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Preface

All living organisms are in a constant battle against their environment. Since
uncontained microorganisms would simply overgrow all higher animals, from the
beginning of the evolution of multicellular organisms the need was clearly evi-
dent for adequate and efficient defense mechanisms to protect their own integrity
and to ensure their own survival. Usually, the first encounter with pathogens
occurs at epithelial interfaces, which present the first barrier against invading
pathogens and already comprises a number of mechanical and chemical defense
mechanisms. However, in addition to these passive mechanisms an arsenal of
active weapons also evolved. As it turned out, some of them were so efficient that
basically all organisms rely at least partly on them: there is no known species that
does not produce antimicrobial peptides, which represent very likely the most
ancient immune defense molecules and the most common effector molecules of
the innate immune response.

Over recent decades, the appreciation of the innate immune system has vastly
increased. A pivotal event and possibly the beginning of the modern era of innate
immunity was Charles Janeway’s opening lecture at the annual Cold Spring Harbor
Symposium of Quantitative biology in 1989. He hypothesized that recognition of
certain patterns or characteristics of infectious microorganisms through pattern
recognition receptors whose specificity is “hard-wired” into the genome is vitally
important for the immune response. However, it took about seven years before the
involvement of the Drosophila Toll protein in the immune response was discovered
by Jules Hoffmann’s group in Strasbourg. One year later, the first human counter-
part was discovered by Medzhitov and Janeway and the era of mammalian Toll-like
receptors and the search for their ligands began.

Finally, people began to understand just how specific the so-called “unspecific”
innate immune response really is. Since then, these receptors has been found and
investigated in many species. It became clear that in higher animals the innate and the
adaptive immune system is strongly intertwined and that the activation of the innate
immune system is required for the activation of adaptive immune system. However,
one has to remember that for many species the innate immune system is the sole active
defense system and that it comprises many more mechanisms than only the detection
of pathogen-associated molecular patterns through Toll-like receptors.

This book wants to give an overview of our current knowledge about the innate
immune system of plants, animals and humans. In the first six chapters, the innate immune
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mechanisms and responses of so diverse organisms such as plants, Cnidaria,
Drosophila, urochordates and zebrafish are presented and reviewed in great
detail. Shunyuan Xiao presents an overview about the evolution of plant resist-
ance genes, which evolved as a response to the recognition of pathogen effector
proteins in plants. The next chapters cover organisms that are at critical places on
the evolutionary tree. First, Thomas C.G. Bosch et al. provide fascinating infor-
mation about one of the earliest multicellular species, the ancient group of
Cnidaria, which diverged from the so-called Bilateria long before insects and
worms evolved. Since the innate immune system of the fruitfly Drosophila
melanogaster is among the best studied of all species, two chapters cover the
field. Neal Silverman’s group discusses the molecular mechanisms of pathogen
recognition and signal transduction that leads to the elimination of invading
microbes, whereas the group of Louisa Wu further elucidates two very important
aspects of the cellular innate immunity: the encapsulation and phagocytosis of
pathogens by Drosophila hemocytes. Next, Konstantin Khalturin et al. present an
overview of the innate immune responses of the urochordates, which present the
vertebrates closest relatives and thus provide insight into innate immune mecha-
nisms just before the sudden appearance of adaptive immunity. Moving along the
evolutionary tree, Con Sullivan and Carol H. Kim provide a review about innate
immune responses of the zebrafish, Danio reo. In contrast to all species covered
so far, the zebrafish is the first species that in addition to its innate immune
defenses also contains an adaptive immune system.

The last four chapters deal with different aspects of the mammalian innate
immune system: Andrei Medvedev and Stefanie Vogel provide detailed information
about the human and mouse Toll-like receptor (TLR) family including their ligands
and signal transduction. Besides the family of TLRs that all are expressed on cell
or endosomal membranes, a new family of intracellular and cytosolic pattern rec-
ognition receptors has recently emerged. Named after the unifying expression of
the nucleotide oligomerization domain (NOD) and with respect to the TLRs the
members of this family are called NOD-like receptors. This family consists of
22 members and a number of mutations have been found in these proteins that are
surprisingly often linked to inflammatory diseases.

Finally, two chapters present the major effector mechanisms of the innate
immune system: Regine Gliser, Jiirgen Harder, and Jens-Michael Schroder provide
an up-to-date overview about human antimicrobial peptides; and Bob Sim et al.
review the complement system.
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Abstract Potential pathogens deliver effector proteins into plant cells to suppress
microbe-associated molecular pattern (MAMP)-triggered immunity in plants, resulting
in host—pathogen coevolution. To counter pathogen suppression, plants evolved
disease resistance (R) proteins to detect the presence of the pathogen effectors and
trigger R-dependent defenses. Most isolated R genes encode proteins possessing a
leucine-rich-repeat (LRR) domain, of which the majority also contain a nucleotide-
binding site (NBS) domain. There is structural similarity and/or domain homology
between plant R proteins and animal immunity proteins, suggesting a common
origin or convergent evolution of the defense proteins. Two basic strategies have
evolved for an R protein to recognize a pathogen effector (then called avirulence
factor; Avr): direct physical interaction and indirect interaction via association
with other host proteins targeted by the Avr factor. Direct R-Avr recognition leads
to high genetic diversity at paired R and Avr loci due to diversifying selection,
whereas indirect recognition leads to simple and stable polymorphism at the R and
Avr loci due to balancing selection. Based on these two patterns of R-Avr coevolu-
tion, investigation of the sequence features at paired R and Avr may help infer the

Center for Biosystems Research, University of Maryland Biotechnology Institute,
9600 Gudelsky Drive, Rockville, MD 20850, USA, xiao @umbi.umd.edu

H. Heine (ed.), Innate Immunity of Plants, Animals, and Humans. 1
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R-Avr interaction mechanisms, assess the role and strength of natural selection at
the molecular level in host—pathogen interactions and predict the durability of R
gene-triggered resistance.

Abbreviations R, resistance gene; Avr, avirulence gene; HR, hypersensitive response;
MAMP, microbe associated molecular patterns; MTI, MAMP-triggered immunity; ETI,
Effector-triggered immunity; TIR, toll and interleukin receptor; NBS, nucleotide binding
site; LRR, leucine rich repeat; RLP, receptor-like protein; RLK, receptor-like kinase

1 Evolution of the Plant R Gene System

Plant innate immunity consists of preformed physical and chemical barriers (such
as leaf hairs, rigid cell walls, pre-existing antimicrobial compounds) and induced
defenses. Should an invading microbe successfully breach the preformed barriers,
it may be recognized by the plant, resulting in the activation of cellular defense
responses that stop or restrict further development of the invader (Nurnberger et al. 2004).
Apart from virus-induced RNA silencing, an ancient, evolutionary conserved anti-
viral defense mechanism in both plants and animals (which is not discussed in this
chapter), two evolutionarily interrelated mechanisms have evolved in plants for
detection of the invading microbes. First, plants are able to recognize some conserved
microbe-derived molecules which are collectively described as microbe-associated
molecular pattern (MAMP) by cell-surface receptors and trigger immune response
(Gomez-Gomez and Boller 2000; Zipfel et al. 2006). Evidence is accumulating that
this so-called MAMP-triggered immunity (MTI) is evolutionarily ancient and may
be a general feature of plant resistance against a broad-spectrum of potential patho-
gens (Nurnberger et al. 2004; He et al. 2006). This type of resistance occurs at or
above the species level, and is often referred to as non-host resistance. It can be
envisaged that microbes that successfully breached constitutive defensive barriers
of plants but were restricted by MTI gradually evolved strategies to target and sabo-
tage the MTI. Increasing evidence indicates that successful microbes suppressed
MTI by sending effector proteins into the plant cell to interfere with the host
defense system, resulting in the breakdown of non-host resistance and the establish-
ment of a host—pathogen interaction. The “defeated” host then faced selection pres-
sure imposed by the successful pathogen to evolve novel defense mechanism to
survive. This led to the evolution of the second recognition mechanism for which
plants evolved disease resistance (R) proteins to specifically detect the presence of
the pathogen effectors [called avirulence factors (Avr) once recognized by R pro-
teins] and subsequently trigger a much stronger defense response to counter the
suppression of MTI by the pathogen (Chisholm et al. 2006). Thus, R gene-dependent,
pathogen-effector-friggered host immunity (ETI) most likely evolved on top of
MTI to fortify the plant immune system. Recent publications strongly support this
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inference (Kim et al. 2005; He et al. 2006; Nomura et al. 2006). For example, He
and colleagues recently found that HopMI1, a conserved effector protein of
Pseudomonas syringae, targets an immunity-associated protein, AtMIN7 in
Arabidopsis thaliana. HopM1 mediates the destruction of AtMIN7 via the host
proteasome (Nomura et al. 2006). Sheen and colleagues found that AvrPto and
AvrPtoB, two effector proteins of the bacterial pathogen P. syringae suppress MTI
at an early step upstream of MAPK signaling (He et al. 2006). Both AvrPto and
AvrPtoB are recognized by the plant R protein Pto in tomato, thereby triggering
Pto-dependent resistance (Kim et al. 2002).

