medawar. It was Medawar's work on skin grafts on 
an injured Air Force pilot in 1943 that prompted him to consider graft rejection as an 
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immunological reaction. Burnet went on to develop his "self-marker" hypothesis in 1949. 
Medawar and Burnet were joindy awarded a Nobel Prize in Medicine in I960. Scientist turned 
social scientist, Lisa Weasel, is one researcher who has written about the deployment of milita
ristic language in immunology. The relationship between immunologic theory and language 
runs both ways, with immunologic metaphor now deployed by the military in descriptions of 
their strategies.'̂ ^ This flow of influence between scientific theory and language and discourse is 
not limited to the field of immune recognition, and has also been analyzed in reference to 
cancer and AIDs. '̂̂  

To acknowledge that the self non-self theory was shaped pardy by the social and political 
world outside the research lab is not to question the rigor of the experimental work or the 
insight of the researchers involved. Rather, recognition of the role played by the discourse 
through which a theory is developed and discussed allows for acknowledgement of some of the 
ways in which this language shapes scientific enquiry. Metaphors, often grounded in familiar 
physical and social experiences, are used to describe complex scientific phenomenon that we 
are unable to observe directly.* Theories are dependent on language, and metaphors play a 
crucial role in the development and explication of scientific theory. Until recently however, 
there has been little acknowledgement in the sciences of the influence of metaphors and scien
tific discourse over the shaping of scientific enquiry. Research from the social sciences can offer 
some insights into this and should, perhaps, prompt scientists to take greater responsibility for the 
language that they use to describe their theories. Arguably, we can never devise theories outside 
of language, but we can take a step back and question how our use of language shapes theory. 
If this sounds nebulous to a bench scientist, then look again at the term 'pattern recognition. 
TLRs recognize molecules, not patterns, even if the molecular surfaces are often conserved; a 
point that was also recendy made by Bender.'̂ ^ We should be carefiil not to critique the errors 
of one generation of immunologic metaphor only to replace them with those of our own 
making. 

To the Clinic 
At the end of the day, the discovery of TLR biology must be translated to the clinic if it is 

to be of benefit. One of the most obvious advances resulted from the seminal work of Bruce 
Beutler in elucidating how bacterial LPS is recognized.^ Failure to recognize the LPS of Gram 
negative bacteria leads to uncontrolled infection and septic shock. Septic shock is a major killer 
and very few interventions can protect the patient. Through the work of Bender and others we 
are now beginning to understand some of the signaling processes that operate in these sce
narios. Genetic polymorphisms at TLR loci have been found to correlate with an individual's 
risk of septic shock. Creating a genetic profile of the susceptibility of patients to septic shock 
will clearly be of use. However, one of the most profound changes that can be brought through 
increased knowledge of TLR signaling will be in the field of vaccination. This is a huge field, 
but the work presented by Ekambar Kandimalla and Sudhir Agrawal in their chapter "Agonists 
of Toll-like receptor 9: Modulation of Host Immune Responses with Synthetic 
Oligodeoxynucleotides" succinctly describes the advances that have been made in this area. 
The sophistication of their nucleic acid vaccines underscores this. Clearly more TLRs will be 
discovered and more microbial and perhaps self ligands found, providing a clearer picture of 
the surveillance off̂ ered by TLRs. The notion of self protein recognition by TLRs remains 
controversial. Future work in this area will reveal just how discerning the immune response can be. 

* http://www.the-scientist.com/yr2003/nov/opinion_031103.html 
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CHAPTER 1 

The Function of Toll-like Receptors 

Zlatko Dembic 

Introduction 

The Toll family of receptors comprises numerous related proteins implicated in the 
development and defense of plants and animals. Toll was first discovered in Drosophila 
melanogaster as a gene that controlled the dorsal-ventral axis of the developing embryo. 

Elements of its molecular structure; the extracellular leucine-rich repeat domain (LRR), short 
cysteine rich patches, a transmembrane portion, and an intracellular domain homologous to 
that of the human interleukin-1 receptor (IL-IR) are discussed in detail in other chapters. Here 
we are principally concerned with the role of the Toll like receptors (TLRs) and their signaling 
pathways in the immune system. 

TLRs are found mArabidopsis as intracellular proteins, whereas the Toll proteins o£ Droso
phila, Tol in Caenorhabditis elegans, and the mammalian TLRs are all transmembrane proteins. 
The human TLRs comprise a family often related proteins (Fig. 1). Across mammalian species 
the number of TLRs differs, as does their expression in different cell types and their transcrip
tional regulation in activated cells. Ligands (some synthetic) for all but the tenth TLR have 
been identified, and their number is rapidly growing, due in no small part to the frenetic 
research activity in this area. 

TLR ligands are varied, comprising bacterial cell wall components, bacterial genomic DNA, 
fungal, parasitic and viral products and synthetic analogs of natural products. Interestingly, 
TLRs can also bind autologous (self) molecules such as heat shock proteins (HSPs), intercellu
lar matrix products, and mammalian genomic DNA. In general terms, the ligands for mamma
lian TLRs are either products of microbial origin that have an unusual molecular motif (pat
tern) or can be derived from the host species itself A closer look reveals that host-derived 
ligands are usually shielded or concealed from the immune system and their emergence, for 
example after tissue trauma, signals that intervention by the immune system is required. 

The presence of LRR modules in plant and animal proteins suggests an evolutionarily 
conserved role as a molecular pattern recognition receptor. Additionally, the developmental 
functions of TLRs in the fruit fly and nematode point to another role for TLRs in higher 
vertebrates, which could be to sense tissue integrity. This role could have arisen after the devel
opmental functions that we ordinarily attribute to TLRs. Additionally; we can envisage other 
functions for TLRs if we consider that their activation can give rise to ten potentially divergent 
signals. These signals, modulated by their intensity, the cell type (including differentiation 
stage) of their derivation, and cellular microenvironment, may synergize or compete with one 
another to generate distinct TLR signals. Thus, the action of B and T cells could depend on the 
type of TLR signal generated by antigen presenting cells. 

Tolland Toll-Like Receptors: An Immunolo^ Perspective, edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenum Publishers. 
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Figure 1. Human TLRs.* 

TLRs help the immune system to fight the dangerous, protect the usefiil and neglect the 
vast majority of harmless microorganisms that colonize our bodies. These three functions could 
be generalized in a statement not dissimilar to "immunity maintains the integrity of tissues". 
This statement can be taken as a start point for the Integrity Hypothesis', which proposes three 
functions for TLRs. The first is to detect unusual molecular patterns. The second is to sense the 
extent of tissue damage, and the third is to determine the class of immune response. Specialized 
cells of central immunity such as dendritic cells and T and B cells are principle players in 
integrating these TLR signals into a specific immune response. 

Clearly a better understanding of the function of TLRs in higher vertebrates is crucial for 
biomedical research as it will allow us to improve health care by refining the therapeutic re
gimes with which we treat disease. 

Developmental Functions 

Drosophila 
The Drosophila genome contains a total of nine Toll-like genes. Toll-1 and its signaling 

pathway were identified by the genetic analyses of mutants which led to the discovery of mater
nal signals that are important for the dorsal-ventral patterning (Fig. 2) of the embryo (for a 
review see ref 1). The expression levels of the other Toll proteins also change throughout devel
opment, suggesting that they may all play a role in embryonic development. 

Dorsal-Ventral Polarization of the Embryo 
ToU-l mRNA is maternally transmitted and distributes evenly within the early embryo. 

ToU-l is a transmembrane protein and its action begins at stage 5 of embryonic development. 
Prior to this stage, which is also known as the cell formation stage, the embryo is a sac containing 
a large number of nuclei. Cell membranes then begin to form around these nuclei, and ToU-l 
inserts into the membranes to face out towards the perivitelline space (Fig. 2A). Subsequently, a 

* Since going to press, TLRl 1 was identified, which recognizes a ligand expressed by uropathogenic bacteria 
(Zhang D et al. Science 2004; 303:1522-1526). 
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Figure 2. A) Drosophila development. B) Toll pathway in Drosophila development. 
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proteolytic cascade is initiated by a positional signal in the ventral region of the embryo (Fig. 2B) 
that generates Spatzle, which binds ToU-l. ToU-l then recruits the Drosophila death domain 
homologue of Myd88, then Pelle and Tube. Pelle, a serine/threonine kinase, phosphorylates 
itself as well as Tube and Toll-1. Downstream signals, possibly mediated by an unknown kinase, 
eventually result in the cleavage of Cactus, (equivalent to the degradation of I-KB in the I-KB/ 
N F - K B complex) and the liberation of the transcription factor Dorsal. Dorsal translocates to the 
nucleus to drive the expression of genes responsible for dorsal-ventral polarization and upregulates 
ventral genes (such as Twist). At the same time Dorsal acts to inhibit the 'dorsal genes in a 
ventral patch of cells in the embryo. This action is also responsible for the formation of a 
dorsal-ventral calcium gradient at stage 5, approximately 2.5 hours after fertilization. 

Muscle Development 
ToU-l is preferentially expressed in some muscle cells and it has been suggested that early 

development and muscle fiber growth is dependent on Toll action. The insertion of certain 
muscle cells into epidermal "muscle attachment cells" has also been shown to be dependent on 
Toll expression. 

Motoneuron Growth Cone Guidance 
Motoneuron growth cone guidance, also called "axonal pathfinding" is a process whereby 

growing neurons penetrate tissues until they form a synapse with specific muscles. This guid
ance is dependent on Toll expression, and specifically on Toll's modulation of the glycosylation 
pattern of the cells in which it is expressed. Interestingly this action provokes Toll null cells to 
alter their glycosylation pattern, providing a beacon with which to guide the axon to the muscle 
cell. It is plausible that the growth-cone receptors can recognize glycosylation patterns and use 
them to steer axonal growth. The role of Toll expression in other organs, including the salivary 
glands, pharynx, esophagus, gut, and malpighian tubules oi Drosophila is unknown. 

Caenorhahditis elegans 
Components of the Drosophila Toll like pathway were also found in the half-millimeter 

long nematode called Caenorhahditis elegans and their developmental roles were examined in 
deletion mutants of tol-l^ ^-U pik-l, and ikb-1; the C elegans homologues of Drosophila 
toll-ly dtrafi pelle, and the cactus genes respectively. These analyses showed that only tol-1 is 
essential for C elegans development. 

Others 
Thus far, the role of TLRs in embryonic development ends with C. elegans. It is tempting 

to speculate that a developmental role for TLRs may exist in higher animals. However, all the 
murine TLR gene knockouts have been found to develop normally and their sole defects are 
immune related. It therefore seems unlikely that TLRs will be found to play a role in embry
onic development in mammals. 

It is worth noting that the somatic cells of mammalian hematopoietic lineages develop or 
mature upon binding TLR ligands. These include cells of myeloid and lymphoid lineage, in
cluding monocytes, precursors of dendritic cells (DCs) and B cells. Though I consider these to 
be developmental functions, they will be discussed later as they also dovetail with the defense 
functions of these cells. Similarly, osteoblasts can be induced by TLRs 4 and 9 to exhibit 
osteoclastogenic activity. TLRs are expressed in many somatic tissues of higher animals, but 
their functional significance in these tissues remains largely unknown. 

Human TLRl is ubiquitously expressed whereas TLR2 is expressed in the brain, heart, 
muscle and lungs. TLR3 is, in addition, expressed in the placenta and pancreas. TLR4 is abun
dant in the placenta, on cardiomyocytes, endothelial and smooth muscle cells and hematopoetic 
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cells. The distribution of TLR5 is similar to TLR4, with the inclusion of its ovarian expression. 
TLR6 is expressed in the thymus, spleen, ovaries and lungs. However, TLRs 7 and 8 show a 
more restricted expression profile. TLR7 is found solely on plasmacytoid dendritic cells (pDCs) 
whereas TLRS is found on monocyte derived dendritic cells. TLRs 9 and 10 are expressed on 
dendritic cells, and interestingly, are abundant on activated B cells. 

It is possible that the primitive developmental role of TLRs has evolved in higher verte
brates into specific roles for somatic tissues, perhaps controlling their regeneration, or as physi
ologic mediators of homeostasis (in adults). Drawing attention to these possibilities allows us 
to understand how TLRs could sense tissue integrity. 

The Role in Defense 

Plants 
The first plant protein to be discovered with any similarity to Toll was the tobacco Ngene 

product that confers resistance to the tobacco mosaic virus. However, the similarity to Toll did 
not extend beyond its LRR and TIR modules. Further, in contrast to Toll proteins, the A/̂ gene 
product lacks a transmembrane region and is therefore intracellular. However, the Â  gene 
product was found to express another module called the nucleotide binding site, which is 
present in most other plant Toll-like proteins. In the Arabidopsis genome, the first plant ge
nome to be completely sequenced, similarity searches have identified an unusually large num
ber of proteins with modular compositions similar to the A^gene product. A hallmark of most 
of these plant Toll-like proteins is that they are intracellular and it has been suggested that they 
serve in defense as pathogen sensors. 

Interestingly, another possible pathogen sensor m Arabidopsis is the FLS2 protein, a trans
membrane receptor, which has extracellular LRRs and a cytoplasmic serine/threonine kinase 
domain. Analysis of deletion mutants of FLS2 showed that it could be involved in the recogni
tion of flagellin, the principle protein of bacterial flagella. Flagellin retards the growth of wild 
type plants, which may serve as a defense response as well as an infection avoidance reaction. 
This response may be analogous to the aversion responses seen in C. eUgans (see below). 

Drosophila 

Humoral 
Infection with the fungus Beauveria provokes ToU-l receptor signaling which mediates 

the induction of the antifungal agent drosomycin. There is no direct binding of the fungus to 
the Toll-1 receptor. Rather, the extracellular Toll-1 cascade, shown in Figure 3, is activated by 
the endogenous ligand Spatzle. Free Spatzle is normally unavailable, and exists as part of a 
larger precursor. The serine protease Persephone (whose action is tighdy regulated), cleaves the 
Spatzle precursor into two unequal parts, one of which, Spatzle, binds to Toll-1. Persephone's 
action can be blocked by a protein called Necrotic. However, Persephone is rendered constitu-
tively inactive by an unknown protease inhibitor. Blockade of this inhibitor (by Beauveria) 
triggers a cascade of events that leads to the anti-fiingal response. Downstream of Toll-1, most 
of the factors involved in developmental signaling are also involved in the immune response, 
though with some important differences (for a review see ref 2). 

Thus, in Drosophila adults, the Toll-1 pathway generates a quite different output. Namely, 
it regulates the transcription of genes that encode antimicrobial peptides, such as drosomycin 
and defensin, as well as regulating the genes that alter hemocyte density. Figure 3 illustrates the 
crucial differences between Toll-l's developmental and defense signaling pathways. In immu
nity the degradation of Cactus releases, instead of Dorsal, the Dorsal related immunity factor 
(Dif)> which then translocates to the nucleus where it acts in tandem with Relish, a nuclear 
factor derived from a different signaling pathway. 
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Figure 3. Humoral and cellular immunity in Drosophila. 

A Gram positive organism Micrococcus has been shown to activate the ToU-l pathway, and 
drives the expression of the antifungal peptides drosomycin and defensin. Micrococcus binds 
extracellularly to a pattern recognition receptor called the peptidoglycan recognition protein 
(PGRP-SA), which is encoded by semmelweis. PGRP-SA freely circulates in the hemolymph 
and, using a domain that can bind to the peptidoglycan moiety of Gram positive bacteria, 
probably activates a serine protease that cleaves pre-Spatzle. This event triggers the intracellular 
cascade that leads to the successful defense 2i!g2inst Micrococcus (Fig. 3) (for a review see re£ 3). 

Another defense pathway is the immune deficiency (Imd) pathway, named after a particu
lar {imd) mutant. Interestingly, a related pattern recognition receptor to that involved in Toll-1 
signal transduction may play an important role in this pathway. However, the two pattern 
recognition molecules (PGRP-LC, and -LE) involved, are transmembrane proteins, probably 
located in specialized cells. The Imd product is crucial to intracellular signaling, but does not 
interact with a pattern recognition receptor. Instead Imd signals downstream via a two-pronged 
pathway that involves the IKK kinase in one arm, and Dredd in the other. Both pathways 
cleave Relish, to release its nuclear binding portion that then translocates to the nucleus to 
form homodimers or heterodimers with Dif. These in turn act on various gene targets that are 
important in humoral defense. Figure 3 illustrates the main defense pathways o^ Drosophila. It 
appears that the Imd pathway is more potent with respect to humoral defense than the ToU-l 
pathway as it controls the expression of a larger number of antimicrobials including cecropin 
and diptericin. These confer protection against a wide range of pathogenic microorganisms 
including ftingi. Gram negative and Gram positive bacteria. The Gram negative diaminopimelic 
acid type peptidoglycan is the most potent inducer of the Imd pathway, whilst the Toll pathway 
is predominantly activated by the Gram positive lysine type of peptidoglycan. Thus, the ability 
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oi Drosophila to discriminate between Gram positive and Gram negative bacteria may rely on 
its recognition of specific forms of peptidogiycan. 

Cellular 
The lymph glands of adult Drosophila produce hemocytes that circulate throughout the 

body. These ensure host defense by encapsulating foreign bodies and phagocytosing smaller 
toxic objects. Encapsulation and subsequent melanization inactivates the intruder, which re
mains trapped in the body. Several genes that regulate cellular immunity also control the pro
liferation and differentiation of the hematopoetic lineage. The Polycomb group of genes regu
lates lymph gland cell proliferation and hemocyte numbers in the body. Mutant larvae show 
increased growth of the gland and excessive numbers of hemocytes that occasionally go on to 
invade tissue as pseudotumors. Mutants with enhanced Toll signaling show a similar pheno-
type, whereas those with reduced Toll signaling have fewer hemocytes (for a review see re£ 4). 
In conclusion, the Toll pathway regulates cellular and some humoral aspects of immunity in 
Drosophila. 

C elegans 
Caenorhabditis elegans expresses structural homologues of several components of the Droso

phila Toll pathway. The tol-1 gene, homologous to tolU is required not only for nematode 
development, but also to avoid the pathogenic microbe Serratia marcescens. Analyses of dele
tion mutants of the C. elegans Tol pathway showed that none, save tol-1, were important for 
immunity. Interestingly, tol-1 deletion mutants lost their 5. marcescens avoidance behavior though 
other chemosensory behaviors remained intact. Further analysis revealed that the Tol-1 protein 
is required for sensing S. marcescens by a neural system. Tol-1 is located on the sensory tip of an 
axon located near the oral orifice and microbial contact generates signals that then induce the 
evasion response (Fig. A)? This phenomenon is discussed in more detail by Nathalie Pujol and 
Jonathan Ewbank in their chapter. 

The defensive role of the neural system has not been studied sufficiently at the molecular 
level in higher vertebrates, due to the obvious complexity of the neural networks involved. 
Nevertheless, our ancestors might have expressed pattern recognition receptors in sensory neu
rons, similar to those of C elegans. Perhaps taste or olfactory organelles evolved from these 
ancestors. It is also possible that the detection of dangerous molecular patterns on macromo-
lecular objects using neural tissue was deselected during evolution, as the immune system de
veloped ever more elaborate defense mechanisms. 

Mammals 
TLRs, 1,2,4 and 6, expressed at the surface of many hematopoetic cells, have been shown 

to bind distinct bacterial cell wall components and viral products. TLR2 associates predomi-
nandy with TLRs 1 and 6, but in some cases also with TLR4 (Fig. 5A). The ligands for TLRl, 
2 and 6 includes peptidogiycan (PGN) from Gram positive bacteria (e.g.. Staphylococcus aureus 
and Streptococcus pneumoniae) y lipoproteins of spirochetes and mycobacteria, yeast and myco
plasma. The TLRl/2 heterodimer binds triacylated lipopeptides, whereas theTLR2/6 combi
nation is specific for diacylated lipopeptides. The TLRl/2 heterodimer is also implicated in 
binding products derived from M. leprae and M. tuberculosis. TLR2 can bind human cytome
galovirus (HuCMV) products as well as measles virus. TLR2 has also been reported to bind 
bacterial lipopolysaccharides (LPS) (for example, from Leptospira interrogans and Porphyromonas 
gingivalis) as well as mycobacterial lipoarabinomannan (LAM). These reports implicated a sec
ond molecule, MD-2, which was found associated with TLR4. Consequendy, TLR2 may asso
ciate with other TLRs in these complexes. On the other hand, TLR4 can homodimerize to 
bind the LPS of Gram negative bacteria (E. coli or Neisseria meningitides) in association with 
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Figure 4. Defensive role of Tol-1 in Caenorhabditis elegans. 

the MD-2 protein, bacterial lipoteichoic acid (LTA), and bacterial heat shock proteins such as 
Chlamydial HSP60, and Toxoplasma gondii HSP70. Viral products that bind TLR4 have been 
described in mice infected with respiratory syncytial virus and murine mammary tumor virus, 
a murine retrovirus. TLR3 binds double stranded RNA, a product of some viral infections, and 
the synthetic ligand, poly Inosine:poly Cytidine. TLR5 binds flagellin, a bacterial locomotory 
organelle, and TLR7 binds synthetic nucleoside analogs and, with TLR8, binds 
imidazoquinolines. TLR9 binds bacterial or viral genomic DNA that contains unmethylated 
stretches of CpG nucleotides (or synthetic oligonucleotides that contain CpG motifs). No 
ligand has yet been identified for TLRIO, which was identified in humans, but not in mice. 

The chromosomal locations for these genes in humans and mice have been elucidated 
(except for TLRIO), and their function in various infectious disease models extensively studied 
in mice deficient for various TLRs (for a review see ref. 6). Interestingly, TLRs 2 and 4 bind not 
only bacterial, but also host self molecules, for example the human heat shock proteins (HSP60 
and HSP70), and mouse products found in the intercellular space, including fibrinogen, 
hyaluronan, and heparan sulfate. TLR4 was implicated in binding the extra domain A of mouse 
fibronectin. Similarly, in low but still notable quantities, mammalian CpG DNA can be found 
afi:er necrotic cell death, which may explain the capacity for TLR9 to bind double stranded 
mouse genomic DNA (Fig. 5B). 

TLR ligands can instigate intracellular signals similar to those of the IL-IR signaling 
pathway, but recently differences have begun to emerge. TLR functions have been assessed 
by studying murine gene deletions in vivo and ex vivo, and in vitro, using tlr null cell lines 
(e.g., HEK293) that are then transfected with the relevant tlrs. The TLR signaling pathway 
includes the activation of a series of adapter molecules: MyD88 and TRAP; protein kinases 
such as IRAK, the inhibitor of K-B kinase (IKK), cjun N-terminal kinase (JNK), MAPK, and 
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Table 1. Divisions of immunity according to various definitions 

Division Premise 

Structural Non-specific Specific 
Developmental Innate Adaptive 
Functional Autonomous Central 

p38; and die activation of transcription factors such as N F - K B , Rel, and AP-1 (for a review see 
refs. 7 and 8). Differences from the IL-IR signaling pathway include a novel signaling mol
ecule TICAM (TRIP), the ERK-1 and ERK-2 kinase pathways and possibly Stat-1 proteins 
(Fig. 5C). However, a complete picture of TLR signal transduction pathways is yet to emerge. 
Though the expression of TLRs has been found in many somatic tissues in the human body, 
the research effort has (as for Drosophild) focused on cells of hematopoetic origin and the 
immune system. 

To interpret these findings in relationship to immunity we must review the action of TLR 
ligands on each cellular effector of the immune system. 

Divisions of Immunity 
Scientific literature often mentions TLRs as a link between the innate and adaptive wings 

of the immune system, and discusses their pivotal role in the activation of innate immunity. 
Perhaps a clearer notion would be that TLRs initiate and modulate central immunity, and play 
an important part in the activation of autonomous immunity. 

The central versus autonomous divisions of immunity will be developed in this chapter to 
better understand certain aspects of immunity, and especially to explain certain theories of the 
immune system. In order to avoid confusion by introducing a novel definition to the experi
enced reader, I will try to alternate the central and autonomous immune designations with the 
more commonly used terms, innate and adaptive immunity. Although the latter would appear 
inappropriate for the discussion of some aspects of immunity, it seems that none of the termi
nologies in present use is perfect. To describe the subtleties of the immune response is difficult, 
and each division is useful in its own right when addressing particular aspects of immunity 
(Table 1). 

Specific—Nonspecific (Humoral or Cellular) Immunity 
A division of the immune system based on the structural features of effector entities was 

the first to be used. This humoral versus cellular division, each being either nonspecific or 
specific has helped to explain the clonal selection of lymphocytes (notably without the inclu
sion of inflammation, which is described as a nonspecific tissue reaction). Each B-cell receptor 
(BCR) or T-cell receptor (TCR) probably binds many ligands, but we usually consider them to 
be specific for a single antigen or peptide/MHC combination. Likewise, the cells of nonspe
cific immunity might be more "specific'' than originally thought, as TLRs can bind specifically 
to certain molecular motifs. Humoral immunity consists of soluble mediators such as comple
ment (non specific) and antibodies (specific) that can neutralize, opsonize or kill pathogens. 
Cellular or cell mediated immunity is represented by a number of players. First we have the 
'nonspecific' ph^ocytes, which include the macrophages that 'purge' pathogens, then specific 
cells such as B cells, that become antibody secreting plasma cells and T cells, including the 
CD4 and CDS subsets. The CD4 T cells help B and cytotoxic T cells whilst inhibiting other T 
cells. The CDS T cell subset kills virus-infected cells. The cellular and humoral divisions can
not satisfactorily describe immunoregulation. This is most evident when we discuss the roles of 



28 Toll and Toll-Like Receptors: An Immunologic Perspective 

CD4 T cells and dendritic cells (DC). Bodi are effectors and, at the same time, regulators of the 
immune response by direct (cellular) effects as well as by cytokine production (humoral ef
fects). Therefore, it is hard to separate humoral and cellular effects in DC and CD4 T cells. 

Innate—Adaptive Immunity 
The next division was suggested on the basis of development: innate or inborn immunity 

vs. acquired, or adaptive immunity. Here the importance was to understand how we carry, in 
our germline, a memory of past infection. This 'memory' is embodied by the pattern recogni
tion receptors and their ability to bind to conserved patterns of unusual conformers present 
only on microbes or distantly related organisms. Such receptors would be oligo specific and 
could activate the cells that we had previously grouped under the umbrella of nonspecific 
immunity. The use of the other developmentally defined term—adaptive immunity—quickly 
became popular, as it cleared the confusion regarding specificity of B andT cells. Thus adaptive 
immunity came to describe a group of cellular and humoral mediators that each organism 
could acquire during its somatic development. The main components (B and T cell receptors 
or BCRs and TCRs) were not encoded in a mature form in the germline, but instead were 
assembled by rearranging variable and constant gene segments. Because these rearrangements 
occur randomly, BCR and TCR genes would assemble differendy in the B and T cells of indi
viduals of the same species. Therefore, acquired immunity equips every mammalian organism 
with a different set of randomly assembled TCRs and BCRs. 

Problems with this division can be envisaged, if we wish to classify NKT cells, which have 
germline encoded receptors, but also rearrange their TCRs. Similarly, yST cells rearrange the 
variable portions of their TCR genes, yet function at the vanguard of defense. NKT and y5T 
cells are generally thought to belong to the innate wing of immunity, yet both acquire their 
receptors in a similar fashion to a p T and B cells. 

Autonomous—Central Immunity 
Despite a detailed understanding of the cells and mediators of the immune system, the 

mechanisms that precede the induction of B andT cell effectors have remained elusive. Perhaps 
the problem lies in the fact that the basic function of the immune system is not only to kill 
pathogens, but also to tolerate commensals. To better illustrate this we could use a division 
based on cellular function. Autonomous immunity is the swift firstline defense whereas central 
immunity can be described as a nodal, regulated, or controlled type of immunity. In my opin
ion, it is the most suitable division to explain the role(s) of TLRs in the immune system. 

Autonomous immunity comprises all but dendritic cells from previous definitions, and 
would include NK cells, NKT cells and T cells with 78 TCRs. The reasons for this segregation 
are as follows. Components of autonomous immunity are cells or factors that depend on fast 
local reaction (Fig. 6A). The activation of cells and components occurs at the site where effec
tor actions are first engaged, which is usually taken to be the locale of tissue damage, inflamma
tion, or antigen challenge (i.e., contact with the micro-organism). Thus, the cellular compo
nents require very little communication with cells that are distant from the site of pathogen 
intrusion. 

In contrast, central immunity has afferent and efferent loops of action. As illustrated in 
Figure 6B, the afferent loop starts with the activation of dendritic cells in damaged tissues by 
micro-organisms. DCs, having sampled the antigens from their surroundings, migrate to the 
lymph node, which is the center of the immune response (for a review see ref 9). There, DCs 
meet naive CD4 T cells, which they then stimulate. After stimulation, T cells proliferate to 
become effector (helper) T cells that migrate to B-cell areas of the node. Upon T-B interaction 
(provided that the B cell has met the same antigen as the T cell), an activatory signal is trans
ferred and B cells go on to proliferate and develop into antibody secreting cells (called plasma 
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cells). Alternatively, CD4 T helper cells could recruit cytotoxic CDS T cell precursors and 
license them for action in the periphery. 

B cells, in order to receive help from T cells, need to recognize antigen or hapten. There 
are numerous ways by which the stimulating antigen can be delivered to B cells. Antigen may 
be derived from the blood stream, usually attached to other proteins, for example an antibody/ 
antigen complex, or may be carried by phagocytic cells, in which case the ingested antigens 
could be exposed after the death of their carrier. Alternatively, circulating B cells may collect 
antigens along their recirculation routes to and from the lymph nodes (or spleen). B cell activa
tion by T-dependent antigens leads to the formation of germinal centers in the lymph node 
cortex. B cells then proliferate and develop into effectors. During peripheral development B 
cells undergo a selection process by which they can increase the affinity of their BCRs. This 
process involves hypermutation of BCR genes and the selection of high affinity B cells on 
follicular dendritic cells (a stromal cell unrelated to DCs). This results in the appearance of 
effector germinal center (gcB) B cells with a higher affinity for antigen. These effectors can go 
on to develop into plasma cells. 

The efferent loop of action begins with the migration of effector T and B (plasma) cells 
from the center to periphery, i.e., back to the tissue from whence the DCs first started their 
trek. Effector cytotoxic CDS T cells (a|3TCR^^^) will go on to kill vitally infected cells, whereas 
CD4 aPT cells can activate macrophages via cytokines (interferon y) and control, or regulate 
(again with cytokines), other cells of the autonomous system. Plasma cells secrete antibodies 
and eventually migrate and lodge in a strategically superior locale from where they can ensure 
a long lasting supply of circulating antibodies (such as the bone marrow or spleen). 

Based on these premises, immunity can be subdivided into central and autonomous. Cen
tral immunity facilitates our understanding of TLRs as pattern recognition receptors, and em
phasizes their additional functions in DCs and memory B cells. 

Let us now analyze the distribution of TLRs (Tables 2, 3) and the evidence for their roles 
in the immune system (Table 3). Later, I shall discuss these (predicted) roles in the context of 
various immune system models. 

Expression and Function of TLRs in Cells of Autonomous Immunity^ 
Two mammalian species are considered in this section; human and mouse. TLR expression 

can be regulated by various substances or cellular interactions, which differ across animal spe
cies, an indication that their sensitizing or desensitizing immune responses might also differ. 

Neutrophils (and Granulocytes) 
Neutrophils express TLRs 1,2,4, 6, and S. The lifespan of neutrophils is short, but can be 

prolonged by activation via TLRs 2 and 4. N F - K B , which is implicated in signaling via TLRs 2 
and 4, is a known survival factor and was first implicated in the cell death mechanism delivered 
by TNF and related signal pathways. Only later, with the use of IKK knockout mice, did it 
become apparent that the survival effects of NF-kB are counter balanced by caspase driven 
programmed cell death. 

Upon binding of TLR2 or TLR4 ligands, neutrophils upregulate the expression of 
chemokines, downregulate some chemokine receptors, and change their expression of adhe
sion molecules (integrins and selectins) and respiratory burst mediators. ̂ '̂̂ ^ All these factors 
drive the inflammatory response in local tissue. 

Mast Cells 
LPS and PGN (TLR2 and 4 ligands) differentially activate TNFa and IL-5, ILIO, and 

IL13 in human mast cells. However, the release of TNFa by mast cells requires priming with 
IL-4 and the presence of serum components such as soluble CD 14. Interestingly, regarding the 
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Table 2, 

TLR 

TLR1 

TLR2 

TLR3 
TLR4 

TLR5 
TLR6 

TLR7 

TLR8 

TLR9 

TLR10 

TLR ligand repertoire of human i 

Ligands 

Bacterial Viral Other 
C+ G- Other Nonself 

+ + 

+ + + + 

+ 
+ + + 

+ 
+ + 

+ 

+ 

+ + + 

Self 

+ 

+ 

cells 

Cell Types 

preDC, (preDC2), CD1 Ic+iDC, 
Mo, PMN, M<|) 
Resting B ^1^Gc-B, NK 
preDC, CDIlc+iDC, 
Neutrophils, Mast, Mo, M(|), 
CD11c+iDC, (Mc|),Z[LPS) 
preDC, Neutrophils, Mast, Mo, 
PMN, M(|), 
(Resting B->(^Gc-B) 
preDC, (CD1 Ic+iDC), Mo 
(preDC), (preDC2), 
(CD11c+iDC), Mo, PMN, 
M(|), Resting B ^ « Gc-B, 
preDC2, M(|), 
Resting B^I<^Gc-B, (NK) 
preDC, (CD1 Ic+iDC), Mo, PMN, 
Resting Bi>:u Gc-B, 
preDC2, Resting B-»7IGc-B. 
(NK), (Mc|)ZLLPS), (Mo) 
(GD11 c+iDQ.Resting ->7I -Gc-B 

Refs. 

13,15,19,62 

13,15,19,41 

13,15,19,67 
13,19 

13,15 
13,19 

13,19 

13,19 

13,17,19,25, 
67 

,13,19 

Cells that express small amounts of the indicated TLRs are in brackets. TLRs whose expression is 
regulated via another TLR ligand or signal are underlined. Mo= monocytes; Mast= mast cells; DC= 
dendritic cells; PMN= polymorphonuclear leukocytes; M(t)= macrophages; Gc = germinal center; NK= 
natural killer; G= gram. 

possible connection with allergy and atopic diseases, PGN, but not LPS, can induce the release 
of histamine by mast cells. ̂ "̂  

Monocytes 
Monocytes are precursors of myeloid derived DCs and macrophages. Human monocytes 

express TLRs 1, 2, 4, 5, 6 and 8^̂  and increase their expression of TLR4 when treated by 
IFNy,^^ whilst IL-10 has the opposite effect. ̂ ^ 

Human monocytes can traverse the endothelium and, as for cells of the immune system, 
become either macrophages or dendritic cells, depending on the cytokine cocktail employed in 
the culture medium. GM-CSF and IL-4 induce blood monocytes to become precursors of 
DCs (preDCs) whilst TNFa results in CDla^ DCs and GM-CSF and IL-15 skew develop
ment towards langerin^ DCs (similar to Langerhans cells in skin). On the other hand, the 
addition of fibroblasts favors the generation of CD 14^ macrophages, as the fibroblasts secrete 
IL-6, which induce the M-CSF receptors that promote macrophage development. 

Monocytes can thus be seen as precursors for both the macrophage and DC lineage, or 
alternatively, as tissue specific precursor cells that appear to be similar but bear different surface 
markers. Depending on the culture conditions (or that of the tissue), precursors of one cell type 
might predominate over the other. Thus TLRs may contribute to monocyte differentiation by 
transducing differentiation specific stimuli. 
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Table 3. Cellular distribution and function of human TLRs 

Cells 

Neutrophils(PMN) 
Mast cells 
Monocytes 
Macrophages 

NK cells 
Resting B cells 
Germinal c B cells 
preDC(Monocytes) 
iDCCCDIIc-'iDC) 

plasmacytoid DC 
(preDC2) 

TLR Expression 

1,2,4,6,8 
2,4 
1,2,4,5,6,8 
1,2,3,4,6,7,9 

1,(7,9) 
(1,4), 6, 7, (8,) 9, 10 
1,2,6, 7,8,9, 10 
1,2, 4, 5, (6,) 8 
1,2,3,(5,6,8, 10) 

(1,6,) 7, 9 

Roles 

Pattern recognition 
Pattern recognition 
Pattern recognition 
Pattern recognition 
(Ag presentation) 
Pattern recognition 
Pattern recognition 
Pattern recognition 
Pattern recognition 
Pattern recognition 
Ag presentation 
(Ag crosspresentation) 
Pattern recognition 
(Ag presentation) 
(Ag crosspresentation) 

References 

10,11,1941 
12 
13,41,68 
18,69 

15,19 
19,25 
19,25,41 
13 
13,18,31,67,68 

13,18,67 

TLRs that are strongly expressed are in bold typeface, whereas weakly expressed TLRs are in brackets. 
Underlined numbers denote regulation (induction) via an exogenous factor. The brackets in the 'Roles' 
column denote a requirementforthe activation or maturation ofthe cells indicated. Monocytes appear 
twice, as some authors report them as preDCI cells. 

Macrophages 
Macrophages are generated in the tissues from monocytes, but unUke DCs, do not mi

grate. Human macrophages are efficient APCs and express a variety of TLRs (see Table 3). The 
available information about TLRs expressed on mouse macrophages is largely concordant with 
the human data. 

Macrophages can interpret the molecular patterns expressed by intruding microorgan
isms, and are activated by bacterial products. Their immediate action, at the site of tissue 
damage, is controlled by various factors that include both the autonomous and the effector 
arms of central immunity. There is a direct activation of autonomous immunity via TLRs, and 
an indirect one, via IFNy. The most potent activator of macrophages is IFNy, a product of 
activated NK cells and effector CD4 T helper-1 cells. Activated macrophages perform a series 
of important functions. These include the production of extracellular oxidative radicals that 
can damage pathogens (and normal tissue), the production of the vasodilator, nitric oxide 
(NO), the secretion of proinflammatory cytokines that increase body temperature, mobilize 
fatty acids, and, in high enough quantities, cause septic shock. Macrophages also act to secrete 
chemokines that attract effector T, B, plasma and other cells to the site of inflammation, 
upregulate MHC class I, class H, Fc and complement receptors and kill intracellular bacteria. 

Using microchip technology, a unique gene expression profile was found to be induced by 
Gram negative bacteria (via TLR4) in human macrophages that included the upregulation of 
IL-12 p70 and type IIFN. This was in stark contrast to the profile induced by Gram positive 
bacteria acting via TLR2. 

Exposing macrophages to LPS (via TLR4) induces a hyporesponsive state to a second 
challenge with LPS, which is called LPS tolerance. This response is also induced by pre-expo-
sure to TLR2 ligands. LPS signaling involves at least two pathways; a MyD88 dependent cas
cade that is important for the secretion of proinflammatory cytokines and a MyDSS indepen
dent pathway (via TICAM; TRIP) that controls the expression of IFNp inducible genes. 
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The direct activation of macrophages via TLRs is exemplified in experiments with TLR 
gene knockout mice. Macrophages from mice deficient in TLR3 (that binds dsRNA) exhibited 
specific defects in the secretion of IL-6 and IL-12, activation of N F - K B , and the induction of 
type I IFN in response to poly(I:C). All of which indicate the role of macrophages in the 
antiviral response. Experiments with other TLR deficient macrophage cell lines have shown 
that macrophages also play an important role in antibacterial, antiparasitic and antifungal im
munity (for a review see re£ 6). Immunization preparations like bacillus Calmette-Guerin 
(BCG) can activate murine macrophages and induce the secretion of TNFa. This effect is 
mediated by both TLRs 2 and 4, as double deficient murine macrophages fail to respond to 
BCG by secreting TNFa, whereas single TLR2 or TLR4 deletion mutants retain some TNF 
production. 

The expression of certain TLRs can be regulated by receptor ligand interactions that in
volve other TLR family members. For example, LPS (probably acting via TLR4) can induce 
mouse macrophages to upregulate TLR9. However, there is a dichotomy in antigen presenta
tion between macrophages and DCs that is initiated by TLR ligand binding. TLR3 and TLR9 
ligands are inefficient in inducing crosspresentation in macrophages and macrophages require 
a thousand fold higher concentration of antigen to generate the same effects as DCs.^^ This 
would suggest that macrophages are poor stimulators of antigen specific precursor CDS T 
lymphocytes (pCTL) when pulsed by TLR3 or TLR9 ligands plus antigen in somatic tissue. 

NK Cells 
Human NK cells express mRNA of the ubiquitous TLRl and very low amounts of TLR7 

and TLR9.^^ However, TLR9 ligands can activate NK cells^^ and it is possible that pattern 
recognition by TLRs can induce immediate action in these cells. Activated NK cells can kill 
somatic cells that lack particular MHC molecules as a result of their viral infection or malign 
transformation (as detected by killing inhibitory receptors, KIRs). NK cells can also kill cells 
that express unusual MHC molecules (recognized via killing activating receptors, KARs) and 
produce IFNy to activate macrophages. 

Expression and Function of TLRs in Cells of Central Immunity 

Dendritic Cells (DCs) 
Various populations and maturation stages of DCs have been described that depend on 

their tissue distribution and species of origin. Most DC subtypes share capabilities such as 
antigen presentation, the costimulation of T cells, migration to and from somatic tissues and 
cytokine and chemokine secretion. However, some express different sets of TLRs (Tables 2,3). As 
DCs can orchestrate immune responses, the function of their TLRs is of paramount interest. 

Human DCs 
In human blood we can find monocyte like precursor cells (preDC or MoDCs) that de

velop, after 7 days in culture with GM-CSF and IL-4, into immature DCs. These can develop 
further, with the addition of TNFa, into mature type 1 DCs. These cells have been used 
extensively in cancer immunotherapy. Blood also contains immature DQs (iDCs) that are 
CDllc^HLA^ that can be induced to mature into mDCs. Mature DCs display a myeloid 
phenotype of markers, have upregulated costimulatory markers such as CD80 and CD86 and 
produce cytokines such as IL-12p70, IL-18 and IL-23 that help Thl development. This DC 
pool, called DCl , still contains clearly divisible subpopulations and is probably derived from 
precursor cell preDCs. Another DC lineage found in blood is the plasmacytoid DC (pDC), 
with the phenotype CDllc'IL3R^CD45RA^ (for review see re£ 21). The plasmacytoid DC 
lineage resembles that of B plasma cells, without B cell markers but with the CD4 T cell 
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marker. Plasmacytoid DCs secrete IFNa, and can mature into the DC2 subset, which shows a 
Th2 skewed cytokine secretion profile (IL-4, IL-10). 

Human bone marrow cells can also yield various types of dendritic cells in vitro, if incu
bated with various cytokines. The mature mDCl and mDC2 subsets probably represent the 
terminal stages of preDC development and it is thought that these two lineages might have 
originated from either lymphoid or myeloid precursors. However, it is possible that yet more 
DC types exist. 

DCs express the widest known repertoire of TLRs (Table 3). PreDC, or monocyte like 
cells (MoDCs) express TLRs 1-8 excepting TLRs 3 and 7, which are expressed on mature DCs. 
Immature iDCs have a decreased expression of all TLRs, except TLR3. IDCs also seem to lack 
the expression of TLR4, though TLR4 may be present at a concentration that escapes detec
tion. Interestingly, DCs are equipped with additional pattern recognition receptors that in
clude the mannose receptor and DEC205, a C type lectin, both of which have roles in en-
docytosis or phagocytosis. 

An important albeit transient capacity of immature DCs is endocytosis. It provides the 
means by which a microbial antigen can be taken up, processed, loaded onto MHC molecules 
and presented to T cells. This constitutes the first act in T cell activation (and is generally the 
start of the immune response). The processing and presentation of antigen will be described 
later. Mature DCs, on the other hand, loose this phagocytic capacity, but instead acquire an 
increased antigen presentation competence due to their enhanced expression of MHC II mol-
ecides. Consequently, DCs can trap their engulfed antigenic loads until they can present them 
to T cells in the lymph node. This makes them a unique class of cells that can capture a repre
sentative antigenic profile of each tissue that they pass. 

Mouse DCs 
Murine DCs share many markers with their human counterparts (for a review see refer

ence 22). Certain populations have a common marker like CD l ie , which is, in association 
with CD 18, an integrin molecule. Murine DCs can also express markers common to the helper 
and cytotoxic T cells, CD4 and CD8a. The latter is not found on their human counterparts 
(thought to be pDCs). Based on these markers there could be at least 6 different murine DC 
populations. DCs can be fiirther subdivided on the basis of their expression of the CD45RA 
and CD205 markers, a protein phosphatase and C type lectin respectively. Both, the lymphoid 
and myeloid lineage of DC progenitors have the potential to give rise to all known populations, 
however at different ratios. In addition, subpopulations differ in their production of cytokines 
and in their expression of additional cell surface markers, which could relate to their tissue of 
origin (spleen or bone marrow). The fimction of these subpopulations is not yet clear. 

Precursors of murine homologues of the human preDC 1 and preDC2 (pDC) subtypes 
have also been identified in blood. A CD l i e ' ^CDllb'CD45RA^ mouse population closely 
resembles human plasmacytoid cells (pDCs or preDC2) on the basis of their morphology and 
function, as CpG motifs can stimulate these cells to produce IFNa and develop into CD8^ 
DCs. A second population of preDCs has the surface phenotype CDl Ic^CDl lb^CD45RA' 
and closely resembles the precursors of human preDC 1 cells that go on to develop into CD8' 
DCs after stimulation with TNFa. In the mouse, the precursors of DC2 cells (preDC2) strongly 
express TLRs 7 and 9. Virus or challenge via TLR9 can trigger these cells to develop into DC2 
cells that secrete type I interferon (IFNoc/p). These DCs generate IL-4, which has a strong 
influence on the preDC 1 population by enhancing the production of IL-12p70. The preDC 1 
population has a different TLR profile, and expresses almost all of the TLRs, except 7 and 9. 

Spleen or bone marrow derived precursors of the murine preDC 1 subset (myeloid precur
sor) and preDC2 subset (plasmacytoid precursor) can induce the development of both Thl 
and Th2 effector cells depending on antigen dose. At high doses Thl cell development is 
favored whilst lower antigen doses induce the development of Th2 cells.^^ 
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DC Maturation 
When considering the developmental preDC/DC pathway we should clarify the term 

maturation when used in the context of DCs. Maturation is a series of changes that can be 
elicited by LPS, viral or bacterial infection, cytokines, bacterial DNA, extracellular matrix in 
inflamed tissue or the ligation of molecules on immature DCs (iDCs) such as CD40. Various 
TLR ligands can induce bone marrow derived DCs to mature. The concentration of ligand 
that induces maturity (as measured by the induction of costimulatory molecules CD80, CD86) 
varies gready. Remarkably, peptidoglycan and flagellin require the highest concentrations, whereas 
LPS can induce the maturation of DCs at a thousand fold lower concentration than most other 
ligands. The maturation of iDCs generally leads to downregulation of most TLRs. 

Thus, triggering TLRs can induce the maturation of iDCs, in terms of their secretion of 
cytokines (IL-6, TNFa) and upregulation of costimulatory molecules (Fig. 7A). The intracel
lular pathways that lead to these events have been extensively studied (Fig. 7A) though are 
incomplete given that subpopulations of iDCs might differ in their developmental require
ments, stimulation, and further maturation. These factors could influence the biological func
tions of DCs and specific immunocytes. Namely, in addition to costimulatory molecules like 
CD80 and CD86, there are other B7 family members whose expression on APCs, like DCs, 
may differentially influence the fate of stimulated T cells. The relationship of these molecules, 
for example ICOS and the PD-1 receptor and their ligands, ICOS-L and PDL1/PDL2, with 
TLR signaling is poorly understood. 

Maturation of DCs is probably one of the main reasons for successful vaccination against 
infectious diseases. For example, BCG consists of a purified noninfectious material that in
cludes a cell wall derived peptidoglycan, arabinogalactan, and mycolic acids, all of which can 
induce the maturation of human preDCs. This is probably mediated via TLR2 and TLR4, as 
murine macrophages that lack these molecules fail to secrete TNFa in response to BCG.'^ 
Note that pathogens have also evolved counter stratagems to avoid initiating an immune re
sponse. One stratagem adopted by some bacteria is to evade DC pattern recognition receptors 
by ^hiding' intracellularly. 

Another potential function of DC TLRs is to polarize T cells towards either a Thl orTh2 
response. The migration of preDCl cells from tissues into lymph nodes can be induced by 
prostaglandin PGE2 which also inhibits the Thl polarizing cytokines in DCs. IL-4 can coun
teract this effect in iDCs. It would be interesting to test whether TLR signaling can influence 
prostaglandin secretion in somatic tissues. 

BCeUs 
Naive human B (CD5') cells express significant levels of TLRl and TLRs 6-10. Activation 

of B cells in vivo (in the germinal center; Gc-B) results in an induction of TLRs 7, 9 and 10 but 
not the other TLRs. ̂ '̂ Thus, central memory B cells can upregulate certain TLRs (Tables 2,3). 