Evolution of the ETI system in plants marks a higher level of plant—pathogen
coevolution in which the major players are plant R and pathogen Avr genes. Unlike
MTI, which is expressed in all plants of a given species, ETT is often expressed in some
but not all genotypes within a plant species. This correlates to the phenomenon that
there are often two likely outcomes from a given host—pathogen interaction: (a) com-
patible interaction in which the pathogen is able to suppress host defenses and colonize
the plant; (b) incompatible interaction in which the pathogen is detected by the plant
containing an R gene and the plant is resistant. Therefore, genetically defined R genes
are polymorphic determinants of host resistance against specific pathogens.

MTI in plants resembles the innate immune system of animals in that structurally
similar cell-surface receptors are deployed to recognize MAMPs such as flagellin and
lipopolysaccharides and the induction of host defenses involves MAPK signaling
cascades (Nurnberger et al. 2004). Thus, MTI seems to be a highly conserved defense
mechanism evolved in both plants and animals. Interestingly, so far there is no clear
evidence to indicate the existence of ETI in animals. Therefore, it appears that the
evolution of an elaborative plant ETI system in which a large array of R proteins func-
tion as receptors to recognize pathogen-specific effectors constitutes an important dis-
tinction between the plant and animal innate immune systems (Ausubel 2005). This
probably reflects the consequence of adaptive evolution: plants are sessile, lack a cir-
culating system and live relatively longer than most invertebrate animals; thus evolu-
tion of a greater capacity in every single cell to respond and mount effective defenses
against numerous microbial invaders seems to be a logical choice for plants.

In the following sections, we focus our review on the current understanding of
evolution and maintenance of plant R genes within the context of concomitant evo-
lution of pathogen Avr genes that interact with R genes. For detailed molecular
mechanisms of R gene evolution, we strongly recommend several excellent earlier
review articles (Michelmore and Meyers 1998; Bergelson et al. 2001; Holub 2001;
Meyers et al. 2005).

2 Conservation and Diversity of Plant R Genes

Since the isolation of the first plant R gene, Hm 1 in maize in 1992 (Johal and Briggs
1992), over 60 plant R genes controlling resistance against pathogens ranging from
viruses, bacteria, fungi to nematodes have been isolated from different plant species
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(Xiao 2006). Most isolated R genes seem to activate common or overlapping sets
of defense programs in local areas infected by pathogens. Those defense responses
include transcriptional induction of pathogenesis-related (PR) genes, production of
reactive oxygen species, fortification of the cell wall, synthesis of antimicrobial
compounds and, in many cases, a hypersensitive response (HR) which is a form of
plant programmed cell death analogous to animal apoptosis (Hammond-Kosack
and Jones 1997; Dangl and Jones 2001; Nurnberger et al. 2004). The primary local
resistance triggered by R genes may also lead to activation of a secondary defense
termed systemic acquired resistance in the uninfected tissues, which is a more long-
lasting immune response throughout the whole plant against a broad range of path-
ogens (Durrant and Dong 2004).

Based on features of the deduced domain structures and/or biochemical func-
tions, R proteins can be divided into three classes (Table 1). The largest class con-
tains a nucleotide-binding site (NBS) and leucine-rich-repeat (LRR) motifs
(Hammond-Kosack and Jones 1997; Dangl and Jones 2001). These R proteins
confer resistance to various pathogens and can be further subdivided into two
groups, based on their N-terminal features. The first group contain an N-terminal
domain resembling the cytoplasmic signaling domain of the Drosophila toll and
human interleukin-1 receptors (TIR) and are called TIR-NBS-LRRs (Whitham
et al. 1994; Lawrence et al. 1995). The second group contain (in most cases) a coiled-
coil (CC) domain and thus often are referred to as CC-NBS-LRRs (Bent et al. 1994,
Grant et al. 1995). An exceptional case in the TIR-NBS-LRR group is the
Arabidopsis RRS1-R protein that has a WRKY domain attached to the LRR at the
C-terminus (Deslandes et al. 2002). The WRKY domain is found in a group of
transcription factors implicated in the signal transduction of R genes (Eulgem
2005). The structural feature of RRS1-R implies a direct link between Avr-recognition
and the transcriptional activation of defense genes (Deslandes et al. 2003).

The second class of R proteins comprise cell surface receptor-like transmem-
brane proteins (RLP) and receptor-like kinases (RLK) (Table 1). The common fea-
ture of these proteins is that they possess an extracellular LRR (eLRR) domain.
Representatives of RLP R proteins are tomato Cf proteins conferring resistance to
the tomato fungal pathogen Cladosporium fulvum (Jones et al. 1994; Hammond-
Kosack and Jones 1997) and Arabidopsis RPP27 conferring resistance to the
oomycete Hyaloperonospora parasitica (Tor et al. 2004). RLK R proteins are rep-
resented by rice Xa21 and Xa26, both of which confer resistance to multiple strains
of Xanthomonas oryzae pv. oryzae (Song et al. 1995; Sun et al. 2004).

The remaining R genes encode proteins that either resemble the overall structure
or a domain of the above two classes with some degree of structural variation, or
have a novel protein structure that does not show significant homology to any other
R proteins (Table 1). Therefore, they are atypical R genes in comparison with the
LRR-encoding R genes. For example, tomato Pfo and Arabidopsis PBSI encode
members of a conserved protein kinase family (Martin et al. 1993; Swiderski and
Innes 2001) that resemble the cytoplasmic protein kinase domain of RLK R pro-
teins. The broad-spectrum powdery mildew R gene RPWS from Arabidopsis
encodes a small protein containing an N-terminal transmembrane domain and a CC
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(Xiao et al. 2001) that shows homology to the CC domain of NRG1 (Peart et al.
2005) and At5g66910 (Meyers et al. 2003), both of which are NBS-LRR proteins.
The recessive R gene mlo from barley confers non-race-specific resistance against
powdery mildew (Blumeria graminis f. sp. hordei) and the MLO wild-type protein
contains seven transmembrane helices (Buschges et al. 1997). Two recently cloned
rice R genes Xa27 and xal3, each conferring resistance in rice to certain strains of
the bacterial pathogen X. oryzae pv. oryzae, encode novel proteins that do not show
homology to any other R proteins (Gu et al. 2005; Chu et al. 2006). Notably, xal3
is also recessive and the deduced Xal3 protein contains eight transmembrane heli-
ces, which is reminiscent of mlo/MLO (Table 1).
Several points can be highlighted from the findings regarding R proteins:

1. The majority of cloned R genes encode NBS-LRR proteins, suggesting a promi-
nent role of NBS-LRRs in host resistance (i.e. ETI).

2. The most common protein domain in R proteins is LRR, which is present in both
NBS-LRR and eLRR R proteins, implying a role in pathogen detection for this
domain.

3. Except for the kinase R genes, the rare/unique structure of some individual R
proteins coincides with its unique representation as an R gene in a specific plant
species, implying that evolution of these R genes may have involved different
mechanisms.

From an evolutionary point of view, there are several challenging questions to ask:
Why are the structures of NBS-LRR and eLRR receptors the choice for most R
proteins? Is there any evolutionary link between plant R proteins and animal immu-
nity proteins? Why are NBS-LRR genes so abundant in the plant genomes? How did
a specific R gene originate and coevolve with the cognate pathogen Avr gene and
how have R and Avr genes been maintained in the plant and pathogen populations
respectively? Why and how did rare R genes evolve? Recent progress in this field
has made it possible to at least partially address these questions.

3 NBS, LRR and TIR - Domains of Defense

Perhaps among the most exciting discoveries in the biology of host immunity is that
plant R proteins possess domains that share homology to animal proteins involved
in innate immunity and/or apoptosis (Hammond-Kosack and Jones 1997; Dangl
and Jones 2001; Ausubel 2005). First, the TIR domain in the TIR-NBS-LRR R
proteins shows homology to the Toll and IL-1 receptor. TIR domain-containing
animal proteins such as Drosophila Toll and mammalian Toll-like receptors (such
as TLR2, 4, 5, 9) are involved in innate immunity in the animal system that resem-
bles plant MTT (Roeder et al. 2004; Takeda and Akira 2004). Second, the overall
structure of the cytoplasmic NBS-LRR proteins is similar to that of mammalian
proteins such as Nod1, Nod2 and NALP3, which function as intracellular receptors
for bacterial MAMPs and play a key role in innate immunity (Staskawicz et al.
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2001; Inohara and Nunez 2003). Last, an eLRR domain is present in both RLP and
RLK R proteins and in Toll and TLR receptors, as well as in FLS2 and ERF, the
two recently characterized plant MAMP-receptors (Gomez-Gomez and Boller
2000; Zipfel et al. 2006).

The structural similarity and/or domain homology of R proteins to animal
immunity proteins, plus the similarity in the overall signaling structure of MTI in
both plants and animals (Dangl and Jones 2001; Nurnberger et al. 2004) provoked
speculation that the domains of these defense protein might have evolved in an
ancient unicellular eukaryote pre-dating the separation of the plant and animal
kingdoms and that the occurrence of plant- and animal-specific receptors consisting
of these domains could be a result of divergent evolution (Fluhr and Kaplan-Levy
2002; Nurnberger and Brunner 2002). After careful comparative examination of the
overall mechanisms of recognition and signaling for animal immunity proteins and
plant R proteins, Ausubel (2005) recently proposed that these seemingly analogous
regulatory modules used in plant and animal innate immunity evolved independ-
ently by convergent evolution and reflect inherent constraints on how an innate
immune system can be constructed.

Regardless of the antiquity of these analogous defense protein domains, a
fundamental question to be asked is why these characteristic domains, i.e. TIR,
NBS and (e)LRR, were recruited for the construction of plant and animal
immunity proteins.

In animals, the TIR domain is found only in immune-related proteins such as
Toll/TLRs and in downstream adaptor proteins such as MyD88 and Mal. The func-
tion of the TIR is thought to mediate protein—protein interaction for signal transduc-
tion from the receptors to downstream components in the immune system (O’Neill
et al. 2003; Yamamoto et al. 2004). In plants, the TIR domain is found not only in
TIR-NBS-LRR proteins with a likely role in signaling and Avr recognition (Ellis
et al. 1999; Luck et al. 2000), but also in putative TIR-NBS and TIR-X proteins (X is
variable) in Arabidopsis (Meyers et al. 2002). It is likely that the TIR-NBS and TIR-X
genes may also be involved in plant defense (Meyers et al. 2002). Interestingly, while
CC-NBS-LRR genes are present in both dicot and monocot plant genomes, TIR-
NBS-LRR genes are not found in rice and other monocot genomes (Bai et al. 2002;
Cannon et al. 2002; Zhou et al. 2004), indicating that the function played by TIR
in immunity may be dispensable and/or can be complemented by other domains, at
least in monocot plants. However, it is noted that homologs of Arabidopsis signaling
components also exist in rice, such as EDSI and PAD4 that are required for the
function of many TTR-NBS-LRR genes but not for CC-NBS-LRR genes (Aarts
et al. 1998; Goff et al. 2002), implying that these genes may have a more general
function in defense signaling. Indeed, EDSI and PAD4 have been shown to play an
important role in basal resistance against biotrophic pathogens in the absence of
specific R-Avr recognition (Wiermer et al. 2005), implying that TIR-NBS-LRR-
specified immunity may be mechanistically superimposed onto a more evolutionarily
ancient basal resistance mechanism.

The NBS of intracellular plant R proteins and animal Nod1/Nod2 proteins is part
of a larger domain called NB-ARC, because it is shared between R proteins and
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both human apoptotic protease-activating factor 1 (APAF-1) and its Caenorhabditis
elegans homolog CED-4 (Van der Biezen and Jones 1998b). The NBS domain is
proposed to work as an NTP-hydrolyzing (ATPase or GTPase, etc) switch, regulat-
ing signal transduction by conformational changes (Leipe et al. 2004). In vitro
binding studies on the I-2 protein (a CC-NBS-LRR) suggest that the NBS domain
provides a molecular switch by alternating between two different states: the resting
ADP-bound state and the active ATP-bound state (Takken et al. 2006; Tameling
et al. 2006). The NBS domain is highly conserved among R proteins (McHale et al.
2006), making it possible to design degenerate primers against this domain to
amplify R gene analogs from various plant genomes without prior genomic infor-
mation (Cannon et al. 2002).

The LRR domain is a common motif found in numerous proteins from viruses
to eukaryotes that function in diverse processes from development to disease
resistance. The predicted biochemical function of the LRR domain is to mediate
protein—protein interaction. This domain consists of up to 47 duplicated LRRs
(Baumgarten et al. 2003). Each typical LRR of R proteins comprises a core of
about 26 amino acids containing the L-xx-L-xx-Lx-L-xx motif (where x is any
amino acid), which forms a B-sheet (McHale et al. 2006). Sequences encoding
putative solvent-exposed residues (i.e. the x residues) are hypervariable among
different R proteins and show significantly elevated ratios of non-synonymous to
synonymous substitutions, indicating that the LRR domain is subject to positive
selection for amino acid diversification (Parniske et al. 1997; McDowell et al.
1998; Michelmore and Meyers 1998). It has been hypothesized and experimen-
tally confirmed that the LRR domain of R proteins is involved in the specific rec-
ognition of pathogen effectors (Hammond-Kosack and Jones 1997; Ellis et al.
2000; Van der Hoorn et al. 2001).

How the individual domains of the R proteins function coordinately to perceive
signals from pathogens and activate downstream signaling cascades is not well
understood. It is assumed that R proteins form protein complexes with other host
proteins via intermolecular interaction to implement their function (Belkhadir et al.
2004). For example, SGT1, a host protein required for the function of many but not
all R proteins (Muskett and Parker 2003) appears to associate with Bs2, a CC-NBS-LRR
protein from pepper when transiently coexpressed in Nicotiana benthamiana
(Leister et al. 2005). Exciting recent studies indicate that there is also intramolecular
interaction between different domains of the NBS-LRR proteins (Moffett et al. 2002;
Leister et al. 2005; Rairdan and Moffett 2006). Moffett and colleagues found that the
CC domain and LRR domain of Rx (a CC-NBS-LRR conferring resistance to potato
virus x) could function in trans and the LRR domain interacted physically in planta
with the CC-NBS, as did CC with NBS-LRR (Moffett et al. 2002). More recently,
they further established that the ARC1 motif within the NBS domain is required for
the binding between the CC-NBS and the LRR of the Rx protein, and the ARC2
motif of the NBS domain is required for switching on/off the Rx molecule through
its interaction with the LRR domain (Rairdan and Moffett 2006), which is consistent
with the inference on the NBS function from another recent study (Tameling et al.
2006). Their results suggest that the ARC region of the NBS domain, through its
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interaction with the LRR, translates Avr elicitor-induced modulations of the LRR
into a signal initiation event (Rairdan and Moffett 2006). This constitutes an impor-
tant step towards our understanding how NBS-LRR proteins work.

4 Proliferation and Diversification of NBS-LRR
Genes in Plants

Revealing the whole-genome sequences of Arabidopsis and rice enabled thorough
sequence mining and analyses for NBS-LRR genes at the genome scale. It was
found that the Arabidopsis thaliana genome contains 55 non-7/R-NBS-LRR and 94
TIR-NBS-LRR genes, which represents ~0.4% of the total predicted genes (Meyers
et al. 2003). A similar analysis with the rice genome identified 480 non-7IR NBS-LRR
genes in the current version of the Oryza sativa L. (var. Nipponbare) genome
sequence. This represents about 1% of all the predicted genes in this species (Zhou
et al. 2004). Surprisingly, as mentioned earlier, while TIR-NBS-LRR gene are abundant
in dicot genomes, none is found in the rice genome or in other monocot genomes
(Bai et al. 2002; Meyers et al. 2002). However, TIR-NBS and TIR-X genes are
found in the rice genome (Meyers et al. 2002), suggesting that TIR-NBS-LRR genes
might have evolved before separation of the dicot and monocot genomes, and they
were lost during monocot evolution (Meyers et al. 2002). Phylogenetic analyses
indicated that separation of the TIR and non-TIR subfamilies represent an ancient
division that may date back to the common ancestor of angiosperms and gymno-
sperms around 300 million years ago (Meyers et al. 1999; Young 2000) and that
members of the TIR subfamily are relatively more conserved, whereas members of
the non-TIR subfamily are more divergent (Cannon et al. 2002; Meyers et al.
2003).

Studies indicated that the presence of a large number of NBS-LRR genes in con-
temporary plant genomes may be attributed to both initial duplications of large seg-
mental genomic sequences that happened during early stages of plant genome
evolution (Richly et al. 2002; Leister 2004) and small-scale gene duplications that
occurred locally to form many R gene clusters (Michelmore and Meyers 1998;
Meyers et al. 2003; Zhou et al. 2004). Duplicated NBS-LRR genes would have pro-
vided the potential templates for the evolution of divergent members of the super-
family through various molecular mechanisms, including inter- and intra-genic
recombinations, gene conversion, unequal crossing-over, deletion, insertion and point
mutations (Michelmore and Meyers 1998; Baumgarten et al. 2003; Meyers et al.
2005). The concomitant evolution and maintenance of so many NBS-LRR genes in
plant genomes reflect the great capacity that plants have evolved to fight against
diverse pathogens and the high selective pressure imposed on plants by pathogens.