TLR ligands like unmethylated CpG DNA and LPS can also upregulate the CD80 
costimulatory protein in B cells. According to some researchers, TLRs are potent, T cell-inde
pendent polyclonal activators of murine and human B cells (in terms of proliferation and 
differentiation). In contrast, others hold that BCR engagement is necessary for TLR mediated 
B cell activation. Simultaneous crosslinking of the BCR by BCR specific antibody enhances the 
TLR9 mediated intracellular response of B cells to CpG motifs. Mammalian DNA lacks stimu
latory CpG motifs, and many of the remaining motifs are normally methylated. Consequendy 
mammalian DNAs are weak stimidators. Very low affinity DNA binding or IgG binding self 
reactive B cells usually fall beneath the threshold required to induce anergy, deletion or editing. 
However, immune complexes in normal individuals (for example, anti DNA antibody bound 
to self DNA) may be stimulatory to naive B cells because, hypothetically, synergy between the 
BCR and TLR9 could trigger them. Ordinarily, this does not happen (at least not in naive B 
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cells), because BCR signaling mediators inhibit the TLR9 signaling pathway, a situation that 
also applies to higher afFinity D N A specific naive B cells. Analogous to the TLR9 scenario, 
TLR4 (or LPS) signaling could also cause the stimulation of potentially autoreactive B cells. 
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However, the mechanism that operates in naive B cells to inhibit TLR9 signaling could also 
inhibit TLR4 signals and suppress autoantibody generation under normal circumstances.^ 

In 1974, Coutinho observed that B cell activation can be tri^ered by LPS. This prompted 
the idea that B cells do not necessarily need to signal via the BCR or with T cell help. The 
hypothesis that a single nonspecific signal could stimulate B cells was subsequendy proven 
wrong as BCR signaling was shown to be necessary during B cell activation. However novel 
data has shown the increase of, in particular, TLRs 7, 9 and 10 in B memory cells, which leads 
us to an interesting possibility. Namely, we could envisage that central memory B cells can act 
similarly to, but not exactly as proposed by Coutinho. Naive B cells do not normally respond 
to CpG ligands via TLR9, because they uncouple the intracellular pathways that could lead to 
the development of autoreactive antibodies. However, in memory B cells, a different situa
tion could arise. Renewed pathogen intrusion can cause local tissue damage, which would 
release double stranded genomic DNA. Memory B cells could bind genomic DNA using TLR9 
and pathogenic antigen via their BCRs and become activated, but without T cell help. So, 
memory B cells would respond swiftly to renewed infection in the presence of recognizable 
antigen. Thus, TLR9 signaling might increase the speed yet retain the specificity of in vivo B 
cell responses (Fig. 7B). 

Memory B cells are usually formed through a tight T cell controlled response, which 
prevents the formation of a B cell memory with a high affinity autoreactive antibody reper
toire. However, if these controls fail or if B cell tolerance malfunctions, then the normal checks 
and controls that are exerted over memory could collapse and the potential for autoimmune 
pathology arise. For example, if a naive B cell clone reactive against self antigen became a 
memory cell, it could be activated in a T independent fashion via TLRs triggered by the prod
ucts of local tissue damage. This could lead to the production of autoreactive antibodies. 

An experimental autoimmune disease model in which dual engagement involving TLR9 
and the BCR could induce naive B cell activation and proliferation has suggested another role 
for TLR9. B cells were shown to bind antibody-chromatin complexes in the serum of MRL-lpr^^ 
^AM14 transgenic mice. Naive AM 14 transgenic B cells that are specific for the Fc portion of 
an IgG2a antibody are normally inactive in AM 14 transgenic mice. However, in animals crossed 
with an autoimmune prone genetic background like MRL-lpr, they become activated, and 
develop into cells that produce Fc specific antibodies (rheumatoid factors). Their activation 
was shown to be dependent on the engagement of both TLR9 and transgenic BCR Firsdy, 
TLR9 binds chromatin, then the transgenic BCR binds the Fc portion of the immune complex 
formed by chromatin and an antibody specific for chromatin. This dual binding (or crosslinking) 
triggers AM 14 B cell activation and proliferation, leading to rheumatoid factor production 
and other autoimmune symptoms. This report seems to contradict the finding that naive B 
cells inhibit TLR9 signaling by contemporaneous BCR signaling."^ An explanation for this 
could be that the genetic background of the mice uncouples the "brake" in TLR9 signaling as 
the AM 14 transgenic mice (with non MRL-lpr genetic background) do not normally generate 
rheumatoid factors. However, there is as yet, no evidence regarding the nature of the molecule(s) 
involved in these processes. 

In mice, TLRs can affect isotype switching in B cells. The TLR9 ligand CpG (but not the 
TLR4 ligand, LPS) upregulates the intracellular mediator T-bet (Thl gene regulator) in nor
mal B cells, an effect that was abrogated in mice deficient in TLR9 and MyD88. IL-12 acts 
synergistically with the TLR9 ligand. In fact, upregulation of T-bet mimics, in part, the Thl 
type antibody response, because of the inhibition of IgGl and IgE switching. IL-4 and CD40 
specific antibodies can induce these isotypes in purified B cells from normal mice. A switch to 
IgE is usually found when aTh2 type response is favored and is epitomized by allergy. Perhaps, 
TLR9 has immunomodulatory effects in suppressing some allergic responses. In conclusion, 
the function of TLRs in (CD 5 negative) B cells might be to speed up secondary immune 
response to antigen, and affect isotype switching. 
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TCeUs 
Human T cells have either no expression of TLRs or express very low levels of the mRNAs 

of some TLRs such as TLR6, TLRS, and perhaps TLR2 (Tables 2,3)- TLRs have an indirect, 
though profound influence on T cells which is described in the following section. 

The Roles of TLRs in APC—T Cell Interactions 
TLR function in antigen presenting cells is implicated in antigen presentation to T cells, the 

expression of costimulatory molecules and the capability of APCs to polarize T cell responses. 

TLRs and Antigen Presentation 
Professional APCs like DCs, macrophages and B cells express basal levels of the MHC 

class I and II proteins at their cell surface. Upon maturation or activation, APCs upregulate the 
expression of both classes of MHC molecule. The consequence of this is an enhanced presen
tation of antigens to T cells. There are two basic pathways by which an APC can process and 
present antigen: endogenous and exogenous. 

Endogenous Pathways of Antigen Presentation 
The classical endogenous pathway involves MHC class I molecules. These proteins are 

found on all nucleated cells and usually present peptides derived from intracellular antigens. 
Proteins synthesized within the cell can be also degraded in the cytoplasm to generate peptide 
fragments that are transported across the ER membrane and loaded onto newly synthesized 
chains of the class I molecules in the ER. The MHC class I - peptide complex is then trans
ported to the cell surface via the golgi apparatus and secretory pathway (Fig. 8A). Rarely, en-
dogenously synthesized proteins are also presented on MHC class II molecules. 

The Exogenous Pathway of Antigen Presentation 
There are two types of exogenous antigen presentation pathway. Peptides from extracellu

lar antigens can be presented on MHC class II molecules via the classical pathway (Fig. 8B). 
However, peptides derived from extracellular antigens can also be presented by MHC class I 
molecules in a process called crosspresentation or crosspriming, in reference to the activated T 
cell readout employed. Crosspresentation represents the nonclassical pathway (Fig. 8C). 

The MHC Class IIAntigen Presentation Pathway 
MHC class II molecules are normally expressed on professional APCs and, under 

nonphysiologic or pathological conditions, can also be expressed on other tissues. Antigen is 
internalized by endocytosis into intracellular vesicles, which gradually acidify, degrading their 
antigen cargos. MHC class II molecules are de novo synthesized in the endoplasmic reticulum 
(ER) and transported from the ER via the golgi compartments to endosomal vesicles. These 
fuse with the vesicles in which antigen degradation occurs to form a specialist compartment in 
which peptide loading can take place. Subsequently, the peptide-MHC class II complexes are 
transported to the cell surface for presentation to T cells. 

Crosspresentation: MHC Class I Antigen Presentation Pathway 
Crosspriming was first described as the stimulation of class I restricted precursor cytotoxic T 

lymphocytes (pCTL; CDS T cell) by exogenous, cell associated antigens. Since then, soluble forms 
of antigen have also been shown to induce crosspriming. Therefore, a commonly used definition 
for crosspriming is the capacity of exogenous antigens to stimulate class I restricted CTL responses 
(Fig. 8C). Crosspresentation is the presentation of peptides by class I molecules toT cells, whereas 
crosspriming involves, additionally, the costimulation of naive CD8 T cells. The consequence of 
these definitions is that peptide-MHC specific effector CTLs can kill cells by crosspresenting 
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antigenic peptides, even if they lack costimulatory molecules. This is an important distinction: 
pCTLs require crosspriming for activation and proliferation, whereas effector CTLs require only 
crosspresentation in order to unleash (activate) their killing machinery. 

Protein antigens or their peptide fragments can be taken up by the antigen presenting cell 
in two ways, endocytosis or direct cell-cell contact (gap junctions). Endocytosis allows APCs to 
engulf antigens in cellular debris, apoptotic bodies and live or dead micro-organisms. How
ever, peptides derived from neighboring cells in a tissue can, for example, enter a dendritic cell 
via gap junctions. If the cell died by apoptosis (because of infection or in the course of tumor 
growth), the apoptotic bodies would contain pathogen specific or tumor derived antigens, and 
perhaps their peptides. Crosspresentation of these could induce C T L responses against patho
gens or tumor cells. Particles taken up by phagocytosis have a tendency to induce crosspriming, 
but the molecular mechanism is still unclear. Many bacteria live in vacuoles inside phagocytic 
cells as a part of their life cycle and it has been shown that the antigens derived from these live 
intracellular bacteria can be crosspresented on M H C class I antigens to induce C T L responses 
that kill the infected cells. Additionally, antigens in cell debris can, after phagocytosis, be 
crosspresented on class I molecules. Immature DCs have several receptors for apoptotic bodies 
that can contribute to crosspresentation, employing the cytoplasmic pathway. These receptors 
include mannose binding lectin, scavenger receptor and iC3b binding molecules like C D l i b , 
C D l l c , C D 2 1 a n d C D 3 5 . 

TLR Ligand Linked Antigen Presentation in Immature DCs 
Human immature D C s derived from bone marrow, pulsed with antagonistic TLR2 spe

cific mAbs containing K light chains, could stimulate a C K specific CD4^ T cell clone in the 
absence of maturation effects on iDCs (Fig. 7C). An isotype/light-chain matched control anti
body produced a two to three orders of magnitude lower response, indicating enhanced anti
gen presentation via TLR2. Stimulation was TLR2 specific, as antibodies against other surface 
molecules such as CD62 and CXCRl were not stimulatory. Inhibitors of lysosomal degradation, 
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processing and MHC class II presentation like chloroquine, leupeptin or brefeldin A almost 
completely abolished T cell stimulation. Furthermore, an anti-TLR2 mAb was direcdy shown 
to reside in endosomal vesicles in pulsed iDCs. Thus, antigen linked to the TLR2 ligand can 
be endocytosed after binding TLR2, processed via the classical (exogenous) pathway of antigen 
presentation, and can enhance the stimulation of T cells. This same route could be exploited to 
generate more efficacious vaccines. 

Unlinked TLR Ligand Antigen Crosspresentation in Mature DCs 
TLR9 ligand (oligonucleotides containing CpG motifs; CpG) or TLR3 ligand (poly I:C) 

were mixed with ovalbumin, incubated with mouse bone marrow derived iDCs, then tested for 
their ability to crossprime ovalbumin/MHC specific precursors of cytotoxic CDS cells (pCTL; 
naive or resting CDS T cells). The antigen was not linked with the TLR ligand. Ovalbumin 
was endocytosed, processed, its peptides loaded onto both MHC class I and class II molecules 
and subsequently presented to T cells. Such pulsed mDCs were able to stimulate syngeneic 
ovalbumin peptide/MHC class I specific pCTL and this stimulation was MyDSS dependent, 
showing the importance of the TLR signals in crosspresentation. As a control, these DCs were 
also able to stimulate autologous CD4 T cells (bearing ovalbumin peptide/MHC class II spe
cific TCR), showing their ability to engage in classical, exogenous antigen presentation using 
MHC class II molecules. A CDS^ subset of mouse DCs was shown to be able to crosspresent 
and present ovalbumin peptides. 

Interestingly, if DCs were first pulsed with TLR9 ligand, washed, then incubated with 
ovalbumin an unexpected result occurred. TLR9 binding could sensitize DCs to take up oval
bumin for crosspresentation for several hours after they had been pulsed with CpG. In con
trast, TLR9 ligand pulsed, then ovalbumin pulsed DCs, were unable to present ovalbumin to 
autologous CD4 T cells. It seems, therefore, that TLR9 triggering engages a crosspresentation 
machinery (Fig. 8C), whilst at the same time uncoupling the classical, exogenous MHC class II 
pathway of antigen presentation in mDCs (Fig. SB). Macrophages, on the other hand, do not 
possess the ability to crosspresent ovalbumin after being pulsed with CpG. 

In these experiments, antigen was not endocytosed by TLRs. DCs have plenty of mol
ecules that facilitate antigen capture, for example. Fey receptors. There is however, a dichotomy 
between the crosspresentation pathway of FcyR and those of TLRs 3 and 9. All three use 
cytoplasmic pathways, but TLR mediated crosspresentation does not require acidification in 
an endosomal compartment. It is possible therefore that TLRs trigger an unknown mechanism 
that operates early in endosomes, shutding bound antigen into the cytoplasm of DCs for fur
ther processing and crosspresentation on MHC class I molecules. 

Presentation of Self Antigens that Are TLR Ligands in DCs 
In mice, TLR2 and TLR4 binds exposed ends of fibronectin, hyaluronan, and heparan 

sulfate, which are present in the extracellular matrix. TLR4 has been implicated in binding 
mouse extravascular fibrin(ogen),^^ which is found in tissues only if vascular permeability is 
increased, as in inflammation. Interestingly, human DCs can mature in the presence of chon-
droitin sulphate and hyaluronic acid (hyaluronan) when cultured together with GM-CSF,^ 
suggesting that human TLRs bind inflamed tissue extracellular matrix. Furthermore, human 
HSP60 and 70 can also act as ligands for TLRs 2 and 4.^ '̂̂ ^ Human genomic DNA may also 
be modified in inflamed tissues, such that CpG islands can bindTLR9 (Fig. 5B). Even without 
modifications, mammalian genomic DNA is weakly stimulatory. ^ All these TLRs were shown 
(using different antigen response models) to be able to present antigens to T cells. Thus it is 
possible that self-antigens can be captured and processed by DCs expressing TLRs, and used to 
stimulate autoreactive T cells. 
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TLBs and T Cell Costimulation 
The antigenic peptide/MHC complex binding to TCRs of naive or memory T cells is a 

prerequisite for the initiation of the immune response. There is ample evidence thatTLRs can 
indirecdy provide costimulatory signals to T cells via the activation or maturation of APCs. 

TLR signals in immature DCs can, under certain conditions, provide only an antigen 
presentation facility to T cells. In other words, antigen presentation can be dissociated from 
costimulation (upregulation of CD80 and CD86) in immature DCs. Evidence for this comes 
from experiments in which authors usedTLR2 as a point of antigen entry and showed that an 
antagonistic human TLR2 specific mAb (TL2.1) containing K-light chains could be taken up 
by iDCs, processed into peptides, and subsequently loaded onto MHC class II molecules to 
stimulate a C K specific CD4^ T cell clone.^^ The TL2.1 mAb was antagonistic, because it had 
no stimulatory effect on macrophages in comparison to agonist mAb (Fig. 7C). ^ The authors 
showed thatTL2.1 could bind toTLR2 molecules on iDCs, but neither upregulation of CD80 
and CD86 nor secretion of TNF was observed. There was nothing wrong with the maturation 
capability of TL2.1 pulsed iDCs, because iDCs could be induced to mature and to express 
costimulatory molecules by the addition of TLR ligands like Pam3Cys (TLR2) or LPS (TLR4). 
Then, they showed that TL2.1 was endocytosed, processed into peptides, loaded onto class II 
molecules, and finally expressed on the cell surface for presentation, as determined by prolifera
tion and interferon y release of a responder T cell clone. The T cell clone did not require 
costimulatory molecules for these actions, because it was an effector cell. The result indicated 
that iDCs could dissociate antigen presentation from the costimulation of T cells. Thus, anti
gen internalization and processing can be initiated by binding to TLR2 for presentation on 
MHC class II molecules. Further, it does not necessarily hold that every time a ligand binds to 
TLR2, an iDC will be activated to provide both a stimulus and costimulus to naive T cells (Fig. 
7C). Though the experiment with naive T cells is needed to confirm this suggestion, the result 
by Schjetne et al is consistent with this hypothesis. It would be interesting to know whether the 
actions of other human TLRs on iDCs can be similarly dissociated. If so, perhaps the missing 
signal (needed for full activation of iDCs) could be called co-initiation or co-activation. Thus, 
TLRs can provide two kinds of signals, one that fully activates DCs, propelling them towards 
a more mature phenotype, and a second that only partially activate DCs, rendering them de
void of costimulatory molecules, but capable of presenting antigen. 

Is there other evidence that TLRs have two modes of action? The answer is yos and comes 
from experiments using crosslinked TLR4 to test signaling under suboptimal ligand concen
tration. Crosslinking (not just binding) of TLR4 by LPS is necessary for downstream signaling 
from macrophages. Ligands such as HSPs act on TLR4 by enhancing the stimulatory effects 
of otherwise substimulatory concentrations of LPS (Fig. 7D). This could, perhaps, be under
stood as a dissociation of TLR4 signaling, similar to that seen with TLR2. Furthermore, evi
dence that intracellular TLR signaling cascades can be synergistically triggered by ligands for 
TLRs 2 and 9, or 4 and 9, under suboptimal conditions (Fig. 7E), supports the idea for 
two-level TLR signaling. 

TLRs and Polarization of the T Cell Response 
In human DCs, aTLR4 agonist specifically promoted the production of IL-12p70, which 

is associated with the Thl responses. In contrast, TLR2 stimulation resulted in the secretion of 
the IL-12 inhibitory p402 homodimer, producing an environment that would favor Th2 devel
opment. CpG DNA, as a TLR9 ligand, also has immunomodulatory effects, such as induc
tion of the Th2 type cytokines (IL-4 and IL-10) in DCs. 

Induction of costimulatory molecules on APCs is probably not the only mechanism that 
can control naive T cell activation. T cell responses can also be regulated by CD4^CD25^ 
regulatory T cells (Tr cells) (for a review see ref AG), and TLRs might play a role in their 
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generation. These cells are thought to be important for the maintenance of peripheral T cell 
tolerance, as their depletion leads to organ specific autoimmune diseases. Though the molecu
lar mechanism of Tr cell mediated suppression is unknown, it seems to be cell contact depen
dent. The inhibition of IL-2 transcription in responder T cells is one of the results of such 
suppression. 

The culture medium of DCs stimulated by TLR4 andTLR9 ligands (LPS and CpG) has 
been shown to inhibit the generation of regulatory T cells. This has been shown to be depen
dent on IL-6. ^ It seems likely that the generation of regulatory T cells depends on the lack of 
certain TLR signals, however the precise mechanism remains unclear. 

Various kinds of TLR signaling pathways may influence the expression of cytokines in 
APCs, which may, in turn, regulate the formation of various types of T helper (Thl, Th2 and 
Th3) or regulatory T cells. 

TLRs and Theories about the Function of the Immune System 
A critical question in immunology concerns the initiation of the immune response. How 

do the current theories of immune system function tackle the role of TLRs? Further, how 
useful are the current immunological theorems and how can we put them to the test? 

Ideally, theories about immunity should find fundamental and, hopefully simple rules, to 
explain and clarify the biological, cellular and molecular ftinctions of immunity. The theory 
then becomes a "map" upon which we can plan our research. It is obvious that such a "map" 
will only be complete when we have obtained an all-encompassing knowledge of all the struc
tures and molecules involved, and their interactions. Obviously, this will take some time! In the 
meantime we can take a short cut by making some educated guesses. At the same time, it stands 
to reason that an oversimplistic theory will require multiple additional explanations or rules in 
order to accommodate new or controversial results. This has the effect of generating a rather 
complicated and unwieldy theorem of limited use in explaining, or predicting, the workings of 
the immune system. 

Self'Nonself Discrimination and Associated Antigen Recognition 
The "Self-nonself" discrimination (S-NS) model has evolved considerably since it was 

first conceived by Bretscher and Cohn in 1970. Its basic tenet is that cells of the immune 
system can recognize exogenous molecules by clonally distributed receptors on immunocytes. 
These exogenous or "nonself" molecules are mostly derived from pathogenic microorganisms. 
That TLR ligands are polyclonal activators of the immune system neither fits the original 
theory, nor its latest incarnation as the Associated Antigen Recognition (AAR) model (Langman 
and Cohn). This model describes the activation of the specific immune system solely by 
nonself antigen. This occurs by the generation of two major signals that can activate naive B or 
T cells. The first signal (signal-1) is derived from the antigen receptor (BCR or TCR), and 
causes programmed cell death (clonal deletion), which results in tolerance to a particular anti
gen. The second signal (signal-2) rescues the cell from death. For B cells, this signal is T cell 
help. For T cells, this is also T cell help, but from effector T cells. How the latter are formed is 
not known, but the authors predict that each naive T cell would, by default, differentiate after 
some period of time into an effector. Thus, in short, only novel antigen, never before encoun
tered by the immune system can initiate specific immune responses. The model suggests that 
tolerance to self-antigens occurs during embryonal development or very early in the life of an 
individual and predicts that any novel antigen detected by the adult immune system would be 
seen as nonself 
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The induction of antigens in the lactating breast is an example for which this model lacks 
a simple explanation. Why do these proteins not cause autoimmunity? The concept of regula
tory or suppressor T cells is also incompatible with this model as the AAR model presupposes 
that simultaneous antigen driven inhibition would counteract the response. 

Cytokine Burst 
This model suggests that the control of the immune system rests with cytokines.^^ An 

increase in the local concentration of certain cytokines would stimulate T cells to initiate the 
immune response. This hypothesis could be adapted to suggest that pattern recognition leads 
to the secretion of cytokine "soups" that upregulate the antigen presenting capacity of APCs, 
and costimulatory molecules, both of which are required (in addition to the cytokines) to 
stimulate T cells. 

Antigen Localization (Ignorance) 
This model proposes that the regulation of the immune response lies outside of the spe

cific immune system, and is principally controlled by antigen localization.^^ This model can be 
adapted to include TLRs as mediators of signals that mobilize adaptive immunity and implies 
that migrating (non effector) T cells are ignorant of antigens in somatic tissues. In other words, 
such T cells would not be stimulated to proliferate as they cannot see antigenic peptide/MHC 
complexes, at least not in the appropriate costimulatory context. The model also predicts that 
somatic tissues lack antigen crosspriming (for pCTLs) and the expression of costimulatory 
molecules in tissue residing APCs (for naive CD4 T cells). Naive and resting memory T cells 
would only respond to antigenic peptide/MHC ligands by proliferating in lymph nodes. In 
support of this model, immature DCs (mainly found in tissues) cannot crosspresent antigens, 
whereas mature DCs (mostly lymph node resident) can.^^ The failure of macrophages to 
crosspresent after stimulation via TLRs 3 or 9^^ is also consistent with this hypothesis. Incon
sistent is evidence showing that macrophages can express costimulatory molecules upon activa
tion and are therefore capable of activating naive CD4 T cells. However, naive CD4 T cells 
mainly home to lymph nodes, and are not often seen in somatic tissues. Another prediction of 
the antigen localization model is that there would be no clonal deletion of pCTLs in somatic 
tissues as a mechanism of peripheral T cell tolerance (in contrast to the Danger model). 

Pattern Recognition 
Janeway originally proposed that infectious "nonself" substances are initiators of the im

mune response. The TLRs, according to this model are called pattern recognition receptors 
(PRRs). Consequendy, their ligands are pathogen associated molecular patterns (PAMPs). The 
model explains the ftmction of TLRs as sensors of pathogenic "nonself" and TLRs would raise 
the alertness of innate immunity, and prime adaptive immunity to discriminate self from non-
self (Fig. 9A). The model implies that TLRs are receptors for nonself molecular patterns that 
are evolutionarily foreign to a species and, as such, pattern recognition receptors serve as a 
memory of past infection. Basically, the model suggests that antigen alone, or in conjunction 
with the PRR (TLRs) signal, can activate adaptive immunity. This hypothesis can be seen as an 
extension of the self-nonself model. Recendy, it was suggested that a lack of TLR signaling in 
DCs might induce regulatory T cells (Fig. 9B), whereas TLR induced maturation of DCs 
would cause T cell activation and thence an immune response. ^ This model neglects the pos
sible influence of somatic tissues on the activity of the adaptive immune system, lacks simple 
explanations for the existence of endogenous (autologous) TLR ligands, and does not explain 
the dissociation between antigen presentation and the expression of costimulatory molecules 
on iDCs brought about by antagonistic TLR2 mAb. 
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Danger 
Matzinger's * Danger' model takes a fresh look at signal-1 and signal-2. It proposes that 

^danger' signals act as an alarm to kick start the specific immune response (signal-0), and that 
these signals include pathogen specific molecules. TLR signaling is but one of the proto
type danger signals (exogenous danger) (Fig. lOA). Other danger signals include tissue distress, 
disruption and necrotic death (endogenous danger), all of which should activate the specific 
(adaptive) immune response (Fig. lOB). Although the difference between "infectious nonself" 
and danger seems semantic, this was the first model that allowed us to shift: our understanding 
about the control of specific immunity away from the strict self-nonself paradigm. According 
to Matzinger, specific B or T cells could still react to nonself, but would only do so if danger 
were signaled. Her model predicted that danger signals would upregulate costimulatory mol
ecules on APCs, and hence activate naive T cells. Without danger, even nonself antigens would 
be tolerated (by clonal deletion of reactive T or B cells) (Fig. IOC). Therefore, a nonspecific, 
'alarm' type danger signal emanating from tissues that surround APCs and lymphocytes would 
have ultimate control of the immune response, which is quite diff̂ erent from Janeway s model. 
However, the molecular definition of danger remains elusive. Furthermore, danger represents a 
conserved alarm signal, which could, in itself, be "dangerous", as pathogens could evolve to 
avoid tripping the alarm. Consequently evolution could deselect nonspecific warning systems 
in higher vertebrates. A solution for this problem might lie in the variability of the proposed 
danger signal, which may be sufficient to overcome its eradication in evolutionary terms. Per
haps this is the reason for the diversified group of pattern receptors that we see in higher 
vertebrates. Another problem with the Danger model is the nature of "endogenous" danger 
signals. For example, if the binding of bacterial DNA toTLR9 represents "exogenous danger", 
why does the binding of autologous genomic DNA to the same receptor not constitute "en
dogenous danger"? Wouldn't this predispose us to autoimmune disease? Similar problems oc
cur in explaining the dissociation of stimulation and costimulation of T cells viaTLR2 binding 
in iDCs (see section 'TLRs and T Cell Costimulation"). Lasdy, the danger hypothesis lacks an 
explanation for regulatory T cells. 
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Figure 10. The Danger model. A) Exogenous danger signal. B) Endogenous danger signal. C) Induction of 
tolerance. 

Integrity 
The Integrity model suggests that three signals control the cells of central immunity (DC, 

T and B cells). In general, it is well known that any cell can divide, grow, differentiate, die, 
or lie dormant, but we are far from knowing all of the signals that regulate these outcomes. 
Each tissue may have its own set of regulatory signals, perhaps overlapping with one another. 
Many specialized cells, like those of central immunity, have evolved another property, namely, 
a specific effector function that requires activation. Activation, though an ill-defined term, is 
used in many different contexts in cell biology. In my view, activation should be regarded as a 
process by which a cell acquires the capacity to unleash an effector function. Therefore, to 
become an effector, a cell must make a number of decisions after its initial activation. These 
decisions would depend on the cellular microenvironment and state of differentiation. Related 
intracellular signals that can perform these functions could be grouped into several clusters 
such that the transmission of a main activating signal would be modulated by the influence of 
two (in its simplest form) auxiliary ones (Fig. 11). Hence, we can distinguish three groups of 
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Figure 11. The cellular signaling model 

stimuli. Those that descend from the main effector-function related receptor and engage vari
ous cytoplasmic intracellular mediators until the nuclear factor level. A second that assists 
receptors to modulate signal-1 either within the cytoplasm or nucleus, by engaging a different 
set of intracellular mediators and/or DNA-binding factors. These signals could compete with 
each other. A third set of signals could act to regulate the availability of certain nuclear factors 
and/or DNA accessibility (in terms of DNA binding, chromatin organization and cell-difFer-
entiation stage) (Fig. 11). These signals represent a necessarily simplified view of complex intra
cellular signal transduction pathways. In its most rudimentary sense, the cells of central immu
nity are thought to operate by receiving, modulating and transmitting incoming signals to the 
nucleus. These result in the expression of a set of specific genes that causes the cell to engage in 
a series of specific functions. The three-signal concept allows for the creation of cellular mes
sages that could be transmitted to and thereby influence neighboring or distant cells. 

In cells of central immunity, the main signal (signal-1) is provoked by antigen, peptide/ 
MHC or TLR ligand in B, T and DCs, respectively. In naive and resting B and T cells the 
receipt of signal-1 alone would cause clonal deletion. Signal-2, arising from auxiliary receptors 
would modulate signal-1. Signal-3 would derive from the acceptor signal from supplementary 
inputs and facilitate, modify or prevent the acceptance of signal-1 (e.g., nuclear translocation -
DNA binding effects). Examples of signal-2 can be envisaged. For B cells, signal-2 would be T 
cell help. For T cells it would be costimulation (if originating from CD28), or inhibition (if 
generated via CTLA4 or some other inhibitory B7 family receptor). Possibilities for signal-3 
could be predicted and their modifying action may transform stimulatory signals into homeo-
static ones for cells of central immunity. Consequendy, these signals would play an important 
role in the regulation of the class of the immune response and the generation of regulatory T 
cells. Thus, for B andT cells, signal-1 and signal-2 are, in part, similar to those described in the 
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previous models (S-NS, Danger), whereas signal-3 is a novel "integrity disruption" input that 
may derive, in part, from TLR signaling. 

The signals for DCs would be different from those for B and T cells, in that DCs would 
use TLRs for pattern recognition (signal-1), whereas signal-2 would give an estimate of integ
rity. Thus the receipt of signal-1 and signal-2 in DCs would provide a strong stimulus for 
activation (maturation) together with signal-3 (Fig. 12A). Signal-3 for DCs could be provided 
by soluble factors such as prostaglandins and / or by a break in the cell-cell or cell-intercellular 
matrix interaction and homeostatic signaling. 

The Integrity model proposes that TLRs take part in sensing tissue integrity as well as in 
pattern recognition. DCs perform these functions more efRciendy than any other antigen pre
senting cell, and would sense aberrant molecular patterns (signal-1) together with the extent of 
damage (signal-2). Evidence suggests that TLR4 can engage endogenous ligands that appear 
after tissue damage, for example, fragments of fibronectin, hyaluronan, heparan sulphate in 
intercellular matrix, and extravascular fibrin(ogen). Based on these findings, some authors 
have proposed that TLRs are surveillance receptors for tissue damage.^^ Furthermore, addi
tional endogenous ligands have been reported for the TLR2/4 heterodimer and TLR9 such as 
the stress induced heat shock proteins HSP60 and 70, and mammalian genomic DNA, respec
tively.^^' ^ In programmed cell death, apoptotic bodies would shield the release of such prod
ucts and prevent their binding to TLRs. Apoptotic bodies could also inhibit DC maturation 
via the C3d fragments with which they are coated. During necrotic cell death these same 
endogenous TLR ligands can stimulate DC maturation. However, the Integrity model predicts 
that this would happen only when endogenous ligands were present at optimal concentrations, 
as the level of tissue damage would be "measured" by the strength of TLR signaling and the 
synergy between signals. When signal-1 is limiting (i.e., monomeric TLR ligands, insufficient 
crosslinking of TLRs), a second (coactivating) signal for iDCs would be required for the ex
pression of costimulatory molecules. Maturation would require, additionally, signal-3. On the 
other hand, bacterial DNA would provide a sufficiently strong signal to iDCs for maturation 
(viaTLR9, thus linking signal-1 with signal-2, provided that the putative signal-3 is also present). 
Supporting evidence includes data showing that crosslinking (not just binding) of TLR4 by 
LPS is necessary for macrophages to signal downstream. ^ Further, ligands such as HSPs can 
act on TLR4 by enhancing the effects of otherwise substimulatory concentrations of LPS (Fig. 
7D). The intracellular TLR signaling cascade can also be synergistically triggered by the ligands 
of TLRs 2 and 9, or TLRs 4 and 9, under suboptimal conditions (Fig. 7E). In all of these 
experiments, the in vitro handling of cells would provide signal-3. Differences between this 
and the Danger model are best illustrated in the explanation of the experiment described in the 
'TLRs and T Cell Costimulation section. This experiment showed that iDCs, pulsed with a 
TLR2 specific mAb (TL2.1), could present a TL2.1 derived antigenic peptide but failed to 
upregulate their costimulatory molecules (Fig. 7C). The Danger model cannot, in simple terms, 
explain why iDCs did not upregulate costimulatory molecules when they received a "danger 
signal" via TLR2. The Integrity model explains it by proposing that DCs need more than one 
signal for maturation. Hence, TL2.1 mAb binding to TLR2 would transmit signal-1 to iDCs, 
which would be insufficient to upregulate costimulatory molecules. The prediction is that the 
missing "coactivating" signal (signal-2) could be provided by other TLR ligands under subop
timal concentrations. 

In the afferent loop of central immunity, a weak TLR signal like danger without tissue 
damage (or vice versa) would cause DCs to migrate to the lymph node, where they would 
tolerize rather than activate the immune response (Fig. 12B). Such tolerogenic DCs have been 
found to exist (reviewed in ref 59). Using this mechanism, TLRs (on DCs) could detect com
mensals, but regulatory T cells would alleviate any deleterious responses to them. This would 
allow the individual to benefit from, for example, vitamin K producing bacteria in the intestine. 
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Figure 12. The Integrity model. A) Tissue damage and infection with pathogens. B) Induction of tolerance 
regarding commensals. C) Induction of tolerance (clonal deletion in the periphery). 

The DCs that would initiate such a reaction would be stimulated by TLRs under suboptimai 
conditions and, as such, would not elicit T cell activation, but would instead generate regula
tory T cells. The latter would be able to protect commensals more assiduously than the rather 
passive intervention offered by clonal deletion. Clonal deletion would depend on an alternative 
signal-3, or the lack of it, (Fig. 12C). Evolutionarily selected to preserve commensal microor
ganisms, regulatory T cells might also have been selected for their protection of vital organs, as 
a last barrier against autoimmunity. The mechanism by which TLRs might regulate the genera
tion of regulatory T cells would, perhaps, depend on clonal competition between various TLR 
signals during the initiation of the immune response. DCs would generate two kinds of re
sponses, one that activates T cells specific for a particular antigen, and another that would 
generate regulatory T cells (with different antigen specificity). The immune response might 
thus depend on the predominant TLR signal (i.e., how much tissue damage there is). 

In summary, the Integrity model conceives the immune system as a delicate web of cells 
that senses the integrity of tissues and reacts to these as well as to external threats. The immune 
system actively responds to information about the internal milieu and distinguishes between 
three possible actions: destruction of the harmful, protection of the useful and neglect of the 
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rest (non dangerous microorganisms). Destruction would involve the activation of autono
mous and central immunity eflfector cells and soluble mediators. Protection possibly includes 
the selection of regulatory immunocytes in central immunity and neglect could operate by the 
deletion of potentially autoreactive clones in the thymus, bone marrow or peripheral lymphoid 
organs. 

TLRs in Health and Disease 
Targeting TLRs could be an efficient way to prepare vaccines against infectious diseases 

and for cancer immunotherapy. The use of agonistic ligands coupled (linked) to antigen would 
greatly enhance the potency of vaccine preparations. In addition, the vaccine might be de
signed to target various subpopulations of DCs in order to produce the desired effect; presen
tation or crosspresentation that would in turn yield regulatory cells or a strong cytotoxic T cell 
response. In the case of the former, using monomeric TLR ligands or antagonistic mAbs like 
anti-TLR2 (see "TLRs andT Cell Costimulation" section) linked to autologous antigens might 
help in the treatment of autoimmune diseases. For the latter, antigens mixed with ligands for 
TLR3 or TLR9 could cause crosspriming in pDCs and be useful in cancer immunotherapy. 
The predicted therapeutic advantage could be enormous. 

Likewise, the animal models of infectious diseases using TLR deficient mouse strains will 
undoubtedly be useful in studying the role of TLRs in infection and immunity. The detection 
of polymorphisms in patients with various diseases (including cancer) might also yield valuable 
information concerning risk profiles for the susceptibility to bacterial infections, autoimmu
nity and perhaps other diseases not necessarily linked to immunity. 

In humans, many studies have attempted to identify allelic variants of TLRs. Thus far, 
several allelic variants of TLRs 2, 4 and 9 have been identified, and used in case control studies 
to identify any predisposition to infectious diseases, atherosclerosis or autoimmunity. The 
detection of allelic variants of other TLRs in human popidations is also rapidly expanding. It is 
interesting that hypomorphic (underactive) variants of TLR4 genes are found in increased 
frequencies in individuals prone to develop toxic septicemia in the course of infectious disease 
with meningococcus. ^ 

Two polymorphisms of the TLR-2 gene have been described: Arg753Gln, which corre
lates with sepsis in a Caucasian population and Arg677Trp, which correlates with lepromatous 
leprosy in an Asian population. Leprosy is caused by M. leprae, an intracellular bacterium that 
lives in the Schwann cells around the axons of peripheral nerves. There are two types of leprosy. 
A localized tuberculoid form of the disease that causes disfigurement. Comparatively few bac
teria populate the lesions and a pronounced cell mediated host response is characteristic. The 
second type is a lepromatous form, which can be distinguished from the former by dissemi
nated (non tuberculoid) lesions with a large bacillary load and a relatively weak host immune 
response. TLRs 1 and 2 are strongly expressed in lesions from the localized tuberculoid form 
compared with the lepromatous type of disease. TLRl/2 heterodimers can bind M. leprae 
products. However, theTLR2 Arg677Trp mutation abolishes the recognition of mycobacterial 
products when transfected into HEK293 cells. 

Several allelic variants have been described for TLR4 in humans, however two seem to 
have functional significance, TLR4 Asp299Gly andTLR4 Thr399Ile. Both are less efficient in 
signaling than the wild type allele. Tested in vitro, the effects produced by Asp299Gly and 
Thr399Ile were as low as 5-10% and 20-30% that of the wildtype. These variants lead to a 
shortened immunologic response to inhaled LPS and to lower levels of proinflammatory 
cytokines, acute phase reactants, and soluble adhesion molecules. Interestingly, they are also 
associated with a reduced extent and progression of carotid atherosclerosis. Atherosclerosis is 
associated with chronic infection or inflammation, and may have an infectious origin. The 
TLR4 Asp299Gly polymorphism is associated with a risk of coronary artery disease. Strikingly, 
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patients that carry this allele (in particular those with elevated CRP levels) benefit more from 
prevastatin treatment (to prevent cardiovascular events), than patients that express the wild 
type variant. On the other hand, the TLR4 Asp299Gly genotype is not associated with disease 
progression. ^ One explanation for these clinical findings might be that the oxidized low den
sity lipoprotein (LDL), which is elevated in such patients, is a potent upregulator of TLR4. 
TLR4 proinflammatory activity might therefore be reduced in patients with the Asp299Gly 
allele, which diminishes the extent of vascular tissue damage. The TLR4 Asp299Gly allele has 
also been suggested to have a beneficial role in the systemic inflammatory response syndrome. 

Premature birth can be a consequence of urogenital infection, which is often caused by 
Gram negative bacteria. The Asp299Gly allele was associated with an increased risk of prema
ture birth. The same allelic variant may also predispose to septic shock with Gram negative 
bacteria though does not influence the susceptibility to, or severity of, meningococcal disease. 
Data showing that several otherwise healthy children, with an inherited deficiency in the IRAK4 
molecule, developed infections with pyogenic bacteria show that deficiencies in the down
stream mediators of TLR signaling can also predispose to infectious diseases. 

TLRs have also been implicated in the pathogenesis and severity of some autoimmune 
diseases. For example, the overexpression of TLR2 has been reported in the synovial fluid cells 
of patients with rheumatoid arthritis. DNA specific IgG can trigger low affinity autoreactive 
antibodies like rheumatoid factor when complexed with autologous CpG DNA in the circula
tion of autoimmune prone mice.^^ Moreover, one of the defects that is associated with suscep
tibility to systemic autoimmune diseases is the defective clearance of dying cells and self DNA. 
This would exacerbate the potential for an autoimmune response. 

In conclusion, hypomorphic TLR allelic variants may predispose to many infectious dis
eases and perhaps autoimmunity. The genetic analysis of allelic frequencies in patients with 
various diseases is a research field in its infancy. Future studies will undoubtedly show the 
extent of TLR fiinctions in health and disease. The knowledge that will be accumulated will 
allow us to improve health care by the genetic tailoring of therapies and the development of 
novel pharmacological and biological agents. 
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CHAPTER 2 

Structures and Motifs Involved in Toll 
Signaling 

Monique Gangloff, Phumzile L. Ludidi and Nicholas J. Gay 

Introduction 

I n this chapter we aim to provide a detailed overview of Toll-like receptor (TLR) structure. 
Initially we focus on the different ways in which the related vertebrate and invertebrate 
TLRs recognize pathogen patterns, with particular reference to the LPS sensor (hTLR4/ 

CD14/MD2) and Drosophila ToU/Spatzle. In the second part of our chapter we discuss the 
evidence that signal transduction involves receptor driven recruitment of multitypic protein 
complexes and the activation and autoregulation of the IRAK family of Serine/Threonine pro
tein kinases. 

Components of the Extracellular Pathway: The Extracellular 
Leucine-Rich Repeat Domain of TLRs 

The extracellular region of TLRs is composed of a tandem array of leucine-rich repeats 
(LRRs), versatile building blocks for the recognition of endogenous proteins and/or 
pathogen-associated molecular patterns (PAMPs). The N-terminal extremity contains a signal 
peptide which directs TLRs towards the cell surface or to endosomal vesicles in the case of 
TLR9 (for a review see ref 1). The size of the mature extracellular region ranges from 552 
residues inTLR6 (63kDa), to 813 residues inTLR7 (93kDa), but post-translational modifica
tions such as glycosylation increases the molecular weight significantly. These N-linked 
glycosylations are crucial not only for the proper folding and cellular localisation of TLRs but 
also for their signaling, as has been suggested forTLR4. The extracellular domain of TLRs also 
contains a number of cysteine residues engaged in disulfide bridges whose connectivity will be 
analysed in the light of recent structural data. 

Leucine-Rich Repeats 
Up to 19% of the extracellular domain of TLRs are leucine residues (L) that are arranged 

periodically in a 24 residue-long sequence (Fig. 1). Tandem arrays of this motif span the entire 
ectodomain, interrupted only by internal cysteine-rich regions (CRR). Considerable variation 
in the sequence and length of LRRs has however resulted in a certain degree of difficulty in 
detecting them in TLRs. 

The three-dimensional structures of several LRR-proteins are now available (Table 1). 
Two recendy solved structures are of human LRR-proteins, the platelet-receptor glycoprotein 
Iba (Gplba) and Nogo receptor (NgR).^'^ Both share structural similarities. Interestingly, 

Tolland ToU-Like Receptors: An Immunolo^ Perspective^ edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenimi Publishers. 
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Figure 1. Primary and secondary structure adopted by an LRR motif. L denotes leucine; N= asparagine; F= 
phenylalanine and X= any amino acid. The motif spans 24 residues. Numbering is shown for conserved 
residues only. The degree of conservation is highlighted by black and gray boxes, which denote strong and 
weak conservation respectively. In the backbone trace of a consensus repeat only the side chains of conserved 
residues are shown. Atomic coordinates were taken from NgR LRR5 (region LI 53-D 176). 

TLR repeats are generally the same length and also express the same conserved features as 
Gplba and NgR. 

Each repeat is a structural unit, rolled up as a spiral in which the conserved residues are 
stacked. The hydrophobic consensus residues form the core of the protein and make intra- and 
inter-repeat interactions. The asparagine residue at position 12 has a central role in the LRR 
structure and is therefore highly conserved. Its side chain forms a hydrogen bond with the 
peptide backbone both from the previous repeat and within the same repeat. The resulting 
hydrogen bond network or "asparagine ladder" is crucial in stabilizing the turn.^^ The molecu
lar fold generated is called an extended right-hand superhelix. 

Secondary structure predictions for TLRs suggest that each LRR begins with a loop fol
lowed by a P-strand formed by at least three residues XLX at positions 6-8, where L stands for 
leucine, valine, or isoleucine, and X for any amino acid. The p-strands combine to form a tight 
parallel P-sheet. The remaining sequence does not adopt secondary structure in most GPIba 
and NgR repeats, whereas OC-helices have been observed in the ribonuclease inhibitor and 3io 
helices in, for instance, the listerial internalin protein (Fig. 2). It is not yet clear if secondary 
structures such as helices are found in TLRs though predictions using the PSIPRED algorithm 
suggests that some regions may be helical. The presence of either loops or helices on one side 
introduces an overall curvature, the extent of which depends on the secondary structures present. 
Bulkier a-helices induce a much tighter curvature than 3io helices or loops (compare Figs. 2A, 
B and C). The parallel P-sheet lies on the inner concave side of the solenoid, which is bent and 
distorted to different extents depending on the protein. The overall architecture of LRR-proteins 
is reminiscent of a "banana" in NgR, a "sickle" in internalin, or a "horseshoe" in the ribonu
clease inhibitor, according to the number of repeats and their relative curvature. The extracel
lular region of TLRs contains up to 27 repeats (Fig. 3). To date there is no known structure for 
a protein with such a high number of repeats. The largest LRR-repeat containing proteins for 
which we have structural data are internalin^ and cytotoxin YopM from Yersinia pestis which 
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Table 1. Structures of LRR-proteins 

LRR Proteins PDB 

A leucine-rich repeat variant wi th a novel repetitive protein 
structural motif 
Crystal structure of Nogo-66 receptor and structure of the nogo 
receptor ectodomain 

Crystal structure of Ran-GDP-RanBP1-RanGAP complex in the 
presence of aluminum fluoride 

Crystal structure of the complex of glycoprotein Iba and the 
von Wil lebrand factor A1 domain 
Crystal structure of the RNA-binding domain of the mRNA 
export factor tap 
Crystal structure of the von Wil lebrand factor binding domain 
of glycoprotein Iba 
Crystal structure of tropomodulin C-terminal half 
Insights into Scf ubiquitin ligases from the structure of the 
Skpl -Skp2 complex 
Internalin B leucine rich repeat domain 
Internalin B: crystal structure of fused N-terminal domains 
Internalin H: crystal structure of fused N-terminal domains 
Porcine ribonuclease inhibitor 
Ribonuclease inhibitor complexed with ribonuclease A 
Ribonuclease inhibitor-angiogenin complex 
Solution structure of Chlamydomonas outer arm dynein 
light chain 
The crystal structure of Rna1 p (RanGAP) 
U2 B'7U2 AVRNA ternary complex 
Internalin {Listeria monocytogenes)/ E-cadherin (human) 
Recognition complex 
Internalin {\n\a,Listeria monocytogenes) - functional 
domain, uncomplexed 
Crystal structure of Rab geranylgeranyltransferase from 
rat brain 
Crystal structure of polygalacturonase-inhibiting protein 
(PGIP), a LRR-protein involved in plant defense 

1LRV 

1P8T, 1 0 Z N 

1K5G 

1M10 

1 F 0 1 , 1FT8, 1KOH, 1 KOO 

I C W B , IMOZ 

1100 
1FQV, 1FS2 

1D0B 
1H6T 
1H6U 
2BNH 
WFJ 
1A4Y 
1 1DS9 

1YRG 
1A9N 

106S 

106T, 106V 

1DCE 

1 0 G 0 

The PDB code of extracellular human proteins, GPIba and Nogo receptors, are bolded. The recent 
extracellular plant LRR-protein structure is underlined. Complexes are bolded and italicized, with the 
exception of the complex of GPIba and the von Wil lebrand Factor A1 domain. 

contains fifteen and a half turns. Interestingly the repeats in these proteins are not planar as in 
the ribonuclease inhibitor, but instead the screw-like rotation of each repeat dictates a slightly 
twisted structure. It is possible that TLRs with more than 15 consecutive repeats adopt a twisted 
LRR fold, reminiscent of a corkscrew. 

Cysteine-Rich Flanking Regions 
LRR blocks are often flanked by cysteine-rich domains called LRRNT and LRRCT when 

located at the amino- and carboxy- terminal ends of LRR regions respectively. ' These cru
cial capping structures bury the otherwise exposed hydrophobic residues at the ends of LRR 
superhelices. Until recently no structural information was available for these regions, as 
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Figure 2. Overall architecture of LRR-proteins. A) The ribonuclease inhibitor (PDB code 1A4Y) adopts a 
horseshoe shape with a-helices on its outer face. B) The listerial protein internalin Ink LRR domain (PDB 
code 106S) adopts a sickle shape, in which the repeats are not planar as in A, but display a helical twist. The 
convex side is built up with 3io helices. C) Glycoprotein Iba (PDB code IMOZ) does not have secondary 
structure elements on its convex side. Disulfide bridges are shown as black dotted lines, p-strands as arrows 
and helices as cylinders. 

intracellular LRR-proteins do not display these features. However, we now know that the 
cysteines in these capping structures are involved in disulfide bridges whose connectivity has 
been elucidated. 