If the proliferation and diversification of R genes at the genome level represents
the macroevolutionary aspect of plant R genes, the evolution and maintenance of
genetic polymorphisms at specific R loci is the microevolutionary aspect of plant R
genes. Based on the rate of sequence diversification at two complex R clusters,
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RGC2 in lettuce and RI in S. demissum, Kuang and coauthors recently hypothe-
sized that there are two types of NBS-LRR genes, denoted by type I and type II
(Kuang et al. 2004, 2005). Type I comprise fast-evolving genes, characterized by
chimeric structures resulting from frequent sequence exchange among group mem-
bers and consequently lacking a clear allelic/orthologous relationship between dif-
ferent genotypes. Unlike Type I, Type II NBS-LRR genes comprise slow-evolving
genes, exhibiting infrequent sequence exchange between paralogous sequences and
obvious allelic/orthologous relationships among different genotypes (Kuang et al.
2004, 2005). In general, this is in agreement with the findings that some R loci
exhibit very high levels of sequence polymorphism (Ellis et al. 1999; Noel et al.
1999; Rose et al. 2004) while others show simple, lower levels of sequence poly-
morphism (Stahl et al. 1999; Tian et al. 2002). A challenging question is: what
evolutionary forces are behind the formation of the two contrasting patterns of R
gene sequences?

5 Mechanisms of R-Avr Recognition

Different mechanisms for sequence evolution have been documented for R genes
(Michelmore and Meyers 1998; Meyers et al. 2005). Until recently, relatively little
is known about the selective forces driving the evolution of specific R genes at the
molecular level. It is clear that the ultimate driving force for R gene evolution
comes from disease pressure imposed on plants by pathogens; but the type and
strength of selection may vary, depending on the mechanisms by which plants rec-
ognize pathogens and the levels of pathogen virulence and host resistance. It is
conceivable that mechanisms of R-Avr recognition may profoundly influence the
patterns of R-Avr coevolution. Recent advances in understanding the molecular
mechanisms of R-Avr recognition have provided exciting opportunities to investi-
gate this question.

5.1 Direct R-Avr Interaction — the ‘“Gene-For-Gene” Hypothesis

How a plant R protein recognizes a specific Avr factor to establish the specificity of
plant—pathogen interaction has been a focus of intensive research. Over half a
century ago, by studying the interaction specificity between different flax genotypes
and different strains of flax rust pathogen, Melampsora lini, Flor proposed a “gene-for-
gene” relationship to interpret the plant—pathogen interaction specificity at the
genetic level (Flor 1956). The molecular extrapolation from this gene-for-gene theory
is that the product of a dominant plant R gene functions as a receptor for a pathogen-
derived ligand encoded by the Avr gene, implying a direct R (receptor)-Avr (ligand)
interaction relationship. In the past decade, over 60 R genes have been characterized
from different plant species (Xiao 2006) and many Avr genes (some of which are
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recognized by the cloned R genes) have also been isolated from bacterial, oomycete
and fungal pathogens (Mudgett 2005; Chisholm et al. 2006; Ellis et al. 2006). In
contrast to R proteins, Avr proteins have diverse deduced structures, presumably
performing a wide range of functions inside the host cell to enhance pathogen viru-
lence (Mudgett 2005). Isolation of the R and the cognate Avr genes in several cases
(Chisholm et al. 2006; Table 2) provided opportunities to test whether the “gene-for-
gene” model for R-Avr interaction holds true at the protein level.

Among the available R-Avr pairs, three pairs, i.e. Pita-AvrPita, RRS1-R-PopP-2 and
L-AvrL567, show direct physical interaction when the corresponding components are
co-expressed in the yeast-2-hybrid system or in vitro (Jia et al. 2000; Deslandes et al.
2003; Dodds et al. 2006). The L-AvrL.567 interaction is particularly interesting as the
interaction specificity of the R alleles and Avr alleles largely matches the recognition
specificity in planta, demonstrating that Flor’s gene-for-gene model holds true at the
protein level (Dangl and McDowell 2006; Dodds et al. 2006).

5.2 Indirect R-Avr Interaction — the “Guard” Hypothesis

However, the majority of the available R-Avr pairs failed to show any physical
interaction despite repeated experiments. This, together with the reasoning that,
even though R genes are abundant in plants, there are still far fewer R genes in plant
genomes than potential genes encoding effector proteins in pathogens, led to the
indirect recognition model, i.e. the “guard” hypothesis (Van der Biezen and Jones
1998a; Dangl and Jones 2001). This model assumes that Avr proteins are pathogen
effectors that are delivered into the host cell by pathogens to perform virulence
functions by targeting relevant host proteins. The R proteins monitor the status
change of the host proteins targeted by the Avr factors and initiate defense signal-
ing. The “guarded” host targets may be signaling components of the plant defense
system or components in other metabolic pathways. This indirect R-Avr recogni-
tion provides an explanation for mechanisms by which a plant R protein could per-
ceive multiple effectors that might converge on the same target and that multiple R
proteins might sense alterations of the same host protein mediated by different
effectors (Chisholm et al. 2006; Dangl and McDowell 2006).

Compelling evidence for the guard hypothesis came from the indirect recogni-
tion between the Arabidopsis CC-NBS-LRR protein RPSS5 and the effector protein
AvrPphB of P. syringae. A genetic screen identified PBSI, encoding a protein
kinase, as a host protein required for RPS5 function (Warren et al. 1999; Swiderski
and Innes 2001). It was later found that AvrPphB, a cysteine protease of P. syringae
delivered into the host cell via the type III secretion system, targets and cleaves
PBSI1, and the cleaved product of PBS1 activates RPS5-triggered resistance (Shao
et al. 2003). These findings indicate that AvrPphB is detected by RPSS5 indirectly
via its enzymatic activity on the host target PBS1, conforming to the “guard”
hypothesis. A similar scenario is demonstrated in Cf2 (a RLP type R protein from
tomato) and Avr2 (a cysteine-rich protein secreted by C. fulvum) indirect recognition
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through the host target protein Rcr3 (Rooney et al. 2005). The most complex R-Avr
indirect recognition scenario so far characterized involves the host target protein
RIN4. It has been shown that RIN4 is targeted by at least three different Avr pro-
teins, AvrRpm1, AvrB and AvrRpt2, secreted by P. syringae and is guarded by at
least two R proteins, RPM1 and RPS2 (Mackey et al. 2002, 2003; Axtell and
Staskawicz 2003; Kim et al. 2005), both of which are CC-NBS-LRR proteins.
RPMI1 recognizes both AvriRpm1 and AvrB, two unrelated effector proteins, via
perception of the modification (i.e. likely phosphorylation) of RIN4 by the two Avr
proteins, while RPS2 recognizes AvrRpt2 through detection of RIN4 elimination
mediated by AvrRpt2. From an evolutionary point of view, a likely time-sequence
of evolution for this scenario has been envisaged (Chisholm et al. 2006). Perhaps
the pathogen first delivered AvrB and AvrRpml1 into the host cell to suppress MTI
by modifying RIN4 via phosphorylation. The plant then evolved RPM1 to detect
this modification of RIN4, inducing RPM1-dependent resistance. The pathogen in
turn evolved AvrRpt2 to interfere with RPM1 function by elimination of RIN4. In
response to AvrRpt2’s interference, the plant further evolved RPS2 to detect the
disappearance of RIN4, inducing the RPS2-dependent defense response (Chisholm
et al. 2006).

A special case of R-Avr direct interaction is between Pto of tomato and AvrPto
of P. syringae, where the R protein Pto is a protein kinase (non-LRR type) and does
not seem to be a receptor for AvrPto. Intriguingly Prf, a CC-NBS-LRR protein, is
required for Pto function (Salmeron et al. 1996). Attempts to explain how Pto func-
tions to recognize AvrPto and then trigger Prf-dependent resistance actually
inspired the initial idea of the “guard” hypothesis in which Pto was thought to be a
host target of AvrPto and guarded by Prf (Van der Biezen and Jones 1998a). A few
years later, a similar but more convincing case involving RPS5 (the CC-NBS-LRR
keeping guard), PBS1 (the protein kinase being guarded) and AvrPphB (the ligand;
Shao et al. 2003) was characterized, providing direct evidence for the “guard”
hypothesis. It should be noted that, in the case of Prf-Pto-AvrPto, it is the kinase
gene rather than the CC-NBS-LRR gene that is genetically defined as the polymor-
phic determinant of disease resistance (i.e. the R gene). Molecular evidence for Pto
being a host protein guarded by Prf still remains to be seen. If confirmed, this
would suggest that a host protein targeted by a pathogen effector may be under
selection and evolve into an R gene in some cases. This may represent a potential
mechanism for the origin of other atypical R genes.

6 Patterns of R-Avr Coevolution

As indicated in Section 4, evolutionary analyses revealed two types of R genes with
contrasting sequence features. One comprises R genes either located in complex
loci with a number of highly homologous genes or in single-gene loci with multiple
divergent alleles in the population, which is indicative of diversifying selection.
The other type comprises R genes in single-gene loci with simple, low-level
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(including presence/absence) polymorphisms, which is indicative of balancing
selection. A few recent studies indicated that there may be similar contrasting
sequence patterns at Avr loci in pathogens that match those in the corresponding R
loci in the hosts (Allen et al. 2004; Rehmany et al. 2005; Araki et al. 2006). An
emerging theme is that these two patterns of R or Avr gene coevolution appear to
be determined by the two modes of R-Avr recognition mechanisms described in the
previous section.