LRRNT 
There are at least two types of LRRNT (Fig. 4). Type I structures, exemplified by GPIba, 

form one disulfide bond, whereas type II motifs, as in NgR, are linked by two disulfide bonds. 
Both types of LRRNTs are located in very similar environments. In GPIba, the amino-terminal 
sequence forms a 14-residue P-hairpin delimited by a disulfide bond between the cysteines at 
positions 4 and 17. The two antiparallel p-strands are stabilized by this disulfide bridge at their 
base. The second P-strand joins the parallel P-sheet formed by the LRR on the concave side. 
Interestingly, this region, which is disordered in one of the two molecules in the asymmetric 
unit, participates in the binding interface between GPIba and Von Willebrand Factor. This 
suggests a certain degree of flexibility in a type I LRRNT and a potential role in ligand binding. 
However, it is not clear if the LRRNTs of TLRs can bind ligands. For example, mutagenesis 
experiments showed that the LRRNT of TLR2 was dispensable for peptidoglycan (PGN) bind-

In NgR, two disulfide bonds stabilize the amino-terminus, which adopts a compact struc
ture, similar to but not as extended as the p-finger in GPIba. The first disulfide bond between 
cysteines 27(CI) and 33(GUI) forms "a small knot" and holds the amino-terminal loop in a 
closed conformation on top of the tandem segments of LRRs. The second connection occurs 
between cysteines 31 (CII) and 43 (CIV). Interestingly, the spacing between these residues (11 
residues instead of 12 in GPIba) and their environment (a P-hairpin protruding to the side of 
the LRR concave face, instead of the P-finger in GPIba) are similar in both LRRNT 
structures. 
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Figure 3. Overall architecture of TLR ectodomains. NgR at the top of the schematic is given as a reference 
structure. TLRs are divided into subgroups, according to phylogenetic analysis. The repeats are shown as 
stacked cylinders, cysteine-rich regions (CRR) are dark gray and the signal peptide and transmembrane 
regions are indicated by white and black reaangles respeaively. The regions shown as gray bars in between 
LRRs do not display consensus motifs, although they are likely to contain either degenerate repeats and/ 
orCRRs. 

The LRRNT of TLRs can be modeled on either the GPIba or NgR structures more or 
less reliably, given the number and the spacing of cysteine residues. Secondary structure predic
tions corroborate a potential small |i-structure at the amino-terminal end of TLRs. Drosophila 
Tolls are the only members of the family to display a type II LRRNT. Although human TLRs 
have type I LRRNTs they can be quite different from GPIba. Indeed, the spacing ranges from 
a maximum of 14 residues in TLR7 to 5 residues in TLR2, which is too narrow to accom
modate a P-fmger structure, but resembles instead the connection between CI and GUI in the 
NgR structure. All the members of the TLR2 subgroup show a high degree of heterogeneity in 
their amino-terminal capping structures. TLR2 possesses a type II LRRNT that lacks the sec
ond disulfide bridge. In contrast, TLRs 1 and 6 do not have any cysteine residues and TLRl 0 
has only one. It is worth noting that this subgroup of receptors is known to cooperate with each 
other in signaling. For example, TLR2 acts as a common binding partner for both TLRl and 



Structures and Motifi Involved in Toll Signaling 61 

Figure 4. Two types of LRRNTs, as revealed by the crystal structures of GPIba (A) and NgR (B). 

TLR6.^^ This leads us to ask whether there can be a link between their mode of dimerization 
and the features of the amino-terminal capping structures? Further experiments are required in 
order to answer this question. 

LRRCT 
The LRRCT domain is located at the carboxy-terminal end of LRR proteins. Its signature 

sequence contains four cysteine residues that are conserved in various extracellular LRR pro
teins. The disulphide connectivity of CI-CIII and CII-CIV is the same as for the type IILRRNT 
but the spacing of the cysteines is much greater (between 22 and 52 residues). In contrast to the 
P only LRRNT, LRRCT is an a /p structure, with an a-helix, several short 3io-helices and 
P-strands that cap the hydrophobic core, forming hydrogen bonds with the last repeat. The 
first two cysteines of the LRRCT motif occur in the middle of the last repeat at positions 15 
and 17, respectively. The NgR LRRCT is slightly larger than its GPIba counterpart but lacks 
the so-called P-switch, a protruding loop that is involved in Von Willebrand Factor binding.^ 
Upon ligand binding, GPIba undergoes a conformational change in which the protruding 
loop adopts a p-hairpin structure. The antiparallel P-strands participate in a continuous anti-
parallel p-sheet, shared between the two molecules. 

Drosophila Toll contains an internal (CFl) and a carboxy-terminal (CF2) LRRCT juxta
posed to the transmembrane region. The structural integrity of CF2 is crucial for receptor 
function as revealed by mutagenesis studies. Three separate cysteine to tyrosine mutations have 
been shown to generate a constitutlvely active receptor. '^ Constitutive receptor activity may 
occur as a result of intermolecular disulfide bond formation via the now unpaired cysteine 
residues; a hypothesis first proposed for the fibroblast growth factor receptor. ̂ ^ However, any 
mutation that destroys the disulfide bonding network of CF2 could also affect protein stability 
and increase its sensitivity to proteolytic cleavage. This latter hypothesis is supported by the 
isolation of cleavage products and the absence of disulfide-linked mutant dimers in mutant 
embryos (our unpublished data). 

Structural Diversity of TLR Ligands 
A great deal of interest in the TLR family centers on their role in sampling and signaling 

in response to pathogens and/or endogenous ligand molecules. In contrast to Drosophila Toll, 
which is activated by an endogenous protein ligand Spatzle, mammalian TLRs are thought to 
be true pathogen-recognition receptors able to recognize a wide range of pathogen-associated 
molecular patterns (PAMPs) (Table 2). These will be described at the structural level in the 
following section. 
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Table 2. 

TLRs 

TLR1/2 

TLR2 

TLR3 
TLR4 

TLRS 
TLR6/2 
TLR7 

TLR8 
TLR9 

Ligands recognized by TLRs 

Ligands 

Tri-acyl lipopeptides 
Soluble factors 
OspA 

Lipoprotein/1 ipopeptides 
Peptidoglycan 

Lipoteichoic acid 
Lipoarabinomannan 
A phenol-soluble modulin 
Glycoinositolphospholipids 
Glycollpids 
Porins 
Zymosan 
Atypical LPS 
Atypical LPS 
Hsp70 
Poly (l-C) double-stranded RNA 
LPS 
Flavolipin 
ER-112022, E5564, E5531 
Taxol 
Fusion protein 
Envelope proteins 
Hsp60 
Hsp60 
Hsp70 
Type III repeat extra domain 
A of fibronectin 
Oligosaccharides of hyaluronic acid 
Polysaccharide fragments of 
heparan sulfate 
Fibrinogen 
Flagellin 
Di-acyl lipopeptides 
imidazoquinolines ( imiquimod, R-848) 
Bropirimine 
guanosine analogs 
R-848 
Unmethylated CpG DNA 
Chromatin-IgG complexes 

Origin of Ligands and References 

bacteria, mycobacteria^ ̂ ^ 
Neisseria meningitides^ ^ ̂  
Borrelia burgdorferi^^^ 
a variety of pathogens^ ^ '̂̂ ^^ 
Gram-positive bacteria 
(not accessible in 
Gram-negative)^^^"^^"^ 
Gram-positive bacteria^^^'^^^ 
mycobacteria^ ̂ ^'^^^ 
Stapiiylococcus epidermidis^^^ 
Trypanosoma Cruzi^'^^ 
Treponema maitopliilum^^^ 
Neisseria meningitidis^ ^ ̂  
fungi^^'^ 
Leptospira interrogans^ ̂ '^ 
Porpiiyromonas gingivalis^^^ 
host^34,135 

Virus^^^ 
Gram-negative bacteria^'^^'^^'^^^'^^^ 
Flavobacterium meningosepticum^ ^^ 
Synthetic compounds^"^ 
Plants"^^ 
Respiratory Syncytial Virus ^'^^'^^'^ 

Mouse Mammary Tumor Virus ^^'^ 
Chlamydia pneumoniae^^^'^^^ 
host^^^ 
host134,135,146 

host^47 

h0St^48 

host^49 

host^^o 
bacteria26'42J5i 

mycoplasmal^ 
synthetic compounds^^^ 
synthetic compounds^ 
synthetic compounds"^"^ 
synthetic compounds'^"* 
Bacteria, virus, yeast, insects^^'^^^ 
host^53 

Cystine-Knot Structure ofSpdtzle 
Spatzle is composed of an amino-terminal prodomain and a carboxy-terminal domain 

CI06, the active fragment. Numerous alternatively spliced isoforms have been identified^ '̂'̂ ^ 
which vary in the length of their pro-sequences. It is not clear how the prodomain prevents the 
active fragment from binding to its receptor, as this domain is thought to be "natively unstruc
tured"."^^ The inactive precursor of Spatzle undergoes proteolytic processing by the serine pro
tease Easter to generate the active form. 
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Figure 5. Three-dimensional model of the active Spatzle C-106 dimer.̂ '̂  

The active form of Spatzle possesses a signature sequence with 7 cysteines, whilst the 
remainder of its sequence shows no similarity to any proteins of known three-dimensional 
structure. The spacing of these cysteines is similar to that found in several growth factors in
cluding nerve growth factor (NGF), transforming growth factor p, platelet-derived growth 
factor and human chorionic gonadotropin. These growth factors/hormones adopt a unique 
fold called the cystine knot, which is characterized by an elongated (i-strand structure and three 
disulphide bridges with unusual connectivity. Models of Spatzle based on NGF and coagulogen 
(Fig. 5), confirmed that Spatzle formed a cystine-knot fold and could also dimerize, with 
individual protomers bound by an intermolecular disulfide bridge. This suggested that Droso-
phila Toll, like other Type 1 cytokine receptors, is activated by receptor dimerization. 

A Variety of Structurally Unrelated Ligands for Mammalian TLRs 
In contrast to Drosophila Toll, members of the vertebrate TLR family recognize a wide 

variety of PAMPs (Table 2). PAMPs are structurally unrelated molecules, ranging from small 
molecules to proteins, lipids, carbohydrates and nucleic acids. The paradigm is that each TLR 
receptor displays a pathogen-specific activity. Gram-negative bacteria are recognized by TLR4, 
Gram-positive bacteria by TLR2, and flagella by TLR5. Immunostimulatory bacterial DNA 
binds to TLR9 in endosomal vesicles whereas viral RNA binds to TLR3. 

An increasing number of reports suggest direct ligand binding by TLR ectodomains."^ 
There are currently 37 potential ligands and these are listed in Table 2. One wonders how 
specific the recognition mediated by receptors such as TLR2 and TLR4 is. On the one hand, 
they seem to bind multiple PAMPs. On the other, both receptors are also thought to bind to 
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the same ligands, namely lipoteichoic acid (LTA) and lipopolysaccharide (LPS). One possible 
explanation could be the relative impurity of some ligand preparations used. Alternatively, 
molecular recognition may involve a number of non-TLR binding partners, as will be dis
cussed later. 

The Structure of LPS 
Lipopolysaccharide (LPS) is the main constituent of the outer leaflet of the outer mem

brane in Gram-negative bacteria."^^ For bacteria, the outer membrane represents the first line of 
defense against environmental stress or chemical attack, such as antibiotics or bile salts and its 
integrity is critical for survival, which would imply that LPS molecules must be highly con
served. On the other hand, LPS molecules flag the bacteria as foreign when they engage the 
PAMP receptors of the host innate immune system. 

LPS is an amphipathic molecule composed of lipid A and a core oligosaccharide region 
(Fig. 6), which in many bacteria carries a polysaccharide chain called O-antigen. The con
served lipid A domain of LPS comprises a large portion of the outer membrane bilayer of 
Gram-negative bacteria, and is a mono- or di-phosphorylated pl^6-linked glucosamine dis-
accharide to which up to seven fatty acids are attached by amide or ester bonds. The inner core 
oligosaccharide region of LPS contains two or three KDO molecules (see below) that are linked 
to two heptose residues that may contain phosphate or other substituents. KDO is an 8-carbon 
saccharide 2-keto-3-deoxyoctonate that is exclusive to LPS. LPS displays negative charges de
rived from the diglucosamine phosphates and from the KDO carboxylate anions. In terms of 
its structure, LPS is highly variable at its O-antigen portion,"^^ and to a lesser extent, at the LPS 
core.^^ However the lipid A portion is well conserved across species. LPS has been available 
in a pure biologically active form since 1952^^ and its chemical synthesis in 1985 was used to 
prove that lipid A is the active ingredient. 

Lipid A is the molecular pattern recognized by PRRs such as TLR4 and its synthetic 
analogs display either agonist (in the case of ER-112022) or antagonist (for E5564 and E5531) 
activities,^ though the structural basis for these differences is unclear. 

Lipoteichoic Acid 
Lipoteichoic acid (LTA) (Fig. 7) is a surface-associated adhesion molecule in Gram-positive 

bacteria. Like LPS, it is an amphiphilic, negatively charged glycolipid. Released principally 
from bacterial cells after bacteriolysis, it binds to target cells either non-specifically (via mem
brane phospholipids) or specifically to CD 14 and Toll-like receptors 2 and/or 4. This binding 
can be blocked by phospholipids and antibodies specific for CD 14 and TLR4. LTA triggers a 
number of immune processes such as the activation of the complement cascade and the stimu
lation of neutrophils and macrophages. Consequendy, LTA shares many of the pathogenic 
properties of LPS. In vitro, LTA release can be inhibited by non-bacteriolytic antibiotics and by 
poly-sulphates such as heparin, which probably interfere with the activation of autolysis. 

LTA from S. aureus has been purified and characterized. It is a diacylated amphiphilic 
molecule with a D-alanine substitution on its polyglycerophosphate backbone. Deacylation by 
alkaline hydrolysis results in its failure to induce any cytokine release in human whole blood, 
which indicates the importance of the lipid moiety in immune responsiveness. The role that 
this moiety (also called "Lipid B") plays in receptor binding is demonstrated by the failure of 
deacylated LTA to display any antagonist activity on LTA stimulation. 

Lipopeptides 
Bacterial lipoproteins (BLP) tri^er immune responses viaTLR2 and their immimostimulatory 

properties can be attributed to their lipid portion. Most BLPs are triacylated at their N-terminal 
cysteine residue, though mycoplasma macrophage-activating lipopeptide-2 kD (MALP-2) (Fig. 
8) is only diacylated.^ Synthetic lipoprotein analogs, such as tripalmitoyl cysteinyl lipopeptide 
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Figure 6. Structure of LPS. Reprinted from Ferguson AD, Welte W, Hofmann E et al. A conserved structural 
motif for lipopolysaccharide recognition by procaryotic and eucaryotic proteins. Structure Fold Des 2000; 
8(6):585-592. ©2000, with permission from Elsevier. 

Pam3CSK4 and dipalmitoyl MALP-2, have been shown to mimic the proinflammatory prop
erties of BLP.^^'^^ 

Flagellin 
Flagellin is the primary protein component of the bacterial flagellum, a highly complex 

filamentous structure that extends from the outer membrane of Gram-negative bacteria. Fla-
gella serve as propellers, driven by a rotary motor at their base, to move the bacterium through 
its aqueous environment. They also aid in the attachment of bacteria to host cells, assisting in 
bacterial invasion and thereby contributing to the virulence of pathogenic bacteria. 
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Figure 7. Structure of LTA from Staphylococcus aureus? 

The flagellin protein has been crystallized and its structure solved at 2.0 A resolution (Fig. 
9).^^ It is a multidomain protein displaying oc/p structures. The first domain is an a-helical 
bundle followed by two P folds. The protein adopts an L-shape, in which residues from the 
amino and carboxyl-termini are juxtaposed to participate in a hairpin structure. Eaves-Pyles 
and collaborators^^ showed that the pathogen-associated molecular pattern of flagellin is local
ized to this region, which constitutes an elongated innate-immunoreactive surface. The other 
branch of the "L" is in fact the middle hypervariable domain. ^' ^ Monomeric flagellin is 
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Figure 8. Structure of the baaerial and mycoplasma lipoproteins, PAM3CSK4 and MALP-2 respectively. 

polymerized into protofilament structures that assemble with different helical symmetries (left-
or right-handed) to form an 11-stranded filament. Interestingly, the conserved terminal re
gions of flagellin are located in the core of the filament, where axially aligned a-helical bundles 
are densely packed. The variable middle domain is solvent-exposed and targeted by the adap
tive immune system. 

Small Immunostimulatory Molecules 
A number of synthetic molecules have been found to modulate the activity of different 

members of the TLR family (Fig. 10). TLR7, and to some extent TLR8, are activated by 
anti-viral and anti-tumor compounds such as the imidazoquinolines which are referred to as 
immune response modifiers (IRMs). ^ Though the natural ligands for TLRs 7 and 8 have not 
yet been identified, the use of synthetic ligands that display agonist or antagonist activity should 
help in their identification. Guanosine analogs have been studied over the years for their ability 
to stimulate the innate immune system in mouse and human models and the structural re
quirements for their immunostimulatory activity have been characterized. In this respect the 
pattern of purine ring substitution at the 7 and 8 positions appears to be absolutely critical. 
It is worth noting that imidazoquinolines and guanosine analogs are nucleic acid-like struc
tures, prompting us to ask whether there is a link between ligand discrimination and TLR 
classification that groups TLRs 7, 8 and 9 together? 

It is not clear if TLRs bind small immunomodulatory molucules direcdy. Genetic evi
dence can be confusing and does not adequately compensate for direct ligand binding experi
ments. This is illustrated by the example of the mode of action of taxol. Taxol is a plant dipertene 
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Figure 9. Structure of the multidomain Flagellin protein. 

with anti-cancer properties that modulates murine TLR4 activity though is not a TLR ligand 
per se. First, it was shown that taxol mimics LPS-like activity, though solely in mice. '̂ Sub-
sequendy, it was reported that taxol activity required the presence of mouse MD-2 (mMD-2), 
but not human MD-2, whichever species of TLR4 was expressed. Therefore the likelihood is 
that mMD-2 is the true binding site for taxol, although signaling requires TLR4. 

Nucleic Acids 
DNA from bacteria, viruses, yeast and insects stimulate the mammalian immune system. 

In contrast to cell-wall components, DNA is probably invisible to the immune system until 
liberated during processes that affect pathogen integrity. Phagocytosis of pathogens by mac
rophages is known to be one of these triggers. It comes as no surprise then that internalization, 
endosomal maturation and acidification are required for bacterial DNA to acquire its 
immunostimulatory properties. '̂ ^ 

It has also been noticed that the stimulatory effects of bacterial DNA depends on the 
presence of unmethylated 2'-deoxyribo(cytidine-phosphate-g;uanosine) CpG dinucleotides. '̂̂ ^ 
In contrast, methylated DNA or inversion of the central CG dinucleotide abolishes immune 
responses. A correlation has been made between the frequency of CpG dinucleotides, its me-
thylation state, the presence of palindromic sequences and the stimulatory activity of oligo
nucleotides. Mammalian DNA, with its low frequency of CpG sequences, most of which are 
methylated, is simply not competent to trigger host immune responses. 

Several lines of evidence suggest that unmethylated CpG oligonucleotides are true TLR9 
ligands. Firsdy, TLR9 localizes to endosomal vesicles in contrast to other members of the TLR 
family that are found on the cell surface. Secondly, TLR9 displays species specificity. Mouse 
cells respond maximally to 'GACGTT', the "mouse motif"^^ whilst for humans the optimal 
sequences are *GTCGTT' and 'TTCGTT', (human motifs).^^ Complementation experiments 
with CpG-unresponsive 293 cells transfected with either human or mouse TLR9 revealed that 
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Figure 10. Small immunostimulatory molecules. The natural plant molecule taxol is a diterpene. Synthetic 
compounds such as imidazoquinolines and guanosine derivatives (but not guanosine), and unmethylated 
deoxyribo-CpG oligonucleotide, are ligands for the TLR7/8/9 subgroup. 

human TLR9 preferentially recognized human CpG motifs whereas murine TLR9 preferred 
the mouse CpG motif This suggests a direct interaction between TLR9 receptors and CpG 
DNAs. A palindromic *AACGTT' motif induces immune responses in both mouse and hu
man systems. Although TLR9 recognizes CpG motifs in various flanking sequences and 
secondary structures, including double stranded bacterial DNA, palindromic DNA^^ and 
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single-stranded syndietic DNAs, the downstream effects may differ. It is also worth noting that 
TLR9 recognizes both natural phosphodiester and synthetic phosphorothioate DNAs. Re
cently Kandimalla and collaborators showed that divergent synthetic nucleotide motifs dis
played potent immunomodulatory activities with distinct cytokine induction profiles. This 
could be of great therapeutic value in the treatment of a number of diseases, such as cancer, 
asthma, rheumatoid arthritis and systemic lupus erythematosus (SLE). 

Mechanism of Ligand Binding and Signal Transduction 
LRRs are found in a wide range of proteins displaying different functions and cellular 

locations. All LRR proteins appear to be involved in diverse molecular recognition processes 
such as signal transduction, cell adhesion, cell development, DNA repair and RNA processing. 
They are often involved in protein-protein interactions which is the case for Drosophila Toll 
which forms hetero-tetrameric complexes with the cytokine-like ligand, Spatzle. ^ Like TLRs 
Drosophila Toll is activated by exposure to PAMPs but recognition is mediated by intermediary 
binding proteins. In contrast to Drosophila Toll the interactions of many PAMPs with mam
malian TLRs appears to be direct and occasionally involves co-operativity between TLRs and 
other receptors. This is a new field of research and the mechanism of ligand binding and signal 
transduction remains to be elucidated. Given the medical importance of TLRs, the issue of 
ligand binding and signal transduction is of primary importance if one is to consider TLRs as 
drug targets. 

Spatzle Binding is Necessary and Sufficient far ToU Activation 
Genetic evidence for the direct binding to Drosophila Toll by Spatzle C-106 has recendy 

been confirmed by our laboratory using purified proteins.^^ Spatzle CI06 binds specifically to 
the extracellular domain of Toll, but not to mammalian TLRs such as human TLR2, with a 
binding affinity (in solution) in the nanomolar range and a dissociation constant of about 
90nM. The search for the binding site has been narrowed by using Toll5B, a dominant nega
tive form of Toll truncated in the second LRR block. Consequently, in DrosophilaToll, which 
contains two LRR blocks in contrast to mammalian TLRs, only the amino-terminal block 
contributes to the binding interface. 

Pathogen Recognition by TLRs 
The ectodomains of TLRs are divergent, displaying very low sequence identity. This sug

gests that they have evolved to bind the wide range of chemically unrelated molecules described 
in the previous section. LRRs seem particularly suited to the rapid evolution of diverse speci
ficities and mutagenic fingerprinting of the receptor-ligand interface has already revealed that 
different regions in the TLR ectodomains are involved. Unfortunately this also infers that 
accurate modelling of these regions will be difficult. 

TLR2'PGN 
There is evidence for the direct binding of zymosan and of peptidoglycan to TLR2. 

Using a mutagenesis strategy in which portions of the extracellular region of TLR2 were de
leted, Mitsuzawa and collaborators identified a region in TLR2 that was critical for peptidogly
can recognition. This region, mapping to the first LRR, encompasses residues Ser 40 to He 64 
(S40-I64). The cysteine-rich amino-terminal flanking region is not required for ligand binding 
and deletion of this region did not affect TLR2 function. A three-dimensional model of the 
S40-I64 region was generated using the crystal structure of GPIba (Fig. 11)̂ '̂  though the 
significance of the solvent exposed residues Glu 52, Lys 55, Asp 58 and Arg63 needs further 
analysis. TLR2 potentially recognizes the polar part of PGN whereas TLRs 6 or 1 are required 
to distinguish the number of acyl chains on its ligands. 
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Figure 11. TLR2 N-terminal region modelled on Gplba: the molecular surface represents the region crucial 
for peptidoglycan recognition.̂ ^ The figure was generated with MS Viewer. 

TLRS'Flagellin 
Mizel and collaborators have recently identified a region crucial for bacterial flagellin binding 

using an in-vitro binding assay."̂  Truncated forms of the TLR5 extracellular domain were 
generated and their ability to bind flagellin analyzed using pull-down and sedimentation veloc
ity centrifugation experiments. Two overlapping fragments encompassing residues 1 to 407 
and 386 to 636 retained flagellin binding. In contrast, binding was not observed with an 
amino-terminal fragment stretching from residue 1 to 386. It was concluded that flagellin 
binding is conferred by the region between residues 386 and 407, which is part of a consensus 
LRR that spans residues 383 to 407 (referred to as LRR9 in the NCBI/Entrez database, with 
the accession number O60602 for TLR5). As for TLR2's peptidoglycan recognition site, it is 
not possible to map the binding site to either the flank, the concave or convex side of the 
repeat. Further mutagenesis studies will be required to accurately map the binding site. 

A Receptor Cltisterfor LPS 
Although genetic studies point towards TLR4 as the major LPS receptor, there is accumu

lating evidence to suggest that LPS recognition and signaling is mediated by a supramolecular 
protein cluster. The composition of this cluster is cell type specific which confers specificity to 
LPS stimulation. Briefly, lipopolysaccharide-binding protein (LBP) binds and transfers LPS to 
membrane-bound CD 14 and this transient complex recruits signaling molecules. LPS is then 
released from CD 14 and binds to a complex of receptors that includes the chemokine receptor 
4 (CXCR4), heat shock proteins (HSPs) 70 and 90, growth differentiation factor 5 (GDF5) 
and possibly CD55.^^ Signal transduction requires Toll-like receptor 4 (TLR4) associated with 
MD-2. In B cells, TLR4 also associates with RP105 (also called CD 180) complexed with 
MD-1. RP105 is closely related to TLR4, displaying about 30% sequence identity, but lacks 
the intracellular TIR domain. Integrins, such as CD 11 or CD 18 have also been found to 
colocalize with TLR4 in clusters at the surface of monocytes. Recent studies have identified a 
new family of LPS responsive proteins. The mammalian NOD proteins (nucleotide-binding 
oligomerization domain) are a family of intracellular proteins homologous to plant R gene 



72 Toll and Toll-Like Receptors: An Immunologic Perspective 

Figure 12. Ribbon diagram of the BPI structure (PDB code lEWF). The two bound phosphatidylchoHne 
molecules seen in the BPI crystal structure are shown in CPK representation. BPI and LBP share high 
sequence identity, which suggests that LBP adopts a similar overall architeaure and ligand-binding mode. 

products.^^ These proteins include the q^osolic LRR-proteins Nodi and Nod2, and confer 
responsiveness to LPS in the absence ofTLR4. The following section discusses only LBP, CD 14, 
MD2 and the TLR4 ectodomain. 

LPS'Binding Protein (LBP) 
LBP is essential for the rapid induction of an inflammatory response to LPS or 

Gram-negative bacteria as LBP deficient mice lack such responses. LBP is a 60-kDa serum 
glycoprotein that interacts with LPS micelles and delivers LPS monomers to other host pro
teins, such as CD 14. Extracellular LBP and intracellular bactericidal/permeability-increasing 
protein (BPI) display a high sequence identity (about 45%), suggesting a similar fold. The 
crystal structure of BPI is known (Fig. 12) ' and reveals that the protein adopts a "boomer
ang*' shape formed by two similar domains. Two apolar binding pockets occupied by lipid 
molecules were found in the structure. LPS binding is thought to occur in a similar way in LBP, 
with the LPS acyl chains buried in the core of the protein and the polysaccharide part of the 
molecule solvent exposed. Biochemical evidence supports a stoichiometry of one or two LPS 
molecules for each LBP, bound with nanomolar affinity. 

CD14 
Years before the discovery of TLR4,^'^5 ^ ^ 1 4 

was known to be a LPS receptor. Direct 
binding data indicates that each CD 14 molecule binds one or two molecules of LPS with a 
nanomolar affinity (as for LBP) and that the binding of LPS to CD 14 is facilitated by LBP. 
CD 14 is an extracellular LRR-protein unrelated to the TLR superfamily. Composed of 375 
amino acids, CD 14 possesses a signal peptide, several heterogeneously occupied glycosylation 
sites, and a carboxyl-terminal signal sequence for glycosyl phosphatidyl inositol (GPI) anchor
age. Both membrane-bound (mCDl4) and soluble (sCD14) forms are found, but the func
tion of sCDl4 is not fiilly understood. A soluble form could compensate for the lack for 
mCDl4 in CD14-negative cells which is the case for endothelial and epithelial cells. On 
the other hand, sCDl4 will compete with mCDl4, as shown by reports in which LPS stimu
lation of mCDl4 is inhibited by sCDH.^^'^^ 

Mutagenesis data suggests that the LPS binding site is located at the amino-terminal re
gion of CD 14. The first 152 amino acids contains the LPS transducing capacity for a variety of 
different cell types. Limited proteolysis experiments using sCDl4 alone and complexed with 
LPS, revealed a region protected from proteolysis by LPS binding. This region includes amino 
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acids 57 to GA (with the following amino acid sequence : DADPRQYA) which precedes the 
consensus LRR region in CD 14. Interestingly, LPS binding was not accompanied by any ma
jor structural rearrangement as measured by circular dichroism (CD) spectroscopy. However it 
is not clear how CD 14 interacts with the acyl chains of its ligands, as the binding site is located 
in a region that cannot be modeled on any protein with a known three-dimensional structure. 

MD'2 
MD-2 is a secreted glycoprotein of 160 amino acids, harboring a signal peptide and two 

N-linked glycosylation sites. Shimazu and his collaborators showed that MD-2 is necessary for 
LPS signaling through TLR4.^ Indeed a point mutation in a conserved region of MD-2, 
changing a cysteine residue at position 95 into a tyrosine, abolishes LPS-induced signaling.^ 
MD-2 not only interacts with TLR4, but also directly binds LPS.̂ '"̂ ^ The binding is in the 
nanomolar range and does not require the presence of either LBP or CD 14. 

The connectivity of the 7 cysteine residues found in MD-2 is not clear, though the odd 
number of cysteines raises the possibility of at least one inter-molecular and up to three 
intra-molecular disulfide bridges. At present the biochemical data are puzzling and suggest an 
array of potential intra- and intermolecular disulfide bridges.^^'^^ These disulfide bridges may 
explain the ability of MD-2 to polymerize. Polymerization through the formation of intermo
lecular disulfide bridges shows that the cysteine residues are solvent exposed and reactive. Fur
ther structural insights for MD-2 may be gained by sequence analysis. It is also unclear as to 
which molecular form of MD-2 is active. Re and Strominger^^ showed that monomeric MD-2 
bound TLR4 and mediated LPS signaling more efficiendy than MD-2 multimers. Conversely 
both Visintin and Mullen reported that MD-2 formed multimers based on stable dimeric 
subunits that could enhance the responsiveness of TLR4 reporter cells to LPS, regardless of the 
presence of monomers.''^'^^ MD-2 is the founding member of a new family called ML, which 
stands for MD-2-related lipid recognition.^^ Members of this family are characterized by a 
single domain architecture, belonging to the all-beta class, and display an immunoglobulin-like 
P-sandwich fold. 3D structures of three members of the ML family, Der f2, Der p2 and GM2-AP 
(PBD codes 1AHM, IKTJ and 1G13, respectively) have been solved. They all form a p-sandwich 
of at least 7 strands grouped in 2 p-sheets and display a greek key motif (Fig. 13). 

A mechanism for ligand binding can be extrapolated from the information provided by 
the 3D structures of ML proteins. Indeed a putative lipid-binding cavity was found in the 
crystal structure of mite allergen protein Der p2, the closest structural homolog of MD-2. This 
cavity, located in the core of Der p2, surrounded by p-strands, is filled with two distinct elon
gated fragments of high electron density, each able to accommodate an aliphatic chain of 14-16 
carbon atoms (Fig. 13). It could thus be possible that MD-2 is involved in binding LPS by 
burying the acyl chains in its core. Further experiments are required to confirm this hypothesis. 
Using lipid IVa, a lipidA analog, which is an agonist for mouse TLR4 and an antagonist of 
human TLR4, Akashi and coworkers showed that MD-2 influenced the specificity of TLR4.^'^ 
Another member of the ML family is the human ganglioside activator protein GM2-AP, which 
displays a cavity suitable for binding 18-carbon lipid acyl chains. Together these results sug
gest that MD-2 is necessary for ligand binding. 

TLR4 
TLR4 is concerned with the recognition of evolving pathogens. It is thus not surprising 

that its ectodomain has evolved to optimally fiilfiU this function. The divergence is obvious in 
TLR4 paralogs (i.e., the different members of the TLR family). More importandy, variability is 
also observed in TLR4 orthologs (i.e., TLR4 that evolved by speciation). Sequence identity is 
about 40% between human, dog and chicken TLR4 ectodomains, which is surprisingly low 
compared to the 62% identity between human and mouse. A tempting explanation is that 
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Figure 13. A central cavity was found in the crystal structure of Der p2 (PDB code IKTJ), the closest 
structural homolog of MD-2. 

different species come across different pathogens, necessitating the generation of divergent 
TLR structures. A hypervariable region has been identified and this appears to correlate with 
ligand-binding and signaling functions. 

A naturally occurring human mutation has been identified that is associated with endot
oxin hyporesponsiveness. This mutation changes an aspartic acid to a glycine at position 299, 
which is located in LRR9 (as described in the NCBI database, with the accession number 
000206). Whether this mutation disrupts a region crucial for protein folding or function, i.e., 
ligand binding, dimerization or signal transduction, is not yet clear. Biophysical considerations 
would favor the former hypothesis, as replacement of the aspartic acid side chain with glycine 
would disrupt an a-helical structure. Position 299 is located at the convex side of the LRR, 
which is highly variable in secondary structure content and could accommodate a helix. Argu
ing against the disruption of ligand binding in the mutant are data showing that ligand binding 
sites are generally found on the concave side of LRR-containing proteins. At present we cannot 
accuratedly discribe the structural basis of the LPS hypresponsive phenotype. 

Mechanism of Signal Transduction 
There are several potential ways for TLRs to transduce signals: ligand binding might trig

ger a conformational change or alter the oligomeric state of the receptor. In this model TLRs 
are sufficient for signaling. Alternately, signal transduction might depend on the assembly of a 
multi-receptor complex in which several components besides TLRs contribute, as for the LPS 
complex. 

TLRs are thought to form homo- or heterodimers upon activation. This notion is sup
ported by experimental evidence using chimeric receptors, in which the extracellular region of 
TLRs are substitued by CD4 (CD4-TLR constructs) which promotes homodimerization of 
the molecule.^ In addition chimeras of the extracellular domain of Drosophila Toll and the 
TIR of human TLR4 can activate N F K B in response to Spatzle C-IOG."̂ ^ Chimeras composed 
of the extracellular domain of CD4 fused with the transmembrane and intracellular region of 
TLR4 are constitutively aaive. '̂ ^ Ozinsky and collaborators found that constitutively active 
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CD4-TLR2 required the co-expression of either CD4-TLR1 or CD4-TLR6 chimeras. 
Heterodimerization as a functional mode for TLR2 was further supported by coimmuno-
precipitation experiments. The interaction between TLRs 2 and 6 was shown to occur between 
extracellular domains, without any need for the cytoplasmic sequence. Moreover, the associa
tion between TLR2 and TLR6 was suggested to be ligand-independent but was augmented by 
the addition of ligand. 

On a structural level, there are, as yet, no data to shed light on how TLR dimerization is 
achieved. A head-to-tail and side-by side configuration has been observed in a number of LRR 
protein/protein interactions (Fig. 14) though such a configuration is unlikely to occur in type 
I transmembrane TLRs as the cytoplasmic domains would be too far apart. Thus, a head-to-head 
orientation seems more plausible, which leaves several possibilities for the interface arrange
ment. The interface could occur to the side, at either the convex or concave face. However, as 
TLRs form dimers, the head-to-head and side-by-side orientation should not be considered as 
such an arrangement would lead to protein oligomerization. Clearly then, further studies will 
be required to distinguish between the convex and concave interfaces. 

TLRs have generally been modeled like cytokine receptors in which ligand-induced dimeri
zation is sufiicient to trigger intracellular signaling. This comparison has been made because 
TLR signal transduction is almost identical to IL-IR signaling. The IL-IR and the IL-IR 
accessory protein dimerize to form a high-affinity binding site for IL-1, an event that triggers 
the association with adaptor molecules that will be discussed in the following section. 

Components of the Intracellular Pathway 

Introduction 
The ability of Toll-like receptors to specifically recogni2;e a broad range of antigens via 

their diverse extra-cellular domains is crucial for mounting a specific immune response. To 
ensure that this response is appropriate, the signal that is propagated intracellularly must be 
regulated such that it drives expression of the appropriate inflammatory cytokines and immune 
co-stimulatory molecules. 

There is now evidence to suggest that extra-cellular receptor diversity is mirrored 
intra-cellularly by a myriad of effector molecules that can act singularly or in combination to 
generate highly specific signals. For example, there are now at least five adaptor molecules that 
have been reported in Toll-like receptor pathways, Myd88, Mal/TIRAP, TRAM, SARM and 
TICAM-l/TIRF,^^-^2 with some displaying striking receptor selectivity. 

The intracellular signaling system contains some of the most conserved features of Toll 
pathways, with components shared between the different Toll/IL-1 signaling pathways across a 
broad range of species. The mechanism of signal transduction from the extra-cellular domains 
of Toll-like receptors to post-receptor complexes is poorly understood. What can be stated is 
that protein-protein interactions, mediated by a subset of conserved adaptors and coupled to 
phospho-transfer events, are key to the activation and regulation of this pathway. The Toll/ 
Interleukin-1 receptor domain, the death domain and the catalytic kinase domain are some of 
the most important structural facets of these classes of mediators. 

Toll/Interleukin-l Receptor (TIR) Domains 
TIR domains form the intracellular trans-activation domains for all members of the Toll/ 

IL-1 receptor superfamily. The 200 amino acid domain was first identified in the human IL-1 
and Drosophila Toll receptors ^̂  and has since been reported in a broad range of plant, Xenopus, 
insect, and mammalian proteins where it is involved in mediating immune responses and de
velopmental pathways (Fig. 15). 
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Figure 14. Different LRR-protein interfaces. In the Skip2 crystal packing (PDB code IFQV), different 
interfaces are involved suggesting different modes of dimerization for LRR-proteins. In a) a head-to-head 
arrangement is observed and the interface is formed by the flanking loops on either sides of the LRR motif 
In contrast, in b and c, both configurations are head-to head arrangements. In b) the concave face is involved 
in protein-protein contacts, with the C-terminal tails of Skip2 occupying the central space usually defined 
as the ligand-binding site in LRR proteins. In c) the interface is on the convex « back» side of the horseshoe 
structure. 

Interestingly, T IR domains also appear to be present in bacteria and viruses where they 
may act as decoys to allow evasion of the host defense.^ '̂ ^ This discovery could have some 
important evolutionary implications since it suggests that these domains may have arisen be
fore the divergence of eukaryotes and prokaryotes. It is conceivable that T IR domains could 
have existed as a general protein-protein interaction domain that subsequently acquired spe
cialized functions in development and later, in immunity. 

TIR D o m a i n Classification 
The T IR domain superfamily can be classified into three distinct sub-groups according to 

their associated functional domains. The first group comprises TIR domains that are linked to 
three extra-cellular immunoglobul in- l ike domains . Members of this group are mainly 
cytokine-activated members of the IL-1 receptor superfamily. The activation mechanism in
volves the formation of a high affinity complex between the receptor and an accessory mol
ecule, the IL-1 receptor accessory protein, that allows the recruitment of post-receptor mol
ecules through the T IR domains. 

The second subgroup is composed of T IR domains linked to extra and intracellular leu
cine rich repeats. The Toll receptor family and plant defense R proteins belong to this group. 
The receptor activation mechanism in Toll receptors is believed to involve the formation of 
homo and heterodimeric receptor complexes that bring T I R domains into close proximity, 
followed by the recruitment of post-receptor complexes by an unknown mechanism. 



Structures andMotifi Involved in Toll Signaling 77 

4 N 

TUT 

y DrosophUa 

> ^ • 

a L6andN 
proteins 

049419 

NP_I993I8.2 

CT1466 

>-̂  

TetratricopeptJde 
repeat domain 

NB-Arc domain 

WD40 
repeats 

Leucine rich repeats 

Death domain 

SAM domain 

Transmembrane region 

I ImiTainoglobulin donmin 

Figure 15. Domain organization in representativeTIR domain-containing proteins in humans, Drosophila, 
C. elegans and plants. 



78 Toll and Toll-Like Receptors: An Immunologic Perspective 

The third sub-group is comprised principally of cytosolic adaptor molecules with solo 
TIRs or TIRs linked to other functional domains. Their function appears to involve mediating 
protein-protein interactions with mounting evidence to suggest a role in signal regulation through 
phosphorylation. This subgroup is the largest and is especially well represented in Arabidopsis. 

TIR Primary Structure 
TIR domains are characterized by three conserved sequence boxes, designated Box 1, 2 

and 3, spread across the length of the module (Fig. 16). Outside these boxes TIR domains are 
divergent with sequence similarities in the range of 20-30 percent amongst superfamily mem
bers. 

Box 1, the most conserved of the three, has the signature sequence F ADAF-Y, mutation 
of which leads to disruption but not total abrogation of signal transduction. 

Box 2 has the consensus sequence G-LC-RD-PG. Mutational studies have mapped sev
eral residues that are crucial for receptor signaling to this region.^^ Substitution of the con
served proline to histidine in murine hTLR4 renders mice insensitive to LPS.^^ A similar mu
tation in TLR2 abrogates signal transduction in response to yeast and gram-positive bacteria. 
Swapping the conserved arginine with an alanine in the human IL-1 receptor also abolishes 
Toll/IL-1 signaling.^^ 

Box 3 is characterized by the conserved FW motif This region is poorly conserved in 
some of the downstream adaptors suggesting that it could play an important role in specific 
signal routing. Mutations in box 3 have, thus far, only been shown to affect the subcellular 
localization of the IL-1 receptor. ̂ ^̂  

TIR Tertiary Structure 
Our current understanding of the TIR domain fold has been accrued from studies of the 

crystal structures of theTLRl andTLR2 proteins (Fig. 17).̂ ^^ These structures suggest that 
the region spanned by box 1 to 3 forms a conserved core of 135 to 160 amino acids. This core 
adopts an overall p /a fold composed of a central 5-stranded parallel P-sheet surrounded by 5 
a-helices. 

A similar fold is seen in CheY, a bacterial chemotaxis protein. CheY protein consists of a 
single regulatory domain that is activated by a conformational change induced by a 
phospho-transfer reaction from a histidine kinase to a conserved aspartyl residue. Structural 
superposition of CheY, TLRl and TLR2 shows remarkable topological and tertiary structure 
conservation, especially over the central beta sheet region. Similar signal response regulators 
with a p /a fold have been identified across species suggesting that this could be an evolution-
arily conserved signal regulatory conformation. 

Whether this structural similarity has any functional significance for Toll/IL-1 receptor 
signaling is unclear. There is however, preliminary evidence, to suggest that some TIR domain 
containing adaptors could be phosphorylated in vivo. Phosphorylation of CheY regulates its 
association with other complexes in the pathway, e.g., the unphosphorylated form has up to 
6-fold higher affinity than the phosphorylated form. It is possible therefore that a similar phos
phorylation event in TIR signaling could trigger a conformational change that regulates the 
interaction of the TIR domain with the Toll-like receptor signalosome. 

Residues of the conserved TIR box mosdy form the core of the molecule though some are 
solvent exposed on one face of the protomer. Box 2 forms part of a protruding loop, termed the 
BB loop. This protruding surface is highly conserved between the two known structures and 
has been proposed to be the interaction surface for receptor dimerization.^^^ 

Analysis of the electrostatic surfaces of the BB loop of TLRl andTLR2 (Fig. 18) suggests 
some charge conservation but also striking variation that could be crucial for determining 
specificity with different adaptor molecules. 
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A recent structure of a TLR2 disulphide linked dimer suggests that the BB loop might 
adopt different conformations in the bound or unbound form, to allow optimal association. ̂ ^̂  
In the monomeric form and in one form found in the dimeric structure, but not involved in 
the dimerization interface, the BB loop protrudes away from the rest of the domain (conformation 
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Figure 17. TLRl (A) andTLR2 (B) TIR domain structures. These adopt an a/p fold similar to baaerial 
CheY (C) regulatory domain. TIR domains are shown with the BB loop facing the viewer. 

B). However, in the BB loop associated dimer, the loop is located closer to the TIR domain 
(conformation A). 

The TLRl andTLR2 structures suggest that box 2 residues may make important contacts 
with the conserved signature residues in box 1. Analysis of the proline to histidine TLR2 mu
tant shows no major structural changes that could explain its insensitivity to LPS stimulation. 
This would suggest that the observed effect could be due to the disruption of key interactions 
between the receptor and downstream molecules rather than conformational rearrangements 
over the BB loop region. 

TIR domain interactions are clearly important for regulating the Toll/IL-1 signal trans
duction pathway. How the specificity of adaptor TIR domains for certain receptor domains is 
determined seems to lie in the structural variability of the TIR fold. Although the two known 
TIR domain structures have a sequence similarity of 50 percent they display some striking 
structural variability. Since the sequence similarity between members of the TIR domain su-
perfamily is usually in the order of 20 to 30 percent, it is conceivable that we will find even 
more significant structural differences between different TIR domains. 

Figure 18. Electrostatic surface representation of the TIR domain S face, a) TLRl, b) TLR2. Used with 
permission from Dunne A, Ejdeback M, Ludidi P et al. Structural complementarity ofToU/lnterleukin-l 
receptor domains in toll-like receptors and the adaptors Mai and MyD88. J Biol Chem 2003; 
278(42):41443-41451. 
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TIR Domains form Multitypic Complexes 
As noted above, TIR domain proteins fold into a conserved structure but the surface 

characteristics suggest that they may be able to assemble into multitypic complexes. Recent 
work in our laboratory^ ̂ ^ has shown that the Mai and MyD88 adaptors interact with different 
regions of the TIR domains of TLRs 2 and 4, and that these interactions do not involve the BB 
loop (Fig. 19). In addition the two adaptor TIRs were shown to form heterodimers and this 
binding is predicted to involve areas of the molecules that do not overlap with the receptor 
binding sites. These studies suggest an activation mechanism that involves dimerization depen
dent assembly of a post-receptor complex. 

Death Domains 
The multitypic receptor complexes nucleated by the TIRs are coupled to downstream 

effectors by a second protein-protein interaction motif, the death domain; so called because it 
is also found in signaling pathways that lead to apoptosis.^^^ The adaptors MyD88 and Tube 
contain death domains (see Fig. 15) as do the IRAK and Pelle kinases (Fig. 20).^^^ The Tube 
and Pelle death domains associate to form stable heterodimers that are requisite for signal
ing. ̂ ^̂ '̂  Recruitment of the protein kinase into the post-receptor complex is accompanied by 
autophosphorylation.^^^The death domains themselves consist of about 120 amino acids and 
are characterized by a conserved six a-helical bundle fold. ' They typically associate via 
homotypic interactions. Crystal structures of the Tube/Pelle death domain heterodimer (Fig. 
21)109 and. more recently, a solution structure of the isolated Pelle death domain, have been 
solved (Moncrieffe et al, submitted). These studies reveal that the binding interface between 
Tube and Pelle is extensive, and involves at least 27 of the residues in the fold. Helix-4 of Pelle 
interacts with a groove formed by helices 1, 2 and 6 of Tube and additionally, the C-terminal 
tail of Tube interacts with a groove on Pelle created by helices 2,3,4 and 5. In addition to this 
stable interface, solution studies suggest that a second, unstable association occurs. These addi
tional weak interactions may contribute to the stability of the post-receptor activation com
plex. Equivalent structural studies are not available for the vertebrate MyD88/IRAK death 
domains although biochemical evidence suggests that signaling is mechanistically similar. 

Kinase Domains in Toll-Like Receptor Signaling 
Protein kinases play a crucial role in the activation and regulation of Toll-like receptor 

signaling systems. Serine/threonine are often involved in biochemical processes like cell growth 
and development. In general serine/threonine kinases are involved with cytosolic signaling 
whilst tyrosine kinases tend to be associated with cell surface receptor molecules. 

Figure 20 shows some of the protein kinases implicated in Toll receptor pathways. The 
IL-1 receptor associated kinase (IRAK) family of serine/threonine kinases are recruited to the 
receptor complex following activation. On activation by association with adaptor molecules 
downstream of TLRs they induce a signaling cascade that culminates in the activation of IKB 
kinase and N F K B mediated transcription. 

As noted above, IRAKs are multi-domain proteins composed of a conserved N-terminal 
death domain linked to a typical serine/threonine kinase domain. Five have been described so 
far in mammals and insects, IRAK-1, IRAK-2, IRAK-M, IRAK-4 and Pelle.̂ ^^ Overall they 
adopt a similar domain organization except for a unique C-terminal region that is absent in 
IRAK-4 and Pelle. Current evidence suggests that this region could be important in mediating 
TRAF6 interactions through the conserved QxPxE motif 
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Figure 19. Model of the docking complexes formed between theTIR domains of hTLR2 and hTLR4 and 
the TIR domains of Mai and M7D88. Receptor TIR domains are shown in dark gray and adapter TIR 
domains in light gray. Structural features representing the conserved boxes of the TIR domains are shown 
in dark gray (box 1; box 2, BB loop; box 3, not present in Mai). The side chain of the semi-conserved proline 
residue in the BB loop is colored purple. Top panel: GRAMM docking of the MyD88 (left) and Mai TIR 
(right) domains to the TIR domain of hTLR4; bottom panel: docking of MyD88 (left) and Mai (right) TIR 
domains to theTIR domain of hTLR2. See ref 155 for color reproduction. 
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Figure 20. Representative kinase domain containing proteins in Toll-like receptor signaling. 

Primary and Tertiary Structure Conservation in Protein Kinases 
Shown in Figure 22 is a structure-based alignment of all known members of the IRAK 

superfamily to the cyclic AMP dependent kinase crystal structure. This alignment allows us to 
divide the kinase domain into 11 subdomains that are highly conserved in all kinases (labelled 
1-11 in Fig. 22). 

Since all protein kinases catalyze the same basic reaction, their tertiary structures are highly 
conserved. The kinase fold is composed of two lobes linked by a short polypeptide chain (Fig. 
23). The N-terminal lobe (A) is made up of five anti-parallel P-strands and a single a-helix, 
called helix C. p strands 1 and 2 encompass the conserved signature phosphate anchor motif, 
GXGXY/FG. This phosphate anchor subdomain is conserved across all members of the IRAK 
family suggesting that they are all capable of binding ATP. The only anomaly lies with the 
conserved phenyalanine that usually caps the phosphate transfer site, which is replaced by an 
isoleucine in IRAK-M. Distortions in this region of the N-terminal lobe have been associated 
with inactive kinases. P strand 3 in subdomain 2 contains an invariant lysine that binds oxygens 
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Figure 21. Crystal structure of the P2:T2 interface in the Tube/Pelle death domain complex. ̂ °̂  Reprinted 
from Xiao T, Towb P, Wasserman SA et al. Three-dimensional structure of a complex between the death 
domains of Pell and Tube. Cell 1999; 99(5):545-555. ©2004, with permission from Elsevier. 

in the P and y phosphates of the ATP molecule. This lysine forms a stabilizing salt bridge with 
an invariant glutamic acid in helix C, thus orienting it properly for catalysis. Distortions that 
disrupt this salt bridge are also linked with kinase inactivity. The two lobes are connected by a 
flexible linker that stretches between p strand 5 and helix D (subdomain 5 in Fig. 22). The 
ATP molecule sits in a cleft between the two lobes and hydrogen bonds with linker residues. 

The larger substrate binding C terminal lobe (B) is predominandy a-helical. The catalytic 
loop on subdomain 6b connects P strand 6 and 7. In most kinase structures the catalytic loop 
has a conserved tyrosine or histidine in position 1 and an arginine residue in position 2 that 
hydrogen bonds with conserved residues in subdomains 8 and 9. The arginine residue is con
served only in IRAK-4. Also found in the catalytic loop of IRAKs are the conserved catalytic 
aspartate and the metal binding asparagines, set five residues apart. Interestingly, IRAK-2 and 
IRAK-M have asparagine and serine residues respectively instead of the catalytic aspartate. 
Moreover, IRAK-M has a serine residue instead of the conserved ATP binding lysine ordinarily 
found next to the catalytic aspartate of serine/threonine kinases. These differences could pro
vide an explanation for why IRAK-M and IRAK-2 are inactive kinases. 

The activation loop between subdomains 7 and 8 contains a DFG motif that is conserved 
in all IRAKs save IRAK-2, where it is replaced by HPM. The aspartate in DFG forms part of 
the metal binding site. Also found in this region are the threonine and serine residues whose 
phosphorylation, in many protein kinases, induces a conformational change that resiJts in fiill 
enzyme activation. For example, phosphorylation of S376 and T387 in the activation loop in 
IRAK-1, by itself or by IRAK-4, results in its activation and potential phosphorylation of 
IRAK-2 and IRAK-M.^^2 
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Figure 22. Structure based sequence alignment of IRAK family members with cyclic AMP dependent 
kinase. 
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Figure 23. Crystal structure of cyclic AMP-dependent protein kinase (cAPK) PDB: 2CPK 

Conclusions 
The last few years have seen significant advances in many areas of Toll receptor biology, 

genetics and biochemistry. At the same time we have only a rudimentary understanding of the 
structural basis for Toll signaling. Experimental structures have been determined only for some 
isolated components in the pathways, notably the TIR domains from TLRl and 2 and the 
death domains o£ Drosophiia Tube and Pelle.̂ ^ '̂̂ ^^ This relative lack of success reflects the 
formidable difficulty involved in preparing the receptors and components of the pathway in a 
form that is suitable for high-resolution structural studies by X-ray crystallography and NMR. 
However advances in expression systems and protocols, protein purification methods and au
tomated approaches to protein crystallization offer the prospect of significant progress. In par
ticular, structural analysis of the protein complexes involved in activation of the receptors by 
pathogen associated molecular patterns and the nature of the post-receptor complexes will 
provide a powerful insight into the regulatory mechanisms of these pathways. This informa
tion will also facilitate structure-aided design of small molecule and protein therapeutics that 
can modulate TLR function in disease. 

Developments in bioinformatics are also having an impact on these problems. Computa
tional techniques for homology modeling now incorporate improved techniques for predicting 
loop conformations. Programs for rigid-body docking of protein structures have also im
proved and now allow reliable prediction of heterotypic interactions by signaling adaptors. 
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CHAPTER 3 

"Supramolecular" Activation Clusters 
in Innate Immunity 

Martha Triantafilou and Kathy Triantafilou 

Introduction 

F rom birth every living organism must contend with an environment replete with 
infectious pathogens. Mammals and vertebrates have responded to this challenge by 
developing an intricate system of host defense that we collectively call the immune 

system. The immune system itself can be divided into two main components: innate and 
adaptive immunity. 

The innate immune system is, in evolutionary terms, the more archaic of the two. It is 
the non-specific component of the immune system and is the first line of defense against 
invading pathogens. This defense is characterized by the production and activation of me
diators and immune system cells that kill pathogens. The innate immune system uses a set of 
germline encoded receptors, called pattern recognition receptors (PRRs), to recognize spe
cific molecular patterns or motifs called PAMPs (Pathogen-Associated Molecular Patterns) 
on invading pathogens.^' 

By contrast, the acquired immune response is present only in vertebrates and is pathogen 
specific. The main difference between the two wings of our immune system is that the acquired 
uses somatic gene rearrangement to produce specific antigen receptors. Two of the principle 
receptors involved are major histocompatibility (MHC) molecules and T-cell receptors. MHC 
molecules bind and present antigen to T-cells. T cell activation can only proceed if the T cell 
receptor interacts productively with the specific peptide-MHC complex being offered. In or
der to achieve this the T-cell requires the help of a plethora of co-receptors and accessory 
molecules. In the past few years, it has been shown that antigen recognition by the acquired 
immune system comprises an intricate multi-molecular choreography of receptors that takes 
place as the T-cell engages a peptide-MHC complex.^' This interaction is dynamic and in
volves delicate contacts (termed immunological synapses) between the T-cell and antigen-pre
senting cell (which bears the MHC antigen complex). The successful formation of these con
tacts is dependent on the binding of the T cell receptor to a specific peptide-MHC complex, as 
well on the formation of different microdomains that contain clusters of different receptors. 

Innate immune recognition was believed to be far simpler. PRRs were thought to bind 
and recognize conserved products of pathogens that were unique to the invading microorganism 
but not the host. Although this is true, it is becoming increasingly apparent that the model of 
a single PRR to recognize each microbial signature has been oversimplified. With the discovery 
of the Toll-like receptors as the main signal transducing molecules of the innate immune 
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system, a considerable research effort has now shown that PRRs are part of a multi-component 
sensor apparatus. In this chapter we'll attempt to critically examine recent advances in the field 
of innate recognition, with a primary focus on the receptors and microdomains that are in
volved in bacterial lipopolysaccharide (LPS) recognition. 

Lipopolysaccharide Recognition 
Lipopolysaccharide (LPS) or endotoxin constitutes the outer membrane of all Gram-negative 

bacteria and is one of the best known examples of a PAMP. LPS is perceived by the innate 
immune system as the molecular signature for Gram-negative bacterial infection and its recog
nition leads to a pro-inflammatory response. In some cases this recognition can lead to the 
uncontrolled production of pro-inflammatory mediators that can eventually lead to fatal sepsis 
syndrome in humans. Septic shock is the most common cause of death in intensive care units 
with the number of cases increasing since the 1930s. Consequently, there has been consider
able interest in solving just how LPS is detected. 

Structure of LPS 
In determining how LPS stimulates the immune system we should first consider its struc

ture. LPS from Gram-negative bacteria is generally composed of a polysaccharide attached to a 
lipid termed lipid A, hence the term lipopolysaccharide. The hydrophilic part is composed of 
a polysaccharide core and O-antigen structures which can vary depending on the bacterial 
strain. '̂  In contrast the lipid portion of LPS is highly conserved. Lipid A consists of a P - ( r ^ 6 ) -
interlinked GlcpN-disaccharide, which is phosphorylated at positions 1 and 4', to which long 
chain fatty acids are attached. Biological activity in response to LPS is believed to be lipid 
A-dependent, although it has been shown that the polysaccharide portion enhances activity. 

Pattern Recognition Receptors Involved in LPS ^^Sensing*^ 
Although LPS was chemically isolated more than 70 years ago, the receptors responsible 

for its recognition proved more elusive. The seminal discovery of a serum protein that could 
bind LPS, termed lipopolysaccharide binding protein (LBP), came almost 50 years later and 
led to a new awareness of the molecular events that lead to LPS-recognition. Wright et al̂ ^ then 
added another piece to the puzzle. They demonstrated that LBP potentiates the cellular re
sponse to LPS by aiding the transfer of LPS-LBP to a membrane receptor, CD 14. 

CD14 
CD 14, a 55 kDa glycosylphosphatidylinositol anchored protein expressed primarily on 

the surface of monocytes, was one of the first molecules to be identified as a pattern recognition 
receptor for LPS.^^ CDl4-specific monoclonal antibodies inhibited LPS-induced TNF-a se-
cretion^^'^^ and transfection of CD 14 into CDl4-null cells enhanced LPS-induced activa
tion. The central role of CD 14 in LPS recognition was further demonstrated by 
CDl4-knockout mice that were 10,000-fold less sensitive to LPS compared to hemizygous 
littermates.^ 

CD14 s role in LPS recognition was undoubted. However, it was less certain as to how a 
GPI-linked protein, not traversing the cell membrane, could transduce signals. Several reports 
hypothesized that CD 14 must associate with a transmembrane receptor(s), termed the 
"LPS-signal transducer" to initiate LPS signaling. This hypothesis was strengthened by sev
eral binding studies showing that CD 14 specific mAbs could neither totally block FITC-LPS 
binding^ '̂ ^ especially at high LPS concentrations,^^ nor TNF-a production."^^ Collectively, 
these data suggested the existence of additional receptors. 
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Scavenger Receptors 
Macrophages are able to recognize and internalize apoptotic and foreign cells and where 

appropriate, initiate inflammation and macrophage activation. Scavenger receptors are mac
rophage cell surface molecules associated with the endocytic uptake of lipoproteins. In addi
tion to their uptake of low density lipoprotein, scavenger receptors on macrophages have also 
been identified as receptors for bacterial LPS.^^ Although scavenger receptors can bind LPS, 
in-vitro competition studies indicated that this binding was not responsible for the macroph
age activation elicited by LPS. Interestingly, in-vivo, scavenger-receptor ligands were shown to 
greatly inhibit hepatic uptake of LPS in mice, suggesting an important role for these receptors 
in LPS clearance and detoxification."^^ 

Integrins 
The p2 integrin family, especially complement receptors CR3* and CR4** have also been 

implicated in LPS recognition. They are transmembrane glycoproteins that are expressed on 
the surface of neutrophils, monocytes, macrophages and NK cells and are involved in numerous 
cell-cell interactions. Three members of the integrin family have been shown to mediate LPS 
signaling.^^'^^ Additionally, CR3 was shown to be upregulated and to enhance the adhesive 
capacity of leukocytes after LPS stimulation."^ More recendy, CR3 has been implicated in 
cellular activation by LPS and Group B Streptococci, and appears to mediate the activation 
of human neutrophils by LPS-coated erythrocytes. 

Although integrins are transmembrane receptors and were identified as LPS-receptors 
they did not seem to wholly solve the puzzle of LPS recognition. Their cytoplasmic domains 
were unnecessary for LPS-induced signal transduction. Cells could be activated using LPS 
and a mutant CR3 protein, without a cytoplasmic domain.^^ Futhermore, CD11/CD18 
integrins could enable LPS responsiveness independendy of CD 14. Similarities between 
the signaling systems used by CD 14 and CDl 1/CD18 integrins, such as the LBP dependent 
binding of whole Gram-negative bacteria, and the species specific effects of LPS analogues,^^ 
led to the idea that integrins, like CD 14, may function by transferring LPS to a second receptor, 
the putative "LPS-transducer". 

The Search for the LPS ^^Signal Transducer'' 
Although no molecule responsible for LPS-signaling was identified, LPS was known to 

trigger multiple signaling cascades. For example, the LPS induced production of TNF-OC was 
shown to involve the activation of nuclear factor-KB (NF-KB).^^ LPS was also known to acti
vate p38,^^ stress-activated protein kinase^^ and phosphatidylinositol-3 kinase.^ '̂ ^ 

Several groups attempted to identify the "LPS-signal transducer" by isolating molecules that 
coidd direcdy bind LPS. Different approaches were used. Morrison et al were one of the first 
groups to identify a receptor molecule for LPS. They probed cells for membrane proteins that 
could recognize LPS labeled with sidfosuccinimidyl-2-(p-azidosalicyamino)-l,3-dithiopropionate 
(SASD). This led to the identification of an 80 kDa protein (with an approximate pi of 6.5) on a 
variety of LPS-responsive cell types.^ Results with monoclonal antibodies raised against this 
protein, supported the notion that it may serve as a signaling-receptor for LPS. Dziarski and 
colleagues identified a 70 kDa protein by photochemical cross-linking with ASD-peptidoglycan 
(ASD-PG) from gram-positive bacteria and ASD-LPS.̂ "^ Competitive binding experiments dem
onstrated that both PG and LPS bound to the same 70 kDa protein. 

'also called Mac-1 and CDllb/CDlS 
*̂ also called CD 11 c/CD 18 
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A different approach was to mutagenize a murine macrophage-like cell line J774, then select 
for cells that were LPS resistant.^^ One such clone, termed LR-9, neither bound LPS nor 
responded to LPS stimulation. Presumably, LR-9 cells were resistant because they lacked the 
"LPS-signal transducer". These and parental cells were dien challenged widi ^^^I-labelled-ASD-LPS 
with the result that LPS was cross-linked to two proteins (of 65 kDa and 55 kDa) expressed on 
the parental but not the LR-9 cells. Cross-linking a murine pre- B cell line (line 70Z/3) widi^^^ 
I-labelled-ASD-LPS failed to reveal the same 80 kDa protein that had been deteaed by Morrison. 
Instead two LPS binders were found, one of 18 kDa and the other, 25 kDa.^^ Ligand blotting has 
also been used to identify membrane proteins that bind LPS. Cellular proteins, immobilized on 
nitrocellulose, were incubated with radioactive LPS or anti-LPS antibodies. This approach, em
ployed by Hampton et al to study lipid IVa binding, ^ revealed a 95 kDa LPS binder in cell 
membranes. The same approach, this time with erythrocytes, identified a 96 kD protein. ^ More 
recendy, El-Samalouti et al has used immunoprecipitation to detect an 80 kDa protein that binds 
LPS.^^Our group, using similar methods, has identified four new LPS binding proteins with the 
respective molecular weights of 80 kDa, 70 kDa, 55 kDa, and 40 kDa. ^ In summary, at least 
eight different membrane proteins have been identified as LPS binders, but till recendy no con
clusive role for them in mediating trans-membrane signaling had been described. 

Toll-Like Receptors 
Following the discovery of CD 14 as an LPS receptor, nearly ten years elapsed before the 

next significant breakthrough. Work from the Drosophila field revealed that two members of 
the TLR family, dToll and 18-Wheeler, were responsible for the fly anti-fungal and anti-bacterial 
response. ̂ '̂ The next step, coming from Medzditov and Janeway, was to discover the human 
homologue of Toll, "hToU". ^ This triggered a new field of research into the involvement of 
Toll-like receptors in innate immunity. 

Toll-Like Receptor 4 (TLR4) 
The work of Bender and colleagues was seminal in elucidating the LPS "sensing" apparatus of 

the innate immune system. Beuder and co-workers demonstrated that two strains of mice that 
are hypo-responsive to LPS carry genetic defects in TLR4. It was shown that C3H/HeJ mice 
had a mutation in the third exon ofTLR4, whereas the second resistant strain, C57Bl/10ScCr, 
was homozygous for a null mutation of TLR4. This was the first evidence that TLR4 was 
part of a multi-component LPS receptor, linking TLRs with innate immune recognition of 
LPS. The generation of TLR4-deficient mice proved its importance in LPS-signaling as these 
animals shared an identical phenotype with C3H/HeJ mice. 

Miyake and colleagues then demonstrated that another molecule, MD-2, physically asso
ciates with the extracellular domain of TLR4 '̂ ^ and that this interaction was requisite for 
LPS recognition. ̂ '̂̂ "̂  It is now widely accepted that TLR4 plays a central role in LPS signaling. 
This finding led to a break-through in our understanding of how innate immunity could be 
tuned to different pathogens and, largely through the work of Akira and colleagues, the in
volvement of several TLRs in microbial sensing has now been demonstrated.^^'^^ 

TLR2 
TLR2 was initially believed to be involved in LPS recognition. ' It was later revealed 

that these reports were flawed and that TLR4, and not TLR2, was responsible for LPS 
signal-transduction. ' '̂ '̂ ^ The contradictory results were attributed to contaminated LPS 
preparations.^^ It has now been demonstrated that TLR2 recognizes non-standard LPS, cell 
wall components from Gram-positive bacteria, spirochetes, mycobacteria and yeast. 

TLR2 also detects Listeria monocytogenes, lipoproteins from Borrelia burgdorferi, and 
membrane lipopeptides from Treponema pallidum. Mycoplasma fermentans and Mycobacte
rium avium. 
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T L R 3 
Alexopoulou and colleagues have recently discovered that T L R 3 recognizes viral double 

stranded RNA^^ and that this recognition leads to the production of type I interferons. Not 
surprisingly, TLR3-deficient mice showed reduced responses to polyinosine-polycytidylic acid 
and reduced production of inflammatory cytokines. 

TLR5 
Hayashi and co-workers showed that mammalian TLR5 recognizes bacterial flagellin from 

both Gram-positive and Gram-negative bacteria. Flagellin is a principal component of bacte
rial flagella and is a virulence factor that is recognized by the innate immune system. This 
would suggest that TLR5 has evolved in order to detect flagellated bacterial pathogens. 

T L R 7 
The microbial specificity of TLR7 remains undetermined. However, TLR7 responds to 

imiquimod, a small anti-viral drug, leading some to speculate that TLR7 might be involved in 
viral recognition.* 

T L R 9 
Mammalian D N A has a low frequency of C p G dinucleotides, most of which are methy

lated. In contrast, bacterial D N A possesses unmethylated C p G dinucleotides and has been 
found to have stimulatory effects on mammalian immune cells. Hemmi and colleagues have 
shown t h a t T L R 9 mediates immune responses to C p G DNA.^^ The importance of TLR9 in 
detecting bacterial D N A was demonstrated by TLR9 deficient mice that failed to respond to 
C p G DNA. In addition they were resistant to the lethal effects of C p G D N A without any 
elevation of their pro-inflammatory cytokines. This would suggest that the innate immune 
system has evolved a specific Toll-like receptor to distinguish bacterial from self-DNA. 

Functional Interactions between Different TLBs 
As mentioned above TLRs are a restricted family of receptors that recognize a panel of 

microbial pathogens. The question arises as to how a limited number of conserved molecules 
can recognize a wide repertoire of pathogen derived motifs. Recently Ozinsky and colleagues 
demonstrated that the recognition of PAMPs can be achieved by the combinatorial association 
of different TLRs. They showed that peptidoglycan, a Gram-positive bacterial product, is 
recognized by TLR2 and TLR6. These two TLRs coordinate the activation of macrophages in 
response to Gram-positive bacteria, the yeast cell wall particle zymosan and phenol-soluble 
modulin which is secreted by Staphylococcus epidermis. Added variation is provided by the 
cytoplasmic domain of TLR2, which can heterodimerize with either TLR6 or TLRl to induce 
cytokine production. These findings led the group to propose that some TLRs assemble as 
heteromeric and others as homomeric complexes (e.g., TLR4) and that these combinations 
define the microbial repertoire that can be recognized. Subsequendy, it has been found that 
multiple Toll-like receptors recognize Group B Streptococci (GBS). Henneke and colleagues 
demonstrated that C D 14, TLR2 and TLR6 function as co-receptors for secreted microbial 
products derived from GBS, whereas cell wall components are recognized by TLRs distinct 
from T L R l , 2 , 4 , or 67^ More recendy, cooperation between T L R l a n d T L R 2 has been shown 
to be essential for the recognition of native mycobacterial lipoprotein as well as several triacylated 
lipopeptides.^^ 

* Since going to press murine TLR7 and human TLRS have been shown to recognize ssRNA, both of viral 
and endogenous origin. (Heil F et al. Science 2004; 303:1526-1529. Diebold SS et al. Science 2004; 
303:1529-1531.) 
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CD55 
The 80 kDa LPS-binding protein that was co-precipitated with CD 14 by El-Samalouti 

and colleagues was termed LMP-80.^2 This protein, expressed on human monocytes and 
endothelial cells, was eventually shown to be the decay accelerating factor DAF, or C D 5 5 / 
Subsequently, it was shown that human CD55 could restore LPS signaling in 
LPS-hyporesponsive Chinese hamster ovary cells (CHO)7^ As CD55 is a GPI-anchored 
protein (like CD 14) it was suggested that it must associate (perhaps transiently) with other 
signaling molecules to transduce LPS signals. Alternatively, it could reside in a multimeric 
LPS receptor complex. Recently PfeifFer and colleagues have shown that CD55 is part of a 
complex of receptors that concentrates in lipid rafts following LPS stimulation. 

TREMl 
A new receptor of the immunoglobulin superfamily expressed on human neutrophils and 

monocytes has recendy been identified termed triggering receptor expressed on myeloid cells 
(TREM)-l .̂ ^ Bouchon and colleagues discovered thatTREM-1 promotes cell activation through 
an associated molecule called DAP 12. DAP 12 has the ability to trigger the secretion of 
pro-inflammatory mediators^^ which prompted investigators to look at the role that TREM-1 
plays in inflammation caused by microbial pathogens. 

They found thatTREM-1 expression was upregulated in response to Gram-positive bac
teria, Gram-negative bacteria, and mycobacteria. Surprisingly, TREM-1 expression was signifi-
candy increased after incubation with extracellular bacteria, but not intracellular. Bouchon and 
colleagues went on to create a TREM-1-Ig Fc fusion protein that would compete with the 
unknown TREM-1 ligand. Administration of the ftision protein lowered serum levels of TNF 
and IL-ip. Most importantly they reported that the TREM-1 fusion protein could protect 
mice from death when given before or after LPS administration. Few therapeutic interven
tions for septic shock can protect animals from death when administered more than 30 min
utes after LPS.'̂ '̂  

More recently the group have demonstrated that together, TREM-1 and Toll-like receptor 
mediated signals can synergise to increased the production of pro-inflammatory cytokines.^^ 
This adds TREM-1 to the list of factors involved in bacterial recognition. While the function 
of TREM molecules (TREM-1,-2 and -3), as well as DAP12 have just begun to be unveiled, 
emerging evidence suggests that these molecules play a crucial role in both innate and adaptive 
immune responses.'̂ ^ 

RP105 
RP105 (CD 180) is a type I transmembrane protein with extracellular leucine repeats and 

a short cytoplasmic tail. The multiple leucine-rich repeats are similar to those in Drosophila 
Toll, making RP105 the first mammalian molecule to be described with similarity to Toll. 
Expression of RP105 is restricted to mature B-cells and macrophages. Ogata and colleagues 
demonstrated that RP105 regulates LPS signaling on B-cells^^ and showed that B-cells that 
lack RP105 were impaired in LPS-induced proliferation and antibody production.^^ RP105 
has been shown to associate with an extracellular molecule, MD-1 and the RP105/MD-1 
complex is strikingly similar to TLR4/MD-2. In the latter case, MD-2 is indispensable for 
LPS-induced cell activation. Likewise, MD-1 is indispensable for RP105 cell surface expres
sion and B-cell responsiveness to LPS.^^ Thus the RP105/MD-1 complex constitutes an 
LPS-signaling complex on B-cells. 

Platelet Activating Factor andADAMlO 
ADAMs (a disintegrin and metalloprotease) are members of the metzincin superfamily of 

metalloproteases and Platelet-activating factor is a G protein-coupled receptor involved in re
sponses to Staphylococcus aureus in epithelial cells. Bacterial LTA activates platelet activating 
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factor which, in turn, activates ADAM 10 and the epidermal growth factor receptor.^^ Interest
ingly, unlike responses in macrophages, epithelial responses to LTA do not seem to require 
TLR4. 

Heat Shock Proteins 
In our attempt to isolate LPS-binding receptors we identified four molecules, two of 

which were heat shock proteins (HSPs), HSC70 and HSP90a.5S HSPs are highly conserved 
proteins that are associated with tissue damage and stress. Although also considered as chaper-
ones in antigen-presentation, HSPs have been found to exist on the cell surface ' ^ and are 
now classed as one of the groups of proteins that flag "danger*' to the innate immune system.^^ 
HSPs have been shown to generate protective immunity, to activate antigen-specific T-cells^ '̂̂ ^ 
and to bind Taxol. The significance of the latter observation is that Taxol, a plant-derived 
anti-tumor agent, signals in a manner indistinguishable to that of bacterial LPS.^^ Recendy 
HSPs have also been shown to interact with and activate TLRs. The work of Vabulas and 
co-workers has shown that diiferent HSPs serve as endogenous stimuli for TLRs. HSP70 acti
vates the innate immune system via the TLR signaling pathway. '̂̂  Additionally, HSP60 as well 
as Gp96 signal via the TLR2/4 complex.^^'^ Furthermore they reported that HSP internaliza
tion is required in order to stimulate the TLR signaling pathway. 

Interestingly recent studies have suggested that endotoxin (LPS) contamination of recom
binant heat shock proteins might be responsible for the induction of cytokines observed when 
HSPs are administered^^ and for the interactions observed with the "LPS-sensing machin
ery*'.̂  Thus it is possible that HSPs complexed with LPS interact with the TLR pathway and 
induce CDl4-dependent cytokine secretion. 

In addition, HSP90 has been shown to bind direcdy to CpG oligonucleotides^'^'^^ and a 
specific inhibitor of HSP90, geldanamycin, prevents CpG driven cellular stimulation.^^ An 
interaction of HSP90 withTLR9, which is known to mediate CpG signaling, was also demon
strated.^^ Thus a new function for HSPs in immune responses is emerging. The evidence points 
towards a dual role for HSPs in bridging the innate and adaptive immune response. To do this 
HSPs may bind and present PAMPs to TLRs, at the same time binding and shutding peptides 
to the antigen-presentation pathway. The expression of HSPs in lipid rafts^^'^^ could faciUtate 
both these fiinctions. 

Chetnokine Receptor 4 
Another molecule involved in the LPS-receptor cluster is chemokine receptor 4(CXCR4).^^ 

CXCR4, whose expression was originally thought to be restricted to leukocytes, is now known 
to be up-regulated on exposure to bacterial products and facilitates the endothelial cell in
flammatory response. Most importantly, CXCR4 is the receptor for HIV. Interestingly LPS is 
a potent inhibitor of HIV-1 replication, possibly by down-regulating the CXCR4 receptor. ̂ '̂̂  

Activation Clusters 
Recendy our group has focused on unraveling the molecular events that leads to the in

nate recognition of bacterial LPS. Using non-invasive biophysical techniques, such as fluores
cence recovery after photo-bleaching (FRAP), we investigated the lateral mobility of LPS and 
different LPS receptors on living cells, before and after LPS stimulation. We demonstrated that 
LPS initially binds CD 14, is then released and transferred to an immobile receptor or complex 
of receptors. Subsequendy, we used affinity chromatography and peptide mass fingerprint
ing to identify a complex of four LPS binding receptors. This multimeric receptor complex is 
comprised of HSP70, HSP90, chemokine receptor 4 (CXCR4) and growth differentiation 
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factor 5 (GDF5). Using Fluorescence resonance energy transfer (FRET), we confirmed the 
association of all four proteins with LPS, finding that they formed a complex after LPS liga
tion. The functional significance of this complex was then demonstrated using antibody-inhi
bition experiments. These showed that incubation with antibodies against the four-identified 
receptors prior to LPS stimulation abrogated LPS-induced TNF-a secretion.^^ 

Similar findings were presented by PfeifFer and co-workers who recendy demonstrated the 
existence of a diverse group of receptors forming an activation cluster following LPS stimula
tion.^^ Using FRET diey observed clustering of CDllb/CD18, CD14, CD55, CD81, Fc^-R 
CD 16a, scavenger receptor CD36 andTLR4 following LPS stimulation. LTA induced a simi
lar receptor cluster. It is worth noting that most of these receptors had already been implicated 
in LPS signaling (such as GDI lb/CD 18, CD 14, scavenger receptor CD36, CD55 andTLR4). 
Interestingly the components of the activation cluster changed when cells were challenged with 
ceramide; the CD 16a, TLR4 and CD81 components were absent. This would suggest that 
different combinational associations of receptors might be responsible for the wide range of 
microbial stimuli that the innate immune system can recognize. Our recent experiments would 
agree with this (Triantafilou et al unpublished observations). We have found that different acti
vation clusters are formed following stimulation with different LPS analogues such as pentaacyl 
lipid A and lipid Via. Interestingly TLR4 does not seem to be recruited into these clusters 
following stimulation by LPS antagonists. Heine et al have also identified CD55 as an 
LPS-binding receptor and active element of an LPS-receptor cluster. "̂^ The existence of 
activation-induced receptor clusters has also been shown by Perera et al̂ ^ who demonstrated 
the interaction of CD 14, CD l ib /CD 18 andTLR4 during LPS and taxol-inducible gene ex
pression. 

It is very likely that the activation clusters observed by each group^ '̂'̂ '̂ '̂  form by the 
same basic mechanism. In addition Seydel and colleagues have suggested that a Ca^^'dependent 
K^-channel is probably also associated with an LPS-induced activation cluster. This be
comes even more plausible given that activation of K^-channels has been observed after exog
enous addition of HSP70.^^^ 

Microdomains 
The plasma membrane of mammalian cells was once believed to be homogeneous, but it 

is now clear that it is discontinuous and contains microdomains that are essential for cellular 
function. Lipid rafts are defined as dynamic assemblies of lipids and specific proteins in the 
biological membrane. One of the roles of these lipid rafts (or microdomains) is to recruit and 
concentrate molecules involved in cellular signaling. ̂ ^̂  The accumulation of receptors and 
their associated signal transduction machineries into these domains has the effect of enhancing 
signaling efficacy. 

The acquired immune response seems to employ similar microdomains in order to achieve 
T-cell activation. Receptors involved in the innate immune response, such as CD 14, have 
previously been reported to reside in such rafts. We have found that the receptor molecules 
that are implicated in LPS driven cell activation such as HSP70, HSP90, CXCR4, GDF5 and 
TLR4 (in addition to CD 14), are all present in microdomains following LPS stimulation.^^ 
Raft-disrupting drugs such as nystatin or MCD, inhibit LPS induced TNF-a secretion, sug
gesting that lipid raft integrity is essential for LPS signaling. 

Pfeiffer et al have also reported receptor cluster formation in lipid rafts. Using FRET 
they reported LPS induced clustering of diverse receptors, including CD 14, TLR4 and integrins 
within microdomains. Based on these findings we suggest that bacterial recognition centers on 
the ligation of CD 14 by bacterial components, then the recruitment of multiple signaling 
molecules to the site of CD14-LPS complexes in lipid rafts. 
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The Shape of LPS 
Although LPS is a potent stimulus of the innate immune response, it is intriguing to note 

that several lipid As from nonenterobacteria such as Rhodobacter sphaeroides (RSLA) and 
Rhodobacter capsulatuSy as well as precursors and analogues of toxic lipid A from Escherichia coli 
LPS (such as tetraacyldisaccharide lipid A precursor and pentaacyl LPS) have been shown to 
inhibit LPS activation.^^^'^^^ 

An important question is what is requisite for lipid A and LPS to be active or antagonistic 
with respect to endotoxin action. Schromm and colleagues demonstrated that biological activ
ity is dependent on the shape of the lipid A component. ̂ ^̂  LPS that assumed a conical shape 
(such as that from E. colt) was found to be biologically active, whereas LPS with a cylindrical 
shape (such as the LPS from Rhodobacter sphaeroides) was inactive.^ Netea and colleagues 
have suggested that the shape of LPS determines its interaction with Toll-like receptors and 
defines whether or not it can activate the TLR.^^^ As examples they mention P. gingivalis and 
LeptospiralLPS molecules that stimulate viaTLR2 ^̂  and E. coli LPS which acts through TLR4.^^^ 
Interestingly N.meningitidis LPS which assumes an intermediate conformation seems to en
gage bodiTLR2 andTLR4 (Fig. l).!^^* 

Conclusions 
Our current understanding of the innate immune system has leapt forward in the last 

twenty years. The discovery of CD 14 as the LPS receptor, and the emergence of the TLRs as 
the "signal transducers" have changed our view of the single-receptor model of innate immune 
recognition. But what comes next? Although there is no doubt that TLRs are the dominant 
signaling molecules involved, the question remains: have we identified all the proteins that 
comprise the sensing apparatus? The lack of convincing evidence to show the direct engage
ment of PAMPs to TLRs, as well as the multiple signaling cascades that are triggered lead us to 
believe that additional receptors exist. 

In this chapter we have detailed some of the molecules and pathways that are involved in 
the innate recognition of bacteria. We've shown the various routes and proteins that different 
cell types employ to respond to bacteria. How these proteins co-ordinate to achieve innate 
immune recognition remains to be thoroughly explored. Ozinsky and colleagues have sug
gested that the repertoire of innate recognition is defined by the combinational association of 
TLRs. Based on our previous findings of a receptor complex within lipid rafts post LPS 
exposure, ' we would extend this notion by suggesting that innate immune responses must 
also depend on different combinational associations of receptors. Moreover, the immune 
response is regulated by the type of bacteria and the cell types involved. In addition to a "core 
cluster" of molecules (such as CD 14, TLR4 and possibly HSPs), different receptor molecules 
would be recruited in a ligand dependent fashion. Compartmentalization of the membrane in 
the form of lipid rafts would provide a dynamic microenvironment for the clustering of these 
receptors. As Netea and colleagues^ ̂ ^ have suggested, the shape or conformation of LPS will 
surely play a role, not only in the recruitment of particular TLRs but also in the sequestering of 
receptor(s) within the cluster. This lipid driven tailoring of the TLR associated signaling com
plex may be an essential component in the immune recognition of microbes. 

* Review discussing the link between LPS conformers and hydrophobic activatory surfaces (Seong and 
Matzinger. Nat Rev Immunol 2004; 4:469-478). 
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(a) 

CD14 

E. Co/Z/Salmoiieila LPS 

1/CD18 

Pi'oductioii of pro-iiiflainmatory cytokines 

(b) 
N. meningitidis LPS 

G»F5 

TLRi 

rtD36 

Bi'odiictlon of pro-inflamuiatory cytokines 
TNF-o, IL^l, IFN-T, and ll^ll 

Figure L Hypothetical model of the formation of activation clusters in response to different stimuli. A) E. 
coli LPS (adopting a conical shape) induces a strong pro-inflammatory signal through the formation of an 
activation cluster containing a variety of receptors such as CD 14, TLR4, HSPs, CXCR4, integrins etc. B) 
N. meningitidis with an intermediate shape induces the formation of a diflPerent activation cluster that 
contains HSPs, CXCR4, integrins, TLR2 and TLR4 and transduces a slightly different pro-inflammatory 
signal. Figure continued on next page. 
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(c) 
p. gingivalis LPS 

GDF5 

Pi odiictlQii of pio-iiiflaminatory cytokines 
TNF-aand IL-1 (noIFN-r, aiidII-12) 

No cytokine production 

Figure 1. Continued. C) Pgingivalis LPS (conical) induces an activation cluster with HSPs, integrins,TLR2 
and TLRl and generates a weaker pro-inflammatory signal D) R sphaeroides LPS (cylindrical) induces the 
formation of an activation cluster containing CD 14, integrins, CD55, HSPs, but no TLRs and thus no 
pro-inflammatory signal. 

There is no doubt that much more research needs to be done in order to complete our 
understanding of how the immune system "senses" pathogens and how the innate immune 
response activates the adaptive. Is it possible that heat shock proteins are the missing link 
between innate and adaptive immunity? Could they bind PAMPs for the innate wing and 
shuttle peptides to the acquired and does the combinational associations of receptors explain 
immune specificity? Lastly, how do TLRs associate with different accessory molecules and what 
is the role of transient supramolecular activation clusters in the non-specific branch of the 
immune system? Future work will, perhaps, find answers to these questions. 
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CHAPTER 4 

Interleukin-1 Receptor/Toll-Like Receptor 
Signaling 

Harald Wajant, Peter Scheurich and Frank Henkler 

Abstract 

Upon stimulation Interleukin-l receptor (IL-IR), the related IL-18R as well as the 
Toll-like receptors (TLRs), trigger signaling pathways that activate the transcription 
factors, nuclear factor KB (NF-KB) , activator protein 1 (API) and interferon regula

tory factor 3 (IRF-3). All members of the IL-IR/TLR family commonly induce N F - K B and 
API whereas IRF-3 is targeted specifically by TLR3 and TLR4. While IRF-3 activation has 
only recendy been recognized, N F - K B and API activation, in particular by IL-IR, has been 
intensively studied. Indeed, most of the molecular components that transduce the IL-IR signal 
to activate N F - K B have been identified. There is considerable evidence that these proteins are 
also relevant to TLR signaling. Although there is, in some aspects, a very detailed understand
ing of how the various signaling proteins coordinate to achieve IL-IR driven N F - K B activation 
there are still gaps in the overall picture. The following chapter aims to give a comprehensive 
review on IL-IR/TLR signaling, focusing on the similarities and diff̂ erences between these 
pathways in humans and in Drosophila. To facilitate a proper discussion of the molecular mecha
nisms involved in IL-IR/TLR signaling the relevant proteins will be introduced before IL-IR 
signaling in mammals and Toll signaling in flies are discussed in detail. 

The "Hardware'' of IL-IR/TLR Signaling 

The IL'IR/TLR Family 
The interleukin-1 receptor (IL-IR)/Toll-like receptor (TLR) family consists of two dis

tinct subgroups of transmembrane receptors that express a conserved intracellular signaling 
domain called theToU/interleukin-l receptor (TIR) domain. TLRs share an extracellular do
main comprising several leucine-rich repeats whereas IL-IR-related proteins contain 
immunoglobulin-like motifs in their extracellular domains. The TIR domain mediates 
protein-protein interactions with other TIR domain-containing proteins.^ The TIR domain 
containing MyD88 adapters are one such group of proteins. In humans the IL-IR/TLR family 
comprises IL-IR, IL-1 receptor accessory protein (IL-lRAcp), IL-18R, IL-18RAcp, interleukin-1 
receptor related protein (IL-lRrp2), IL-1 receptor accessory protein-like (IL-IRAPL), T1/ST2 
and TLRl - TLRIO. The fly family members include Toll, 18-Wheeler and Toll-3 - Toll-8.^'^ 
All the TLRs described in mammals appear to have roles in innate immunity and IL-IR and 
IL-18R regulate both innate and adaptive immune responses. In Drosophila only Toll contributes 

Tolland ToUrLike Receptors: An Immunob^ Perspective, edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenum Publishers. 
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to innate immunity. For the other Toll proteins there are, as yet, no data to suggest anti-microbial 

activities. 
2,3 

The MyD88 Adapter Protein Family 
The MyD88 adapter proteins are involved in IL- IR/TLR signaling and are characterized 

by their T IR domain (Fig. 1). In mammals three T IR domain-containing adapters have been 
identified: Myeloid differentiation factor 88 (MyD88), MyD88-adapter-like (MAL) also called 
T I R domain-containing adapter protein (TIRAP) and TIR-containing adaptor molecule 
(TICAM)-l also called T I R domain-containing adapter inducing IFN-beta (TRIF). '^ In flies 
there is a single equivalent protein called DmMyD88.^ MyD88 and D m M y D 8 8 consist of an 
amino-terminal death domain, a protein-protein-interaction motif originally described in the 
context of apoptotic signaling, and a carboxyl-terminal T I R domain. Both domains, separated 
by a short intermediate domain, drive homodimerization with other death domain and T I R 
domain containing proteins.^'^^ In contrast to MyD88 both MAL/TIRAP and T I C A M - 1 / 
TRIF, lack death domains.^'^ 

Toll 

1L-1R 

^ — W O O O O O ^ ^ 

DmMyD88 

MAL 
(TIRAP) 

TM 

^<!!)<§X!MC^ 
1 ^ ^ B y^ ^̂ X296 1 W^^ y^ X249 

MyD88 — i l B W TIR ) MyD88s •wTOiM TIR 

537 

1 X " ^ 2 3 5 

T ICAM- I 1 
(TRIF) • • 

712 

Figure 1. Domain architecture ofTIR domain-containing proteins. IL-1R and Toll are representative of two 
subgroups of the IL-1R/TLR family that either have an extracellular domain with leucine-rich repeats (small 
open ellipses) or immunoglobulin-like motifs (Ig labeled circles). Toll/interleukin-1 receptor domains and 
death domains are labeled TIR and DD, respectively. Leader peptides and transmembrane domains of IL-1R 
and Toll are indicated by small gray boxes or open boxes labeled TM. 
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Figure 2. An undetermined domain found in IRAKI and IRAK2, that splits N F - K B and JNK activation, 
at least by IRAKI, is labeled UD. Death domains and Kinase domains are labeled DD and KD respeaively. 

The PeUe/InterUukin-l Receptor-Associated Kinase (IRAK) Family 
The Pelle/IRAK family consists of a group of phylogenetically conserved serine-threonine 

kinases with an amino-terminal death domain and a central kinase domain (Fig. 2). Pelle was 
identified because of its role in Toll-mediated dorsal-ventral patterning in flies and IRAKI was 
isolated as an IL-IR associated protein.̂ '̂̂ "^ IRAK2, IRAK4 and IRAK-M were then identified 
in EST data base screens for IRAKI related proteins. ̂ '̂̂ ^ Pelle, IRAKI and IRAK4 all have a 
strong autophosphorylation capacity, unlike IRAK2 and IRAK-M. 

The TRAFAdapter Protein Family 
The tumor necrosis factor (TNF) receptor-associated factor (TRAF) family of proteins 

comprises a group of phylogenetically conserved adapters. These adapters connect members of 
the IL-IR/TLR and TNF receptor superfamilies to signaling cascades which ultimately acti
vate N F - K B and MAP kinases.^^ The TRAF proteins were named afi:er their founder members 
which were identified on the basis of their interaction with TNF receptor l}^ The characteris
tic structural feature of the TRAF proteins is a carboxyl-terminal domain of about 200 amino 
acids called the TRAF domain. This domain can be subdivided into a coiled coil amino-terminal 
TRAF-N domain and a highly conserved carboxyl-terminal TRAF-C domain (Fig. 3).^^ There 
are six TRAF proteins in humans and mice (TRAFl -TRAF6), three in Drosophila melanogaster 
(DTRAFl - DTRAF3) and one in Caenorhabditis elegans (CeTRAF). '̂̂ '̂ ^ The amino-termini 
of all the mammalian TRAFs, with the exception of TRAFl, contain a RING finger then five 



Interleukin-1 Receptor/Toll-Like Receptor Signaling 113 

522 

TRAF6 - i [HMSlBa 
412 

DTRAF1 

DTRAF2 

475 
1 

501 
1 

DTRAF3 — < CC M C C 

Figure 3. Domain architecture of TRAP proteins involved in IL-IR/TLR signaling. The highly conserved 
carboxyl-terminal domain and the less conserved amino-terminal domain of TRAP proteins are labeled. 
RING domains and regions adopting a coiled-coil structure are labeled R and CC. Zinc fingers are indicated 
by arrowheads. 

or seven regularly spaced zinc fingers. The amino-terminal part of TRAP 1 has a single zinc 
finger. Outside of this domain, TRAFl shoves no homology to any other protein domain of 
known function. ̂ ^ While the domain architecture of CeTRAF is similar to TRAF2-TRAF6, 
the domain composition at the amino-termini of fly TRAF proteins shows some variability 
(Fig. 3). DTRAFl has seven zinc fingers and no RING domain, DTRAF2 has a RING do
main followed by two zinc fingers and DTRAF3 is devoid of RING or zinc finger motifs. ̂ '̂ '̂ ^ 
Crystallographic analysis of the TRAF domains of TRAF2, TRAF3 and TRAF6 showed that 
TRAF proteins are organized as trimers with a three-fold symmetry. ' The TRAF domains 
of three protomers adopt a mushroom-like structure with theTRAF-C domains as the cap and 
the elongated and intertwined coiled-coil domains as the stalk. TRAF proteins interact with 
"activated" trimeric TNF receptor complexes via their TRAF-C domain. Each TRAF-C do
main binds a linear motif in the cytoplasmic portion of a single TNF receptor in the trimeric 
ligand-TNF receptor complex. Thermodynamic characterization of the interaction between a 
variety of monomeric receptor peptides and the TRAF domains of TRAF2 and TRAF6 re
sulted in dissociation constants between 40 and 2000 jlM.^^'^^ The low affinity of TRAF 
proteins to peptides derived from monomeric TNF receptors emphasizes the relevance of avid
ity for the recruitment of trimeric TRAF proteins to ligand-induced TNF receptor trimers or 
even clusters of receptor complexes. TRAF proteins may also be indirectly recruited to acti
vated receptors. TRAF2 requires the adapter protein TNF receptor associated death domain 
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Table 1, TRAF6-assodated proteins 

Protein Function References 

A20 Inhibition of N F - K B signaling 97,99,101 
ASK1* Disruption of TRAF6-TAK1 interaction and inhibition 148 

of IL-1-induced N F - K B activation 
Cezanne* Interferes with N F - K B activation 149 
ECSIT* Implicated in IL-1 R/TLR-induced N F - K B activation 150 

by MEKK1 processing 
IRAKI Central role in IL-1 RATLR signaling, for details see text 
IRAK2 Interacts with MAL/TIRAP and substitutes for IRAKI 5,14 

in the IRAKI-MyD88 interplay 
IRAK-M Down-regulates IL-1 R/TLR signaling 95 
IRAK4 Central role in IL-1 R/TLR signaling, for details see text 
MEKK1 Implicated in IL-1-induced activation of JNK and N F - K B , 47,51 

but a crucial role has yet not been confirmed in knock out mice 
NIK Implicated in IL-1-induced activation of JNK and N F - K B , 49,50 

but a crucial role has yet not been confirmed in knock out mice 
Pellino-1 Involved in the transfer of IRAKI, IRAK4 and TRAF6 from the IL-1 R 40 

signaling complex to the membrane-associated TAK1 complex 
c-Src Implicated in TRAF6-dependent activation of Akt/PKB 151 
SIMPL* Enhancement of IRAKI -mediated activation of IKK2/IKKP 152 
T6BP* Interacts with TRAF6 upon IL-1 stimulation, relevance 153 

for IL-1 signaling is unclear 
TAB1 Involved in TRAF6- and TAK1 -mediated activation of the 

IKK complex, for details see text 
TAB2 Involved in TRAF6- and TAK1 -mediated activation of the 

IKK complex, for details see text 
TTRAP* Interacts with TRAF6, relevance for IL-1 signaling is unclear 154 
TRABID* Interacts with TRAF6, relevance for IL-1 signaling is unclear 149 
TIZ* Interacts with TRAF6, relevance for IL-1 signaling is unclear 155 
TIFA* Constitutively associates with TRAF6 and with IRAKI upon 156 

IL-1 stimulation 

*these proteins are not discussed in the text: ASK1 = apoptosis inducing kinase-1; Cezanne= cellular 
zincfingerantl-NF-kappa B; ECSIT=evolutionarily conserved signalling intermediate in Toll pathways; 
SIMPL= signalling molecule that associates with the mouse pelle-like kinase; T6BP= TRAF6 binding 
protein; TTRAP= TRAF and TNF receptor-associated protein; TRABID= TRAF-binding domain; TIZ= 
TRAF6-inhibitory zinc finger protein; TIFA= TRAF-interacting protein with a forkhead-associated 
(FHA) domain 

protein (TRADD)^^ for recruitment to TNF-Rl and TRAF6 uses MyD88 to associate with 
members of the IL-1 R/TLR family. While the TRAF-C domain is principally responsible for 
the direct or indirect interaction of TRAFs with activated receptor complexes, the TRAF-N 
domain allows binding to a wide variety of TRAF-interacting proteins (Table 1). These include 
kinases and regulators of TRAF-dependent signaling pathways. ̂ ^ The amino-terminal RING/ 
zinc finger domain of TRAF proteins is typically responsible for triggering downstream signal
ing events. Deletion mutants of TRAF proteins that lack this domain act as dominant-negatives. 
As few proteins have been identified that bind to the RING/zinc finger domain, it has been 
suggested that its signaling function may be fixlfilled by transient associations with proteins 
that bind to the N-TRAF domain. 
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The N F - K B Family of Transcription Factors 
Like many other components of the IL-IR/TLR signaling pathway the transcription fac

tors of the N F - K B family are phylogenetically conserved and have been described in distinct 
species such as man, fly and worms. N F - K B proteins are organized as homo- or heterodimers 
and are activated by a wide variety of stimuli, including physical stresses such as UV radiation 
and reactive oxygen species, by cytokines (e.g., ILl, TNF) and molecules associated with mi
crobial pathogens. The structural hallmark of N F - K B proteins is the Rel homology domain 
(RHD) which comprises two immunoglobulin-like domains of about 300 amino acids."̂  '̂ ^ 
The RHD mediates DNA binding, nuclear translocation, dimerization and interaction with 
members of the inhibitor of KB (I-KB) family which sequester N F - K B dimers in the cytoplasm 
and prevents their nuclear translocation. There are five NF-KB proteins in mammalian cells: 
RelA/p65, RelB, c-Rel, NF-KBl/p50 and NF-KB2/p52. The latter two are processed from the 
precursor proteins pi05 (NF-KBl/p50) and pi00 (NF-KB2/p52). While NF-KBl/p50 is 
CO translationally produced by constitutive proteolysis of pi 05, NF-KB2/p52 is generally cleaved 
from pi00 by induced proteolysis.^ '̂ ^ Nevertheless, both precursors are processed by the 
proteasome. RelA/p65, RelB, and c-Rel, but not p50 and p52, contain a transactivation do
main in their carboxy termini. ' ^ Thus, homodimers of p50 and p52 can act as transcrip
tional repressors. There are also three N F - K B proteins in Drosophila: Dorsal, Dif and Relish. 
Similarly to NF-KB2/p52, the latter is also produced by inducible proteolysis, not by proteosome 
action, but by DREDD, a member of the caspase family of cysteine proteases.'̂ '̂̂ ^ I-KB pro
teins sequester NF-KBS in the cytoplasm by masking the nuclear localization sequence in their 
RHD domains. The I-KBS are defined by six or seven copies of a conserved helical protein 
domain, the ankyrin repeat. Remarkably, the pi00, pi05 and Relish N F - K B precursor proteins 
also contain six or seven ankyrin repeats in their carboxyl-terminal domains. ' The mamma
lian I-KB protein family includes I-KBa, I-KBP, I-KBC, I-KBy, and BcB. The sole fly family 
member is Cactus. ' ^ Some of the I-KB proteins have an amino-terminal regulatory domain 
that allows their signal-induced proteasomal degradation, the key event in inducible N F - K B 
activation. I-KB protein degradation is triggered by serine phosphorylation-dependent 
ubiquitination. Phosphorylation of I-KBS is, in turn, mediated by the I-KB kinase (IKK) com
plex, which is activated by a wide variety of N F - K B inducers including IL-1, LPS and other 
pathogen-related substances. The IKK complex is composed of two related I-KB kinases, IKKl/ 
IKKa and IKK2/IKKp, the heat-shock protein 90 (Hsp90), its cochaperone Cdc37 and the 
catalytic scaffold protein NEMO/IKKy. NEMO/IKKy has a pivotal role in hnking the IKK 
complex to diverse upstream pathways that trigger N F - K B activation. '̂ "̂ '̂ ^ Importantly, 
NF-KB-dependent transcription not only requires signal-induced I-KB degradation and nuclear 
translocation of N F - K B proteins, but also the modification of the N F - K B proteins by phospho
rylation and perhaps acetylation. Phosphorylation and activation of N F - K B subunits can be 
achieved by pathways that are distinct from those that induce I-KB degradation, e.g., by the 
catalytic subunit of protein kinase A (PKA) or by casein kinase \\}^'^'^ However, there is evi
dence that some kinases, especially IKK2//IKKp and atypical protein kinase ^ (PKCQ con
tribute in a cell-type specific manner to I-KB degradation and N F - K B phoshorylation. 