6.1 Diversifying Selection Results from Direct
R-Avr Recognition?

If an R protein detects an Avr protein by direct interaction and triggers host resist-
ance, selection pressure should be imposed on the pathogen carrying the Avr gene
to evade recognition. This could be achieved by structural changes in the Avr pro-
tein through mutations without necessarily affecting its virulence function. In this
case, the Avr recognition by the R gene may be unrelated to its virulence function,
so mutations that abolish recognition may retain function with little or no fitness
penalty to the pathogen (Dodds et al. 2006). Once the host resistance is overcome,
the selection pressure would be on the plant to generate a new R gene to recognize
the mutated Avr. This R-Avr coevolutionary “arms-race” may have two outcomes.
One is that single R (Avr) alleles of the corresponding genes sweep through the host
(pathogen) populations, due to directional selection for advantageous alleles
(Bergelson et al. 2001). However, this situation has rarely been documented in nat-
ural plant populations and a genome-wide survey of R gene polymorphism in
Arabidopsis failed to find convincing evidence for directional selection (Bakker
et al. 2006). The other outcome is the generation and maintenance of high sequence
diversity at both the R and Avr loci in the corresponding populations, respectively,
for plants to better achieve and the pathogen to better evade detection, through
diversifying selection.

Among those characterized R loci that have been subject to comparative
sequence analysis either at the interspecific or the intraspecific level (Table 2), the
Arabidopsis R gene RPP13 showed extremely high allelic polymorphism at the
amino acid level (Rose et al. 2004), indicating diversifying selection. The RPPI
locus, which comprises several tightly linked homologues genes, also exhibited a
high level of sequence polymorphism (Botella et al. 1998). The corresponding Avr
genes ATR13 and ATR1 were recently isolated and also shown to have high allelic
diversity in the oomycete pathogen H. parasitica (Allen et al. 2004; Rehmany et al.
2005). This parallel high amino acid sequence diversity at the paired R and Avr loci
suggests that the diversifying selections on the cognate R and Avr genes are poten-
tially driven by the pressure imposed by pathogen virulence and plant resistance,
respectively, in an interactive way. The most enlightening discovery in this aspect
comes from recent studies by Ellis and coworkers on the flax L locus and the cognate
AvrL567 locus in the flax rust pathogen, M. lini. The L locus encodes at least 11 R
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alleles (including L5, L6, L7) capable of recognizing distinct Avr genes belonging
to different loci, including AvrL567 in the pathogen (Ellis et al. 1999). The AvrL567
locus also contains multiple Avr genes that are recognized by the R alleles at the L
locus (Dodds et al. 2004). More significantly, they demonstrated that the R proteins
L5, L6 and L7 physically interact with the corresponding Avr proteins in the yeast-
two-hybrid system in a specific manner that matches the specificity of the genetic
interaction observed (Flor 1956; Dodds et al. 2006). These results strongly suggest
that diversifying selection at the R and the Avr loci for high levels of amino acid
sequence polymorphism is a consequence of the R-Avr “arms-race” between plants
and pathogens. However, a generalization that direct R-Avr recognition leads to
high levels of amino acid polymorphism at engaged R and Avr loci requires more
evidence. Therefore, it will be of great interest to see whether the matching high
genetic diversity at paired R-Avr loci, such as RPP13-ATRI3 and RPPI-ATRI, also
correlates with direct-recognition between these R and cognate Avr proteins (Table 2).
Conversely, it will be interesting to see whether the R and Avr genes involved
in Pita-AvrPita and RRSI-R-PopP2 direct interaction (Jia et al. 2000; Deslandes
et al. 2003) belong to R and Avr loci that possess high levels of allelic diversity or
consist of highly homologous genes.

Given that microbes reproduce much faster than plants, the pathogen would
always have an upper hand in this “arms-race”. Yet, R genes engaged in this “arms-
race” have been amplified and maintained in the contemporary plant genomes,
indicating that plants may somehow compensate for the slower pace in evolving
new R genes. This compensation is perhaps reflected by the structural features of R
proteins. Whereas Avr proteins from bacterial, oomycete and fungal pathogens are
structurally diverse (Mudgett 2005; Chisholm et al. 2006; Ellis et al. 2006), pre-
sumably performing very different virulence functions in the host, most R proteins
contain the hyper-variable LRR domain for achieving new recognition specificity
and the highly conserved NBS domain for activating a central defense signaling
network. This means a new Avr allele that evades R recognition may only evolve
from the existing alleles through mutations or allelic recombination; however, a
new R gene that regains recognition of a new Avr allele could evolve not only from
the old (defeated) alleles (Holub 2001; Yahiaoui et al. 2006), but also from alleles
that recognize other unrelated Avr genes and from highly homologous R genes at
the same locus, if there are any, through point mutations, intra- and inter-genic
recombination, gene conversion and unequal crossing over (McDowell et al. 1998;
Michelmore and Meyers 1998; Kuang et al. 2004; Meyers et al. 2005).

6.2 Balancing Selection Results from Indirect Recognition?

R proteins that are engaged in indirect recognition of Avr proteins are predicted to
function in protein complexes as guards of virulence targets of the pathogen Avr
proteins. Compared with direct detection of pathogens via structural R-Avr recognition,
it is conceivable that there may be selective advantages for indirect detection by
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monitoring the virulence function of Avr proteins, because structural modification
of an Avr protein by mutations cannot escape R recognition unless the virulence
function is affected. A likely outcome is the deletion of the Avr gene in the patho-
gen to avoid R-dependent resistance. However, if that virulence activity is important
for the pathogen, loss of the Avr could incur a penalty in fitness for the pathogen.
In this case, natural selection would balance the benefit (enhanced virulence) and
cost (elicited resistance) of keeping this Avr gene in the pathogen population,
resulting in a balanced polymorphism at the Avr locus. Likewise, while expression
of the R gene has an obvious benefit for the host in the presence of the cognate Avr-
expressing pathogen, it may incur a cost of resistance in the absence of the patho-
gen (Tian et al. 2003). Thus natural selection would also favor a balanced
polymorphism at the R locus (Van der Hoorn et al. 2002). The most likely outcome
of this R-Avr coevolution is maintenance of the R and cognate Avr genes at tempo-
rally and spatially variable frequencies in the plant and pathogen populations,
respectively, for a very long time, through balancing selection (also referred to as
frequency-dependent selection).

Compelling evidence for balancing selection on R genes comes from evolution-
ary analyses at several well studied R loci. Arabidopsis RPM1 and RPSS5, both of
which appear to detect their Avr proteins by guarding the host targets of the Avr
proteins (Mackey et al. 2002; Shao et al. 2003), have been shown to be subject to
balancing selection: there is simple but stable presence/absence polymorphism at
both R loci; and the R-Avr recognition in both cases appears to be of ancient origin
and to have been maintained for millions of years (Stahl et al. 1999; Tian et al.
2002). Relatively low genetic diversity with simple resistance/susceptibility allel-
ism has been found at the Arabidopsis RPS2 locus (Caicedo et al. 1999; Mauricio
et al. 2003), correlating to the indirect recognition of AvrRpt2 by RPS2 (Axtell and
Staskawicz 2003; Mackey et al. 2003). It is conceivable that, under situations
where disease pressure is intermediate, to better balance the cost and benefit associ-
ated with an R gene, the plant may evolve and maintain partially functional R
variants. Therefore, it is possible that some of the RPS2 divergent alleles may be
partially functional.

On the pathogen side, it is well observed that bacterial type III effectors can be
found as presence/absence alleles among different pathovars (Rohmer et al. 2004;
Pitman et al. 2005). However, relatively little is known about the sequence
polymorphism in pathogen populations at genetic loci that encode Avr effectors
indirectly recognized by R proteins. A recent report by Bergelson and coworkers
suggested that balancing selection is also responsible for the maintenance of two
pathogenicity islands (PAIs) that contain clusters of genes encoding for pathogen
effectors in Pseudomonas viridiflava, a prevalent bacterial pathogen of Arabidopsis
(Araki et al. 2006). This presence/absence sequence feature is strikingly similar to
the stable balanced polymorphism for resistance and susceptibility alleles at the R
loci described above.

The indirect R-Avr association renders it possible for independent evolution of
R genes in plants to detect virulence function of the same Avr genes. For example,
it has been shown that RPM1 from Arabidopsis and Rpgl from soybean appear to
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have evolved independently to indirectly recognize AvrB of P. syringae, a common
pathogen causing disease of many plant species (Ashfield et al. 2004). Another
possibility is that, while maintaining the ability to bind to a host target, an Avr may
evolve to alter conformational changes in the target that are caused by binding, thus
evading detection by guarding R proteins (Birch et al. 2006). As a result, the host
target may be under selection pressure to evolve a new version that can trigger the
guarding R protein-dependent resistance. Although it is the same plant defense
program that is elicited by the Avr gene, in this case the polymorphic determinant
(i.e. genetically defined R gene) is being guarded rather than being the guard.
A likely example for this scenario is the Pto-AvrPto triggered Prf-dependent resist-
ance in tomato against P. syringae (Van der Biezen and Jones 1998a; see earlier
text). Whether other non-LRR R genes are “mutated” host targets remains an open
interesting question.

The diversifying selection and balancing selection on R and Avr genes described
above represent probably just two simplified, typical scenarios of R-Avr coevolution. In
nature, the actual situation is far more complicated due to the coexistence of different
types of pathogens with opposite modes of parasitism, alternate host species and tem-
porally and spatially variable environmental conditions that may favor or restrict plant
or pathogen growth. Also, the strength of the diversifying selection or balancing selec-
tion may vary depending on the level of the cost associated with expression of the R
gene and the fitness penalty associated with loss of the Avr gene.

Similar or entirely different evolutionary mechanisms may be associated with
some non-LRR types of R gene. For example, the Arabidopsis broad-spectrum R
gene RPWS is located in a complex locus (Xiao et al. 2001). Intra- and inter-specific
sequence analyses indicated that RPWS originated from its likely progenitor gene via
diversifying selection; and the maintenance of RPWS in the Arabidopsis population
seems to be a consequence of balancing selection (Xiao et al. 2004; Orgil et al. 2007).
In the case of two rice R genes, Xa27 and Xal3 that confer resistance to bacterial
blight, it is the transcription of the genes rather the protein sequences that specifies
resistance, suggesting that selection acts on promoters (Gu et al. 2005; Chu et al.
2006). Resistance specified by Xal3 is associated with low expression levels of this
gene, conforming to the recessive nature of the resistance. Interestingly, a high
expression level of Xal3, which is required for establishing disease by the cognate X.
oryzae pv. oryzae strains, is also required for rice fertility. Indeed, sequence polymor-
phism is found in the promoters of the Xal3 alleles from different rice haplotypes,
indicating that balancing selection has acted on the promoter sequence, presumably
to balance the benefit (fertility) and cost (disease) of expression of this gene, which
is unusual among R genes (Chu et al. 2006).

6.3 A General Model for Evolution of the Plant R Gene System

In summary, a general model for evolution of the plant R gene system is proposed
(Fig. 1). The main points for this model are as follows:
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Fig. 1 A general model for plant—pathogen coevolution. Plants possess a multilayered defense
system to ward off potential pathogens. MAMP-triggered immunity (MTI) constituted an impor-
tant part of non-host resistance (Phase I). The pathogen delivered effector proteins “a” and “b”
into the host cell to suppress the MTI and eventually overcame non-host resistance (Phase II). In
response to the pathogen-imposed pressure, the plant evolved specific R proteins “/” and “2” to
recognize the effector protein (referred to as Avr factors) “a” directly in a receptor—ligand interac-
tive manner and “b” indirectly by detecting its virulence activity, respectively, thereby inducing a
stronger defense response (Phase III). In response to the plant-imposed pressure, the pathogen
accumulated mutations that change the structure of effector “a” to escape recognition by R protein
“I”, resulting in suppression of R-resistance. In the other scenario, effector gene “b” might have
been deleted in the pathogen population if this incurred little fitness penalty in virulence, or “b”
became rare in the pathogen population as a consequence of R-resistance, which in turn relaxed
the selection for R gene “2”, resulting in a low frequency of R gene “2” in the plant population as
a result of balancing selection for the benefit and cost of R gene expression (Phase IV). Next, the
plant faced pressure to evolve a new R gene “/*” (either from the defeated or other related R gene)
to recognize “a*” to activate defense; or as the frequency of the effector gene “b” increased, the
frequency of R gene “2” also increased due to its selective advantage in the presence of “b” (Phase V).
The first R-Avr (i.e. “I”—“a”) coevolution scenario leads to high genetic diversity at both the R
and Avr loci due to diversifying selection; and the second scenario (i.e. “2”—"b") leads to simple,
stable polymorphism at the R and Avr loci due to balancing selection
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1. In the early stages of plant—microbe interaction, the invading microbes evolved
effectors to suppress evolutionarily ancient MAMP-triggered plant immunity,
beginning the host—pathogen coevolutionary process.

2. The plant R gene system evolved to counter pathogen suppression of MTI by
detecting the effector proteins and triggering a stronger defense response.

3. Recognition of effectors (i.e. Avr factors) by R proteins involves either direct
physical interaction between the R and the cognate Avr or indirect interaction
via association with a host protein targeted by the Avr.

4. Diversifying selection acted on both the R and the Avr genes engaged in direct
interaction to achieve and evade detection, respectively, resulting in high genetic
diversity at the R and the Avr loci. Balancing selection acted on both the R and
the Avr genes, involving indirect recognition to achieve a balance between ben-
efit and cost of resistance/virulence in the plant and pathogen, respectively,
leading to simple, stable polymorphisms at the corresponding R and Avr loci.

7 New Perspectives

Tremendous progress has been made in understanding the evolution and molecular
mechanism of plant R gene-based resistance (Hammond-Kosack and Parker 2003;
Chisholm et al. 2006; this chapter). Many important questions regarding R gene
evolution, R-Avr recognition and defense signaling remain to be addressed. These
include when and how the earliest plant NBS-LRR genes originated, whether NBS-
LRR genes function in MAMP recognition or other cellular processes, how MTI
and ETI are connected at the molecular level, what other components are in the R
recognition complex and why TIR-NBS-LRRs are absent in monocots. Also not
known is whether atypical R genes represent host targets and activate NBS-LRR-
dependent defenses or involve different defense mechanisms through novel yet
unidentified signaling pathways.

What can we learn from our current knowledge about the plant R gene system
at the molecular level to improve disease control for agricultural crops? First, based
on the R-Avr coevolution, R genes recognizing Avr genes via direct R-Avr interac-
tion may be easily overcome by mutations in cognate Avr genes; thus monoculture
with crops of such genotypes may be subject to high risk of epidemics caused by
virulent pathogens carrying mutated versions of Avr genes. Given that genetic
diversity at the R gene loci is the consequence of R-Avr coevolution in natural plant
populations and is important for the generation of new R genes or alleles, it would
be a better strategy to grow crop cultivars containing distinct R genes or R alleles
in a mixed structure (polyculture) which resembles the natural plant populations,
thereby preventing disease epidemics and reducing disease incidence (Dangl and
Jones 2001). The potential of this strategy has been demonstrated in rice to control
bacterial blight (Zhu et al. 2000).

Second, identification and deployment of durable R genes is a primary target of
crop breeding programs. However, there is no easy way to assess and predict the
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durability of R genes. A high fitness penalty of Avr genes in the pathogen could be
used for predicting the durability of the cognate R genes (Leach et al. 2001), as a
high fitness penalty would set constraints for Avr genes to escape from R recogni-
tion. But it may not be accurate in situations where Avr genes directly recognized
by R genes may evade recognition by mutations that do not necessarily affect its
virulence function (see Section 6.1). Also it may be practically difficult to assess
the fitness penalty of Avr genes. One of the most exciting inferences from R-Avr
coevolution is that R-Avr indirect recognition leads to stable balanced polymor-
phisms at the R and Avr loci (Table 2), which implies that R genes of this category
are likely to be durable. Even though this rule needs to be vigorously tested with
more R and Avr pairs, it gives a promising molecular tool to identify and predict
durable R genes that guard critical virulence targets based on the feature of the
sequence polymorphism in the natural plant populations (Dangl and McDowell
2006). Comparative genomic analyses have identified two types of NBS-LRR genes
based on the rate of sequence diversification: fast evolving and slow evolving
(Kuang et al. 2004, 2005). A key question is: would the existence of these two types
of NBS-LRR genes reflect the two paths of R gene evolution largely determined by
the two different R-Avr recognition mechanisms in general? If true, prediction of
R recognition mechanism and resistance durability by coupling data from genetic
mapping and sequence polymorphism could be applied at the whole genome scale.

Third, the natural evolution of R genes that recognize new or mutated Avr genes
is after all a slow process. If such R gene resources are unavailable from natural
plant populations, a viable strategy is to generate R genes artificially in laboratories
by in vitro mutagenesis or sequence shuffling with relevant existing genes/alleles
and to screen for DNA clones that can induce target Avr-dependent HR through
transient coexpression with cognate Avr genes in a suitable host. Such synthetic
genes may function as new R genes in the native host to recognize the pathogens
carrying newly mutated versions of Avr genes and can be introduced to desirable
plant cultivars through genetic transformation.
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relationships in both corals and Hydra. Studies in cnidarians reveal that there is no
problem in innate immunity these basal metazoans did not attempt to solve. Thus,
whatever we experience with our own innate immune system, whatever we hope to
learn, we will see that the cnidarians have been there before us.