IL-IR Signaling 

IL'l'InducedActivation ofNF-KB 
The initial event in IL-IR signaling is IL-1 binding-induced formation of a heteromeric 

complex of IL-1 Rand the IL-1 receptor accessory protein (IL-lRAcp) (Fig. 4).^^'^^ This recep
tor complex recruits the cytosolic adapter proteins MyD88 and ToUip via homotypic interac
tions between the TIR domains of IL-IR, MyD88 and ToUip.̂ '̂̂ '̂̂ ^ In resting cells, ToUip 
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Figure 4. Model of IL-1-Induced N F - K B Aaivation. For details of the various steps, please see text. 
Membrane-associated protein complexes are in black fields, cytosolic complexes in gray fields. Phosphory
lation of proteins is indicated by a circled P, ubiquitination by Ub and activated kinases are indicated by an 
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interacts with nonphosphorylated IL-1 receptor-associated kinase-1 (IRAKI), most likely to 
silence this kinase in the absence of signaling competent IL-IR complexes. As theTollip-IRAKl 
and (IL-lR)-(IL-lRAcp) complexes bind each other, IL-lR-bound M7D88 is also recruited 
(to IRAKI) to serve as an additional docking site for IRAKI and IRAK4.^5'^^ The 
MyD88-IRAKl/4 interaction relies on the homotypic association of death domains. By virtue 
of its own domain organization, MyD88 can act as an adapter for both TIR and death 
domain-containing proteins. In the context of IL-1 R signaling, IRAK4 phosphorylates IRAKI, 
which is then autocatalytically hyperphosphorylated and competent for TRAF6 binding via its 
three TRAF6-binding motifs. ' ' As a further consequence of hyperphosphorylation, IRAKI 
is ubiquitinated and degraded by the proteasome, events which are not necessary for IL-1-induced 
N F - K B activation.^ '̂ ^ Besides undergoing autophosphorylation, IRAKI also phosphorylates 
Tollip which then dissociates from the kinase.^^ Remarkably, the kinase-activity of IRAKI is 
dispensable for IL-1 signaling, whereas IRAK4 needs catalytic integrity to fulfill its function. ̂ ^ 
There is evidence that the resultant TRAF6-containing IL-IR signaling complex interacts with 
the IRAKI-binding protein Pellino-1. This interaction leads to the release of an intermediate 
complex that contains Pellinol, IRAKI, IRAK4 and TRAF6. This complex transfers TRAF6 
and IRAKI to a membrane-associated ternary complex of TGFp-activated kinase (TAKl), 
TAKl-binding protein 1 (TABl) and TAKl-binding protein 2 (TAB2).^^TAK1 was originally 
identified as a mitogen-activated protein kinase kinase kinase (MAP3K) involved in TGFp 
signaling.^^ While TABl is a direct activator of TAKl, TAB2 acts as mediator to link TAKl to 
cellular activators. ^̂ '̂ ^ Formation of the IRAKI-TRAF6-TAB1-TAB2-TAK1 complex leads 
to the phosphorylation of TAKl, TABl and TAB2 by an unknown kinase. Possible candi
dates are unlikely to be IRAKI or TAKl as TAKl, TABl and TAB2 can be phosphorylated in 
cells expressing a kinase-dead variant of IRAKI. Furthermore, TAKl remains inactive in this 
complex. As TAKl, TABl and TAB2 are phosphorylated, the IRAKI-TRAF6-TAB1-
TAB2-TAK1 complex dissociates to leave IRAKI bound to the membrane whilst the 
TRAF6-TAB1-TAB2-TAK1 complex translocates to the cytosol. '̂̂  Here, TAKl activation takes 
place by cytosolic factors. Likely candidates include the dimeric ubiquitin-conjugating enzyme 
complex Ubcl3 and UevlA. Indeed, the Ubcl3-UevlA and theTABl-TAB2-TAKl complex 
have been biochemically purified as essential cofactors for TRAF6-mediated activation of the 
IKK complex. ' ^ Remarkably, TRAF6 acts as a ubiquitin ligase in concert with the 
Ubcl3-UevlA complex and a common ubiquitin-activating protein to catalyze its own 
Lys63-linked ubiquitination. ' This type of polyubiquitination is distinct from the usual 
polyubiquitination via Lys48 which promotes proteasomal degradation. By an unknown mecha
nism, TRAF6 ubiquitination in the TRAF6-TAB1-TAB2-TAK1 complex induces the activa
tion of TAKl. Once activated, TAKl triggers IKK2/IKK|3 activity by phosphorylation of SI 77 
and SI 81. The crucial role of TAKl for IL-1-induced IKK activation has been confirmed in 
knock down studies using TAKl -specific small interfering RNAs. Besides TAKl, several other 
members of the MAP3K family have been implicated in IL-1 signaling and activate N F - K B 
when overexpressed. These include mitogen-activated protein kinase/extracellular 

signal-regulated kinase kinase kinase-1 (MEKKl), MEKK2, MEKK3 and N F - K B inducing 
kinase (NIK). However, genetic studies have ruled out an essential role for MEKKl and NIK 
in IL-1-induced N F - K B activation^^'^^ though IL-1-induced N F - K B activation is impaired in 
MEKK3 deficient embryonic fibroblasts.^^ This suggests that MEKK3 and TAKl either coop
erate in IL-1-induced IKK activation or show cell specific redundancy. The latter possibility 
could explain the finding that embryonic fibroblasts derived from TAB2-deficient mice show 
normal IL-1-induced up-regulation of N F - K B target genes despite significandy reduced phos
phorylation of TABl and TAKl. ̂ ^ However, the nonessential role ofTAB2 deduced from this 
study could also be caused by a compensatory effect of the recently identified TAB2-related 
TAKl-binding protein 3 (TAB3).^^ Additional complexity in IL-1-induced N F - K B activation 
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comes from studies that imply a role for the atypical protein kinase C family members PKC^ 
and PKCX. These PKC isoforms interact with IKKs as well as with the ubiquitin binding 
protein ipG2?^'^^ Whether p62 interacts with ubiquitinated TRAF6 has yet to be clarified. The 
relevance of PKC^ for N F - K B activation is related to its ability to bind and phosphorylate p65 
upon degradation of I-KB.^^ In accordance with this idea, PKC^ deficient embryonic fibro
blasts show significantly reduced IL-1-dependent transcription of N F - K B target genes despite 
normal IKK activation and nuclear accumulation of NF-KB.^^ The central importance of the 
IKK complex for IL-1-induced N F - K B activation is evident from studies in NEMO/IKKy 
deficient embryonic fibroblasts showing complete abrogation of NF-KB-dependent transcrip
tion upon treatment with IL-1 .̂ '̂̂ ^ N F - K B activity is also abolished in IKKl/IKKa and IKK2/ 
IKKp double-deficient mice emphasizing the crucial role of an intact IKK complex for this 
response. ^ However, a review of the literature shows that the relative contribution of the two 
IKKs to IL-1-induced N F - K B activation is far from clear. Reports that analyzed IL-1-induced 
N F - K B activity in IKK2/IKKp deficient embryonic fibroblasts found a significant reduction in 
the DNA-binding capability of N F - K B as well as in NF-KB-dependent transcription.^^'^^'^^ 
Another study, this time using IKKl/IKKa -/- cells treated with IL-1, also reported a reduction 
in DNA-binding by N F - K B . ^ However, other experiments with IKKl/IKKa deficient cells 
could find no comparable effect. ' Further, one of the latter two studies found normal tran
scription of IL-6 upon IL-1 treatment while in the other report this response was completely 
blocked. 

IL'l'InducedActivation ofc-Jun NH(2)'TerminalKinase andp38 
Mitogen-Activated Protein Kinase 

c-Jun NH(2)-terminal kinase (JNK) and p38 mitogen-activated protein kinase 
(p38-MAPK) are activated by functionally distinct upstream kinases. While JNK activation 
occurs via MKK4 and MKK7, p38-MAPK activation is mediated by mitogen-activated pro
tein kinase kinase-3 (MKK3) and MKK6. However, which of the various MAP3ICs are rel
evant for IL-1-mediated activation of these intermediate kinases is unclear. Based on RNA 
interference studies, TAKl has been implicated in LPS-induced JNK activation. The similar
ity of the IL-1 R and TLR signaling pathways leads us to speculate that TAKl is also involved in 
IL-1-mediated JNK activation. However, in this case, TAKl activation should occur by a path
way independent from those utilized in N F - K B signaling as IL-1-induced JNK activation is 
independent of the IRAKI-TRAF6 interaction.''^ With respect to IL-1-induced p38-MAPK 
activity there is evidence that a complex containing IRAKI, TRAF6, TAKl and active Ras, 
links the IL-IR signaling complex to the p38-MAPK module.^^ As described above, IRAKI, 
TRAF6 and TAKl are also part of the IKK activating complex utilized by IL-1. Thus, it ap
pears possible that the IL-IR utilizes a common complex to signal both N F - K B and p38-MAPK 
but not JNK. Noteworthy, in context ofTLR4 signaling, is a novel mechanism of p38-MAPK 
activation, which is independent of MKKs and MAP3Ks.^^ Future studies will evaluate whether 
IL-1 can also utilize this pathway, and if so, how it is related to the "classical" pathway of 
p38-MAPK activation. 

Mechanisms of TLR Signaling 

TLR'Induced Signaling in Mammalian Cells 
Thus far, the IL-IR and mammalian TLRs interact with MyD88 in a mechanistically 

similar manner. Moreover, the negative regulators MyD88s and IRAK-M, which are discussed 
later, counter-regulate IL-IR and TLR signaling in a similar fashion. Thus, it seems feasible 
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that these receptors use a common set of pathways downstream of the receptor-MyD88 com
plex to activate JNK, p38-MAPK and N F - K B . In support of this concept IL-IR, IL-18R, 
TLR2, TLR5, TLR7 and TLR9 signaling are all impaired in mice deficient for MyD887^''^^ 
Moreover, mice deficient for IRAK4, IRAKI or TRAF6 all show severe deficiencies in IL-1, 
IL-18 and LPS signaling, the latter mediated byTLR2 andTLR4.^^'^^'^^ However, while TRAF6 
and MyD88 deficiency leads to a complete abrogation of IL-1-induced activation of JNK and 
N F - K B , the LPS response is slower and weaker/^'^^'^^ Moreover, LPS-induced maturation of 
dendritic cells and the induction of IFN-regulated genes via TLR3 and TLR4 are normal in 
MyD88 deficient mice.^ '̂ ^ This discrepancy is explained by the use of a single MyD88 adapter 
in IL-1R signaling whereas some TLRs employ additional MyD88-related adapters called MAL/ 
TIRAP and TICAM-1/TRIF (Fig. 5).^'^ The MAL/TIRAP protein can interact with the TIR 
domain of TLR4 by homotypic interaction and acts upstream ofTRAF6 andTAKl.5'^ How
ever, while MyD88 uses its death domain to interact with both IRAKI and IRAK2, MAL/ 
TIRAP selectively binds IRAK2 with its TIR domain.^ Thus, MAL/TIRAP-IRAK2 signaling 
may partly compensate for the lack of MyD88-IRAKl signaling in MyD88 deficient mice, 
explaining their delayed LPS-induced N F - K B response/^ Interestingly, the LPS-triggered acti
vation of JNK, p38-MAPK and ERKs in MAL/TIRAP deficient cells was delayed and weak
ened whereas the TLR2 ligand, mycoplasma-derived lipopeptide MALP-2, failed to induce 
any response. This points to an essential role for MAL/TIRAP in TLR2 signaling. TIRAP has 
been found to be associated with protein kinase RNA-regulated (PKR), the PKR regulator p58 
and protein activator of PKR (PACT). Studies with PKR knock-out mice showed that PKR is 
an essential signaling intermediate of poly(IC)-, which signals via TLR3, and LPS-induced 
JNK and p38-MAPK activation.^^ Poly(IC) signaling is thought to be exclusively mediated by 
MyD88, suggesting that PKR is not only involved in TLR4-TIRAP signaling but also mediates 
MyD88 signaling by other TLRs. IL-1-induced activation of p38-MAPK, but not of JNK, is 
also impaired in PKR deficient embryonic fibroblasts. Remarkably, LPS as well as poly(IC) can 
still induce type I IFNs in MyD88 and MAL/TIRAP double-deficient mice, pointing to the 
existence of another adapter protein involved in IFNp production. In this respect, a novel TIR 
domain-containing adapter protein, designated TIR-containing adapter molecule-1 (TICAM-l)^ 
or TIR domain-containing adapter inducing IFNP (TRIF)^ has recently been identified. Ex
cept for a TIR domain, TICAM-1/TRIF displays no homology to MyD88 or MAL/TIRAP 
Most remarkably down-regulation of TICAM-1/TRIF expression interferes with IFNp pro
duction suggesting that this adapter is part of the MyD88-TIRAP independent pathway. This 
is consistent with the analysis of mice deficient in MyD88, MAL/TIRAP or both proteins. 

An additional layer of complexity in TLR-mediated N F - K B activation became obvious 
from studies in mice deficient for poly(ADP-ribose) polymerase-1 (PARP-1), a nuclear DNA 
repair enzyme activated by DNA strand breaks.^ '̂̂ ^ PARP-1 -'' mice are resistant to LPS-induced 
endotoxic shock and exhibit a severely impaired N F - K B response. ̂ '̂̂ ^ While degradation of 
I-KB and translocation of N F - K B were similar in wild-type and PARP-1 deficient embryonic 
fibroblasts, DNA-binding and transcriptional activation were strongly reduced. There is evi
dence that PARP-1 binds directly to both, p65 and p50, but ambiguous data concerning the 
importance of the PARP-1 enzymatic activity for N F - K B activation is found in the literature. ̂ ^ 

Recendy, an unexpected mechanism for p38-MAPK activation that does not involve the 
prototypic kinase cascade has been identified. This involves p38-MAPK activation by 
autophosphorylation which correlates with the binding of TAB 1 and TRAF6.^^ Remarkably, 
in ectopic expression experiments, TLR2 utilizes the "classical" kinase cascade to activate 
p38-MAPK whereas TLR4 and TLR9 employed, in the main, this novel TAB 1-mediated 
auto-activation mechanism. Further studies will analyze how this novel pathway is linked to 
TLRs, IL-IR or its relative IL-18R and whether it cooperates with the classical pathway. 
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Figure 5. TLR3, TLR4, TLR5 and TLR9 use different TIR domain-containing adapter proteins for signal
ing. Note that TICAM-1/TRIF-mediated up-regulation of IFNp via IRF-3 has also been suggested for 
TLR4 (not shown here). 

Termination of IL-IR/TLR Signaling 
Activation of IL-IR/TLR signaling, if left unchecked, can contribute to severe immuno-

pathologies including Crohn's disease and septic shock.^^ One common mechanism to control 
IL-IR/TLR signaling is the transcriptional up-regulation of negative regulators that interfere 
with the formation of signaling competent IL-IR and/or TLR complexes. Examples include; 
A20 (Table 2), an N F - K B inducible zinc-finger protein,^^ MyD88s, a short splice variant of 
M7D88 that lacks the intermediate domain between the death and TIR domain, and IRAK-M, 
a kinase-inactive member of the IRAK family.̂ ^ These three proteins are induced by bacterial 
products and cytokines and inhibit IL-IR and TLR signaling. While MyD88s prevents IRAK4 
recruitment to the receptor signaling complex,^ IRAK-M inhibits the dissociation of IRAKI 
and IRAK4 from MyD88, preventing the generation of theTRAF6-IRAKl-IRAK4-Pemno-l 
complex.^5 ^ 0 interacts with TRAF2, TRAF6 and IKKy/NEMO to block TNF and 
IL-1-induced N F - K B activation upon ectopic expression.^^'^^ Fiowever, A20 deficient mice 
show an impaired termination of TNF signaling but normal IL-1-induced N F - K B activation. ̂ ^ 
Although it is possible that the inhibitory action of IRAK-M and MyD88s on IL-1 signaling 
masks the effect of A20 deficiency, it cannot be ruled out that A20 regulates IL-1 and TNF 
signaling by distinct mechanisms. Indeed, there is evidence that A20 selectively interferes with 
TNF receptor-1 signaling. ̂ ^̂  
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Table 2. Deficiencies in IL-IR/TLR 

Mammalian 
Gene 

A20 

IKKI/IKKa 

IKK2/IKKP 

IRAKI 

IRAK-M 

IRAK4 

MAL/r iRAP 

MEKK3 

MyD88 

NEMO/I KKy 

P62 

PKCC 

PKR 

TAB2 

TRAF6 

TAK1 

Effect of Deficiency 

No effect on IL-1 
signaling 

In some studies reduced 
IL-1-induced N F - K B 
signaling 

No or reduced 
IL-1-induced N F - K B 
signaling 

Reduced IL-1-mediated 
activation of JNK 
and N F - K B 

Enhanced and sustained 
TLR signaling 
Impaired IL-1-mediated 
activation of JNK 
and N F - K B 

Crucial role in 
MyD88-dependent TLR2 
and TLR4 signaling 
Reduced IL-1-mediated 
N F - K B activation 
Impaired IL-1-mediated 
activation of JNK 
and N F - K B 

Impaired IL-1-mediated 
N F - K B activation 

Impaired IL-1-mediated 
N F - K B activation 
(cell-type specific) 
Impaired IL-1-mediated 
p38-MAPK activation 
No effect on IL-1 
signaling 
Impaired IL-1-mediated 
activation of JNK 
and N F - K B 

-

signaling i 

Ref. 

100 

65-67 

59,63-65 

79-81 

95 

16 

86 

52 
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56 
58 

87 

53 
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45 

intermediates in 
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-
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-

-
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c-Ref(2)P 
DaPKC 

~ 

-

DTRAF2 
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DTAK1 

mammals and flies 

Effect of 
Deficiency 

-

Normal Toll 
signaling, 
impaired IMD 
pathway 
Impaired Toll 
signaling, normal 
IMD pathway 

-

-

Impaired Toll 
signaling, normal 
IMD pathway 
Normal Toll 

Ref. 

-

134 

107 

-
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133,134 
signaling, impaired 

IMD pathway 

-
Impaired Toll 
signaling, normal 
IMD pathway 

~ 

-

Impaired Toll 
signaling, normal 
IMD pathway 
Normal Toll 

130 
130 

" 

-

120 

107 

141 
signaling, impaired 
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The Toll Pathway in Drosophila melanogaster 
In Drosophila melanogaster ̂ oT^o^ pathway was originally identified due to its crucial role 

in embryonic dorsoventral patterning. ̂ '̂̂  During this process Toll is activated by a cleavage 
product of Spatzle, consisting of a disulfide-linked dimer of 106 amino acids that is released 
from a Spatzle precursor protein by a proteolytic cascade. This cascade comprises Gastrulation 
Defective, Snake, and Easter. ̂ ^̂ '̂ ^̂  Later studies revealed that Toll signaling also played an 
important role in fly innate immunity. Toll signals induce the production of anti-microbial 
peptides (e.g., Drosomycin and Metchnikowin) that protect the fly against infection by fimgi 
and Gram-positive bacteria. A loss-of-function mutant of Spatzle, but not Gastrulation Defec
tive, Snake, or Easter, showed a vastly diminished Toll-mediated response to infection with 
both Gram-positive bacteria and fungi. This indicated that Toll's place in innate immune sig
naling was distinct from its role in the proteolytic cascade that drives dorsoventral pattern
ing.^ '̂ '̂̂  In fiirther support of separate proteolytic cascades to regulate Spatzle-mediated Toll 
activation in immunity versus dorsoventral patterning, a serine protease inhibitor (Spn43Ac) 
that differentially blocks these processes has been identified. Moreover, activation of Toll in 
innate immunity bifurcates upstream of Spatzle processing. While the soluble peptidoglycan 
recognition protein Semmelweis is essential for Spatzle-mediated Toll activation upon infec
tion with Gram-positive bacteria, it is not involved in the Toll-dependent anti-fungal response. 
As Toll activation in fly innate immunity is dependent on Spatzle processing, it appears that 
Toll itself does not direcdy recognize microbe-derived molecular patterns. In contrast, mam
malian TLRs are activated without the requirement for activated proteases and can be incorpo
rated into protein-complexes that direcdy bind microbial products. ̂ ^̂  

In dorsoventral patterning and immune activation of Toll, the Drosophila homologue of 
mammalian MyD88, designated DmMyD88 is recruited upstream of Pelle and Tube. 
Loss-of-function mutants of all three proteins abolish the Toll-mediated anti-microbial re
sponse. However, DmMyD88, Pelle and Tube are not involved in the Imd pathway which is a 
Toll-independent pathway responsible for defense against Gram-negative bacteria. ' This 
second pathway is not triggered by any member of the IL-IR/TLR family, but is activated 
instead by PGRP-LC. PGRP-LC is a type II transmembrane protein containing three extracel
lular peptidoglycan-binding domains and an intracellular domain that lacks any homology to 
proteins of known function. ̂ ^̂ '̂  ̂  

Similar to its counterpart in mammalian cells, DmMyD88 binds Toll by homophilic in
teraction of TIR domains^'^^^ then recruits Pelle. Nonphosphorylated Pelle can also interact 
direcdy with Toll via its carboxyl-terminal catalytic domain. ' ' Pelle and Tube associate by 
homophilic interactions between their amino-terminal death domains in vitro. Pelle can also 
associate with Pellino via its kinase domain. ' Pelle interacts with Tube preferentially in its 
nonphosphorylated form and phosphorylates itself. Toll and Tube in vitro. ' ' ^ However, 
only kinase-inactive mutants of Pelle increase colocalization of Tube and Toll and interfere with 
dorsal-ventral patterning, suggesting that Pelle-mediated protein phosphorylation triggers the 
release of a signaling-competent protein complex into the cytoplasm. ̂ ^̂  As no complexes be
tween Pelle and Tube have been found in embryos^ ̂ '̂̂ ^̂  it has been suggested that Toll acti
vated Pelle recruits Tube, phosphorylates Tube, then dissociates rapidly.^^^ Thus, in respect to 
the functional importance of its kinase activity, Pelle resembles IRAK4 rather than IRAKI in 
IL-IR/TLR signaling. Phosphorylation-dependent termination of the interaction of Pelle with 
the Toll signaling complex would mimic the situation described for IL-IR/TLR signaling, 
where the Pellino-TRAF6-IRAKl-IRAK4 complex dissociates from the IL-IR signaling com
plex upon IRAKI phosphorylation. A further similarity to mammalian IL-IR/TLR signaling 
is evidence that a member of the TRAP protein family acts downstream of the receptor-signaling 
complex in Drosophila. DTRAF2, one of three fly TRAP proteins (DTRAFl, DTRAF2, 
DTRAF3), is sufficient to drive a Dorsal-regulated reporter gene upon overexpression.^^^ 
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Dorsal is a Drosophila member of the N F - K B family that is activated by Toll signaling during 
embryonic patterning. Moreover, DTRAF2 weakly interacts with Pelle and both proteins syn-
ergistically activate Dorsal. ̂ ^̂  Full length DTRAF2 shows a weaker interaction with Pelle and 
Dorsal than its isolated RING/zinc finger domain. However, a deletion mutant of DTRAF2 
that lacks the RING/zinc finger domain is still able to activate Dorsal. This is unexpected 
given that the equivalent mammalian TRAF mutants typically have a dominant-negative influ
ence on their intact counterparts. Indeed, TRAF6 binds to IRAKI via its TRAF domain. ̂ ^ 
Moreover, IRAKI interacts with the TRAF domain of TRAF6 via its amino-terminal death 
domain,"^^ whereas Pelle seems to bind to DTRAF2 with its kinase domain. ̂ "̂^ However, as 
discussed above, IRAK4 rather than IRAKI is the functional homologue of Pelle in mamma
lian cells. Thus, an interesting question remains whether, in the context of IL-1 signaling, the 
kinase domain of IRAK4 interacts with the RING/zinc finger domain of TRAF6. 

Besides DTRAF2 another DrosophilaTKhF protein, DTRAFl, has also been implicated 
in Toll signaling due to its capability to interact physically with Pelle. Remarkably, the binding 
of DTRAFl to Pelle is based on the interaction of the TRAF domain of DTRAFl and the 
death domain of Pelle.̂ '̂ ^ Thus, the molecular mode of DTRAFl-Pelle interaction is similar to 
that of IRAKI and TRAF6. Nevertheless, microinjection of mRNA encoding a 
dominant-negative mutant of DTRAFl into embryos showed no effect on dorsal-ventral pat
terning, arguing against a role for DTRAFl in Toll-mediated Dorsal activation.̂ "^^ However, it 
is possible that DTRAFl has a role in Toll-mediated activation of the JNK pathway. For ex
ample, DTRAFl was originally identified due to its binding to the MAP4K Misshapen. Mis
shapen is involved in the stimulation of the mitogen activated protein (MAP) kinase module 
that leads to JNK stimulation in Drosophila. Furthermore, ectopic expression of Pelle or Tube 
activates this pathway '̂ ^̂  and bifurcation of the Drosophila N F - K B and JNK signaling path
ways at the level of the Pelle-TRAF interaction would mirror the divergence seen in the mam
malian IL-IR/TLR signaling pathway^^'^^^ 

The Drosophila Toll signal leads to development-dependent activation of two members of 
the N F - K B family, namely Dorsal and Dif (Dorsal-related immunity factor). In adult flies the 
Toll-induced anti-fimgal response relies on DIF alone whereas in larvae. Dorsal and DIF act 
redundantly. ̂ ^̂ '̂ ^ Although the Dif protein is capable of restoring the defects in embryonic 
dorsal-ventral patterning seen in mothers with mutant Dorsal, this N F - K B protein is not nor
mally used in this process. ̂ ^̂ '̂ "̂ ^ Inhibition of Dorsal and Dif signaling relies on the I-KB 
protein Cactus. ̂ ^̂  Similarly to the mammalian system, signal-induced phosphorylation trig
gers the proteasomal degradation of Cactus, thereby allowing the nuclear import of these pro
teins. An additional similarity to mammalian IL-IR/TLR signaling is that the degradation of 
I-KB/Cactus is insufficient to trigger transcription of NF-KB-regulated genes, but requires a 
further phoshorylation-mediated activation of the transcriptional activity of Dorsal and Di£^^^ 
Moreover, there is evidence that nuclear import of free Dorsal or Dif also requires phosphory
lation.^^^ Nuclear translocation and transcriptional activation of Dorsal and DIF appear to be 
regulated by phosphorylation at distinct sites, mediated by distinct kinases. While DaPKC, the 
Drosophila homologue of the mammalian atypical PKCs, has been implicated in 
phosphorylation-dependent stimulation of Dif activity, the kinase (s) involved in nuclear trans
location are still elusive. ̂ ^̂  Remarkably, DaPKC interacts with DTRAF2 via the adapter pro
tein Ref(2)P, which is the Drosophila homologue of p62 and links PKC^ and TRAF6 in lL-1 
signaling.̂ ^ '̂̂ '̂̂  Up to this point the signaling mechanisms o£DrosophilaToll and the mamma
lian IL-1/TLRs are strikingly similar in respect to the proteins involved and how they act. 
However, there are considerable differences in the kinase(s) that mediate the degradation of 
I-KB proteins. In mammalian cells, it seems that all stimuli inducing I-KB degradation utilize a 
single IKK complex consisting of IKKl/IKKa, IKK2/IKKp and NEMO/IKKy^^'^^ An IKK 
complex composed of a NEMO/IKKy homologue Kenny/DmlKKy and a IKK2/IKKP 
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homologue DLAK/DmlKKP also exists in Drosophila}^^'^^^ However, genetic studies indi
cate that the Drosophila IKK complex is not involved in Cactus degradation. ̂ ^̂ '̂ ^ Instead the 
Drosophila IKK complex is required for signal-induced processing of the N F - K B precursor 
protein Relish. This is a crucial step in the Toll-independent Imd pathway. ' ' ' B y con
trast, in mammalian cells the inducible processing of the p52 precursor protein pi 00 is per
formed by a NEMO/IKKy-independent pathway that utilizes IKKl/IKKa.^^^'^^^ With re
spect to TAKl the situation is similar to the role of the IKK complex. In mammalian cells this 
MAP3K is involved in IL-lR/TLR-mediated N F - K B activation whereas the Drosophila homo
logue dTAK acts in the Imd pathway.^ ^ 

TLR-Mediated Apoptosis 
The induction of apoptosis by bacterial lipoproteins (BLPs) via TLR2 has recendy been 

reported.^ ^'^ ^ Downstream of TLR2 the apoptotic signal is transmitted by MyD88-mediated 
recruitment of the death domain-containing adaptor protein FADD (Fas-associated death do
main protein), which has a crucial role in death receptor-induced apoptosis in mammalian 
cells. ̂  Remarkably, it has also been shown that DmMyD88 interacts with dFADD, a homo
logue of mammalian FADD.^^^' The apoptotic capacity of FADD relies on its interaction 
with the initiator casapse-8. In the context of death receptor signaling, several FADD mol
ecules recruit several pro-caspase-8 molecules into multimeric death receptor complexes that 
lead to trans-processing and hence activation of caspase-8. Activated caspase-8 is then released 
from the death inducing signaling complex and triggers apoptosis by activating effector caspases, 
e.g., caspase-3. Likewise dFADD interacts and activates DREDD, a Drosophila homologue of 
caspase-8, which has been implicated in Relish processing in the Imd pathway and in 
apoptosis-induction."^^'^^' However, while genetic interference with dFADD expression con
vincingly demonstrated its essential role for Relish activation, a direct pro-apoptotic role for 
dFADD could no t be conf i rmed. Fu ture s tudies will reveal whether the 
Toll-DmMyD88-dFADD-DREDD axis deduced from ectopic expression data can act in vivo 
to induce apoptosis. Such a ToU-inducible apoptotic pathway could be difficult to detect as the 
concomitandy activated N F - K B pathway could have anti-apoptotic properties. Indeed, in mam
malian cells a variety of anti-apoptotic genes are regulated by N F - K B and inhibition of N F - K B 
activity enhances TLR2-induced apoptosis.^ 
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CHAPTER 5 

Virus Induced Signaling to Initiate the 
Interferon Mediated Anti-Viral Host 
Response 

Claudia Wietek and Luke A.J. O'Neill 

Abstract 

S ignaling cascades leading to the activation of an anti-viral host response have been sub
ject to intense investigations over the last decade. Consequendy our understanding of 
the initial switches that launch this response have increased greatly. The establishment of 

an anti- viral state hinges on the co-ordinated production of type I interferons. These cytokines 
link the innate and adaptive anti-viral response. The expression of "early phase" interferons, 
comprising IFNp, murine IFNa4 or human IFNal , are controlled by Toll-like receptor-in
duced signaling cascades that activate the latent transcription factors N F - K B and interferon 
regulatory factor (IRF)-3. In turn, the early IFNs induce signals to promote the expression and 
activation of transcription factors. These go on to induce the expression of a variety of cytokines 
and chemokines that propel cells of the adaptive immune system towards an anti-viral re
sponse. 

Introduction 
The central task of our immune system is to distinguish between self and non-self, allow

ing us to recognize and eliminate invading pathogens. Distinct pathogenic threats are sensed 
by specific receptors, the Toll- like receptors (TLRs), which induce signaling cascades to acti
vate transcription factors. These regulators activate the expression of a defined subset of cytokines 
and chemokines. The signals induced by viruses result primarily in the production of interferons. 
These are crucial players in establishing an anti-viral state and eventually, a cell-mediated im
mune response. Interferons (IFNs) are a heterogeneous family of multifunctional secreted pro
teins. Based on their molecular properties IFNs can be divided into type I IFNs (comprising 13 
closely related IFNas and a single IFNj}) and the type II IFN, IFNy. The production of 
interferons is controlled by several transcription factors, most notably members of the inter
feron- regulated- factor (IRF) family, N F - K B , and signal transducers and activators of tran
scription (STATs). The activation of transcription factors occurs in two phases. Firsdy, viral 
products induce the activation of IRF-3 and N F - K B leading to IFNp expression. Autocrine 
induction by IFNP then activates the transcription factors that orchestrate the expression of 
"second phase" anti-viral genes. Some viruses have evolved mechanisms to evade these anti-viral 
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measures and increase their virulence. Their stratagems include the production of proteins that 
block the signaling cascades as well as the interference of the transcription factors themselves. 

Initiation of the Host Immune Response 
Upon infection, cells of the innate immune system such as macrophages, natural killer 

cells and dendritic cells (DCs), build an immediate defense barrier. Exposure to a foreign stimulus 
activates these cells to phagocytose and kill the invading pathogens. This innate immunity, an 
evolutionarily old branch of the immune system, has long been perceived as a rather non-specific 
and general response to pathogens.^ Specificity in the host response was assumed to be con
ferred by adaptive immunity, which is only found in vertebrates. Dendritic cells are crucial 
players in launching this delayed, secondary response. The function of DCs is not to kill the 
pathogen but rather to present pathogen- associated antigens to T cells, polarizing them to
wards aThl or Th2 phenotype. Importandy, DCs are activated by pathogen-specific signals, 
the so-called pathogen-associated molecular patterns (PAMPs). PAMPs are usually discrete 
structures that are essential for microbial survival and which cannot be eliminated without 
compromising the microbe. They do not usually occur in the host itself Different PAMPs will 
induce different sets of cytokines by DCs such that T cells become either Thl or Th2 cells. 

Bacterial and viral infections typically induce Thl cell-mediated immune responses. These 
are characterized by increased production of interferon gamma. In contrast, the humoral Th2 
response is provoked by parasites and is accountable for allergic reactions. Hence, recognition 
of the type of pathogen and infection by the innate immune system determines the type of the 
adaptive immune response. A key question has been to identify the PAMP receptors and TLRs 
now appear to be the most likely candidates. 

Toll-Like Receptors 
TLRs are characterized by a cytoplasmic TIR (ToU/IL-l receptor) domain and an extra

cellular portion that contains leucine rich repeats. The extra-cellular portion distinguishes this 
family from the TIR bearing ILl receptor family, which express extracellular immunoglobulin 
domains. The TIR domain is evolutionary well conserved and is found in plants, insects and 
mammals.^ Strikingly, it is involved in the functional anti pathogen response in all these organ
isms. The first human homolog oi Drosophila Toll, TLR4, was found in 1998 and its impor
tance in the activation of adaptive immunity quickly acknowledged. TLR4 turned out to be 
the receptor for lipopolysaccharide (LPS), the major component of the outer membrane of 
Gram negative bacteria. Positional cloning in the LPS- hypo-responsive C3H/HeJ mouse strain 
revealed that these mice bore a point mutation in the tlr4 gene, which introduced a proline to 
histidine amino acid change. This mutation was in the BB-loop, a region crucial for the func
tional integrity of the TIR domain.^ At the time of writing, ten members of the human TLR 
family have been described and specific ligands for most of them identified. The principle 
receptors for bacterial products are TLR2 (lipoprotein), TLR4 (LPS), TLR5 (flagellin) and 
TLR9 (bacterial DNA) (Fig. 1). Interestingly, TLR4 also recognizes viral components such as 
the F protein of Respiratory Syncytial Virus (RSV),^'^ as well as host stress proteins (Hsp60 
and Hsp70) that are released during tissue injury or infection. ̂ °'^^TLR3 recognizes the artifi
cial ligand polylC, which mimics viral double-stranded RNA.̂ "̂  Although their natural ligands 
have not yet been identified, TLR7 and TLRS both recognize the anti-viral imidazoquinoline 
(R-848). The R-848 ligand induces synthesis of IFNa and other cytokines in various cell 
types ̂ '̂̂  which would suggest that the function of its receptor might be in viral host defense. 

Since going to press murin TLR7 and human TLRS have been shown to recognize ssRNA, both of viral 
andendogenous origin (Heil F et al. Science2004; 1526-1529. Diebold SS et al. Science 2004; 303:1529-1531.) 
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Figure 1. Toll-like receptors and their ligands. Selected TLRs and their virus derived or bacterial ligands are 
presented. An extracellular leucine-rich domain and a TIR domain in the cytosolic portion typify TLRs. 
TLR specific PAMPs bind to dimerized or multimeric receptors to stimulate signaling. TLR4 transduces 
signals as a homodimer whereas TLR2 can associate with TLR6 or TLRl. The partners for TLR3, TLR5, 
TLR7, TLRS andTLR9 have not yet been determined. TLRs sense common bacterial and viral PAMPs such 
as bacterial CpG DNA (the ligand forTLR9) or dsRNA (perceived by TLR3). Additionally, more specific 
PAMPs are recognized by other TLRs to tailor the cellular response. TLR4 detects LPS, a Gram- negative 
specific molecular structure whilst TLR2 senses either Gram positive derived lipoproteins (when associated 
with TLRl) or mycobacterial lipoproteins (with TLR6 as its partner). TLR4 also senses F protein, which 
occurs in a Respiratory Syncytial Virus (RSV) PAMP. 

Upon stimulation with their corresponding ligands, TLRs recruit TIR-adapter molecules 
to their cytoplasmic T I R domains. This initiates signals that activate transcription factors, 
most importantly N F - K B , ^ which then induce an array of genes, most notably the cytokines 
such asTNF, IL-1, IL-12 and IL-6. Some of these polarize T cells towards a T h l response. The 
most common cytoplasmic TIR-adapter is myeloid differentiation factor 88 (MyD88).^^ Its 
loss prevents signaling from most of the TLRs with the exception of TLRs 3 and 4}'^' '^^ 
TLR3 a n d T L R 4 both initiate "MyD88-independent"-pathways through a recently described 
adapter termed T I R domain-containing adapter inducing I F N p (TRJF) or TIR-containing 
adapter molecule-1 (TICAM-1).^^'^^ This alternative TRIF mediated pathway results in de
layed activation of N F - K B and most importantly, in the activation of the interferon responsive 
element-3 (IRF-3) and IFNp-induced gene expression (Fig. 2)}^'^^'^^ While TLR3 presum
ably only signals through TRJF, TLR4 also recruits MyD88 and at least one other adapter 
termed MyD88 adapter- like (Mai) or T I R adapter protein (TIRAP).22'2^ The phenotypes of 
Mai and MyD88 single or double knockout mice are essentially convergent in that LPS in
duced IRF-3 activation and dendritic cell maturation are unaffected but N F - K B activation is 
delayed. This would suggest that these adapters are components of the same TLR4 pathway 
that induces rapid activation of N F - K B . Interestingly, the loss of either of these adapters abol
ishes TLR2 induced N F - K B activation, indicating that both are recruited to TLR2 but (in 
contrast to TLR4 signaling) are probably not functionally redundant.'^ '̂ ^ Two further T I R 



134 Toll and Toll-Like Receptors: An Immunologic Perspective 

MD-2 

CD14 

TLR4 TLR3 

polylC 

TRIP D 

IRAK 
TRAF6 

t 
TANK/IKKerrBK-l 

lRF-3 

MyD88> dependent genes 

(IL-6, TNFa) 

MyD88' independent gene$ 

(IFN(3, IP10, ISG15) 

Figure 2. TLR4 and TLR3 induced signaling cascades. Upon LPS stimulation TLR4 together with its co-
receptors CD 14 and MD-2, stimulate signaling cascades mediated by the adapters MyD88, Mai and TRIP 
that interact via their TIR domains with the receptor. Mai and MyDSS interaa with IRAKs, and phospho-
rylated IRAKs dissociate from the receptor complex and signal via TRAP6 to activate the transcription 
faaors AP-1 and NP-KB. Alternatively, TLR4 signals via TRIP to activate IRP-3, presumably using an 
N-terminal IRP-3 kinase, and NP-KB. TRIP dependent activation of NP-KB is delayed compared to 
MyD88/Mal induced NP-KB activation, indicated with hatched arrows. Both, TLR4 and TLR3 induced 
TRIP dependent pathways result in activation of early phase anti-viral genes. TLR3 also signals through 
TRIP to activate IRF-3 and NP-KB. IRP-3 aaivation, however, differs from the TLR4 induced pathway 
since TRIP presumably directly aaivates the TANK/IKKe TBK-1 complex to phosphorylate IRP-3 at its 
C-terminus. White boxes in the receptors and adapters indicate TIR domains and black boxes signify death 
domains in MyD88 and IRAK. 

adapters have been found, TIR domain containing adapter protein (TIRP),^^ also calledTRIF-
reiated adapter molecule (TRAM) and a protein called sterile alpha and TIR motif containing 
(SARM)."^^ Whilst TRAM has been implicated in IL-1 signaling the role of SARM is still 
unknown.* Whether either of these compensates for the loss of Mai and MyD88 in TLR4 
signaling has yet to be determined. 

* During publication of this chapter the TIR adapter TRAM has been further charaaerized as a specific 
TLR4 adapter, which acts upstream of TRIP to activate IRP-3 and NPKB.^^^ 
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Double Stranded RNA As the Principle Viral PAMP 
Double stranded RNA (dsRNA) produced by replicating virus, or in the form of the viral 

genome, is a key stimulus in the activation of transcription factors that induce type I interferons 
(IFNs). The production of these cytokines is a crucial event in the initial host response to viral 
infection. Viral dsRNA activates quiescent precursor forms of the dsRNA dependent protein 
kinase R (PKR) and the 2'-5' oligoadenylate synthetases (OASs). OASs catalyze the syn
thesis of ATP oligomers consisting of three to five adenosines linked by 2'-5' bonds. These 
unstable molecules bind and activate endoribonuclease (RNase) L, which catalyses the cleavage 
of single-stranded RNAs including mRNA and 28S ribosomal RNA. This results in transla-
tional inhibition.^^'^^ PKR is a multifunctional serine/threonine kinase, which regulates tran
scription and translation upon viral infection and also mediates the apoptotic death of infected 
cells.^ '̂̂  In its active form PKR is a dimer and the N-terminal regulatory domain of each PKR 
molecule is used to bind a single molecule of dsRNA. Mutual trans-phosphorylation at several 
serine and threonine residues renders the dimer active. One of its substrates is the IKB kinase 
(IKK) 2, which phosphorylates iKBa, the inhibitor of NF-KB.^^'^^ iKBa binds N F - K B in the 
cytoplasm, preventing its translocation to the nucleus. Once phosphorylated (at Ser 32 and Ser 
36) iKBa becomes ubiquitinated by an E3 ubiquitin ligase and is targeted for proteasomal 
degradation. N F - K B is released and translocates to activate its target genes. ' PKR is also 
involved in the regulation of other transcription factors such as the signal transducer and acti
vator of transcription (STAT)-!^ '̂"^^ and interferon regulatory factor (IRF)-l. ^ Another im
portant fimction of PBCR is to inhibit translation in virus infected cells. PKR phosphorylates 
the a subunit of the eukaryotic translation initiation factor (eIF)-2 which then prevents the 
recycling of initiation factors at the pre-initiation complex. ̂ '̂ ^ In addition to its function as a 
sensor for dsRNA, PKR has also been implicated in TLR4 signaling by its interaction with the 
adapter Mal/TIRAP.'^^ However, PKR is not entirely accountable for the establishment of a fiill 
anti-viral state since PKR knockout mice still show significant resistance to viral infections and 
cells from these animals still respond to polylC. As mentioned before, studies with TLR3 
knockout mice indicated its possible function as a dsRNA sensor. TLR3 deficient mice showed 
reduced responses to polylC and a decreased production of inflammatory cytokines, suggest
ing a role for TLR3 in viral recognition.^^ However, a recent publication suggests that TLR3 
may only recognize extracellular dsRNA (viral particles for example) leaving PKR to respond 
to intracellular dsRNA.^^ 

Interferon Regulatory Factors (IRFs) 
As stated earlier, a crucial signal activated by TLRs is the transcription factor N F - K B . The 

process leading to its activation has been dealt with in several reviews. ' Less well understood 
is the impact of TLRs on other transcription factors. Attention has recently been drawn to 
interferon regulatory factors (IRFs) and in particular IRF-3, because of their crucial role in 
initiating the host response to viral infection mediated by type I IFNs. IRF-3 is the target of the 
so-called "MyD88- independent pathway" induced by TLR4 and TLR3 signals. 

IRF-1 was identified as a protein that binds to the virus inducible elements in the IFNp 
promoter. A second related factor termed IRF-2 was found in a cross- hybridization screen. 
Mutational analysis identified a DNA-binding domain (DBD) in the N-termini of these tran
scription activators. Further crystallographic studies of this domain, bound to DNA, revealed 
that a conserved tryptophan repeat (five tryptophans spaced in 10 to 18 amino acids) mediates 
binding of a novel helix-turn-helix motif to a tandem repeat of the GAAA core sequence. ' 
Based on the homology of their N-terminal DBDs, seven more human IRFs were discovered. 
These comprise IRF-3, IRF-4 (Pip, LSIRF, ICSAT, MUMl), IRF-5, IRF-6, IRF-7, IRF-8 
(ICSBP) and IRF-9 (p48, ISGFy). Additional viral members of this family (vIRFs) were found 
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in the genome of human herpes virus 8 (HHV-8) and will be discussed later. IRFs bind to 
DNA motifs termed Interferon Regulatory Elements (IRF-E). IRF-Es are present in the Posi
tive Regulatory Domains (PRD I and III) of the IFNp promoter where they are bound by 
IRF-1 and IRF-2. Similarly, the Interferon Consensus Sequence (ICS) of the MHC class I 
promoter is bound by IRF-8 and the Interferon Stimulated Response Element (ISRE), found 
in most IFN inducible genes, is recognized by IRF-3, IRF-7 and the trimeric (ISGF) 3 com
plex. IRFs can act as transcriptional activators (IRF-1, IRF-3, IRF-9), repressors (IRF-8) or 
both (IRF-2, IRF-4, IRF-7).^^ 

IRF.3 and IRF.7 
The structurally related activators IRF-3 and IRF-7 are crucial for the expression of type I 

IFNs and IFN inducible genes.^^'^ Adjacent to their N-terminal DBDs these proteins bear a 
nuclear export signal (NES) followed by an IRF activation domain (IAD) and a C-terminal 
activation domain which comprises a serine/threonine cluster for phosphorylation.^ ' Both 
factors are expressed in a variety of cells, but while constitutive expression of IRF-3 remains 
unaltered by viral infection or stimulation with IFNs, transcription of IRF-7 is induced by type 
I IFNs.̂ '̂ '̂ ^ The two proteins bind to the ISRE consensus sequence ( ^ / G N G A A A N N G A A A C T ) 
but have distinct preferences for specific residues in this motif ^̂  Activation of IRF-3 is the 
initial cellular response to stimulation with viral products resulting in the production of low 
amounts of IFNp, murine IFNa4 or human IFNal and the so-called early phase genes of the 
biphasic IFN feedback loop (discussed later). IFNp and IFNa activate the trimeric transcrip
tion factor, interferon stimulated gene factor (ISGF)-3, which in turn induces the transcription 
of late phase genes including IRF-7. IRF-7 itself acts on the IFNp and IFNa promoters, mainly 
in cooperation with IRF-3, to enhance IFN production and expression of IFN induced genes. 
IRF-3, however, mainly affects transcription of IFNP whereas IRF-7 regulates expression of 
bodi IFNp and the IFNos.^^'^^ 

IRF-9 
IRF-9, previously termed p48 and ISGF-3Y, is a DNA binding subunit of the ISGF-3 

complex, which also comprises the signal transducers and activators of transcription (STAT)l 
and STAT2.^ '̂̂ ^ IRF-9 knockout mice are phenotypically similar to mice deficient in the type 
I IFN receptor IFNAR in that they lack production of IFNocs and IRF-7 but are only slighdy 
impaired in IFNP expression. ^ These observations are consistent with the finding that IFNP 
knockout mice are impaired in IFNa production.^^ Depletion of IRF-3 in IRF-3 knockout 
mice significantly diminished the production of type I IFN after viral infection and IFNa/p 
transcription was entirely abolished in IRF-3 IRF-9 double knockout mice, which do not 
produce IRF-7. Normal IFNa production can only be restored when both IRF-3 and IRF-7 
are coexpressed in the double knockout cells. These studies identified IRF-3 and IRF-7 as key 
regulators in the virus induced IFN response, with IRF-3 initiating the response through the 
induction of IFNP and early ISRE dependent genes. IRF-7 and IRF-3 then amplify the anti-viral 
response by further upregulation of type I IFN and the expression of additional IFN inducible 
genes. 

IRF-3 Activation 
Regulation of IRF-3 and the pathways leading to its activation have been subject to de

tailed investigations. IRF-3 in its inactive form is constitutively present in a quiescent cytoplas
mic pool. Upon stimulation with viral products such as dsRNA IRF-3 is phosphorylated in its 
C-terminus which exposes an interferon association domain (IAD) that enables dimerization 
(Fig. 3).̂ ^-^^ While odier stimuli like LPS, UV-light or osmoactive substances also activate 
IRF-3 they do not induce C-terminal phosphorylation but rather phosphorylation of the 
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Figure 3. Virus induced activation of IRF-3. Schematic presentation of IRF-3: The N-terminal binding 
domain (DBD), the nuclear export sequence (NES), a prohne- rich region (Pro), the IRF association domain 
(IAD) and the response domain (RD) are indicated in gray boxes. Threonine 135 in the N- terminus is 
targeted by stress-induced phosphorylation. Phosphorylation of serine 396 in the C-terminal serine/threo
nine cluster (by the IKKeTBK-1 complex) triggers dimerization of IRF-3, which subsequendy translocates 
to the nucleus to associate with its co-regulators CBP or p300 and bind to the ISRE. This ISRE activation 
complex induces transcription of the early phase genes, most importantly the type I interferons IFNp and 
IFNal . 

N-terminus. Though the nature of this phosphorylation is uncertain, it is presumably insuf
ficient to activate IRF-3. Mutational analysis led to the identification of serine 396 in a 
C-terminal 6 serine/ 1 threonine phosphorylation cluster as the minimal phospho-acceptor site 
to activate IRF-3 /^ This residue is not involved in the activation induced b y T L R 4 signaling, 
hinting at different stimuli- dependent activation mechanisms/^''^^ Recent studies have identi
fied two IKK isoforms (IKK8 and TANK- binding kinase (TBK)-1) as components of the virus 
activated kinase (YAK) complex which activates IRF-3 and IRF-7. In support of these 
findings, an inactive mutant of IKK8 blocked the C-terminal phosphorylation of IRF-3 and 
IRF-7 induced expression from the I F N a 4 promoter.^'^ 

In its activated and dimeric form, IRF-3 translocates to the nucleus and binds the paralog 
co-activators CBP (CREB- binding protein) or p300.^^ CBP/p300 prevent nuclear export of 
the activated transcription factor and are essential for the binding of IRF-3 to the I S R E / ^ AS 
discussed earlier, signaling through either TLR3 (stimulated by polylC) or TLR4 (the sensor 
for LPS and the F protein of RSV) induces IRF-3 activation and an IFN regulated anti-viral, or 
in the case of LPS, anti bacterial state. Interestingly the two TLRs employ distinct signaling 
pathways and activation mechanisms for IRF-3. While the polyIC/TLR3 pathway induces 
phosphorylation of IRF-3 by the IKKeTBK- l complex, signaling through TLR4 does not lead 
to C-terminal phosphorylation. Also, IKK8 deficient mouse embryonic macrophages (MEFs) 
are not impaired in IRF-3 activation following stimulation with the TLR4 ligand LPS. TLR4 
signaling to IRF-3 is blocked by N F - K B inhibitors and p65 deficient cells are significantly 
impaired in TLR4 mediated activation of the ISRE. However, depletion of N F - K B has no 
effect on the TLR3 response. Furthermore, IRF-3 and N F - K B are found in the same TLR4 
stimulated activation complex at the ISRE. The reason for these fundamental differences in 
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IRF-3 activation is uncertain. However, it appears likely that differently activated forms of 
IRF-3 are bound in diverse activation complexes and that these either control similar ISRE 
sites or activate identical sites differentially. 

The IFN Loop 
The anti-viral state of the host cell is initiated by activated transcription factors such as 

IRF-3 and N F - K B . These induce the expression of early or primary response genes and, subse-
quendy enhanced in an autocrine/paracrine loop activated by IFNp, result in the expression of 
late or secondary response genes (Fig. 4). Since IRF-3 and N F - K B are both activated from a 
latent pool, the activation of the early response to viral stimuli does not require de novo protein 
synthesis. Early response genes include chemotactic chemokines such as RANTES and IP-10, 
the interferon stimulated gene (ISG) 15 (which is a structural homologue of ubiquitin), IFITl 
(which is thought to be involved in protein processing) and most importantly IFNP and mu
rine IFNa4 or human I F N a l .̂ '̂̂ ^ Secreted IFNp feeds back on the IFNa/p receptor (IFNAR) 
which consists of two major subunits, IFNARl and IFNAR2. These associate with the "Janus" 
tyrosine kinases (Jak) Tyk2 and Jakl respectively.^^'^^ IFNARl and IFNAR2 dimerize upon 
binding of type I IFNs to allow the trans-phosphorylation of the two kinases. ̂ ^ Activated Tyk2 
phosphorylates STAT2, which is also bound to IFNAR2 and IFNARl at crucial tyrosine resi
dues. The SH2 domain of STAT2 then docks at the phosphotyrosine of IFNARl whereas 
STATl binds to the phosphorylated tyrosine residue of STAT2 via its SH2 domain.̂ '̂̂ '̂ ' 
STATl is subsequendy phosphorylated and the activated STAT1/STAT2 dimer dissociates 

1\. 
NF-KB IRF-3 

• IFNP (P) 

« i ^ IFNai ( o l 

early response genes 

(IFNp, IFNai, IP10. RANTES. ISG16. 
IFiT1) 

TANK/IKKe/TBK-1 

IRF-7 • IRF-7 

late response genes 

(IRF-7, Mx1, IFI1, IFI204, other IFNas) 

Figure 4. The interferon loop. Virus derived PAMPs induce aaivation of die quiescent cytosolic transcrip
tion factors NF-KB and IRF-3, which co-operatively activate transcription of early phase genes to launch 
the host response against the virus. IFNp and IFNai, which are produced as a result of this initial signaling 
event, feed back on their heterodimeric receptor IFNARl/2 in a paracrine loop to activate STATl and 
STAT2. The two STATs form a trimeric complex with IRF-9 termed ISGF-3, which binds to the ISRE and 
induces expression of IRF-7. IRF-7 is structurally and functionally similar to IRF-3. Phosphorylation of its 
C-terminus by the virus activated IKKe-TBK-1 complex renders it competent to homo- or heterodimerize 
with IRF-3. The dimer, in association with co-aaivators, induces the transcription of further late phase 
ISRE controlled genes including IFNas. 
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from the receptor complex, translocates to the nucleus, and binds IRF-9 to form the trimeric 
transcriptional activator ISGF-3.^^ ISGF-3 binds to the ISRE (consensus ^NGAAANNGAAACT) 
and activates transcription of IFNp induced secondary response genes. As opposed to the pri
mary response, transcription of these genes can be blocked with either IFNP specific inhibitory 
antibodies or the translational inhibitor cycloheximide. '̂ '̂  Moreover, primary response genes 
are co-regulated by N F - K B and IRF-3 whilst the N F - K B site is redundant for expression of 
secondary response genes. ' Activated STATl is also able to homodimerize and bind to the 
GAS (IFNy activated site) to induce transcription. This STATl homodimer termed GAF (IFNy 
activated factor) is a crucial transcriptional activator in IFNy signaling and is activated as a 
result of a tyrosine phosphorylation cascade that initiates at the IFNy receptor (IFNGR). How
ever, GAF is less important in type IIFN signaling (reviewed in ref. 89). ISGF-3 both directly 
and indirectly activates transcription of the late phase genes via IRF-7 and IRF-5, both of 
which are induced by ISGF-3. The late phase genes include IFNocs, the growth inhibiting 
chemokine IFI204 and the GTPases Mxl and IFIl. ISGF-3 also upregulates the basal expres
sion levels of PKR and OAS.̂ '̂̂ '̂̂ ^ Additionally the expression of early response genes such as 
IFNp and IFNal are up-regulated as a result of these autocrine IFNP effects. The second 
wave of anti-viral protein thus amplifies the initial response, tailoring it according to the patho
genic threat by using different combinations of activated transcription factors. The positive 
feedback loop through IFNAR is essential for the successful establishment of the anti-viral 
state following TLR4 orTLR3 signaling. TLR3 is generally a stronger inducer of the anti-viral 
host response than TLR4. This is, in part, due to the fact that TLR3 amplifies its own expres
sion via IFNp. In contrast, TLR4 expression is unaffected by IFNp signaling.^ Differences in 
activation and complex formation of the initiating transcriptional activator IRF-3 may also 
contribute to a more potent TLR3 anti-viral response. ' ' 

The interferon loop is eventually attenuated via different mechanisms. Negative regula
tors of the IRF family (IRF-2 and IRF-8) have been shown to down-regulate expression of 
ISRE dependent genes and hence the IFN response. '̂  Moreover, the suppressors of cytokine 
signaling (SOCS) proteins have been implicated as important negative regulators for IFN sig
naling by interfering with Jaks and STATs at the receptor complex.^^'^^ Expression of these 
negative regulators is induced by various cytokines including IFNy. Interestingly, bacterial 
TLR ligands, namely LPS, lipoteichoic acid (LTA) and CpG DNA, can also stimulate the 
production of SOCS proteins.^^'^^^ In addition to their function as inhibitors of IFN signal
ing, SOCS have recendy been implicated in TLR signal transduction and are thought to be 
involved in LPS tolerance.^^ '̂̂ ^^ 

Interactions at IFN Promoters 
The most investigated ISRE containing promoter is the IFNP promoter which serves as 

the prototype for combinatorial interactions of transcriptional activators.^^^'^^^ Cooperative 
assembly of NF-kB, members of the IRF family (IRF-3, IRF-7 and IRF-1), and die ATF-2/ 
c-Jun heterodimer at the overlapping positive regulatory domains, PRDII, PRDI-III, and PRD 
IV (in the enhancer site -110 to -45bp upstream of the transcriptional start site) induce tran
scription of IFNp. ̂ ^̂ '̂  Interestingly, the positioning of the enhancer relative to the transcrip
tional start site is not decisive for induction of transcription. Assembly of the IFNP enhancesome 
is assisted by a small flexible protein with DNA binding and multiple protein/protein interac
tion domains. This protein, called the high mobility group protein HMG i(Y),̂ ^ '̂̂ ^ '̂̂ ^^ binds 
four sites in the enhancer to unwind the DNA and help recruit activators. ̂ ^̂  HMG I(Y) also 
chaperones the interaction between transcription factors at the enhancer. 

Other than the IFNP promoter, the IFNa promoters do not contain an N F - K B binding 
site in their virus responsive enhancers but rather express several AANNGAAAs to bind 
IRFs.^ '̂̂ ^^ The main regulators for IFNa transcription are IRF-7, IRF-3 and IRF-5. Relative 
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levels of these IRFs, in particular the ratio between IRF-7 and IRF-3, determines the differen
tial expression of cell type specific IFNa subtypes. IRF-3 and IRF-7 are closely related and are 
both activated by phosphorylation, which enables them to homo- or heterodimerise to activate 
their target promoters. The composition of IRFs varies between different I F N a 
enhanceosomes.^^^ IRF-3 and IRF-7 presumably heterodimerise to induce the IFNA2 pro
moter. An additional member of the IRF family, IRF-5, has been found to up-regulate expres
sion of IFNA8 and was found in the IFNAl enhanceosome in cells infected with Newcasde 
disease virus (NDV). Interestingly, IRF-5 seems to be phosphorylated and activated only upon 
infection with NDV but is unresponsive to other viral stimuli. ̂ "̂̂  Human IFNal and murine 
IFNa4 are the only IFNa genes which do not require ongoing protein synthesis for their 
expression and are hence early response genes like IFNp.^^ The varying composition of IFN 
enhanceosomes indicates that stimulus- specific activation of IRFs and the differential binding 
capacities of the IFN enhancer target sequences orchestrate the expression profile of type I IFN 
subtypes. Further investigations of the interactions at the IFNa enhanceosome are necessary to 
understand specificity of IFNa transactivation and virus specific host responses. 

Viral Evasion Strategies 
During co-evolution with their hosts viruses have developed various strategies to attenu

ate host defense mechanisms and evade clearance by the host cell. TLR and IFN induced 
signaling cascades and the interferons themselves are the main targets to block the anti-viral 
response. Vaccinia virus for example encodes two small TIR domain containing proteins termed 
A46R and A52R, which interfere with IL-1 and TLR signaling.^^^A52 has severe effects on 
IL-1, IL-18, TLR4 and TLR3 signaling. A more detailed study demonstrated that A52R asso
ciates with the interleukin 1 receptor associated kinase 2 (IRAK2) and tumor necrosis factor 
receptor associated factor 6 (TRAF6). Both are components of the N F - K B activation pathway, 
so we can presume that A52R disrupts TLR stimulated signaling.^ Also, deletion of A52R in 
the vaccinia genome results in attenuation of viral infection in a mouse model. ̂ ^ A variety of 
viruses interfere with IFN production and signaling. IRFs are a common target for viral evasive 
mechanisms. For example, E6 of human papillomavirus type 16 (HPV-16) interacts with and 
neutralizes IRF-3, the inducer of the IFNp promoter. ̂  ̂ ^ The Ebola virus VP35 protein and the 
NS3/4A serine protease of hepatitis C virus (HCV) both prevent the phosphorylation of 
11^.3 116,117 jj^g HPV-16 E7 protein binds the IRF-9 subunit of ISGF-3 and prevents DNA 
binding of the complex.^^^ The K9 gene product of human herpes virus 8 (HHV-8) also 
targets IRF-1.^ Interestingly, inhibition of either of these IRFs is not sufficient to block the 
establishment of an anti- viral state, suggesting that their function is, in part, redundant. HHV-8 
additionally encodes a viral IRF-1 homologue, termed vIRF-1, which inhibits host IRF-1 and 
IFN signaling and is presumably involved in oncogenic transformation. ^̂ '̂̂ ^̂  vIRF-1 also in
hibits recruitment of the CBP/p300 coactivators to IRF-3. ̂ "̂^ Three fiirther vIRFs have been 
found in the HHV-8 genome, namely vIRF-2, vIRF-3 and vIRF-4.^^'^^ The viral homolog of 
IRF-4, vIRF-3, has also been shown to act as a dominant negative form of both IRF-3 and 
IRF-7 and inhibits virus mediated transcriptional activity of the murine IFNa4 promoter. 
Soluble IFN receptor homologues are encoded by various poxviruses that bind secreted IFNs 
and prevent them from signaling. ̂ "̂ "̂ '̂ "̂  Moreover, the IFN induced Jak/STAT signaling path
way can be blocked at different stages. The T antigen of murine polyomavirus (MPyV) associ
ates with Jakl to prevent type 1 and type 2 IFN signaling. ̂ "̂^ STATs are also a common target 
for several viruses such as paramyxovirus simian virus 5 (SV5), which mediates the proteasomal 
degradation of STAT 1, and human parainfluenza virus 2 (hPIV2), which targets STAT2.^ '̂ '̂̂  
A variety of viruses also bind dsRNA to prevent the activation of antiviral enzymes like PKR, 
OAS and the RNAseL system or to inhibit these enzymes direcdy.̂ '̂ '̂̂ '̂̂  
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Conclusions 
TLRs are the first defense barrier against pathogens and launch signaling cascades to ini

tiate an adequate response to infections. Viral stimuli, perceived via TLR3 and TLR4, essen
tially induce activation of a family of transcriptional regulators, the IRFs. IRFs control the 
expression of interferons, which link innate to adaptive immunity. Differences in activation of 
IRFs and the differential expression of their various subtypes controls the temporal and stimu
lus dependent expression of a defined subset of target genes. Interferons themselves are subject 
to the control of enhanceosomes, which consist of a variety of transcriptional activators and 
co-regulators, that induce transcription. The ISRE is the main activating element targeted by 
virus induced IFN signaling. Despite the fact that this binding site is recognized by a variety of 
IRFs and the trimeric ISGF-3 complex, preferences for specific variations of the ISRE consen
sus sequence trigger the formation of disparate complexes at the respective promoters. We are 
only beginning to understand the capacity that these multi-protein complexes provide for a 
tailored host response to the infecting virus. In order to overcome clearance by the host, viruses 
have also come up with different mechanisms to disturb these regulatory anti-viral networks. A 
better understanding of these signaling events and the viral counter-measures is of great phar
maceutical interest since it will reveal targets for therapies against specific viruses. 
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CHAPTER 6 

The Induction of Dendritic Cell 
Activation and Maturation by Toll-Like 
Receptor Signaling 

Tsuneyasu Kaisho and Shizuo Akira 

Abstract 

The host defense system of higher animals comprises both innate and adaptive immunity. 
Dendritic cells (DCs), professional antigen presenting cells, play critical roles in linking 
these two types of immunity in response to microbial stimuli. DCs express a group of 

type I transmembrane proteins. Toll-like receptors (TLRs), which can recognize a number of 
microorganism-derived molecular structures, including membrane components and nucleic 
acids. This recognition is a prerequisite for DC activation and maturation. Each TLR family 
member can provoke overlapping, but distinct biological consequences. In this chapter, we 
discuss how TLRs, as adjuvant receptors, instruct DCs to drive host defense. 

Introduction 
Innate and adaptive immunity should coordinately function to establish effective host 

defense in higher animals. Innate immunity consists mainly of antigen presenting cells such as 
macrophages or dendritic cells (DCs). DCs can activate naive T cells and are especially impor
tant for linking innate and adaptive immunity. Toll-like receptors (TLRs), a group of type I 
transmembrane proteins, are crucial for DCs to accomplish this function. The TLR family in 
humans and mice consists often and nine members, respectively (Fig. 1).*"̂ '̂  Each TLR has the 
ability to discriminate microorganism-related molecular structures, originally termed 
pathogen-associated molecular patterns (PAMPs). PAMPs are not found in the host and can 
thus be regarded as nonself. Furthermore, most PAMPs possess immune enhancing effects. In 
other words, TLRs are adjuvant receptors that sense nonself 

* Since going to press, TLRl 1 was identified, which recognizes a ligand expressed by uropathogenic bacteria. 
(Zhang D et al. Science 2004; 303:1522-1526.) 
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Figure 1. Human TLRs and their representative ligands. Phylogenetic tree depiction of human TLRs based 
on amino acid structures. TLRs and their representative Hgands are connected by dotted arrows. TLRligands 
are roughly categorized as lipid, protein, and nucleic acid as shown by broken lines. 

Comparisons between TLRs and Toll 

Similarities 
TLRs were named after Toll as their immunoregulatory ftinction and molecular structures 

were similar. Mutant flies with defective Toll succumb to ftingal infection.^ This susceptibility 
results from an inability of mutant Toll to induce the secretion of an antimicrobial peptide, 
Drosomycin. Janeway*s group first described the immunoregulatory role of a human Toll-like 
protem, now known as TLR4.^TLR4 expression can induce the expression of cytokines and 
costimulatory molecides. 

All TLRs and Toll are type I transmembrane proteins that possess leucine-rich repeats in 
their extracellular domains. In their intracytoplasmic regions, TLRs and Toll share a common 
motif, the ToU/IL-lR (TIR) domain, which is found in mammalian IL-IR family members. 
Furthermore, TLRs and Toll activate a closely related signal transduction machinery that leads 
to the expression of pro-inflammatory cytokines and antimicrobial peptides, respectively. 

Dissimilarity between TLRs and Toll 
It is noteworthy to indicate how the TLR and Toll systems differ (Fig. 2). In Drosophila, 

ftingal infection can lead to the activation of protease cascades that induce the cleavage of a 
secreted protein, Spaetzle. Subsequently, cleaved Spaetzle is recognized by Toll. Consistent 
with this, mutant flies deficient for the serine protease inhibitor Spn43Ac manifest constitutive 
expression of cleaved Spaetzle and Drosomycin. Thus, Toll does not recognize a microbial, but 
a host-derived endogenous product. This is in contrast to the TLR system, as TLRs are direcdy 
involved in microbial recognition (see below). 
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Figure 2. Comparison between Toll and TLR recognition system. In higher animals, membrane expressed 
TLRs direcdy recognize microorganism-derived molecular patterns. However, in DrosophUa, microorgan
isms are discriminated in the hemolymph. PGRP-SA recognizes Gram-positive bacteria, whereas another 
unidentified soluble factor, is presumed to recognize fungi. Subsequently protease cascades are activated to 
cleave Spaetzle which is recognized by Toll. Thus, Toll on the membrane recognizes a host-derived product. 

The Toll pathway is also activated by infection with Gram-positive bacteria (Fig. 2). A 

soluble peptidoglycan recognition protein, PGRP-SA, recognizes peptidoglycans from bacteria 

and activates protease cascades that lead to the cleavage of Spaetzle and subsequent Toll activa

tion. PGRP-SA-deficient flies still exhibit intact immune responses against fungi, implying 

the existence of a dedicated system to discriminate fungi. Both fungi and Gram-positive bacte

ria are detected in the body fluid, not at the membrane level. Similarly, the complement system 
in mammals recognizes invading microorganisms in serum and activates protease cascades. In 
this regard, it is conceivable that the complement system, rather than TLRs, is evolutionarily 

linked to Drosophila innate immunity. 

Microbial Recognition by TLRs 

Membrane Component Ligands 
Bacterial membrane components are adjuvants of which lipopolysaccharide (LPS) has 

been the most extensively studied, LPS is a major component of the outer membranes of 
Gram-negative bacteria and its lipid portion, lipid A, is it's toxic constituent. LPS is bound to 

LPS binding protein, LBP, in the serum and transported to target cells. Another LPS-binding 
protein, C D 14, expressed at the surface of target cells, receives LPS and presents it to a signal 

transducing receptor, TLR4 (Fig. 1). Critical roles of TLR4 were clarified by genetic analysis of 
two mutant mice, C3H/HeJ and C57BL10/ScCr.^^'ii C3H/HeJ mice have a point mutation 

in the TLR4 gene, which leads to an amino acid substitution in the intracytoplasmic region 
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whereas C57BL10/ScCr mice have a deletion in theTLR4 gene locus. TLR4-deficient mice were 
found to lack responses to LPS.̂ "̂  Furthermore, some LPS-hyporesponsive patients also carry a 
TLR4 mutant which cannot bind LPS due to a missense mutation in the extracellular domain. ̂ ^ 

TLR4 can associate with a host-derived small soluble factor, MD-2. This association is 
critical for TLR4-mediated recognition of LPS, as was shown in genetic complementation 
experiments and the analysis of MD-2-deficient mice. '̂ ^ Gram-positive bacteria do not pos
sess LPS, but instead are endowed with a thick layer of peptidoglycan in which a variety of 
lipoproteins and lipopeptides are buried. Mycoplasmas lack cell walls entirely and neither ex
press LPS nor peptidoglycan. However, these pathogens still express lipoproteins and lipopeptides 
in their plasma membranes. These components can act as adjuvants, most of which require 
TLR2 as a signal transducer (Fig. 1).^' 

Heterodimerization is critical for TLR2 to recognize its diverse ligands. For example, TLR2 
can interact with TLR6 and recognize Gram-positive bacteria or a yeast cell-wall particle, zy
mosan. Furthermore, TLR2- and TLR6-deficient mice fail to respond to macrophage-activating 
lipopeptide-2 (MALP-2).^^'^^ These results indicate a critical fiinctional association of TLR2 
with TLR6. Importandy, however, TLR2-, but not TLR6-, deficient mice lack responses against 
bacterial lipopeptides (BLP). Instead, TLRl-deficient mice show an impaired response to BLP.̂ ^ 
Both BLP and MALP-2 share distinctive triacylated (BLP) and diacylated (MALP-2) cysteine 
residues at their amino-termini. Apparendy, TLR2 can fine-tune the recognition of PAMPs by 
switching TLR partner (Fig. 1). Bacterial proteins can also act as TLR ligands. Some bacteria 
move by using a particular structure, the flagella. A protein component, flagellin, can stimulate 
intestinal epithelial cells to produce chemokines such as IL-8. TLR5 is critical for recognizing 
flagellin (Fig. 1).̂ ^ 

Nucleic Acid Ligands 
DNA molecules derived from microorganisms can also act as immune adjuvants. Tokunaga 

et al first reported this effect when they demonstrated that an immunostimulatory activity in 
bacillus Calmette-Guerin (BCG) extracts could be attributed to DNA.^^ Bacterial DNA abun
dantly express unmethylated CpG motifs, which are rarely found in mammalian DNA. "^ 
Synthetic DNA containing an unmethylated CpG motif (CpG DNA), 20-30 base pairs in 
length, can also exhibit strong adjuvant activity. Thus, CpG DNA can be regarded as a nonself 
adjuvant. The typical responses to CpG DNA of cytokine production, B cell proliferation, DC 
maturation, and shock induction, were absent in TLR9-deficient mice. It is known that 
human and murine immune cells respond to a different repertoire of CpG DNA. This 
species-specific response is reconstituted by expressing human or murine TLR9 in a human 
kidney-derived cell line.'̂ '̂  Thus, TLR9 is essential and sufficient to recognize CpG DNA (Fig. 
1). Unlike TLR2 andTLR4, TLR9 is not expressed on the cell surface. DNAs are first incorpo
rated into the cell in a sequence-independent manner. Subsequently, only CpG DNAs interact 
with and stimulate TLR9 signaling in endosomal compartments. Inhibition of endosomal 
maturation can block the effects of CpG DNA, but not LPS.^^ 

On screening a panel of synthetic CpG DNAs, immunostimulatory CpG DNAs were 
found to be divided into two types.^ '̂̂ ^ One is conventional CpG DNA, also termed K-type 
CpG DNA or CpG-B. Conventional CpG DNA consists of phosphorothioate-modified 
oligodeoxynucleotides. The second, termed D-type CpG DNA or CpG-A (A/D-type CpG 
DNA), carries a phosphorothioate-modified polyguanosine (polyG) stretch at the 5* and 3' 
ends and a phosphodiester backbone CpG motif in the central portion. Conventional CpG 
DNA can activate B cells to proliferate and secrete IL-6 more vigorously than A/D-type CpG 
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DNA. However, A/D-type CpG DNA exhibits greater ability to induce IFN-a from a DC 
subset, plasmaq^oid DC (PDC), as well as IFN-y from NK cells.̂ '̂̂ ^ Thus, the TLR9 system 
is unique in the sense that its biological readout is ligand specific. However, the biological 
significance of these CpG motifs remains unclear and it is not known how the differential 
effects are provoked. 

RNA virus infection can lead to the production of double-stranded RNAs (dsRNA). These 
are not present in the host and exhibit immune adjuvant activity. Synthetic dsRNAs, 
polyinosinic-polycytidylic acid (poly(I:C)), display similar activities. TLR3-deficient mice showed 
impaired responses to such dsRNAs, indicating that these RNAs are recognized by TLR3 (Fig. 
1). However, the response was not abolished in the absence of TLR3, indicating the involve
ment of other molecules such as RNA-dependent protein kinase (PKR).^^'^ 

Synthetic Compound Ligands 
In addition to microorganism components, synthetic immunostimulatory molecules also 

activate immune responses through TLRs. Imidazoquinoline derivatives, such as imiquimod 
or resiquimod (R848), can induce the production of a variety of cytokines including type I 
interferons (IFNs). Imiquimods are clinically used to treat genital warts induced by human 
papilloma virus. All activity of imidazoquinolines is abolished in TLR7-deficient mice (Fig. 
1).^^ Certain guanosine derivatives, such as 7-allyl-8-oxo-guanosine (loxoribine) can also acti
vate murine and human immune cells. In fact, Loxoribine is now promoted as an anticancer 
drug. Furthermore, 2-amin-5-bromo-6-phenyl-4(3)-pyrimidinone (bropirimine) is also an 
immunomodulator with an anti-tumor effect on superficial transitional cell carcinoma of the 
bladder. These compounds were also found to be ligands for TLR7.^ Thus far, all the TLR7 
ligands that have been identified are synthetic. They have similar molecular structures to nucleic 
acids. The possibility that the natural ligand for TLR7 may be viral in origin is provocative but 
remains to be proven. 

TLRS is structurally similar toTLR7 (Fig. 1). Indeed, human TLR8 also recognizes R848.^'^ 
However, the lack of R848 responsiveness in TLR7-deficient mice would imply that murine 
TLR8 is not involved in recognizing R848. It remains unclear as to whether murine TLR8 is 
nonfunctional or whether it can recognize other, as yet unidentified ligands.* 

Host-Derived Ligands 
Infection can result in inflammation or tissue damage, which can subsequently lead to the 

release of endogeneous molecules. For example, heat shock proteins released from necrotic cells 
can provoke DC maturation. Heat shock proteins were shown to be recognized by TLR2 or 
TLR4.^^-^o Inflammation also triggers the activation of proteolytic cascades that degrade extra
cellular matrix components. Such degraded products, including fibrinogen or fragmented prod
ucts of hyaluronic acids, can act through TLR4. ' Furthermore, a small antimicrobial pep
tide, P-defensin-2, was also found to be a ligand of TLR4. ^ These findings raise the interesting 
possibility that, under 'alert' conditions, TLRs may be involved in the recognition of endogeneous 
host-derived products. However, this hypothesis still needs to be tested and it should always be 
kept in mind that contamination with even tiny amounts of endotoxin or bacterial products 
can cause significant adjuvant activity. 

* Since going to press murine TLR7 and human TLRS have been shown to recognize ssRNA, both of viral 
and endogenous origin (Heil F et al. Science 2004; 303:1526-1529. Diebold SS et al. Science 2004; 
303:1529-1531). 
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Signal Transduction of TLRs 

Common Com^ponents ofTLR Signaling 
TLRs can activate signal transduction pathways through their intracytoplasmic TIR do

mains. Both TLRs and IL-lRs associate with a cytoplasmic adapter, MyD88, through homophilic 
TIR domain interaction. MyD88 has a death domain at its N-terminal portion and can recruit 
IL-lR-associated kinase (IRAK) family members. Another adapter, tumor necrosis factor 
receptor-associated factor (TRAF6), is also recruited and, subsequendy, two major signaling 
pathways, mitogen-activated protein kinase (MAPK) cascades and N F - K B , are activated.^' 
The analysis of MyD88-deficient mice has clarified the significance of this particular signaling 
cascade. ^ IL-1 can stimulate T cell proliferation as well as the induction of acute phase pro
teins and cytokines. IL-18 can induce IFN-y production and augment natural killer cell activ
ity. All of these biological effects were abolished in the absence of MyD88. 

Most TLRs also utilize MyD88 as a critical adapter. TLR2, TLR7, and TLR9 signaling 
fails to induce activation of N F - K B and MAPKs in MyD88-deficient cells. In accordance with 
this abolished biochemical response, MyD88-deficient cells are completely refractory toTLR2, 
TLR7, orTLR9 agonists. ̂ '̂̂ '̂̂ ^ Furthermore, aTLR5 ligand, flagellin, cannot induce cytokine 
production in MyD88-deficient mice. Thus, the MyD88-mediated pathway is a common 
and critical pathway for IL-IR and TLR signaling. 

Four IRAK family members, IRAK-1, IRAK-2, IRAK-M, and IRAK-4, have been identi
fied thus far. Amongst these, only IRAK-1 and IRAK-4 possess serine/threonine kinase activ
ity. IRAK-4 is the most similar to Drosophila Pelle, a serine/threonine kinase required for Toll 
signaling. According to in vitro findings, IRAK-4 can activate N F - K B in a kinase-dependent 
manner and also phosphorylates IRAK-1. ^ Furthermore, IRAK-4 expression cannot rescue 
the response of IRAK-1 deficient cells, suggesting that IRAK-4 functions upstream of IRAK-1. ^ 
IRAK-1-deficient mice showed only partial impairment of IL-1 and TLR signaling.^^'^^ In 
contrast, IRAK-4-deficient mice exhibited severely impaired responses to signaling not only 
through the IL-1 family, IL-1 and IL-18, but also through TLRs including TLR2, TLR4, and 
TLR9.^^ This phenotype is similar to that of MyD88-deficient mice. Thus, IRAK-4 is an 
essential IRAK for the MyD88-dependent pathway. 

An alternatively spliced form of MyD88 called MyD88 short (MyD88s) lacks the short 
intermediate domain between the death and TIR domains. This domain is essential to recruit 
IRAK-4 into a MyD88-containing complex. Without this domain IRAK-1 is not phosphory-
lated and subsequent N F - K B activation is not induced.^^ The expression of MyD88s is aug
mented by TLR signaling, suggesting that MyD88s is involved in a negative feedback loop. 
IRAK-M, which has no kinase activity, prevents the dissociation of IRAKs from MyD88 and 
the subsequent formation of IRAK-TRAF6 complexes.^ IRAK-M deficient mice showed en
hanced inflammatory responses upon bacterial infection as well as increased cytokine produc
tion through TLR signaling. Importandy, endotoxin tolerance is sub-optimal in the absence of 
IRAK-M. Thus, IRAK-M also negatively regulates TLR signaling. 

Heterogeneity of TLR Signaling 
Cytoplasmic adapters play critical roles in the heterogeneity of TLR signaling (Fig. 3). 

This was first revealed by the analysis of MyD88-deficient mice. Mutants retained the activa
tion of N F - K B and MAPK in response to LPS.^^ Although the mutants lacked LPS-induced 
effects, such as cytokine production, B cell proliferation, and endotoxin shock, they still re
sponded to LPS. First, MyD88-deficient DCs can mature in response to LPS (see below). 
Second, expression of IFN-inducible genes such as IP-10 or GARG16 is retained in 
MyD88-deficient macrophages. This is due to the retained induction of IFN-jJ in LPS-stimulated 
MyD88-deficient cells.^ '̂̂ ^ Furdiermore, LPS can activate caspase-1 and lead to the secretion 
of IL-18 in MyD88-deficient liver macrophages.^^ 
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Figure 3. Cytoplasmic adapters of TLRs. Solid lines represent the MyD88-dependent pathway leading to 
q^okine production. TIRAP is cooperatively involved in this pathway through TLR2 andTLR4 signaling. 
In TLR7 and TLR9 signaling, all activities including type I IFN induction are dependent on MyD88. 
Dotted lines represent the MyD88-independent pathway, in which TRIF is most likely involved together 
with IKKe and TBKl. This pathway can lead to type I IFN induction through TLR3 and TLR4 signaling. 
Cytokine production by TLR3 seems to be induced in a MyD88-independent fashion. 

Another adapter, TIR domain-containing adapter protein/MyD88-adapter-like (TIRAP/ 
MAL), was found to associate with TLR4, but not with TLR9.^^'^^ Both IFN-inducible gene 
expression and DC maturation by LPS were intact in TIRAP/MAL-deficient mice. '̂ Fur
thermore, double knockout mice for MyD88 andTIRAP/MAL still retained the LPS-induced 
responses. These results clearly demonstrate that TIRAP/MAL is involved in the 
TLR4-stimulated MyD88-dependent, rather than the MyD88-independent pathway (Fig. 3). 
TIRAP/MAL-deficient mice manifest defective TLR2 signaling, which does not activate the 
MyD88-independent pathway. In contrast, TLR3, TLR7, and TLR9 signaling is intact in the 
absence of TIRAP/MAL. Thus, TIRAP/MAL is involved specifically in TLR2 and TLR4 sig
naling which leads to cytokine production. ' (Fig. 3). These results suggest that other adapter 
molecules involved in the MyD88-independent pathway may still exist. In addition to MvD88 
and TIRAP/MAL, three more TIR domain-containing adapters have been identified. One 
candidate molecule involved in the MyD88-independent pathway is TIR domain-containing 
adapter inducing IFN-P (TRIF), otherwise called TIR domain-containing adaptor molecule-1 
(TICAM-1). TRIF/TICAM-1 can activate the IFN-p promoter and IRF-3.^^'^^ Furthermore, 
TRIF/TICAM-1 can interact with a cytoplasmic domain of TLR3, which can activate IRF-3 
in a MyD88-independent manner. Various lines of evidence were found to link two noncanonical 
IKB kinase homologs, IKB kinase-8 (IKKe) andTANK-binding kinase-1 (TBKl)^^'^^ to TRIF/ 
TICAM-1 and IRF-3. First, TRIF/TICAM-1 can associate with IKKe and TBKl.^^ Second, 
TRIF/TICAM-1-induced activation of IFN-p and N F - K B reporter activity was inhibited by 
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dominant negative forms of IKK8 and TBKl. Furthermore, phosphorylation and nuclear 
localization of IRF-3 was induced by expression of IKK8 and TBKl 7^ Thus, TRIF/TICAM-1 
is most likely involved in the MyD88-independent pathway leading to IRF-3 activation through 
IKKe and TBKl (Fig. 3). Although IRF-3 mediates antiviral gene expression by TLR3 and 
TLR4 signaling,'̂ '̂  it is also notable that IRF-3 is differentially phosphorylated by TLR3 and 
TLR4 signaling/^ This may indicate diverse molecular mechanisms in TLR-induced IRF-3 
activation. TRIF-deficient mice were found to lack both TLR3- and TLR4-induced IFN-P 
expression and IRF-3 activation, indicating critical involvement of TRIF in the MyD88-inde-
pendent pathway.'̂  ''̂ ^ Furthermore, LPS-induced N F - K B activation was completely abolished 
in TRIF- and MyD88-double deficient cells. Analysis of mutant mice lacking IKKe or TBKl 
will further clarify the TLR3 and TLR4 signaling mechanism. 

TLR2, TLR7 and TLR9 exert all of their effects in a MyD88-dependent manner. How
ever, although TLR2 is incapable of inducing the secretion of type I IFNs, TLR7 and TLR9 
can induce both IFN-a and IFN-P. Therefore, we cannot exclude the possibility that other 
adapter molecule(s) is / are involved in TLR7 or TLR9 signaling (Fig. 3). 

Regulation of Adaptive Immunity by DCs 

TLRs and the ThllThl Balance 
DCs reside in peripheral tissues in an immature state. These immature DCs can take up 

pathogenic microorganisms and *sense* infection through TLRs. TLR signaling subsequently 
leads to DC activation and maturation. Mature DCs alter their chemokine receptor expression 
and migrate to the secondary lymphoid organs. In lymphoid organs, mature DCs can present 
antigen to T cells. Ag presentation alone is not sufficient to induce T cell activation, but in
duces T cell anergy. However, TLR signaling can induce the up-regulation of costimulatory 
molecules necessary to induce clonal T cell expansion (Fig. 4). The subsequent T cell differen
tiation is crucial for host defense. CD4^ T cells can differentiate into two distinct helper T (Th) 
subsets. Thl cells secrete mainly IFN-yand are involved in cellular immunity against bacteria 
or viruses. Th2 cells produce mainly IL-4 or IL-13 and contribute to humoral immunity against 
helminth or allergic responses. DCs are critically involved in directing Th cell differentiation. 
Although multiple factors affect the ability of DCs to regulate theThl/Th2 equilibrium,'^'^ the 
nature of the activating stimulus is critical.^^'^^ Most TLR ligands, including LPS and CpG 
DNA, principally activate DCs to produce Thl-inducing cytokines such as IL-12 or IL-18. As 
a result, Th cell differentiation is biased towards Thl (Fig. 4). 

TLR-induced DC activation mechanisms are complex and ill understood. For example, 
MyD88-deficient DCs can mature in response to LPS. However, in contrast to their wild 
type counterparts, mature MyD88-deficient DCs support Th2 rather than Thl cell differen
tiation.^^ While their inability to produce IL-12 accounts for the failure to support Thl differ
entiation, this defect is not, in itself, sufficient to explain why MyD88-deficient mature DCs 
induce Th2 differentiation. This altered DC function is believed to contribute to Th2-biased 
immune responses of MyD88-deficient mice immunized with adjuvants that are otherwise 
Thl-inducing.^^'^^ Furthermore, DCs activated through the MyD88-independent pathway 
may account for the finding that TLR4 is involved in allergic Th2 responses.^ In an allergic 
sensitization model, high and low doses of LPS can lead to Thl and Th2 responses, respec
tively.̂ ^ Thus, TLR4 signaling can variably activate adaptive immunity. 

LPS derived from Porphyromonasgingivalis can trigger Th2 immune responses.^ While E. 
colt LPS can activate CD8a^ DCs to produce IL-12, this is not the case for P. gingivalis LPS. 
Another TLR2 ligand, MALP-2, can also function as a Th2-inducing adjuvant. Thus, TLR2 
signaling can lead to Th2 immune responses. TLR2-induced Th2 cell differentiation likely 
occurs in a manner distinct from TLR4-induced MyD88-independent signaling, because TLR2 
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Figure 4. Interaction between DCs and T cells. DCs, stimulated by TLR ligands, mainly direct Th cell 
differentiation towards Thl (solid arrows). Th2-inducing innate stimuli, although not yet fully character
ized, instruct DCs to support Th2 cell differentiation (dotted arrows). 

cannot activate the MyD88-independent pathway. In conclusion, TLR signaling can modulate 
theThl/Th2 balance through multiple pathways. 

Other microbial stimuli can also provoke Th2 immune responses. For example, 
nematode-derived secretion products and cholera toxin can activate DCs to support Th2 cell 
differentiation.^^'^^ Interestingly, yeast and hyphal forms of Candida albicans can stimulate the 
Thl- andTh2-supporting ability of DCs, respectively.^^ Thus, this fungus qualitatively changes 
its adjuvanticity over its life cycle. Furthermore, in vivo injection o^ Schistosoma mansoni egg 
antigen licences DCs forTh2 priming.^^ However, in contrast to Thl-inducing innate stimuli, 
little is known as to how DCs are activated by Th2-inducing innate stimuli (Fig. 4). 

The Control of Regulatory T Cell Function by DCs 
DCs also regulate adaptive immunity through regulatory T cell function. TLR signaling 

in DCs can inhibit suppressive effects of regulatory T cells. This is an alternative mechanism 
to activate immunity. IL-6 is suggested to be involved in this inhibition of regulatory T cell 
function. Stimtdated by pathogens, DCs can also provoke regulatory T cell development. For 
example, filamentous hemagglutinin from Bordetella pertussis can stimulate DCs to induce 
IL-10 and inhibit IL-12 production, thereby augmenting regulatory T cell function. ̂ ^ Fur
thermore, Shistosome-denved phosphatidylserine stimulates DCs through TLR2 and subse
quently induces regulatory T cell development.^ 

Type IIFN Induction by TLBs 
TLR signaling can also stimulate DCs to produce type I IFNs. Type I IFNs can activate 

anti-viral mechanisms, induce DC maturation and function as immune adjuvants.^^'^^ Thus, 
type I IFNs are critical cytokines linking innate and adaptive immunity. Type I IFNs consist of 
multiple members of the IFN-a and IFN-P family, although they act through a common 
receptor complex. IFN-as and IFN-P require distinct transcription factors for their gene 
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expression.^''' TLR3, TLR7, and TLR9, all of which can recognize nucleic acid ligands, can 
induce both IFN-a and IFN-p (Fig. 3). TLR2 cannot induce either (Fig. 3) and TLR4 is 
unique in that it cannot induce IFN-a but does induce IFN-P (Fig. 3). Thus, TLRs can be 
divided into subgroups according to their ability to induce type IIFN. Not only TLR expres
sion, but also DC subsets are critical factors for TLR-induced type I IFN production. Two DC 
subsets, PDC and myeloid DC (MDC), have been identified.^^ PDC can produce high amounts 
of IFN-a upon viral infection. ̂ ^̂ '̂ ^̂  In mice, both subsets express TLR9 and also increase 
expression levels of costimulatory molecules in response to the two types of CpG DNA, con
ventional and A/D-type CpG DNA. Furthermore, both DC subsets can secrete IL-12 in re
sponse to conventional CpG DNA. However, in response to A/D-type CpG DNA, PDCs 
produce predominandy IFN-a. This switches, in the main, to IL-12 on stimulation with con
ventional CpG DNA. All these effects are dependent on TLR9 and MyD88.^^^ What exacdy 
determines the differential responses to distinct TLR9 ligands remains an interesting question. 
Notably, nonPDC can also respond to intracellular dsRNA and secrete IFN-a.^^This induc
tion is independent of TLR3 and MyD88, but dependent on PKR. Thus, the type I 
IFN-inducing mechanism in DCs is complex and requires further study. 

Crosstalk between Toll-Like and Other Receptors 
It is important to clarify how the TLR system is regulated by other receptor signaling. A 

C-type lectin, dectin-1, which recognizes P-glucans, collaborates with TLR2 to enhance the 
innate immune response. ̂ ^̂ '̂  Meanwhile, other C-type lectins, such as the mannose receptor 
or blood DC antigen-2 (BDCA-2), can inhibit TLR-induced cytokine production. ̂ '̂̂  Further
more, a chromatin-IgG complex, which can engage the B cell receptor and TLR9 simulta
neously, can activate B cells to produce autoantibodies. This B cell activating mechanism 
can account for the predominance of autoantibodies against nucleic acids. Thus, other receptor 
stimuli critically affect TLR signaling, not only in host defense but also in pathologic situa
tions. 

Perspectives 
Gene targeting experiments in mice have significandy contributed to the understanding 

of the function and signaling mechanisms of TLRs. Furthermore, human genetic analysis has 
revealed critical roles for TLRs. For example, IRAK-4 deficient mice and patients show no 
response to IL-1 and TLR ligands. The patients are in fact susceptible to infection with pyo
genic bacteria. ̂ ^̂  However, much remains to be discovered. For example, TLRIO is still an 
orphan receptor. It is also far from clear as to the precise molecular mechanisms that underlie 
the fiinction of each TLR-specific function. DCs are quite heterogeneous, expressing a variety 
of TLRs and playing multiple roles in regulating adaptive immunity. Therefore, DCs are valu
able for further elucidation of the diverse function of TLRs. BCnowledge about TLR function 
and signaling in DCs should enable us to acquire effective immunomodulatory tools to regu
late infection, cancer and allergy. 
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CHAPTER 7 

Pathogen Avoidance Using Toll Signaling 
in C ekgans 

Nathalie Pujol and Jonathan J. Ewbank 

Abstract 

I n the fruit fly Drosophila melanogaster, the Toll receptor plays two major roles, one is in 
early development and the other concerns resistance to infection. In mammals, the multiple 
Toll-Like Receptors (TLRs) are known to be key mediators of innate immunity. 