1 Cnidaria Are Among the Earliest Multicellular
Animals in the Tree of Life

The phylum Cnidaria is one of the earliest branches in the animal tree of life (Fig. 1).
To understand cnidarian immunity we must first consider their anatomy and life history.
Cnidaria are the first in evolution that have a defined body plan including an axis, a
nervous system, and a tissue layer construction. Cnidarians are diploblastic, consisting
of two epithelia, the ectoderm and the endoderm surrounding a gastric cavity. In the
cnidarian Hydra (Fig. 2A) there are about 20 cell types distributed among three cell lin-
eages (for a review, see Bosch 2007a, b). Each of the epithelial layers is made up of a
cell lineage, while the remaining cells are part of the interstitial cell lineage which reside
among the epithelial cells of both layers. Multipotent interstitial stem cells give rise to
neurons, secretory cells, and gametes in a position-dependent manner (Bosch and David
1987). In sharp contrast to the morphological simplicity, cnidarians have attained
remarkable diversity through modifications largely in colonial organization and life

Bilateria

Most animalsincluding
vertebrates, insects, molluscs,
wormsetc

Anthozoa
Seaanemones, corals

Hydrozoa
Hydra, Hydractinia

— Cubozoa

Scyphozoa
jellyfish Cnidaria

Porifera
sponges

Fig. 1 Phylogeny of the “lower” Metazoa. Within the Cnidaria, the Anthozoa (to which the coral
Acropora and the sea anemones Nematostella belong) are basal
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Fig. 2 The freshwater polyp Hydra relies entirely on defense mechanisms in epithelial cells. In the
absence of physical barrier defenses, immune responses to external antigens are induced in the
presence of danger. Danger is recognized through pattern-recognition receptors, with the resultant
release of active defenses, such as antimicrobials or antiproteinases. A Schematic longitudinal
cross-section indicating the simple epithelial organization. B Photograph (courtesy of Dr. F. Anton-
Erxleben) of a section of part of the epithelial lining of the body column, showing the diploblastic
organization. End Endoderm, ect ectoderm, m mesoglea

histories. The diverse phylum includes hydroids (Hydrozoa), sea anemones and corals
(Anthozoa), box jellies (Cubozoa), and the true jellyfish (Scyphozoa). Anthozoa is
considered the ancestral group (Bridge et al. 1995; Medina et al. 2001; Collins et al.
2006). Since cnidarians possess most of the gene families found in bilaterians (Kusserow
et al. 2005; Miller et al. 2005) and have retained many ancestral genes that have been
lost in Drosophila and Caenorhabditis elegans (Miller et al. 2005; Technau et al.
2005), they provide insight into the contents of the “genetic tool kit” present in the
cnidarian-bilaterian ancestor.

The diversity in cnidarian life histories (solitary vs colonial, sessile vs pelagic)
and habitats (marine vs freshwater) raises several important issues relating to
immunity. First, to maintain tissue integrity, colonial forms have to rely on their
capacity of self/nonself discrimination to rapidly detect approaching allogeneic
cells as foreign and to eliminate them. Second, since a solid substratum is rare in
most of the cnidarians habitats, solitary cnidarians immediately after larval settle-
ment have to defend themselves against other settlers and fight for the substratum.
Third, in the absence of protective layers, cnidarians must have effective mecha-
nisms to defend against microbial pathogens. And fourth, for cnidarians such as
corals, successful growth means to be able to distinguish between friends and foes,
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i.e., to allow symbiotic algae to live within the endodermal epithelial cells and to
close the doors for all other intruders. And finally, cnidarians such as sea anemones
and corals have extremely long life spans — and must have some very effective
immune systems in order to assue longevity. Thus, how do cnidarians manage to
interact so successfully for more than 550 million years with their environment?

2 Immune Reactions in Invertebrates

The earliest study of immune function in invertebrates was done by Durham (1888)
involving phagocytosis in starfish (reviewed by Leclerc 1996). Focusing on phago-
cytosis in various animals, Metchnikoff in 1892 described cnidarian (anthozoan)
phagocytes that “responded to foreign bodies or their own cells by phagocytosing
them” (cited by Bigger and Hildemann 1982). Although these observations must be
taken cum grane salis, within the past 20 years the search for predecessors of the
innate immune system in urochordates (for reviews, see Fujita 2002; Khalturin et al.
2004, see also Khalturin et al. in this volume: Immune Reactions in the Vertebrates’
Closest Relatives, the Urochordates), insects (Cherry and Silverman 2006), and
worms (Gravato-Nobre and Hodgkin 2005; Kim and Ausubel 2005) has revealed that
invertebrates share many components of innate immunity with vertebrates. This
ancient type of innate pathogen defense system is based on receptor-mediated recog-
nition of abundant surface components of the pathogen that are not present in the host
(Beutler 2004). Pathogen-associated molecular patterns (PAMPs) are of diverse
structure and usually of essential importance for the pathogen. PAMPs bind to host
receptors that share conserved functional domains, such as leucine-rich repeat (LRR)
motifs and Toll/IL-1 receptor (TIR) domains. Upon ligand binding these receptors
initiate signal transduction networks that activate a multifaceted defense response. In
different species the downstream effector molecules, in contrast to the conserved sig-
nalling cascade, share little commonalities beside a protein or peptide structure which
allows the destruction of bacterial cell membranes.

3 Immune Reactions in Cnidaria

Insects, worms, and vertebrates all belong to the “triploblast” or “Bilateria” clade
of metazoans (Fig. 1). Since several animal phyla diverged, however, before the
origin of this clade, the discovery of shared molecules tells us little about their origin
and original roles, until we have comparative data from more basal animals. The
aim of this chapter is to review the experimental evidence for innate immune reactions
in Cnidaria, an ancient group of animals which diverged long before insects and
nematodes were around (Fig. 1). Although cnidarians have a long history as model
systems in comparative immunology (Campbell and Bibb 1970; Du Pasquier
1974, 2001), the underlying molecular mechanisms are poorly understood. Here
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I summarize four aspects of immunity which can be studied particularly well within
cnidarians — and which may be of interest from a comparative point of view to all
immunologists: Intraspecies competition in sea anemones, allorecognition and cell
lineage competition in the marine hydrozoan Hydractinia, antimicrobial defense
reactions in Hydra and jellyfish, and symbiotic relationships in both corals and
Hydra.

3.1 How to Fight for a Space to Live? Intraspecies
Competition in Sea Anemones

Space on which to live is the most limiting resource in marine hard-substratum
environments. Many hard surfaces in the sea are dominated by encrusting colonial
or solitary cnidarians that must compete for space. Although “on the reef, it is
important to know who you are, and who is rubbing shoulders with you” (David
Miller, personal communication), little is known about the cellular and molecular
mechanisms involved in mediating spatial competition. The effector mechanisms
range from contact avoidance involving remote sensing, to barrier formation, stolon
overgrowth, or deployment of fighting tentacles (reviewed by Raftos 1996). For
example, the sea anemone Anthopleura xanthogrammmica “tolerates” adjacent
clonal individuals, but attempts to “reject” heterogenic clones with which they come
into contact (Sebens 1984). In the anthozoans Stylophora pistillata and Montipora
verrucosa branches within one colony can easily fuse, while branches of genetically
different individuals never undergo fusion (Hildemann et al. 1980; Miiller et al.
1984; Chadwick-Furman and Rinkevich 1994). Fusion of two conspecific individu-
als is occasionally referred to as “natural transplantation”. Observations in sea
anemones (Anthopeura elegantissima, Phymactis clematis) and gorgonians
(Eunicella stricta) indicate that individual colonies possess unique sets of histocom-
patibility elements, which are recognized as nonself by all other conspecific colo-
nies (Lubbock 1980; Meinardi et al. 1995). In Hydrozoa, the same phenomenon was
reported for Millepora dichotoma (Frank and Rinkevich 1994) and studied in great
detail in the colonial marine hydroid Hydractinia echinata (see Section 3.2).

Many cnidarians use nematocysts as effector mechanisms in spatial competition.
Nematocysts can discharge neurotoxic, myotoxic, hemolytic, and necrotic factors
to damage the tissue of the competitor (Raftos 1996). The sea anemone Anthopleura
elegantissima, for example, lives in large colonies of genetically identical clones on
boulders around the tide line. Where two colonies meet they form a distinct bound-
ary zone. Anemones that contact an animal from another colony will fight, hitting
each other with special fighting tentacles (acrorhagi), catch tentacles, and sweeper
tentacles, that leave patches of stinging cells stuck to their opponent. Besides spe-
cialized tentacles, the other structure used to defend against territorial invasion is a
modified element of the mesentery, the mesenteric filament (for reviews, see
Bigger 1988; Kass-Simon and Scappaticci 2002). When anemones make physical
contact with one another, the acrorhagi tentacles expand and are repeatedly applied
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to the target organism. Then nematocysts are discharged, and the acrorhagial ectoderm
adheres to the target organism. As a result of continued nematocyst discharge into
the victim, the tissue beneath the acrorhagial peel becomes necrotic and dies. The
specific molecules inititating this behavior remain to be characterized (Kass-Simon
and Scappaticci 2002). Catch tentacles, which have been described for some sea
anemones, are also specialized tentacles that are distinguished from the more slender
feeding tentacles by their opacity and their blunt, wide form (for a review, see
Bigger 1988). Catch tentacles develop from feeding tentacles that undergo a
morphological change when an anemone comes into contact with appropriate con-
specifics or other sea anemone species (reviewed by Kass-Simon and Scappaticci
2002). Another modified tentacle used in defense is the sweeper tentacle of scler-
actinian corals, whose tips, referred to as acrospheres, contain a large number of
holotrichous isorhizas (den Hartog 1977; Richardson et al. 1979; Wellington 1980;
Bigger 1988; Sebens and Miles 1988). Like catch tentacles, sweeper tentacles
differentiate in response to contact with corals of another species (for references,
see Kass-Simon and Scappaticci 2002). Sweeper tentacles extend at night and, as
their name implies, flail or undulate (Bigger 1988). They can reach 5-10 times the
length of feeding tentacles. Corals also use the digestive mesenterial filament as a
weapon of aggression and defense by extruding mesenterial filaments through the
body wall or oral cavity onto adjacent corals (Lang 1973). Although digestion by
the filaments appears to be the major source of injury to the target organism, the
great numbers of nematocysts (of unknown type) they possess no doubt contribute
to the filaments’ effectiveness as a weapon (Bigger 1988). These studies demon-
strate that cnidarians clearly are able to recognize “self” in the use of nematocysts.
In an interesting behavioral study, David Ayre from the University of Wollongong,
Australia, and Rick Grosberg from the University of California at Davis recently
showed (Ayre and Grosberg 2005) that clashing colonies of sea anemones fight
as organized armies with distinct castes of warriors, scouts, reproductives, and other
types. The study shows that very complex, sophisticated, and even coordinated
behaviors can emerge in cnidarians at the level of the group, even when the group
members are very simple organisms with nothing resembling a central nervous system.