Caenorhabditis elegans possesses only one TLR (TOL-1) which is required during develop
ment, in a TIR-domain independent fashion. It also functions indirecdy in defence, via a 
behavioral mechanism that keeps worms away from the pathogenic bacterium Serratia marcescens. 
We describe here that the ^o/-i-dependent avoidance behavior involves the recognition of a 
signal that includes contributions from both the bacteria and the worms, themselves. We out
line the current understanding of how C. elegans detects bacteria and other worms and specu
late on a possible link between chemosensation and immune recognition. 

The evolutionary origins and ancestral function of the Toll-like receptors (TLRs) are still 
far from clear (for a review see refs. 1-2). TLRs are cell-surface receptors characterised by two 
types of protein domains, leucine rich repeats (LRRs) and the Toll-Interleukin 1 Receptor 
(TIR) domain. These domains are shared by multiple protein families with diverse functions 
(see Pfam entries 560 and 1582). Of the two, TIR domains are often associated with proteins 
that function in innate immunity either at the membrane or intracellularly, both in plants^ and 
animals. In vertebrates including mice and humans, multiple TLRs are thought to function 
direcdy in pathogen recognition and participate in branched signalling pathways that lead to 
the activation of transcription factors. One well-characterised branch that is conserved from 
Drosophila to vertebrates, and which can be considered as the canonical ToU/TLR pathway, 
leads to members of the nuclear factor KB (NF-KB) family. In animals, this pathway seems to 
have evolved after the first emergence of multicellularity. For example, the nearly complete 
genome sequence of the social amoeba Dictyostelium^ one of the simplest multicellular 
organisms with differentiated cell types, contains neither TLR nor N F - K B homologues. The 
genome of the simple nematode worm Caenorhabditis elegans does not contain an obvious NF-KB 
homologue either, but does include a single TLR gene, named tol-l. The corresponding protein, 
TOL-1, has an extracellular domain that contains 22 LRRs and an intracellular TIR domain. 
When compared to the family o^ Drosophila TLR proteins, TOL-1 is most similar to Toll-8, 
closely followed by Toll-6. TOL-1, however, lacks the C-terminal extension following the TIR 
domain, that is found in certain Drosophila Toll-family proteins. 

Tolland Toll-Like Receptors: An Immunolo^ Perspective, edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenum Publishers. 
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Further phylogenetic analyses of TLR genes from diverse invertebrate species will be 
required to resolve the question of whether the presence of a single TLR in C. elegans reflects 
the fact that the common ancestor of flies and worms had a single TLR, or whether a 
lineage-specific loss of TLRs has occurred. This question cannot currendy be resolved through 
analysis of the available nematode EST databases. 

The Single C. ^/egwiwTLRTOL-1 Is Essential for Development 
From a fundamental and comparative standpoint, it is interesting to study the role of 

TOL-1 in C. elegans. Two mutant alleles oitol-1 have been generated, both recessive. The first, 
a complete loss of fimction allele, is associated with a temperature-sensitive lethality. At the 
restrictive temperature of 25°C, all mutant embryos die, while at 15°C, a small fraction survive 
and complete development to give marginally fertile adults. We have found that tol-1 is 
necessary in early morphogenesis for the closure of the embryo (unpublished data) and are 
currently looking for genes that interact with tol-1 during development. The second mutant 
allele {nr2033) corresponds to a truncated protein missing almost all of the intracellular TIR 
domain. In this case, mutants are viable and fertile both at 15°C and at 25°C, indicating that 
the TIR-domain is dispensable for the developmental role of TOL-1. The fact that TIR 
domain-independent fiinctions for TLRs have not been seen in other organisms might be 
explained by a functional redundancy. In Drosophila, for example. Toll and Toll5 have 
overlapping spatial and temporal expression domains, as do 18-Wheeler and Toll8.^ Detailed 
analyses of the developmental expression patterns of vertebrate TLRs to uncover potential 
developmental roles and possible functional redundancies would clearly be of great interest, 
particularly if the TLRs are to be used as targets for drug therapy in the fixture. 

tol'l Mutants Are Not Hypersusceptible to Fungal or Bacterial 
Infection 

In Drosophila and vertebrates, activation of the canonical ToU/TLR pathway helps the 
host defend itself against pathogens. Thus the fly Toll mutants are hypersensitive to infection 
by fiingi and Gram-positive bacteria,^'^ while Tlr4 mutant mice succumb to Gram-negative 
infections that wild type mice surmount. In all cases, the antimicrobial role of these proteins 
is dependant upon an intact TIR domain. This raised the possibility that mutants homozygous 
for the tol-1 (nr2033) allele, that encodes a protein lacking a TIR domain, might be less 
resistant to infection than wild-type worms. Apart from the famous ^nematode-trappers', only 
one fungal pathogen for C. elegans has been well characterised, the endoparasitic Drechmeria 
coniospora (reviewed in ref. 11). Removal of the TIR domain from TOL-1 was not associated 
with an altered susceptibility to infection with this fungus.̂ "^ On the other hand, a number of 
bacterial pathogens of worms are known. In part, this is because they can be identified 
relatively easily. Indeed, when looking for potential bacterial pathogens of C. elegans, the worms' 
standard food, the Escherichia coli strain OP50 is simply replaced by another bacterial species. 
Some bacteria produce toxins that kill worms relatively rapidly. ̂ '̂̂  Others colonize the worm's 
intestine and kill the host in a matter of days ̂ ^ and in one case, a nematode-specific bacterium 
that adheres to the worm's cuticle and provokes a pronounced swelling has been described. 
For the time being, no significant change in susceptibility to a number of different types of 
bacterial infection has been recorded for the tol-1 (nr2033) mutant, '̂ ^ arguing against a direct 
role for TOL-1 in resistance to infection. 

TOL-1 Dependant Avoidance Behavior 
In addition to their effects on the survival of worms, different bacteria can also influence 

worms' behavior, and can either repel or attract worms. ' In the case of the Gram-negative 
enterobacterium Serratia marcescens, the situation is more complex. If given the choice between 
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the E. coli strain OP50 and the pathogenic S. marcescens strain Dbl 1, two thirds of worms will 
choose Dbl 1. But contrary to worms on OP50, that remain in direct contact with the bacteria 
for extended periods of time, worms are progressively repelled by D b l l , such that after 48 
hours, less than 20% are found within the bacterial "lawn". This behavior is relatively specific, 
as it is not provoked by a mutant derivative of D b l l , called Dbl 140. During tests of the 
resistance o^tol-l{nr2033) mutants to S. marcescens infection, it became clear that the mutants 
exhibit a defect in this behavior. After 48 hours, two thirds of tol-l{nr2033) mutants are still 
found within the Dbl 1 lawn. This phenotype can be rescued by reintroduction of the wild-type 
tol-1 gene into the mutants demonstrating that it is caused by the loss of the TIR domain. 

Sensing a Bacterial Signal 
What is the difference between Db l l and Dbl 140 that can account for their distinct 

effects on wild-type worms? At the molecular level, there are multiple differences between the 
two strains, and these include two interesting candidates. In contrast to D b l l , Dbl 140 is 
non-motile, suggesting a defect in the production of flagellin, now known to be a ligand of 
mammalian TLR5. Secondly, Dbl 140 was known to be more sensitive to insect immune 
hemolymph, and we speculated that this might reflect a change in the structure of its 
lipopolysaccharide (LPS), the ligand of TLR4.^^ This possibility has now been 
confirmed, but our more recent work has reduced the likelihood that either LPS or flagellin 
acts as a TOL-1 ligand. We have generated a defined mutant of Dbl 1, called 20C2, in which 
a homologue of the wzm gene that encodes the membrane component of an ABC-2 
transporter specialized in the translocation LPS O-antigen is disrupted. Consistent with this, 
20C2 has no O-antigen. It is also non-motile suggesting it lacks functional flagellae, 
presumably a secondary consequence of its LPS defect.^^ In contrast to Dbl 140, 20C2 still 
repels wild-type worms at 48 hours as strongly as D b l l (C. L. Kurz and JJE, unpublished 
results). In terms of their pathogenicity, Dbl 140 is less virulent than Dbl 1. But as 20C2 is as 
attenuated in its virulence as Dbl 140, the intrinsic virulence of the bacteria does not appear to 
be a major determinant of this behavior either. There is one further way that Dbl 140 differs 
from D b l l , as unlike the latter, it is incapable of secreting proteases. How this might bring 
about the observed (W-i-dependent) difference of behavior between worms on Db l l and 
Db l 140 is still obscure. One remark that can be made is that this difference has 
measurable effects on other aspects of the worms' defences against infection. While following 
infection of C. elegans by either Dbl 1 or Dbl 140 a clear induction of the expression of the 
lysozyme gene lys-1 is observed, only in the case of Dbl 140 do the levels of a corresponding 
reporter fusion protein increase. It would appear that Dbl 1 is able to degrade this inducible 
antimicrobial protein. It is likely that other C. elegans proteins undergo the same fate. Infec
tion with Dbl 1 could generate a signal, possibly derived from bacterial proteolysis of a host 
protein, which then acts as a stimulus to change worm behavior. 

Communication Between Infected Vtbrms 
The idea that the worms themselves are in part the source of the repellent stimulus has 

been given support by recent work showing that the repulsion phenotype is dependent both on 
the age of the worms, and also on the density of the worm population (L. Pouyet and NP, 
unpublished results). 

Relatively litde is known about how worms communicate with each other. It has been 
known for a number of years that in the absence of food or when the worm population density 
is too high, young worms enter a diapause state, called the dauer larva, under the influence of 
a pheromone. This allows them to arrest development before resumption in more propitious 
times."̂ ^ More recently, the existence of a hermaphrodite-specific pheromone that attracts males 
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has been proposed. But in neither case is the exact chemical nature of the pheromone known. 
These examples do, however, clearly set a precedent for inter-worm communication. On the 
other hand, quite a lot is already known about how C. elegans senses its chemical environment. 
Worms can detect a large range of inorganic and organic molecules, such as ions (e.g., CI', Na^, 
K^), amino acids, cyclic nucleotides and volatile odorants such as alcohols, pyrazines and thia-
zoles. Of the 302 neurons that an adult worm possesses, some thirty are involved in 
chemosensation, grouped together in two chemosensory organs, the amphids in the head and 
the phasmids in the tail. The phasmid neurons act as negative modulators of repulsion, and it 
is possible that this allows worms to construct a head-to-tail spatial map of the chemical 
environment."^^ 

Some of the amphid neurons, such as the pair of AWA neurons, are involved in sensing 
attractive compounds. Others, such as the two AWB neurons sense repulsive compounds. There 
are more than 700 putative olfactory receptors encoded by the C. elegans genome. In contrast 
to the situation in mammals, where each olfactive neuron expresses predominandy just one 
receptor, in the worm, as would be predicted on purely arithmetic grounds, several receptors 
are expressed in each chemosensory neuron. Whether the worm reacts to a given compound 
by being attracted or repelled is not strictly linked to the compound or its receptor, but rather 
to the neuron in which the receptor is expressed. Thus, the receptor ODR-10 that is normally 
required for attraction of worms to diacetyl is expressed in the ^attraction' neurons AWA. But if 
ODR-10 is expressed ectopically in the ^repulsion' neurons AWB, diacetyl 
becomes a repulsive stimulus for the worms. Moreover, behavioral tests have clearly shown 
that worms can discriminate between individual compounds. The two structurally similar AWC 
neurons can detect at least 5 different attractive odorants. Their capacity to discriminate 
between the two odorants pentanedione and butanone is linked to the asymmetric expression, 
in just one of the AWC pair, of the seven transmembrane receptor STR-2. If STR-2 is 
expressed in both AWC neurons, this capacity is lost. The asymmetric expression of STR-2 is 
dependent upon a mitogen activated protein (MAP) kinase pathway involving SEK-1 and 
NSY-1. SEK-1 is a MAP kinase kinase (MAP2K), homologous to mammalian MKK3/MKK6, 
while NSY-1 is a MAP2K kinase (MAP3K), homologous to ASKl F'^^ Interestingly, these two 
kinases have recently been shown to mediate resistance to infection by Pseudomonas aeruginosa^ 
and Salmonella typhimurium, in an LPS-dependent, but TOL-1-independent 
fashion.i^ 

As well as being able to detect multiple chemical stimuli, allowing their detection of 
bacteria, worms can also sense bacteria physically, and move more slowly when they are in 
food, than out of it. This has been shown to be a dopamine-dependent mechanosensory 
process, modulated in a serotonin-dependent fashion by the worm's previous experience, such 
that starved and well-fed worms react differendy.^^ Starvation also affects the expression of 
specific chemoreceptors, and consequently chemosensation.^^ One can imagine that these 
different behavioral and molecular mechanisms help the worm to eat the right type of 
bacteria in sufficient quantity to allow its survival and reproduction. 

If all this seems relatively sophisticated for a nematode of less than 1000 cells, and just 302 
neurons, it is important to note that these capacities are distinct from the TOL-1-dependent 
behavior described above, which therefore represents a further level of complexity. Thus 
tol-l(nr2033) mutants have normal amphid and phasmid chemosensory neurons, as judged by 
dye filling, and exhibit normal chemosensory behaviors in standard tests. They are also capable 
of distinguishing between the E. coli strain OP50 and S. marcescens strain Dbl 1, and are pref
erentially attracted by the latter. Moreover, whether worms are wild type or tol-l(nr2033) 
mutants, if after 48 hours of exposure to D b l l (by which time the majority of wild-type 
worms are repelled by the bacteria), they are removed from the bacteria for an hour and 
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presented anew with a choice between OP50 and D b l l , in both cases, the "experienced" 
worms are preferentially attracted to Dbl 1 (L. Pouyet and NP, unpublished results). 

As a further distinction from standard chemosensation, in adults, tol-1 is not expressed in 
the amphid or phasmid chemosensory neurons. Rather it exhibits a restricted pattern of 
expression, as judged by reporter gene activity, in the 6 mechanoreceptor cells, 6 interneurons, 
the head mesodermal cell (of unknown function) and the 4 URY neurons. Based on their 
morphology and connectivity, the URY neurons have previously been suggested to function as 
sensory receptors. They may thus be involved in the altered behavior of the tol-l{nr2033) 
mutant. Such a hypothesis, however, awaits experimental confirmation. Further tests are also 
required to establish how general this ^<?/-7-dependent aversion phenotype is, or whether it is 
really specific to S. marcescens, as is currendy the case. 

If the molecular and cellular basis of the tol-1 repulsion phenotype and its integration 
with more general chemosensory mechanisms remain unclear, it is perhaps interesting to 
observe that there do exist certain parallels between pathogen recognition and chemosensation. 
For example, it is becoming clear that different pathogens have different ^signatures' that are 
recognised by different combinations of TLRs, leading to an appropriate response (reviewed in 
33), much as different odorants are identified by a subset of chemoreceptors that they 
subsequently activate. Conversely, in their response to pheromones, rather than using a binary 
system of pheromone and corresponding receptor, insects and fish appear to respond to 
specific mixtures of chemical cues, that activate multiple receptors, thereby generating a 
response with the necessary diversity and specificity.^ Such a system appears to apply equally 
to mammals, and in this case, very recent data have pointed to a tantalising link between the 
molecular mechanisms that underpin pheromone identification and immune recognition. In 
mice, proteins of the MIO family of major histocompatibility complex class lb molecules have 
been shown to be specifically expressed in neurons of the vomeronasal organ, where they 
functionally interact with a particular family of pheromone receptors, the V2Rs. This 
association between MIO and V2R has been proposed to alter the mechanism and the 
specificity of pheromone recognition,^^ and perhaps supports the notion of an ancient link 
between the sensory and immune systems. 
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CHAPTER 8 

Forward Genetic Analysis of TLR Pathways: 

A Shared System for the Detection of Endotoxin 
and Viral Infection 

Bruce Beutler, Kasper Hoebe, Philippe Georgel and Xin Du 

The mammalian Toll-like receptors (TLRs) were first recognized as innate immune sensors 
when it was discovered that TLR4 is the key component of the mammalian endotoxin 
(lipopolysaccharide; LPS) receptor. This determination was made when a 

spontaneous mouse mutation, Lps, was positionally cloned and found to reside with the Tlr4 
locus. ̂  In all, we now know of the existence of eleven mouse TLRs and ten human TLRs, 
which collectively serve as the principal sensors of the innate immune system. Without them, 
small inocula of microorganisms would pose a major threat to the host, growing unchecked for 
a long period of time before they are recognized. These TLRs are served by a collection of at 
least five adapter proteins, each with homology to the TLRs themselves, permitting homotypic 
interaction to occur. Since a pure forward genetic approach led to the identification of the LPS 
receptor, ENU mutagenesis has been applied to the identification of other critical components 
of TLR signaling pathways. This approach has revealed that one of the adapter proteins, Lps2 
(also known as Trif or Ticam-1) is required for normal responses to double-stranded RNA and 
LPS. It now appears that two and only two branches of the LPS sensing pathway exist 
downstream of TLR4 in macrophages: one dependent upon the joint function of the adapter 
proteins MyD88 and MAL/Tirap; the other dependent upon Lps2. Poly I:C sensing, on the 
other hand, has but one recognizable branch, leading to type I interferon induction. Lps2 is an 
indispensable component of this branch. Destructive mutations affecting Lps2 cause resistance 
to LPS toxicity, but also, heightened susceptibility to infection by mouse cytomegalovirus 
(mCMV). Lps2 is therefore the most proximal component of a signal integration system 
required for innate immune responses to both viral and bacterial infections. 

Introduction 

Innate Immunity and the Endotoxin Mystery 
All metazoan organisms have evolved complex immune defense systems whereby they 

repel invasive microbes that would parasitize or kill them. These immune systems are 
remarkably effective insofar as severe or sustained infections are quite rare. They are imperfect 
in that serious infections sometimes do occur, and also, in that immune responses may 
sometimes injure the host. 

Tolland Toll-Like Receptors: An Immunologic Perspective, edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenum Publishers. 
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Innate immunity is the most universal, the most rapidly acting, and by some appraisals, 
the most important type of immunity. The elimination of even one subset of innate immune 
effector cells (for example, neutrophils) may be sufficient to cause a profound 
immunodeficiency state, more severe than that observed as a result of lymphoid aplasia. The 
innate immune system evolved long before the adaptive immune system, and in many respects, 
supports the function of the newer system. Without the vital antigen-presenting function of 
innate immune cells, and without the production of cytokines of innate immune origin 
(including IL-12, CD40L, IL-1, andTNF), adaptive immune responses are ineffectual. In this 
respect, while adaptive and innate immunity work hand in hand, adaptive immunity is 
subordinate to innate immunity. 

So long as it has been known that adaptive immunity (but not innate immunity) is 
dependent upon clonal recognition, it has been obvious to all that the general strategy of innate 
immune detection must be one in which a limited number of receptors are dedicated to the 
recognition of microbial molecules that are conserved across broad taxa. The target molecules 
are indispensable components of the microbes, for which reason they are not readily altered by 
mutation and selection. The innate immune receptors must detect pathogen molecules within 
the microenvironment of the infectious inoculum, so as to permit interdiction of the infection 
before microbes proliferate, disseminate, and overwhelm the host. At least for the most part, 
the receptors must be indifferent to molecules of host origin (the basis of innate immune 
discrimination between self and non-self). 

The search for the receptors that are required for innate immune detection began with the 
search for stimulatory ligands, and the first of these to be identified as a distinct molecular 
species was bacterial "endotoxin," so named by Pfeiffer more than 100 years ago (for a review, 
see ref. 2). In the wake of the identification of endotoxin as a component of Gram-negative 
bacteria, relevant to their pathogenic effect,^ several decades were to elapse before endotoxin 
was chemically characterized as a lipopolysaccharide (LPS) component of Gram-negative 
bacteria. Ultimately, the lipid moiety was shown to be responsible for the toxic effects. LPS was 
found to have adjuvant properties, in that it would gready enhance the ability of an animal to 
produce antibodies to a specific co-administered antigen. By the mid 1960s, much attention 
had focused on the nature of the LPS receptor. It was presumed that such a receptor must exist, 
since a single mutation identified in C3H/HeJ mice forbade all biological responses to LPS. 

A number of other microbial molecules were found to share the activities of LPS. Among 
these were such bacterial and fungal components as the p-glucans of zymosan, lipopeptides, 
peptidoglycan, lipoteichoic acid, trehalose dimycolate, double-stranded RNA, and bacterial 
DNA. While generally less potent than LPS, all could cause fever, inflammation, and other 
changes characteristic of infection. Moreover, authentic infections seemed to cause rather 
similar effects even when structurally disparate pathogens were involved. Might it be that all 
pathogens stimulated similar receptors? The conclusion was virtually inescapable, but the 
receptors themselves remained elusive for a long period of time. 

LPS occupied center stage in the study of innate immune signaling, because it was 
abundant, readily purified, and exceptionally potent. To a large extent, LPS mimicked all of the 
effects of an authentic Gram-negative infection; indeed, it mimicked the effects of most any 
infection. The key clue to the identification of the LPS receptor was a spontaneous mutation 
that occurred in the C3H/HeJ mouse, rendering this animal highly resistant to all biological 
effects of LPS. First noticed in 1965, the so-called Z^W mutation was shown to be allelic with 
a second defect, in C57BL/10ScCr mice and mapped to chromosome 4 in 1978. Lpsd 
became the object of intense study and speculation. The fact of its existence revealed that LPS 
sensing was entirely dependent upon the product of a single gene. 

Before the nature of the LPS receptor was known, the C3H/HeJ mouse was used in a 
series of experiments that established a strong link between LPS and host immune defense, 
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insofar as LPS insensitivity was associated with a worse prognosis following Gram-negative 
inoculation. Early sensing of LPS in a small inoculum of pathogenic organisms, it seemed, 
could prevent the development of an overwhelming infection/'^ Furthermore, endotoxin sens
ing and response appeared to be largely the duty of macrophages, which delivered the lethal 
effect of LPS if it was administered in a large dose.^'^^ Finally, TNF was taken as a relevant 
endpoint of LPS responses because it was synthesized in great abundance by 
macrophages induced with LPS,̂ '̂̂ "̂  and could cause many of the biological effects of LPS.^^ 

A transfection-based approach was used to identify one of the components of the LPS 
receptor, though not the product of the Lps gene. In 1990, it was shown that CD 14 expression 
would confer LPS sensitivity to some cells that ordinarily lacked it, and several years later, it 
was demonstrated that mice lacking CD 14 were highly (though not completely) resistant to 
LPS.^^ But because CD 14 lacked a cytoplasmic domain, it was not clear how the protein could 
transduce LPS signals across the plasma membrane. 

In 1998, Poltorak, et al determined the identity of the gene that was defective in C3H/ 
HeJ mice.^' As had been widely expected, the gene encoded a co-receptor capable of 
functioning in conjunction with CD 14 to signal the presence of LPS. The gene encoded TLR4, 
a protein with no known function, and one of five paralogs that had, by that time, been 
identified in mammals (17-21) and suggested to play a role either in development or in 
immunity,^^ as the Drosophila homolog Toll was known to do."̂ ^ In C3H/HeJ mice, a point 
mutation (P712H) altered the cytoplasmic domain of the single-spanning TLR molecule, 
rendering it entirely inactive, although it is still expressed at the cell surface. In all, a total often 
TLR-encoding genes were soon identified in the human genome, whereas eleven TLR 
proteins are synthesized by mice (see Figs. 1 and 2). 

The modern mammalian TLRs are derived from ancient precursors, and are distinguished 
by their content of leucine-rich repeats (LRRs) in the ectodomain andTIR (ToU/IL-l receptor) 
motifs in the cytoplasmic domain. The TIR domain is a particularly ancient motif, present 
even in bacteria. The TIR domains are the most conserved portion of the TLR 
molecules, and permit the construction of rather robust phylogenetic trees, whereby it may be 
seen that one of the Drosophila Tolls is closely related to the mammalian TLRs, where the 
others can be placed in a separate group. Moreover, the IL-1R/IL-18R group of receptors have 
TIR domains, but have substituted immunoglobulin-type folds for LRRs in the structure of 
their ectodomains. The transducer family members also seem to form a discrete group, 
contaminated, however, with one of the Ig-ectodomain family members (Fig. 2). In 
mammals, the TLRs have been adapted entirely for innate immune signaling, so far as is known. 
It is probable that this was the ancestral function for which the TIR evolved in eukaryotic 
systems, and therefore, that the developmental role subserved by the Drosophila Tolls is 
something of an aberration. 

The Paralogous Status of the LPS Receptor Suggests that Each of the 
TLRs May Serve As a Discrete Microbial Sensor 

A largely erroneous concept has beset the TLR field almost from its beginning. "Pattern 
recognition receptors" (PRRs) were declared to be those proteins that engage "pathogen-
associated molecular patterns" (PAMPs) of microbial origin and activate the host innate 
immune response.'̂ '̂  The terms never added anything to what was known of microbial sensing; 
rather, they encouraged a misunderstanding of how microbes are sensed. First, the notion that 
molecular "patterns" are required to activate cells is incorrect. Rather, at least for the most part, 
it is molecules that activate cells, and by the time "patterns" were suggested to be of key impor
tance, the precise structure of the key molecules had been well established. 
Second, the signaling receptors may or may not have direct contact with the microbes or their 
components, and one must then extend the definition of "receptors" as such. It is possible, for 
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Figure 1. Schematic illustration of the ten human TLRs and their ligands, where known. Light gray 
rectangles indicate leucine-rich repeats (LRR) and ovals indicate TIR motifs. PG= peptidoglycan; LP= 
lipopeptide; dsRNA= double-stranded RNA; LPS= lipopolysaccharide; IMQ= imiquimod (similar to 
Resiquimod or R-848); CpG= unmethylated DNA bearing CpG dinucleotides repeats. TLR2 is known to 
form aheteromeric complex with either TLRl or TLR6. TheTLRl 12 complex senses tri-acylated lipopeptides; 
the TLR2/6 complex senses di-acylated lipopeptides, zymosan (a complex mixture of molecules), and 
probably several other discrete molecules of microbial origin. Note that mice do not have a TLRl 0 gene; 
however, they have and express two additional TLR genes (TLRs 11 and 12, not shown here). 

example, that some host defenses are activated by proteolytic activities that originate in 
microbes, rather than as a result of any high-afRnity interaction. Finally, not only pathogens, 
but microbes in general are recognized by the host. 

In Drosophila, it had been shown that Toll was required for development,^^ and also for 
immune responses to fungi^^ and Gram-positive bacteria.^^ The latter were sensed through an 
elaborate apparatus consisting of microbial binding proteins, encoded by the Semelweiss 
and the Hades gene (D. Ferrandon, personal communication) linked to proteolytic enzymes 
that generated a protein ligand, Spaetzle, which binds to Toll and activates it for signal 
transduction in time of infection. A proteolytic inhibitor of the serpin family, encoded by 
necrotic, blocks signaling from fungal activators, whatever they may be;^^ a serine protease 
encoded by Persephone is the target of this inhibitor. 

In mammals, the situation is quite different. LPS seems to have direct contact with TLR4, 
as judged by genetic complementation studies carried out independently by two groups,^^'^ 
and also, perhaps, with a small exteriorized protein known as M D - 2 , which binds to the TLR4 
ectodomain.^^ C D 14 appears to be involved in physical interaction with the receptor complex 
as well, and as already noted, concentrates the LPS signal. ' Similar studies have 
implicated D N A bearing unmethylated C p G motifs as a ligand for TLR9^^ and it has also been 
shown that a specific part of the flagellin protein enters into direct contact with TLR5. 

The tertiary and quaternary structure of the TLRs remains unsolved, although vigorous 
efforts to crystallize the proteins are underway in a number of laboratories. The cytoplasmic 
domain of TLRs 1 and 2 have been crystallized, and it is known that the equivalent mutation 
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Figure 2. Unrooted tree showing TIR divergence in different proteins oi Drosophila and human origin. 
Drosophila proteins are boxed, with their common names or Celera designations, together with more 
recently assigned numbers. Note that one member of the Drosophila family (Toll-9) falls among the mam
malian TLRs, and that all TIR adapters, together with one member of the IL-1R/IL-18R clade (SIGIRR) 
form a separate clade of their own. Of central importance in this report, Lps2 is also called Trif or Ticam-1; 
MyD88-4 is also called TIRP. Branch lengths are proportional to time. Generated based on TIR domain 
sequences only, using the technique of maximum parsimony. 

to that representing the Lpsd allele of C3H/HeJ mice does not disrupt the structure of the 
protein, though it completely ablates signaling from the receptor. Because TLR4 seems to be 
constitutively active in an artificially enforced dimeric state, ̂ ^ and because Toll hypermorphs 
have been generated by altering membrane-proximal cysteine residues within the ectodomain,^^ 
it is likely that these two proteins are dimeric. The IL-1 and IL-18 receptors are known to be 
heterodimers, and TLR2 is believed to form heterodimers with either TLRs 1 or 6. ^ However, 
it may not be assumed that dimerization is brought about by ligand binding, and it would be 
reasonable to posit that the dimers are pre-formed, and that a conformational change is evoked 
by ligand binding. Du et al ^ showed that while overexpression of the ectodomain does not 
block signaling from the native TLR4 protein, overexpression of the cytoplasmic domain (in a 
membrane-tethered form) would do so. This may suggest that much of the binding affinity for 
maintenance of receptor quaternary structure is supplied by the cytoplasmic domain. 

The Details of Signaling and the Role of Adapter Proteins 
At least five TIR domain adapter proteins have been identified in the mammalian genome 

(Fig. 3). These proteins vary in size, and may display accessory motifs, such as SAM (Sterile 
Alpha Motif) in M y D 8 8 - 5 , or death domains in MyDSS. These motifs likely foster 
interactions with distal components of the signaling cascade, and in the case of MyDSS, are 
known to do so. 
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Figure 3. The TIR adapter family. A total of five TIR domain adapters can be identified by Hmmersearch 
of a translated EST database. These proteins have rather little similarity outside the confines of the TIR 
domain itself (gray rectangle). SAM= Sterile Alpha Motif, a common five-helix protein interaction motif, 
is found in MyD88-5 (depicted as a triangle). DEATH, a death domain, is found in MyD88 (octagon). Tree 
at right shows evolutionary relationship between theTIRs, but is not drawn to scale. Chromosome numbers 
refer to the mouse. 

MyDSS was the first TIR motif protein to be identified. '^ Its role in signaling from the 
IL-1 and IL-18 receptors, as well as several of the TLRs, ' was established by gene knock
out. It became clear, however, that where TLR4 signaling was concerned, MyDSS was not the 
sole factor involved. Rather, the existence of an accessory "MyDSS-independent" 
pathway was established. Moreover, MyDSS is not required for signaling from the poly I:C 
receptor, TLR3 (Hoebe et al, in press). 

The closest homolog of MyDSS is a second adapter, termed Mal^^ or Tirap.^^ While it 
was once proposed that Tirap served as the basis of MyDSS-independent signaling from the 
LPS receptor, it is now clear that this is not the case. ' Rather, TLR activation causes the 
recruitment of both Mai (Tirap) and MyDSS, and both serve identical roles in signaling, so far 
as is known. In other words, both contribute in an essential manner to the MyDSS-dependent 
pathway. 

On the basis of the pathway established in Drosophila, and as the result of additional 
knockout work in mammals, it became clear that LPS signals by sequentially causing the 
recruitment of MyDSS^^ and Tirap^^'^i (though m an uncertain order); then IRAK4;^^ then 
Traf6;^^ then Takl ? At this point, the signalosome (the complex of Nemo and Ikka and 
Ikkp) becomes activated, leading to degradation of IKB, and nuclear translocation of NF—KB. 
This results in the transcriptional activation of genes encoding such mediators as TNF, IL-1, 
IL-6, and other inflammatory cytokines that create the response to LPS. Also occurring, and 
perhaps contributing to the activation of cytokine gene expression, is the phosphorylation of 
proteins of the MAP kinase family and also PI3 kinase: very well known effects of macrophage 
activation by LPS. The kinase that links these enzymes to the core pathway remains to be 
established. 
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The MyD88-Dependent and Independent Signaling Pathways 
As already mentioned, a MyD88-independent padiway of cell activation was defined by 

gene targeting studies. In the absence of MyD88, LPS is still capable of evoking a response, 
albeit one in which phosphorylation of N F - K B and the MAP kinases was slighdy delayed. 
Moreover, some endpoints of LPS signaling, such as the production of interferon-p, and 
downstream, the generation of chemokines such as GARG16 and IP 10, were entirely 
unimpeded.^ It was therefore suspected that an additional adapter molecule must be 
required for these events. While homology searches suggested three candidates, definitive 
identification of the relevant molecule came from a forward genetic approach. 

The Forward Genetic Approach and the Identification of Lps2, 
Proximal Mediator of MyD88-Independent Signaling 

Forward genetic analysis is that branch of genetics that begins with phenotype, and seeks 
to explain phenotype on the basis of mutation. Reverse genetic analysis begins with a sequence, 
and seeks to explain sequence fiinction by such tools as gene knockout, or overexpression. The 
identification of the LPS receptor TLR4 was a purely forward genetic endeavor, and much 
opportunity for further discovery through forward genetic analysis exists, but must be 
facilitated by the creation of new monogenic phenotypes. 

In 2002, a novel codominant germline mutation called Lps2 (so named because it 
represented a partial phenocopy of the classical Lps locus) was created using the mutagen 
N-ethyl-N-nitrosourea (ENU). This mutation was identified in a phenotypic screen in which 
mouse macrophages were harvested from germline mutant animals under anaesthesia and 
stimulated with TLR agonists. The Lps2 homozygous founder was observed to have lost LPS-induced 
macrophage cytotoxicity, and drastically diminished TNF production in response to LPS and to 
poly I:C. Interferon-p production was abolished by the mutation almost entirely. 

Signaling via other TLRs was unimpaired. Phenotypically consistent with a lesion of the 
MyD88-independent adapter predicted by Akira and his coworkers '̂ '̂̂  the Lps2 mutation 
proved early on that a shared adapter for TLR3 and TLR4 must exist. 

The mutation was mapped on 1567 meioses to a 216 kb region of chromosome 17, and 
found to specify a distal frameshift error within the coding region of an adapter protein 
previously named TriP or Ticam-1. As it was the first germline mutation of this gene, Lps2 
was immediately informative with regard to the function of the protein, and its role in innate 
immune signaling, which to a large extent, contradicted the predictions made about the 
protein on the basis of the in vitro work just cited. 

Lps2 is absolutely required for MyD88-independent signal transduction. It not only 
mediates a large part of the toxicity of LPS, but also, is required for type I interferon 
production in the course of an authentic viral infection. Therefore, if mice homozygous for the 
mutation are infected with mCMV, they fare poorly, usually succumbing to overwhelming 
growth of the virus in the liver and spleen, where titres are routinely found to be 1000-fold 
higher than those observed in normal mice. The effect is a broad one, and it may, as of now, be 
provisionally stated that many if not all viral infections are sensed through stimulation of the 
Lps2 pathway. 

Lps2 acts as a bridge between the TLR3 and TLR4 receptors and IRF-3, a transcription 
factor that is activated by either LPS or poly I:C, and acts to trigger interferon-P gene 
expression. It is, therefore, an adapter that responds not only to bacterial stimuli, but also to 
viral stimuli (in the latter case, probably to viral dsRNA, although a rigorous proof of this has 
not been ascertained). The similarity of clinical effects witnessed in viral and bacterial illnesses 
starts, in at least some cases, with this very protein. 
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The Nature of Signaling from the LPS Receptor: Two and Only Two 
Primary Rami 

Mice homozygous for the Lps2 mutation described show diminished TNF 
production in response to LPS (decreased by about 90%), and no TNF production in response 
to poly I:C. Mice lacking MyD88 show normal production of TNF in response to poly I:C, as 
well as normal interferon-p production, but very much diminished production of TNF in 
response to LPS (again, decreased by about 90%). These findings indicate that MyD88 serves 
TLR4 signaling but not TLR3 signaling. Lps2 serves both receptors. 

As mentioned above, MyD88 and Mal/Tirap work in conjunction with one another to 
carry a part of the LPS signal from TLR4, and targeted deletion of either gene creates a 
phenocopy of the other deletion, so far as LPS signaling is concerned. Lps2 signaling would 
seem to be different, but to determine whether all LPS signaling is dependent upon two 
"branches" that emanate from the LPS receptor, it was necessary to create a double knockout 
mutation. 

This was duly accomplished, and the LPS receptor was observed to be silent. Hence, a 
bifid transduction pathway would seem to exist. Since all signaling is silenced by the point 
mutation of TLR4 observed in C3H/HeJ mice, it may be imagined that both pathways arise 
not only from the same receptor, but from the same part of the receptor, and in all likelihood, 
the adapters serving each ramus of the LPS signaling pathway compete with one another for 
interaction with the receptor. 

The Existence of Lps2-Dependent and Lps2-Independent Cell 
Populations 

An added thread of complexity emerged when TNF production was examined by FACS 
analysis in cells derived from Lps2 mutant and normal mice. Macrophages from Lps2 mutant 
mice show a biphasic distribution of TNF production, whereas wild-type cells show a monophasic 
distribution. A monophasic distribution of TNF production is also observed in MyD88-deficient 
cells stimulated with LPS, suggesting that all cells express MyD88 (although to be sure, they 
make far less TNF than wild-type cells). 

Given these observations, it would seem most likely that Lps2-dependent and Lps2-
independent macrophage populations exist. A separate adapter ("adapter X") is capable of 
substituting for Lps2 in some of the cells that lack it. This adapter is not likely to be MyD88, 
since MyD88 is evidendy expressed in all cells. However, this adapter is dependent upon MyD88, 
since double deficiency {Lps2 and MyD88 mutations) completely ablates LPS receptor signal
ing (Fig. 4). 

While the identity of adapter X is not yet known, MyD88-4, the closest homolog of Lps2, 
would seem an excellent candidate. It cannot be excluded that this adapter might have many 
other functions as well. The functions of MyD88-5, the most distant adapter of the group, can 
only be guessed at. However, its SAM is intriguing in view of the fact that TLR12 also has a 
SAM, and by inference, might engage this adapter. 

Two Populations of Macrophages Distinguished on the Basis 
of Responses to Poly I:C 

Further evidence for afferent functional specialization is seen in the fact that only about 
half of peritoneal macrophages respond to poly LC by producing TNF. It is not clear whether 
the bimodality of the response to poly LC in normal cells is in any way tied to the bimodality 
of response to LPS in Lps2 mutant cells, and in all likelihood, it is not. Rather one might make 
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Figure 4. Current concept of TLR signal transduction leading to cytokine synthesis. TLRs are believed to 
be homodimers or heterodimers, and to initiate signaling following contaa with microbial inducers (top). 
Ovals represent TIR adapters indicated; MyD88 (light gray), Mal/Tirap (dark gray) and Trif (dark gray). 
Two and only two signaling branches serve LPS signaling. One branch (which processes the signal quickly) 
depends on MyD88 and Mal/Tirap; the other depends either on Trif or on adapter X (black oval), which 
are expressed by different macrophage populations. The Trif pathway, which also serves TLR3, is quickly 
reunited with the Mal/Tirap pathway. Both pathways activate MAPK phosphorylation, IkB degradation, 
and cause TNF production. The Trif pathway alone, however, causes macrophage apoptosis, and is respon
sible for IRF-3 phosphorylation and all that follows this event. TLR2 signaling is MyD88 and Mal/Tirap 
dependent, but not Trif dependent. TLR9 (and also TLR7; not shown here) signals via MyD88, but neither 
Mal/Tirap nor Trif It should be emphasized that other pathways, not yet clarified, are traversed to permit 
DC maturation. 

the case that four types of macrophage exist. The basis of unresponsiveness to poly I:C might 
lie either at the level of the receptor, TLR3, or at a post-receptor level. 

If similar differences in macrophage responses to other inducing stimuli can be observed, 
it might be offered that some cells are specialized for responses to one type of pathogen rather 
than another: an innate immune analog of clonality in the adaptive immune system. However, 
the degree of specialization remains to be established, and it is not at all clear that it approaches 
that of adaptive immune cells, which are exquisitely specific. 
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Limits of the Forward Genetic Approach and What May Be Expected 
of Innate Immune Signaling in the Future 

Forward genetic analysis has the virtue of disclosing truly unexpected participants in the 
phenomenon that interests one most. Its value declines as more and more of the components of 
a system are identified. But "one only knows what one knows/' and until true saturation of the 
genome is achieved, the participation of proteins yet unknown may still be sought. Genomic 
saturation is not readily achieved, however, and more than one million mice might be required 
to create hypomorphic alleles of all genes that are deemed important. Some genes might escape 
notice entirely, since it is not certain that ENU mutagenesis works a homogeneous effect. 
Moreover, some loci might prove so non-permissive for mutation, because of lethality, that it is 
difficult to create alleles that are viable, yet register in the screen that is applied. 

Forward genetic screens are best applied in a very broad way: that is, to the analysis of a 
collection of pathways, or to the understanding of phenomena such as in vivo infections, 
containment of which may depend upon a large number of genes. And obviously, germline 
mutagenesis is, as a method, ideally suited to problems that defy in vitro analysis. 

Because one need not be blind to the hints that are offered by the results of a forward 
genetic screen, it is wise to couple gene targeting-the premiere reverse genetic tool-with germline 
mutagenesis. In this manner, multiple paralogs of a family can be examined in a directed 
fashion, without waiting for mutations to be produced by a random process. Indeed, this has 
been the trend, and it is reasonable to think that many of the details of innate immune 
signaling will ultimately yield to these methods. 

At present, we distinguish between afferent and efferent (or effector) systems in innate 
immunity. TLRs are clearly afferent components; NADPH oxidase is clearly an effector. When 
all of the genes that serve the innate immune response have been identified, the distinction 
may be seen as blurred. What, after all, are such intermediates as TNF? Do cytokines spread the 
word that infection has occurred? Or do they deal with the infection as effectors? It may also be 
seen that many proteins that are not "professional" components of the innate immune system 
discharge an innate immune function. Some examples may be seen already, in that mutant 
alleles of P-globin and G-6-PD can be very effective in combating malaria parasites. 

What is the ultimate goal of understanding innate immunity? Practical approaches to 
both infection and autoimmunity might ultimately benefit. The innate immune system not 
only fights infection quite well by itself, but also sets the stage for an adaptive immune 
response. Adaptive immunity evolved atop innate immunity, developing in a world in which 
innate mechanisms were already refined and effective. We may look forward to a more precise 
understanding of how and why adaptive mechanisms succeed, and why they sometimes err. 
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CHAPTER 9 

Agonists of Toll-Like Receptor 9: 

Modulation of Host Immune Responses with Synthetic 
Oligodeoxynucleotides 

Ekambar R. Kandimalla and Sudhir Agrawal 

I nnate immunity is the body's first line of defense against invading microbes. This component 
of our immune system relies on highly conserved pattern-recognition receptors (PRRs) to 
distinguish difi«rent pathogens.' Toll-like receptors (TLRs) are one class of PRR '̂2 of which 

ten (TLRl-10) have now been identified in mammals.^'^ TLRs recognize pathogen-associated 
molecular patterns (PAMPs) and initiate the appropriate immune responses. These entail the 
activation of signal cascades leading to the secretion of cytokines, the activation of cell-surface 
molecules and the production of pathogen-specific immunoglobulins (Ig). As TLRs are con-
stitutively expressed on immune cells and are responsive to synthetic ligands, they provide us 
with a rational way with which to modulate the immune system; a strategy which can be seen 
as quite distinct from conventional vaccination. 

At least three TLRs, TLR3, 7, and 9 recognize and respond to nucleosides, nucleotides, 
and oligo- and polynucleotides of natural and/or synthetic origin (Fig. 1). TLRs 3 and 9 recog
nize nucleic acid molecular patterns that are present in microbes but not mammals.^'^ TLR3 
recognizes viral RNA, synthetic polyLpolyC, and synthetic double-stranded (ds) RNA. Short 
interfering (si) RNAs can also activate the interferon (IFN) system. ̂ '̂̂ ^ TLR7 recognizes small 
synthetic nucleoside-like fused-ring heterocyclic molecules^ whilst TLR9 is specific for d(CpG) 
dinucleotides in specific sequence contexts (CpG motifs), whether in bacterial, plasmid or 
synthetic DNA. Bacterial and synthetic CpG DNAs have direct mitogenic effects on B cells. ' 
These DNAs can stimulate NK-cell activity in vitro and activate macrophages, dendritic cells 
(DCs), and monocytes, causing them to secrete cytokines, chemokines and to express cell 
surface molecules.^ ' In vivo, CpG DNAs induce splenomegaly in mice (enlargement of the 
spleen)̂ ''̂ '̂  accompanied by splenic B cell proliferation, the up-regulation of class-II major 
histocompatibility complex (MHC class II) antigens, the increased synthesis of RNA and DNA 
and the elevated production of cytokines and chemokines. 

CpG DNA does not directly activate T and NK cells as these cells do not express TLR9. 
However, CpG DNA can indirectly augment the DC mediated stimulation and cytokine pro
duction of other immune cells. ^ The expression of TLR9 in immune cells is required for these 
activities, but a direct interaction between CpG DNA and TLR9 has not yet been demon
strated. The ability of CpG DNA to induce strong innate then acquired immune responses is 
a clear indication of its potential as a pharmacophore and natural adjuvant.'̂ '̂•^^ 

Tolland Toll-Like Receptors: An Immunolo^c Perspective, edited by Tina Rich. ©2005 Eurekah.com 
and Kluwer Academic / Plenum Publishers. 
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Figure 1, Three of the ten TLR family members that are known to recognize pathogen-associated nucleic 
acid or small nucleoside-like heterocyclic molecules. TLR 3 recognizes double-stranded viral and synthetic 
polyl.polyC RNAs. TLR 7 recognizes a number of synthetic nucleosides and small nucleoside-like mol
ecules. No naturally occurring ligand for TLR 7 has yet been identified.* TLR 9 recognizes d(CpG) 
dinucleotides in specific sequential contexts (CpG motifs) in bacterial DNA, plasmid DNA, and synthetic 
oligodeoxynucleotides. TLR 9 also recognizes the synthetic YpG, CpR, YpR, and R'pG motifs discussed 
in the text. Key signaling components are shown. The activated transcription factors up-regulate the 
expression of a number of cytokines, chemokines, and costimulatory molecules. 

* Since going to press murine TLR7 and human TLR8 have been shown to recognize ssRNA, both of viral 
and endogenous origin (Heil F et al. Science 2004; 303:1526-1529. Diebold SS et al. Science 2004; 
303:1529-1531.) 
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TLRs are structurally and functionally similar to the IL-1 receptor. In general, TLRs 
contain an extracellular leucine-rich repeat and a cytoplasmic Toll/ILl-R (TIR) domain, 
connected by a transmembrane domain.^ Although most TLRs are membrane receptors, 
evidence suggests that TLR9 is cytoplasmic and localises to lysosome-like vesicles. Conse
quently, the cellular uptake and endosomal localization of CpG DNA is required for immune 
stimulation. In general, following ligand recognition and binding, TLR9 recruits MyD88 to 
its TIR domain, followed by the engagement of IRAK and TRAF6. Subsequent to the for
mation of theTLR9-adaptor protein complex, stress kinase c-Jun N-terminal kinase (JNK), 
p38, and IKB kinases are activated. These, in turn, activate the transcription factors AP-1 
and N F - K B . Several TLRs signal through MyD88-dependent and/or -independent path
ways. However, the available evidence suggests that TLR9 signals exclusively by a 
MyD88-dependent pathway (Fig. 1). Broadly speaking, the immune responses to different 
TLRligands are similar, consisting of cytokine secretion and surface-molecule expression leading 
to strong adaptive immune responses. However, the cytokine profiles that they induce can 
be quite different, as is the expression of TLRs in different immune cells and mammalian 
species.^^'^^ 

Tokunaga and colleagues were the first to show that bacterial DNA could induce NK-cell 
activity and type-I interferon secretion. ' ' Subsequendy, the same group showed that syn
thetic palindromic phosphodiester DNA containing CG dinucleotides could activate immune 
cells. '̂ ^ A number of other groups also showed that bacterial DNA (not mammalian) and 
specific synthetic phosphorothioate oligodeoxynucleotides (containing unmethylated 
deoxycytidine) could activate immune cells. ̂ '̂̂ '̂̂ '̂̂ '̂̂ ^ The latter studies emphasized that it 
was unmethylated CpG dinucleotides in specific sequence contexts (CpG motifs) that were 
responsible for immune activity. The immunostimulatory effects of CpG DNAs are multi
factorial and reflect their sequence, the nature of their DNA backbone and the presence of 
specific structural motifs. Based on the type of immune-cell populations that are activated and 
the cytokine profiles produced, synthetic CpG DNAs can be split into three classes, A/D, B/K, 
and C (Fig. 2). As each class of CpG DNA forms a different secondary structure, it seems likely 
that specificity in cell activation and the generation of distinct immune profiles arise, in part, 
because of the specific secondary structures involved, as well as the CpG motif itself. 

Class A/D CpG DNAs comprise CpG dinucleotides within palindromic sequences that 
contain a phosphodiester backbone or flanking poly (dG) sequences. ̂ '̂̂  This class of CpG 
DNA principally activates plasmacytoid DCs (pDCs) and NK cells, leading to the secretion of 
type-I interferons (IFNs) and IFN-y. The downstream effects of class A/D CpG DNAs are 
similar to those achieved by bacterial or plasmid DNA. Indeed this class of CpG DNAs are 
close mimics of the palindromic immunostimulatory sequences described by Tokunaga and 
coUeagues,^ '̂̂ ^ but with poly(dG) nucleotide stretches at their termini to provide additional 
nuclease protection and to enhance scavenger receptor-mediated cellular uptake.^ However, 
poly(dG) sequences can, by themselves, induce immune responses and bind to a number of 
proteins, so inhibiting their action.^^ Moreover, problems associated with poly(dG) synthesis, 
purification, quality control, and the in-vivo pharmacokinetics of poly(dG) sequence-containing 
oligonucleotides have decreased their potential as therapeutic molecules.^^'^^ 

Phosphorothioate oligonucleotides containing CpG dinucleotides in specific sequence con
texts fall into the category denoted as class B/K. These CpGs principally activate B cells, mac
rophages, monocytes and DCs, inducing cytokine secretion. ̂ ^ In general, class B/K CpG DNAs 
do not contain secondary structure and it is the two nucleotides that flank the CpG that influ
ence its activity. The lack of secondary structure prevents them from activating plasmacytoid 
DCs (pDCs), the principle source of CpG DNA-induced IFN-a. Although not classified as 
CpG DNA, a number of first-generation antisense phosphorothioate oligonucleotides that con
tained CpG dinucleotides were found to induce immune responses in vitro and in vivo.^^ 
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Figure 2. Different classes/types of CpG DNA and their possible secondary struaures. N stands for 2'-deoxy-A, 
-C, -G, or -T. Class A/D CpG DNAs activate and induce the maturation of plasmacytoid dendritic cells 
as well as stimulating IFN-a, and TNF-a production. IFN-a activates NK cells, yST cells, CD+ T cells and 
induces monocyte-derived DC maturation. Class A/D CpG DNAs are poor activators of B cells. Class B/ 
K CpG DNAs activate B cells, induce cytokine secretion and the production of immunoglobulins, induce 
pDC maturation and TNF-a and IL-6 (not IFN-a) production. Class C CpG DNAs exhibit properties of 
bodi class A/D and B/K CpG DNAs. 

Several first- and second-generation antisense oligonucleotides that are currently being tested, or 
have been subjected to clinical trial, ' (Table 1) also contain CpG motifs that could be classi
fied as class B/K CpG DNAs on the basis of their immunostimulatory activities. ' 

A new class of CpG DNA, class C, which mimics the effects of both class A/D and B/K CpG 
DNAs has recently been described. '̂̂ ^ Class C CpG DNA contains uniform phosphorothioate 
backbone modifications, as for class B/K CpG DNA, with both palindromic and non-palindromic 
segments for secondary structure formation (as for class A/D CpG DNA). Class C CpG DNAs 
induce IFN-a secretion and activate B cells in-vitro in human cell-based assays. 

Though TLR9 appears to be the only receptor that is involved in the CpG DNA 
immunostimidatory pathway for all classes of CpG DNA, it is not yet clear how the different 
classes of CpG DNA can induce their specific immune profiles. One hypothesis would be that 
other receptors or co-receptors are involved. ̂ '̂̂ ^ In the following sections we describe the 
recent progress made in our laboratory in the design and development of second-generation 
immunomodulatory oligonucleotides and synthetic stimulatory motifs to modulate the 
TLR9-mediated immune response. 

CpG DNA Structure 
Though a CpG motif is requisite for TLR9 recognition and activation, the activity of 

CpG DNA also depends on the nucleotides adjacent to the CpG dinucleotide, the nature of 
the nucleotide backbone, and secondary structure. A number of other chemical modifications 
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Table 1. Antisense oligonucleotides that were/are in clinical trials 

Target̂  Sequence/Number 

AA1R 5'GATGGAGGGCGGCATGGCGGG-3' 
Bcl-2 5'-TCTCCCAGCGTGCGCCAT-3' 
Bcr-abI 5'-CGCTGAAGGGCTTCTTCCTTATTGAT-3' 
CMV 5'-GCGTTTGCTCTTCTTCTTGCG-3' 
CMV 5'-TGGGGCTTACCTTGCGAACA-3'^ 
c-myb 5'-TATGCTGTGCCGGGGTCTTCGGGC-3' 
c-myc 5'-GCTAACGTTGAGGGGGCAT-3' 
DNA metase MG gs'''^ 
HIV-I 5'-CTCTCGCACCCATCTCTCTCCTTCT-3' 
HPV 5'-TTGCTTCCATCTTCCTCGTC-3'̂  
HCV 5'-GTGCTCATGGTGCACGGTCT-3'^ 
H-ras 5'-TCCGTCATCGCTCCTCAGGG-3' 
ICAM-1 5'-GCCCAAGCTGGCATCCGTCA-3' 
PKA 5'-GCGTGCCTCCTCACTGGC-3'^ 
PKC-a 5'-GTTCTCGCTGGTGAGTTTCA-3' 
RNR GTI2040^ 
RNR GTI 2501^ 
TGF-P2 AP12009^ 
TNF-g 5^-GCTGATTAGAGAGAGGTCCC-3^^ 

^ AA1R= Adenosine A1 receptor; CMV= cytomegalovirus; DNA metase= DNA methyltransferase; 
HIV-I= human immunodeficiency virus-I; HPV= human papilloma virus; HCV= Hepatitis C virus; 
ICAM-1 = intracellular adhesion molecule-1; PKA= protein kinase A; PKC= protein kinase C; RNR= 
ribonucleotide reductase; TGF= transforming growth factor; TNF= tumor necrosis factor; 
" 2'-0-methyl-RNA/DNA mixed backbone; ^ Sequence not disclosed; all Cs are methylated; 
^ 2'-methoxyethyl-RNA/DNA mixed backbone. 

can also influence activity, depending on their nature and the site of modification (Fig. 3).^ '̂ ^ 
Chemical modification of the CpG dinucleotide impairs activity,^^ suggesting that specific 
recognition of the dinucleotide by TLR9 and/or other (co)receptors is requisite for activation. 

Role of Flanking Sequences 

The Effect of Phosphate Charge in Flanking Sequences 
The negative charge on internucleotide phosphates plays a significant role in the recognition 

and interaction of DNA with receptors. Investigating this further, we incorporated non-ionic 
methylphosphonate internucleotide linkages (Fig. 3a) at specific positions in sequences that 
flank a CpG dinucleotide. Charge neutralization at the fifth or sixth linkage, 5' of the CpG 
dinucleotide significantly enhanced immunostimulatory activity, possibly reflecting tighter re
ceptor binding.^^ In contrast, the insertion of non-ionic internucleoside linkages 3'of the CpG 
dinucleotide had no significant effect, whilst their incorporation in the 5'-flanking sequence 
generated a cytokine secretion profile that was markedly different from that achieved using 
unmodified CpG DNA (Fig. 4).^^ 

The Effect ofl^-O-Mkyl Substitutions 
Deoxyribonucleotides adopt a 2*-exo conformation whilst ribo or 2'-substituted ribo

nucleotides assume a 2'-endo conformation, which distinguishes the two types of natural 
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Figure 3. Some of the site-specific modifications studied for their immunostimulatory effects, a) CpG DNA 
structures showing site-specific modifications. Phosphate backbone modifications. R= O' (natural 
phosphodiester), S' (phosphorothioate), or CH3 (methyiphosphonate). Incorporation of a 
methylphosphonate linkage in CpG DNA neutralizes the anionic charge (-S') and modulates 
immunostimulatory activity, b) Sugar modifications at 2'-position. R = O-alkyl. Substitution of a 
2'-deoxyribonucleoside with 2'-0-alkylribonucleoside in CpG DNA modulates immune responses, c) 
Substitution of 2'-deoxyribonucleosides with 3'-deoxyribonucleosides. The incorporation of 
3'-deoxyribonucleosides results in the formation of 2'-5'-internucleotide linkages in contrast to natural 
3'-5'-linkages. N stands for A, C, G, orT 2'-deoxyribonucleotide. B stands for heterocyclic nucleobase. d) 
Abasic or r-2'-dideoxyribonucleotide. 
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Figure 4. Immunostimulatory activity of CpG DNAs containing a methylphosphonate internucleotide 
linkage at the position indicated by arrow. Secretion of IL-12 and IL-6 by BALB/c mouse spleen cell cultures 
elicited by 1.0 |Ig/ml CpG DNA after a 24 hr incubation. Each value is an average of three or four replicates. 
CG indicates parent CpG DNA without modification. 
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Figure 5. Immunostimulatory activity of CpG DNAs containing a single 2'-0-methylribonucleoside 
substitution at the position indicated with arrow. Secretion of A) IL-12, B) IL-6, and C) IL-10 in BALB/c 
mouse spleen cell cultures, treated with 1.0 ^g/ml CpG DNA after a 24 hr incubation. Each value represents 
the average of three or four replicates. CG indicates parent CpG DNA without modification. 

nucleotide. In general, TLR9 recognizes deoxyribonucleotides whilst TLR3 recognizes ribo
nucleotides. T h e incorporation of 2 ' -0-methyl or —methoxyethyl ribonucleosides (Fig. 3b) in 
the flanking sequences distal to the C p G dinucleotide has different effects depending on the 
position of the substitution. ' In general, the substitution of 2'-0-alkylribonucleoside distal 
to the CpG dinucleotide, on either side, enhances spleen-cell proliferation and cytokine secre
tion in vitro, with the production of distinct cytokine secretion profiles (Fig. 5). 

The Effect of2*-5' Intemucleoside Linkages 
The incorporation of unnatural 3'-deoxynucleosides results in the formation of 2'-5'-in-

ternucleot ide linkages in an otherwise 3 ' -5 ' - i inked D N A (Fig. 3c) . T h e presence of 
3'-deoxynucleosides distal to the C p G dinucleotide in the 5'-flanking sequence enhances activ
ity; levels of secreted IL-6 and IL-10 are elevated whilst IL-12 production is comparable to that 
achieved with the parental C p G DNA. The incorporation of the same modification, distal to 
the CpG, in the 3'-flanking sequence results in the secretion of less IL-6 and IL-10, though 
again, both the modified and parental C p G generate similar amounts of IL-12.^^ Similar re
sults were found with 3'-0-methyl-ribonucleotide substitutions (Fig. 6). 
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Figure 6. Immunostimulatory activity of CpG DNAs containing a single 3'-0-methylribonucleoside sub
stitution at the position indicated with arrow. Secretion of A) IL-12, B) IL-6, and C) IL-10 in BALB/c mouse 
spleen cell cultures at 1.0 |lg/ml concentration of CpG DNAs after a 24 hr incubation. Each value is an 
average of three or four replicates. CG indicates parent CpG DNA without modification. 

The Role ofNucleobases in the Recognition of CpG DNA 
Although a hexameric motif containing a central CpG dinucleotide is important for 

immune stimulation, a hexanucleotide by itself is not active, suggesting that the flanking 
sequence plays a significant role in immune stimulation. However, the extent of the involve
ment of these sequences in receptor recognition and immune stimulation is unclear. To address 
these issues we incorporated r,2'-dideoxyribonucleotides (Fig. 3d) in a site-specific manner 
into CpG DNA to assess their effects on immune stimulation. Deletion of one or two 
nucleobases, lying three or more bases 5'of the CpG, increased activity and altered the cytokine 
secretion profile. A similar deletion, in the 3'-flanking sequence, had no significant aff̂ ect, 
suggesting that nucleobases downstream of the CpG are not involved in recognition (Fig. 7). 

Substitution of Nucleosides with Non-Nucleosidic Linkers 
The entire nucleoside in a CpG dinucleotide can be replaced with a non-nucleosidic 

linker in certain positions (Fig. 8). The nature and number of linkers substituted as well as 
their position influences immune stimulation. Though a C3-linker optimally enhances 
immunostimidatory activity, longer ethylene glycol- and branched alkyl-linkers can also en
hance immune stimulation. In general, a linker substitution in the 5' flanking sequence of the 
CpG dinucleotide enhances activity whilst the same substitution, in the 3'-flanking sequence, 
has no effect. Linker substitutions in the 5'-flanking sequence increase IL-6 secretion several-fold 
over that seen with unmodified CpG DNA. However, linker-substituted CpG DNAs induce 
IL-12 secretion at levels similar to those achieved with the parental CpG DNA which are, 
none-the-less, sufficient to produce aThl immune response. As high levels of IL-6 can induce 
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Figure 9. Significance of nucleobases adjacent to the CpG dinucleotide. An abasic nucleoside can be 
substituted at either Ni or N2 depending on the nucleoside in the adjacent position. N stands for A, C, G, 
or T 2'-deoxyribonucleotide. 

the maturation of B and T-cell-specific humoral immune responses, these compounds could 
serve as useful adjuvants. 

The Role of Nucleotides Adjacent to the CpG Dinucleotide in DNA 
Ahexameric N1N2CGN3N4 motif is the minimal motif required for immunostimulatory 

activity. TLR9 recognition of a wide range of CpG motifs is governed by their sequence, struc
ture and the cell types and species involved. The molecular basis for this discrimination is 
however unclear. We examined the effects of charge, ribonucleotide and 3'-deoxyribonucle-
otide substitutions, and nucleobase (N) deletion adjacent to the CpG dinucleotide. Our 
results suggested that a negative charge at these positions is required for activity whilst 3'-deox-
yribonucleotide substitutions at adjacent nucleotide positions severely impaired 
immunostimulatory activity. 2'-0-alkyl-ribonucleotide substitutions at the same positions 
were tolerated to some extent. ' ' ^^ 

Both the murine and human TLR9 can discriminate the nucleotide at N2 of a typical 
CpG motif N1N2CGN3N4. Using an abasic linker (r,2'-dideoxyribonucleotide; X) at N1-N4 
we have shown that a nucleobase is requisite at positions N3 and N4, whilst X is permitted in 
place of Ni or N2 depending on the neighboring base (Fig. 9). Additionally, we found that the 
*GXCGTT' motif had an intermediate activity between *GACGTT' and 'GTCGTT' in 
mouse-cell cultures. The results presented in the preceding sections suggest that the activity 
of CpG DNA not only depends on the presence of the CpG dinucleotide but also the nucle
otides 5'of the CpG, more so than the 3' sequence. Moreover, a number of other characteristics 
such as the structure of the CpG DNA and the chemical nature of the stimulatory motif plays 
a significant role in immunostimidation, as discussed below. 

Immunomers 

TLR9 Reads DNA Sequence from the 5*'End 
CpG DNAs linked at their 5' termini either fail to activate, or only weakly activate im

mune cells, in spite of their dual CpG motifs. The same DNAs, linked by their 3'-termini 
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(immunomer) retain activity and can induce cytokine profiles that are distinct from those 
generated using parent CpG without 3'-3'-linkages. These are the first studies to suggest 
that an accessible 5'-end is required for CpG DNA activity and that the receptor interprets 
DNA sequence from its 5'-end. We recently showed that the conjugation of fluorescein to the 
5'-end of a CpG DNA impeded its immunostimulatory activity but not its cellular uptake, 
an observation that has since been confirmed by other groups/^'^^ Whilst the nature and 
length of the linker plays a role in immune stimulation, the length of the immunomer itself 
can also effect cytokine secretion (Fig. 10). Further studies have shown that the kinetics of 
N F - K B activation in J774 macrophages exposed to immunomers is different from that achieved 
using CpG DNAs with a single 5'-end.'̂ ^ In fact immunomers accelerate N F - K B activation 
whilst leaving the kinetics of the MAP kinase pathway comparable with that seen with conven
tional CpG.^^ These studies suggest that the CpG motif is required for immune stimulation 
whilst receptor recognition and activation can be modulated by the appropriate 
immunostimulatory motif ^̂  Based on these studies we hypothesized that the cellular recogni
tion of CpG DNA occurs from its 5'-end (Fig. 1 lA). Further, CpG DNAs that contain mul
tiple CpG dinucleotides are no more stimulatory than a single CpG, unless the CpGs are 
appropriately spaced with non-stimulatory sequences.^^ This is because the DNA molecule 
still only has a single accessible 5'-end. Consequently, the recognition of one CpG precludes 
recognition of a second, if the motifs are sufficiently close."̂ ^ In contrast, the simultaneous 
binding of two receptors at both the accessible 5'-ends of an immunomer trigger the rapid 
activation of transcription factors and immune stimulation (Fig. IIB). CpG DNA that does 
not contain accessible 5'-ends may not be recognized by the receptor in spite of the appropriate 
CpG motifs (Fig. 1IC). An additional consideration is that the dual 5'-termini of immunomers 
may facilitate receptor (Fig. 12) dimerization, possibly explaining their ability to accelerate 
N F - K B activation and induce higher levels of cytokine production.'^^ 

Short Immunomers 
Previous studies have shown that the minimal sequence required for the recognition of a 

DNA sequence by immune cells is a PuPu(Py)CGPyPy hexameric sequence motif ^̂  
Immunomer design (Fig. 13A) permitted us to develop CpG DNAs comprising strands of 
only five or six nucleotides which did not require the *PuPu(Py)CGPyPy' hexameric motif. 
Surprisingly, these short immunomers induced high IL-12 and minimal IL-6 secretion in mu
rine spleen-cell and peripheral blood mononuclear cell cultures. Unlike conventional CpG 
DNAs, the novel short-hexa- (Fig. 13B) and pentanucleotide immunomers (Fig. 13C) opti
mally stimulate N F - K B and stress-activated pathways in murine cells and induce cytokine se
cretion from both murine and human cells.'̂  These short immunomers are the first CpG 
DNAs to be recognized by both murine and human cells without sequence modification and 
will allow us complete preclinical and clinical testing with identical molecules. The economic 
viability of short immunomers as therapeutic agents is underscored by their short synthetic 
cycle, potent biological activity and favorable safety profile. Studies performed by other groups 
support our findings that immunomers permit the design of short oligonucleotides.'^^ 

Immunomer Design Enhances the Metabolic Stability of CpG DNA 
Phosphodiester single-stranded CpG DNA can activate immune cells but only after re

peated transfection at high concentration. This is due to nucleolytic degradation of the natural 
backbone of these molecules.^ Phosphodiester CpG DNAs that contain palindromic struc
tureŝ '̂̂ "̂  and poly(dG) termini^^'^ are more commonly used because of their superior stability 
against nucleases. As discussed above, these CpG DNAs (class A/D) can effectively activate NK 
cells and pDCs to produce IFNs. 
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Figure 10. Effect of immunomer length on cytokine induction in BALB/c mouse spleen cell cultures at 1 
|lg/ml concentration. A) IFN-y, and B) IL-12, IL-6 andTNF-a. Line drawings of conventional CpG DNA 
and immunomers are shown. In the case of immunomers (I), length noted is for each arm. 
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Figure 11. Hypothetical models showing the recognition of CpG DNA and immunomers byTLR9. A) 
TLR9 recognizes the CpG DNA sequence from its 5-end. Dotted arrow indicates the reading direction of 
TLR9. B) Recognition of a 3'-3'-attached immunomer by twoTLR9s independently from both the 5'-ends. 
C) Immunomers attached through 5'-5'-hnkage do not activate the immune system. The receptor is shown 
in grey. 

We recently showed that immunomers containing a phosphodiester backbone could in
duce potent immune responses in the absence of poly(dG) palindromic sequences or multiple 
transfection/ Phosphodiester immunomers induce higher levels of IL-12 than phosphorothioate 
CpG DNAs and minimal to no IL-6 secretion, which distinguishes them as a separate class of 
immune activator. Immunomers also display optimal TLR9 recognition characteristics as 
well as a greater stability against nucleases and, as a consequence, a greater in vivo antitumor 
activity/ 

The Significance of d(CpG) Dinucleotides and the Role of 
Functional Groups of Cytosine and Guanine in Immune Stimulation 

Although the flanking sequences of a CpG dinucleotide, its accessible 5'-end and back
bone chemistry all contribute toTLR9 activation, it is the CpG dinucleotide itself that partici
pates in receptor recognition whether of single or double-stranded phosphodiester or 
phosphorothioate CpG DNA. Chemical modification of the CpG dinucleotide to alter its 
structure or conformation will abolish receptor recognition and any subsequent immune re
sponse. Chemical modifications at the 2*-position of the sugar ring of either the C or G nucle
otide also abrogates immunostimulatory activity, suggesting that the receptor recognizes not 
only the heterocyclic bases of C and G, but also their conformation.^^ The Rp diastereomer of 
a phosphorothioate CpG oligo is more active than the Sp diastereomer, suggesting that TLR9 
can distinguish between these isomers.'̂ ''̂  In terms of charge, the negative charges on the phos
phates (p) at the -pCpGp- positions are critical for activity, and their neutralization with 
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Figure 12. Models depicting dimerization-independent (A) and -dependent (B) (homo or hetero-dimeric) 
receptor recognition of immunomers. Brown rectangle indicates CpG, YpG, CpR, R'pG dinucleotides. 

Figure 13. Comparison of (A) immunomers with short (B) hexa- and (C) penta-nucleotide immunomers 
that are active in both murine and human systems without a need to modify the sequences. Brown rectangle 
indicates the location of the CpG dinucleotide in the sequence. The immunostimulatory activity of 
immunomers depends on their length. 

methylphosphonate linkages ablates activity. Likewise, the incorporation of a non-ionic link
age (methylphosphonate) or a 2'-5'-linkage between the C and G of a CpG dinucleotide also 
abrogates activity, suggesting that both the negative charge and a natural 3'-5'-internucle-
otide linkage is required for immune stimulation. Both nucleobases C and G of the CpG 
dinucleotide are absolutely required for immune stimulation as evidenced by the loss of activity 
seen when either is substituted with a r,2'-dideoxyribonucleotide. A methyl substitution at 
the 5-position of C also interferes with recognition and/or the activity o f C p G D N A , 5 S f a c t 
that vertebrates have exploited to distinguish self D N A from invading bacterial DNA, which 
contains a higher percentage of unmethylated CpG motifs. 
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Figure 14. Structure of 2'-deoxycytidine showing the hydrogen bond acceptor (inward arrows) and donor 
(outward arrows) groups that could be involved in hydrogen bond interactions withTLR9. The 5-position 
of cytosine is indicated by the solid arrow. Methylation of the 5-positon of cytosine in the CpG motif leads 
to a loss of immunostimulatory activity. Some of the synthetic analogs (Y) of cytosine studied as substitutes 
for natural cytosine are shown. 

Functional Groups of Cytosine 
Cytosine contains 2-keto, 3-imino, and 4-amino functional groups that could serve as 

specific receptor recognition sites (Fig. 14). By using various pyrimidine analogs (Y) in place of 

C in the CpG dinucleotide, we studied the effects of deleting or substituting functional groups 

on i m m u n e s t imula t ion .^ Some of the analogs used i nc luded 5 -methy lcy tos ine , 

5-methylisocytosine, 5-hydroxycytosine, uracil, N4-ethylcytosine, and P-base-nucleoside (Fig. 

14). Deletion or substitution of any of the functional groups at positions 2 and/or 4 resulted in 

a loss of activity.^^ An alkyl substitution on the 4-amino group did not block recognition whilst 

a methyl substitution at the 5-position did. However, a hydroxy substitution at position-5 had 

no eflPect on activity. The results suggest that the receptor can recognize a variety of structural 
motifs and have led to the development of alternate synthetic nucleotide motifs (YpG) with 

immunostimulatory activity. 

Functional Groups of Guanine 
In the case of G, two hydrogen-bond acceptor groups at positions 6 (keto-oxygen; 0 6 ) 

and 7 (nitrogen; N7) and two hydrogen-bond donor groups at positions 1 (imino nitrogen; 
N l ) and 2 (amino group; 2-NH2) could serve as potential sites for receptor recognition and 
interaction (Fig. 15). A number of modified purine nucleobases (R) were used to study the role 

of functional groups in C p G DNA-stimulated activity. These 2'-deoxy-analogs included 
inosine, 2- aminopurine, 7-deazaguanine, nebularine, isoguanine, 2-aminoadenine, K-base, 

and 7- deazaxanthine (Fig. 15). The deletion or modification of hydrogen-bond acceptor and 
donor groups at the 1-, 2-, or 6-positions of G, but not the 7-position, resulted in a loss of 

activity. These studies provide the first important clues as to which functional groups in a 
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Figure 15. Structure of I'-deoxyguanosine showing the hydrogen bond acceptor (inward arrows) and donor 
(outward arrows) groups that could be involved in hydrogen bond interactions withTLR9. Some of the 
synthetic analogs (R) of guanine that were used as substitutes for natural guanine are shown. 

CpG dinucleotide are required for receptor recognition and allow us to develop YpG, CpR, 
and YpR immunostimulatory motifs with distinct cytokine induction profiles. 

Recognition of a Bicyclic Heterobase at the C-Position 
and the Negation of Species Specificity 

We recently reported the development of a synthetic nucleoside with a bicyclic heterobase 
[l-(2'-deoxy-P-D-ribofuranosyl)-2-oxo-7-cleaza-8-methyl-purine; R'] to replace the C in CpG, 
giving an R'pG dinucleotide (Fig. \6)7^ Oligos containing the R'pG motif induce potent 
cytokine secretion in mouse spleen-cell cultures and induce human B cells to proliferate, sug
gesting that both species of TLR9 can recognize this motif. Immunomers containing R'pG 
dinucleotides also show activity in HEK293 cells that stably express mouse TLR9, which would 
suggest a direct involvement of TLR9 in R'pG recognition. In J774 macrophages, both the 
R'pG and CpG motifs activate N F - K B and MAP kinase pathways. In this respect, the immune 
signals elicited by R'pG motifs seem to be transduced via signaling pathways that are comparable 
to those triggered by natural CpG DNAs. This was the first report of the recognition of a 
bicyclic heterobase in place of C in a CpG motif 

The Nucleotide Motif Recognition Pattern (NMRP) 
While TLR7 recognizes a variety of structurally dissimilar synthetic ligands, TLR9 recog

nizes CpG dinucleotides in various sequence, structure and conformational contexts. Our 
medicinal chemistry shows that TLR9 can recognize a broad range of synthetic nucleotide 
motifs, YpG, CpR, R'pG, and YpR, as well as the natural CpG dinucleotide. We also recently 
showed that TLR9 recognizes CpR and R'pG motifs in immunomers, but that these motifs 
induce different cytokine secretion profiles compared to the natural CpG motif ^̂ '"̂ ^ In both in 
vitro and in vivo studies, an immunomer containing the natural CpG induced higher levels of 
IL-12 and IL-6 than conventional CpG DNA. However, an immunomer containing a syn
thetic CpR motif induced significantly lower levels of IL-6 though a comparable amount of 
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Figure 16. Structures of natural CpG and synthetic R'pG immunostimulatory dinucleotides. Structure of 
a 7-deaza-purine with 9-glycoside is shown in inset. dS stands for 2'-deoxyribosugar. 

IL-12 to that induced by natural CpGs/^ Whilst the kinetics of activation of N F - K B are simi
lar for immunomers containing both natural CpG and synthetic CpR motifs, distinct down
stream effects, including cytokine secretion and antigen-specific IgG2a/IgGl antibody ratios 
are observed/^ The recognition of natural CpG and synthetic CpR and R'pG motifs would 
suggest multiple NMRPs for TLR9. 

Secondary Structure in CpG DNA AfiFects Inununostimulatory Activity 
The 5'-end of a CpG oligonucleotide should be accessible for receptor recognition and 

subsequent immune stimulation. If blocked, for example by a 5'-5' linkage, immunostimulatory 
activity is abrogated. Our studies have shown that 5'-terminal secondary structures as well as 
conjugates affect activity to a greater extent than 3'-modifications.^^ CpG oligos containing 
3'-hairpin structures also induce lower levels of IL-6 secretion than conventional CpG DNAs. 
The need for an accessible 5'-end su^ests that the receptor responsible for immune stimulation 
interprets the DNA sequence from this end. 

Modulation of the ImniMne Response through Cell Specific Activation 
We recently proposed a rational combination of stimulatory and structural domains in 

CpG DNA to optimally activate TLR9-positive immune cell subsets (pDCs and B cells). 
These studies allowed us to delineate the structures required to activate different immune 
cells and led to the development of a novel class of immunomodulatory oligonucleotides. 
These oligonucleotides, comprising a short stimulatory domain with CpG motif and a 3' 
hairpin-loop structure, are termed self-stabilized CpG DNAs (Fig. 17). This class of CpG 
DNAs can activate human B cells and induce pDCs to secrete high levels of IFN-a. We 
found that both the stimulatory and secondary structure domains in CpG DNAs are re
quired for pDC activation,^^ whilst B-cell activation required only a stimulatory domain. In 
fact, the presence of structural motifs in CpG DNA may interfere with B-cell activation to 
some extent. Interestingly, CpG motifs are not required for activity in the hairpin duplex 
region. Further modification of the hairpin duplex with a mixture of oligodeoxynucleotides 
and oligo-2'-0-methylribonucleotides permits the activation of both human B cells and pDCs. 
It is not clear, however, as to how the same TLR9, in either a B cell or pDC, can use different 
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Figure 17. Schematic drawing of the novel CpG DNA design called self-stabilized CpG DNA, showing 
essential stimulatory and struaural domains. The stimulatory domain contains an appropriate CpG motif 
but no structural domain. 2'-0-methylribonucleotides can be incorporated in the structural domain. 
Self-stabilized CpG DNAs stimulate human B cells and also activate human plasmacytoid dendritic cells 
to secrete IFN-a. 

structural ligand cues to trigger the immune system. The possibility remains that different 
co-receptor and/or adaptor molecules for TLR9 are involved in signaling in pDCs and B cells. 

Species Specific Recognition of CpG DNA 
Although the presence of an unmethylated CpG dinucleotide in DNA is essential for its 

immunostimulatory activity, the sequences that flank the CpG dinucleotide also play a signifi
cant role. The initial studies by Tokunaga and colleagues using a number of short sequences 
represented in mycobacterial DNA suggested that palindromic sequences containing an 
unmethylated CpG dinucleotide in certain sequence contexts could activate NK cells and in
duce interferon secretion.^^'^^ The latter studies suggested that a palindromic sequence in 
phosphorthioate modified DNA was not required for activity whereas the bases both preceding 
and following the CpG dinucleotide could influence activity. ̂ ^ In general, the CpG dinucle-
otides that are preceded by a C or followed by a G stimulate lower immune responses com
pared with other natural nucleosides in these positions. ̂ ^ The CpG dinucleotide flanked by 
two purine bases on the 5'-side and two pyrimidine bases on the 3'-side, such as *GACGTT', 
efficiently activate the murine immune system. ̂ ^ In contrast human cells fail to respond well to 
this sequence and require different sequence motifs such as *GTCGTT' or 'TTCGTT' for 
optimal stimulation.^^ Certain other sequences, such as the palindromic AACGTT' sequence, 
induce pronounced immunostimulation in both mouse and human systems. Reports of the 
activation of the immune system of fish,»3-85 chicken/^-sew dog^O'^' cat,'^-'^ cattle^^.'^ 
pig79.90,95.96 ^^^^^7%90 ^^^^^^90 goat/'-'O ^nd sheep^'''" by CpG DNAs have also recently 
appeared. Several of these species appear to recognize the human specific GACGTT motif, 
more so than other motifs. However, it is important to note that TLR9 of different species 
recognize CpG dinucleotides flanked by a variety of sequences, though to different extents. As 
a result it is difficult to compare results obtained with different species. 

Immunomers containing 'GTR'GTT' (himian-specific) and 'GAR'GTT' (mouse-specific) 
motifs are recognized to a similar extent by both murine and human immune systems. Addi
tionally, both mouse- and human-specific R'pG-immunomers potendy stimidate the prolifera
tion of peripheral blood mononuclear cells obtained from diverse vertebrate species, including 
cynomolgus monkey, pig, horse, sheep, goat, rat, and chicken. This suggests that both motifs are 
recognized without a bias for their flanking sequence (Fig. 18),^^ which would make them the 
first chemical modifications to be so recognized. This modification may also permit the rapid 
development of DNA-based immunomodulatory agents for veterinary and aquatic applications. 
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Figure 18. Proliferation of B cells (human) or PBMCs isolated from the blood obtained from 
different vertebrate species at a concentration of 1 |Ig/ml of each immunomer. Each value is an 
average of three replicates and the results are representative of one or two independent experi
ments, except in the case of human. Human data are representative of six donors. The sequences 
of M-CpG, H - C p G , M-R'pG-I , and H-R'pG-I are 5 ' - C T A T C T G A C G T T C T C T G T - 3 \ 
5 ' - C T A T C T G T C G T T C T C T G T - 3 ' , 5 ' -TCTGAR'GTTCT-L-TCTTGR'AGTCT-5 \ and 
5 '-TCTGTR'GTTCT-L-TCTTGRTGTCT-5 \ respectively. Mouse- and human-specific motifs are 
shown underlined. *!' denotes immunomer and 'L' indicates a glycerol linker. The structure of R' is shown 
in Figure 16. 

Therapeutic Applications of CpG DNA 
C p G D N A has a variety of effects on the immune system. It induces B-cell proliferation, 

activates macrophages, monocytes, and DCs to produce cytokines and chemokines, and in

duces the expression of costimulatory molecides. C p G D N A also activates N K cells either 

directly or indirectly to secrete IFN-y as well as promoting NK-cell lytic activity and T cell 
function. In addition, C p G D N A induces the maturation of immature DCs and the secretion 
of IFN-OC/p, T N F - a , IL-6, and IL-12. CpG D N A induces a T h l - t y p e immune response, re

versing the allergen-induced Th2-biased response and promoting the production of strong 

total IgG and antigen-specific IgG2a antibodies in serum. These immunopharmacological prop

erties permit the use of CpGs as therapeutic agents against infection, cancer and allergic asthma 
alone or in combination with vaccines, antigens, and monoclonal antibodies (Fig. 19). 

Several studies have shown that the cytokines secreted (by activated innate immune cells) 
in response to C p G D N A can produce a strong immune response against bacterial, viral, and 

parasitic infections, including anthrax, listeria, herpes, HIV-1 , cytomegalovirus, leishmania, 
and malaria (Table 2). '̂̂ 5̂,97-1 2 Q^^ . pJ.eyiQ^s studies using an antisense oligo against human 
papillomavirus (HPV) showed that the presence of an intact C p G dinucleotide provided anti

viral protection. This protection is considerably lower in IL-12 p40 KO mice, IFN-y de
pleted mice, and Beige (bg/bg) NK-lytic-deficient mice than in immunocompetent mice, sug

gesting the important immunoprotective role of these cytokines in vivo. ^ Our earlier studies 
also showed that D N A containing C p G dinucleotides could inhibit cytomegalovirus (CMV) 
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Protection against infections 

Suppression of Th2 cytokines (IL-4, IL-5, 
IL-13), Protection against allergens and 
Asthma treatment 

Innate immune activation, 
Cytokine secretion (IL-12, 
IFN-Y. IL-6. TNF-a) 

Th1 cytokine (IL-12. 
IFN-y) secretion, Ag-
specific antibodies 

^ CpG DNA ^ 

B cell and DC activation pDC activation and IFN-a secretion 

^ 
Antigen presentation to T cells 
Antigen specific antibody production 
Enhanced antigenic and humoral responses 
Adjuvant with vaccines, antigens, and mAbs | 

^ 

NK cell activation, 
CTL responses 

I Cancer therapy 

Figure 19. Possible applications of CpG, YpG, CpR, YpR, and R'pG DNAs based on dieir immunostimulatory 
profiles. 

and prolong the survival of CMV-infected mice. ^ The coordinated secretion of cytokines as a 
result of CpG activated innate immune cells was proven with the use of neutralizing antibodies 
to a number of cytokines. ̂ ^ These cytokines provide non-specific protection against infections, 
which suggests their potential as therapeutic agents against a range of infectious diseases in 
preclinical (Table 2) and clinical (Table 3) studies. 

On the contrary, co-stimulation of certain TLRs, including TLR2, andTLR9, with soluble 
Mycobacterium tuberculosis factor (STF) or CpG DNA, respectively, has been shown to induce 
HIV repUcation.^ '̂̂  Ex-vivo stimulation of spleen cells from HIV-1 transgenic mice via 
TLRs 4, 2, and 9 using LPS, STF, and CpG DNA respectively, induced p24 Ag production in 
a dose-dependent manner, suggesting that the activation of TLR pathways by these Ugands 
induces HIV-1 replication. '̂  Consistent with these results, an increased viral load was 
observed in the plasma of HIV positive subjects following the continual intravenous infusion 
(8 days in a blinded dose-escalation phase II study) of a first-generation phosphorothioate 
antisense oligonucleotide (Table 1) complementary to the ̂ ^^ gene of HIV-1 which contained 
a CpG motif (GEM91 (Fig. 20)).̂ '̂ ^ Previously, GEM91 had been shown to be a potent in
hibitor of HIV-1 replication in cell cultures.^ These results suggest that CpG DNAs could, in 
a virus specific fashion, promote viral replication though the molecular mechanisms of this 
effect is unknown. 

CpG DNA induces strong Thl responses, the rationale for its use as an anticancer 
agent. Its ability to activate the NK cells and macrophages within a tumor mass and to 
stimulate antibody-dependent cell cytotoxicity (ADCC) is further evidence for its usefulness in 
cancer therapy.^^^ Furthermore, the Thl -biased IL-12 and IFN-y production induced by CpG 
DNA can promote tumor-specific cytotoxic T lymphocyte (CTL) activity by the production of 
tumor-specific IgG2a antibodies. CpG DNA-treated tumor-free mice effectively reject a chal
lenge with the same tumor cell, suggesting that tumor-specific adaptive immune responses 
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Table!. CpGDNA 

Infectious Agent^ 

applications for infections 

Use Combination Agent 

Viruses 

CMV 

DEN-2 
FIV 
FMDV 
Friend RV 
HDV 
HBV 
HCV 
HIV-1 

HPV 

HSV-2 
Influenza 
Measles 
Pneunnonia 
Pneumonia (SPn) 
RSV 

SHIV 

Bacteria 

Anthrax 
B. abortus 
H. pylori 
Listeria 

Listeria/Francisella 
Meningitis 
TB 

Parasites 

F. hepatica 
Leishmania 

Malaria 

Trypnosoma 

Fungi 

Aspergillosis 
C. neoformans 

Monotherapy"^^ 
Adjuvant^^ 
Adjuvant^ °o 

Adjuvant^ °̂  
Adjuvant^°^ 
Monotherapy^ °^ 
Adjuvant^ °^ 
Adjuvanti05-^07 
Adjuvantio«'io9 
Adjuvant^ ^° 
Adjuvant^ ^̂  

Monotherapy"^^ 
Monotherapy^ ̂ '̂̂ ^3 
Monotherapy^^'* 
Adjuvant^ ̂ ^ 
Adjuvant^ ̂ ^ 
Adjuvant^ ̂ ^ 
Adjuvant^ ̂ ^ 
Adjuvant^ ̂ ^ 

Adjuvant^2° 
Adjuvant^^i 

Monotherapy^ ̂ ^ 
Monotherapy^ ̂ 3'̂  2"̂  
Monotherapy^ ̂ ^ 
Adjuvant^^^ 
Adjuvant^^^'^^^ 

Adjuvant^ ̂ ^ 
Monotherapy^ ^°-^^^ 
Monotherapy^ ̂ ^ 
Adjuvant^^^"^^^ 
Adjuvanti38,i39 

Adjuvant^^O'i"^! 
Adjuvant^"^2 

-
DNA vaccine 
DNA vaccine 
DNA vaccine 
DNA vaccine 

-
HDAg vector 
HB surface Antigen (HBsAg) 
DNA vaccine/HCV-LP 

rHIV- lgag/DNA vaccine 
HIV-1 immunogen 

-
-
-
Ag 
Vaccine 
Type 2 Ag 
Fusion protein 
Part of expression vector 

rPA 

p39 and BFR Ag 

-
-
-
Ag 
BCG vaccine/Ag 

Ag 

-
-
AgA/accine 

Ag 

Asp-f 6 
P13Ag 

^ Ag= antigen; B. abortus= BrucelI abortus; CMV= cytomegalovirus; C. Neoformans= Cryptococcus 
neoformans; DEN-2= Dengue virustype-2; F. hepatica= fac/o/a/7epat/ca; FIV= feline immunodeficiency 
virus; FMDV= Foot and mouth disease virus; Friend RV= Friend retro virus; H. pylori= Helicobacter 
pylori; HDV= hepatitis delta virus; HBV= Hepatitis B virus; HCV= Hepatitis C virus; HIV-1 = human 
immunodeficiency virus-l; HPV= human papillomavirus; HSV-2= herpes simplex virustype-2; RSV= 
respiratory syncytial virus; SHIV= simian/human immunodeficiency virus; SPn= Streptococcus 
pneumoniae; TB= Mycobacterium tuberculosis. 
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Table 3. 

Agent 

First- and second 
clinical trials 

Sequence 

-generation CpG oligodeoxynucleotides that are in 

Disease Indication^ 

Promune^'^ S'-TCGTCGTTTTGTCGTTTTGTCGTT-S'̂ '̂  NSCLC (with chemo), Melanoma 

Actilon"^'^ 
Vaxlmmune^'^ 
ISS1018 

IMOxine^'^ 
Amplivax^'^ 

Not disclosed^ 
Not disclosed^ 
5'-TGACTGTGAACGTTCGAGATGA-3" 

Not disclosed^ 
Not disclosed^ 

(mono and with chemo), CTCL, 
RCC, NHL (with Rituxan), and BCC. 
Hepatitis C 
Cancers (with cancer vaccines) 
Allergy, Asthma, Infections (HBV; 
as adjuvant). Cancer (NHL; 
with mAb) 
Cancers (monotherapy) 
As adjuvant^ 

^ BCC, basal cell carcinoma; CTCL= cutaneous-T cell lymphoma; HBV= Hepatitis B virus; NHL= non-
Hodgkins lymphoma; NSCLC= non-small cell lung carcinoma; RCC= renal cell carcinoma; " From 
published patent application No. WO 2004/005476; ̂ = First-generation CpG DNA; "Second-generation 
immunomodulatory oligonucleotide; ^= Completed phase 1 study in healthy human volunteers. 

develop in treated animals. CpG DNAs have been studied alone or in combination with che-
motherapeutic agents, monoclonal antibodies and antigens in a number of preclinical tumor 
studies. ^' ^ Clinical trials are currendy underway to test the ability of CpG DNA alone, or 
in combination with monoclonal antibodies, to treat cancers (Table 3). Recendy, we evaluated 
in vivo the immunopharmacological and antitumor properties of second-generation 
immunomodulatory oligonucleotide (IMO) immunomers containing CpG or CpR motifs 
alone or in combination with chemotherapeutic agents.̂ ^^ Repeated peritumoral administration 
of CpG or CpR immunomers inhibited CT26 colon tumor or B16.F0 melanoma growth at 1 
mg/kg in mice. In these studies immunomers induced tumor-specific CTL responses com
pared with treatment with a control non-CpG DNA or PBS. These responses correlated with 
the secretion of theThl cytokine IFN-y, but not theTh2 cytokine IL-4 in IMO treated mice.̂ ^^ 
A 5-fold increase in P-gal specific IgG2a antibodies was found in mice treated with immunomers, 
which significantly increased the IgG2a/IgGl ratio. Immunomers showed similar anti-tumor 
activity in both wild-type and IL-6 knock-out C57BL/6 mice but failed to elicit activity in 
IL-12 null C57BL/6 mice. Again, tumor-free mice from the immunomer treated cohort re
jected the same tumor cell when re-challenged, suggesting that these mice had established an 
adaptive immune response.^^^ Moreover, naive mice quickly developed specific antitumor re
sponses (without immunomer treatment) following adoptive transfer of splenocytes from tu
mor free mice that had been subject to immunomer treatment. The co-administration of 
immunomers with the chemotherapeutic agents, docetaxel and doxorubicin, restilted in a syn
ergistic antitumor effect in both the B16.F0 melanoma and 4T1 breast carcinoma models. 

CpG DNA also has great potential to treat allergy and asthma, both of which provoke 
Th2-type responses. CpG DNA induces strong Thl responses that include the production of 
IL-12 and IFN-y. IFN-y is a potent inhibitor of IL-4 and IL-5, both of which are required in 
the Th2 type immune response. ̂ '̂̂  CpG DNA can be used as a potent adjuvant to prevent 
airway inflammation and asthma as it can directly activate B cells, stimulating them to produce 
strong antigen-specific responses coupled with the Thl-type response. Indeed the immune 
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Figure 20. Plasma HIV-1 load, expressed as mean logio copies/ml by die branched DNA (bDNA) mediod, 
are compared to pretreatment values for die six GEM91-treated subjects at 4.0 mg/kg/day dose. Results for 
the three placebo-treated subjects in each group are pooled. Plasma bDNA for placebo-treated subjects 
remained within 0.13 logio of pretreatment values while mean plasma bDNA increased at 4 and 8 days for 
the GEM91 -treated group. However, by day 14, six days after the end of GEM91 infusion, the bDNA was 
similar in GEM91 and placebo-treated subjects. 

response to CpG DNA is associated with an increase in total and antigen-specific IgG2a, a 
decrease in IgE and IgGl, and the maturation of T cells in the serum. CpG DNA has been 
found to be effective in both preventative and therapeutic modes in a number of in vivo mu
rine asthma models^^ '̂̂ ^ and CpG DNAs are currently being evaluated in clinical trials for 
allergic asthma (Table 3). Recently, immunomers containing CpG or CpR motifs were shown 
to be potent inhibitors of OVA induced airway hyper-responsiveness and also reduced bron
chial eosinophilia and decreased OVA-specific IgE in a mouse model. ̂ ^̂  

Several lines of evidence now suggest that CpG DNA can enhance the immune response 
against any type of antigen. Consequently, it is possible that CpG DNA could be used as a 
universal adjuvant to improve the efficacy of prophylactic and therapeutic vaccines, peptides, 
antibodies, allergens, antigens, and DNA vaccines in preclinical (Table 2) and clinical (Table 3) 
studies. The immunogenicity of antigens is increased when CpG DNA is direcdy conjugated 
to antigens or allergens, as shown by greater antigen uptake and DC activation by CpG conju
gated antigen. ̂ ^̂ '̂ ^̂  However, caution must be exercised regarding the site of conjugation as 5'-ac-
cessible CpG is an absolute requirement for optimal recognition and activation of TLR9. 
CpG DNA also enhances the activity of other adjuvants such as alum, chitosan, Quil A, QS21, 
and MPL, most of which induce Thl-type immune responses. 

Plasmid vectors or DNA vaccines that express specific antigens may not induce strong 
immune responses imless the vector contains CpG motifs. ' ' Bacterial products containing 
unmethylated DNA, especially from bacillus Calmette-Guerin (BCG) and M. vacca&, have 
been shown to up-regulate the cell mediated Thl immune response^^' and a number of 
studies have shown the therapeutic efficacy of bacterial extracts for the treatment of 
allergen-induced asthma, both in preclinical and clinical studies. ̂ ^̂ '̂ ^̂  Live bacteria and ex
tracts of BCG have also been used as standard therapies against bladder cancer and other carci
nomas and infections. ̂ ^̂ "̂ '̂ ^ 
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CpG DNAs in Clinical Trials 
In the last few years significant progress has been made in understanding the immuno

logical and pharmacological effects of the first-generation CpG DNAs. Data from a number of 
CpG DNA clinical trials have now started to appear in the literature ' and a number of 
other CpG DNAs are in early-stage clinical trials as monotherapies against lymphoma, mela
noma, and basal cell carcinoma (Table 3). The safety and immunopharmacology of a 
second-generation CpR immunomer has recendy been studied in a dose-escalation study in 
healthy human volunteers.^^^ The results of this phase-I clinical study suggests that there are 
no safety concerns in the dose range studied (0.005 to 0.16 mg/kg). The safety of the same 
second-generation CpR immunomer is currendy being tested in phase-I clinical trials in cancer 
patients. ̂ ^̂  

The Safety of CpG DNA 
The primary safety concern surrounding the use of CpG DNA as a therapeutic agent is 

that the immunogenicity of self antigens could be enhanced, which could trigger autoimmune 
disorders and cause septic shock. The possible development of neutralizing antibodies to the 
therapeutic agent is another concern. Extensive data collected in clinical trials with antisense 
oligonucleotides (AOs) which were administered to humans at doses ranging from 2 to 20 mg/kg 
by continuous intravenous infusion for over 2 years, have shown no long-term drug-related 
toxicity. ̂ '̂̂  Some of the AOs being tested in clinical trials also possess one or more CpG di-
nucleotides, providing us with valuable pharmacokinetic and safety profiles for the administra
tion of CpG DNA to humans. None of these studies have shown any indication that neutral
izing antibodies to DNA were generated. Further, as antisense DNA is used at mg/kg doses, 
whilst CpG DNA elicits effects at |Hg/kg doses, the likelihood of severe dose-related side effects 
would appear to be minimal. 

Conclusions 
CpG DNA is a valuable tool with which to modulate the host immune response. Re

searchers have made tremendous progress in their understanding of the molecular mechanisms 
of CpG DNA action and in developing potent second-generation agents. Other than the CpG 
motif, a number of other features of CpG DNA sequences appear to influence the 
immunostimulatory profile. First-generation CpG DNAs that target a number of diseases are 
currendy being tested in human clinical trials and second-generation CpG DNAs are poised to 
enter clinical trials. This new generation of CpG DNAs are designed to induce selective im
mune responses and to target disease. The ability of CpG DNAs to induce rapid innate im
mune responses, leading to adaptive responses, make CpG DNAs an attractive partner with 
which to combat disease. ̂ ^̂  
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