3.2 How to Detect Approaching Allogeneic Cells as Foreign
and to Eliminate Them? Allorecognition and Cell Lineage
Competition in Colonial Hydractinia

Hydractinia is a colonial marine cnidarian composed of a limited number of repeating
structural units, polyps, and stolons. The polyps may be specialized for feeding,
predator defense, or reproduction (for a review, see Cadavid 2004). Hydractinia
maintain self-perpetuating stem cell lineages throughout their life history, with the
interstitial stem cells giving rise to the germ line and several other cell types.
Polyps extend across the substratum as the colony grows and maintain gastrovas-
cular connections between the polyps. After metamorphosis on a variety of hard
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Fig.3 A Aggressive rejection in Hydractinia symbiolongicarpus (modified from Shenk and Buss
1991). B Hydractinia colonies use allorecognition in intraspecific competition for space and to
prevent somatic cell parasitism. The mechanisms, molecules and genes involved are currently
under intensive investigation

substrata, including rocks, living snails, and empty shells occupied by hermit crabs,
the planula larva forms the first polyp of a new Hydractinia colony. Whenever two
or more planulae recruit to the same shell, the colonies may grow into contact and
allorecognition interactions start. Allogeneic contacts have two major classes of
outcome: rejection or fusion (Fig. 3). Within each major class there are two addi-
tional classes of outcomes: rejections may be aggressive or passive (Buss and
Grosberg 1990); fusions may be permanent or metachronous (i.e., transitory;
Hauenschild 1954; Buss and Shenk 1990). Lange et al. (1989) showed that all con-
tacts follow a similar sequence of events. When stolons come into contact a large
number of nematocysts are transported to the regions in contact. The nematocysts
orient themselves in firing position in the contact zone. Once a threshold number
of nematocysts have accumulated, they either disperse in fusion interactions or fire
and damage the allogeneic tissue in rejection interactions (Lange et al. 1989).

These allorecognition responses play a fundamental role in maintaining the
genetic and physiological integrity of the colony (Yund et al. 1987; Buss and Yund
1988; Yund and Parker 1989) because the germ line is not sequestered and because
interstitial cells migrate within Hydractinia colonies. Thus, since allogeneic colo-
nies which have the appropriate haplotype will fuse despite the fact that the rest of
their genomes are different, in permanent fusions there is competition at the level
of cell lineages. This may be as significant as selective death in rejections since,
depending on the outcome of allorecognition reactions, the original members of the
chimera risk losing access to the germ line, and thus risk reduced fitness, through
“somatic cell parasitism” (Buss 1982; Buss and Shenk 1990).

Such allorecognition systems have long been of interest to geneticists by virtue
of the substantial allotypic diversity they display (Cadavid 2004). Immunologists
have long maintained that these phenomena lie at the root of vertebrate immunity.
Hydractinia allorecognition is therefore of immediate interest in exploring the
evolution of the immune system. Hydractinia in fact was among the first invertebrates
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shown to display a genetically based system of intolerance against allogeneic
tissue: for more than 50 years it has been known that allorecognition and the ability
to fuse between stolons of different colonies is under the control of one polymor-
phic gene (Hauenschild 1954, 1956; Ivker 1972). Isogeneic contacts result in fusion
of the contacting tissues into a single physiological unit; stolonal contacts between
clonal replicates of the same genotype are equivalent to the anastomosis of stolons
which occurs during normal growth within a single colony.

More than five decades after Hauenschild’s pioneering experiments, a robust
model explaining the transmission genetics of allorecognition in Hydractinia is yet
to be postulated (Cadavid 2004). Since allorecognition responses are controlled by
highly variable genetic systems, and are considered a complex trait (Grosberg et al.
1997), an inbreeding program was initiated to allow the identification of an indi-
vidual allorecognition locus in Hydractinia (Mokady and Buss 1996). Inbred lines
were generated by brother—sister matings of fusible offspring for several genera-
tions. Colonies from an inbred line fused to one another and rejected those of the
other line (Cadavid 2005). Current efforts to elucidate the genetic and molecular
mechanisms controlling allorecognition in Hydractinia are based on positional or
map-based cloning of allorecognition genes (Cadavid 2005). Preliminary data from
defined genetic lines of Hydractinia symbiolongicarpus confirm that allorecogni-
tion is under the control of one polymorphic gene and show that the single chromo-
somal region contains at least two loci (Cadavid et al. 2004). Sequencing of the
Hydractinia allorecognition complex will give population geneticists the tools nec-
essary to explore the high diversity of this system and will reveal whether that
diversity arises by an unusual genomic architecture. The results will also detect the
differences and commonalities between allorecognition in Hydractinia, colonial
urochordates such as Botryllus (see Khalturin et al. in this volume: Immune
Reactions in the Vertebrates’ Closest Relatives, the Urochordates), and vertebrates.

3.3 How to Detect and Disarm Microbial Attackers?
Antimicrobial Defense Reactions in the Freshwater
Polyp Hydra and the Jellyfish Aurelia

Cnidaria are soft-bodied animals lacking migratory phagocytic cells, hemolymph,
and impermeable barriers, such as a cuticle or an exoskeleton, resulting in seem-
ingly high vulnerability to pathogens. The animals live in habitats containing myri-
ads of microbes and are constantly exposed to them. Scattered amidst the microbes
are potential pathogens — bacteria, viruses, or protists — capable of tissue destruc-
tion and functional impairment.

Recently (Bosch et al., in preparation) we showed that, in the absence of migra-
tory phagocytic cells and protective layers, the epithelium of the freshwater polyp
Hydra magnipapillata is remarkably well equipped to survive in an environment
teeming with potential pathogens and to prevent infectious agents from entering the
body. To find out how the host perceives infection, we used a combined biochemical
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and transcriptome analysis approach to identify proteins and genes involved in
epithelial defense (Bosch et al., in preparation). We could show that, in Hydra, all
innate immune responses are mediated by the epithelial cells. Following pathogen
invasion, there is an activation of an inducible defense system marked by an
increased expression of genes encoding antimicrobial peptides. One of them is
Hydramacin-1, a basic eight cysteines containing a cationic 60-aa peptide with a
calculated molecular mass of 7009 Da (Bosch et al., in preparation). Hydramacin-1
is expressed exclusively in the endodermal epithelium, inducible by microbial
products, and an antimicrobial peptide with extraordinary high activity against
Bacillus megaterium (Bosch et al., in preparation). In the absence of conventional
Toll-like receptors (TLRs; Miller et al. 2007), a leucine-rich repeat (LRR) lacking
putative transmembrane receptor with a highly conserved Toll/IL-1 receptor (TIR)
domain responds to microbial signals and cell death-associated molecules and is
required for antimicrobial peptide induction (Bosch et al., in preparation).
Interestingly, the expression of host-defense genes is affected by nerve cells
(Kasahara and Bosch 2003; Bosch et al., in preparation). The results revealed several
novel facts concerning the evolution of innate immune reactions: (a) the ancestral
system of host defense is the inducible expression of antimicrobial peptides, (b) the
epithelium represents the ancient system of host defense, and (c) even at the base
of eumetazoan evolution the expression of immune effector genes is affected by
nerve cells, suggesting that the neuro-immuno connection may be as old as the
nervous system. In other animal groups communication and reciprocal regulation
between the nervous and immune systems have been proposed to be essential for
the stability of the organism. So far, however, studies have focused either on the
evolution of the immune system or on the evolution the nervous system (Brogden
et al. 2005). Our study (Kasahara and Bosch 2003) showed for the first time that
both systems evolved in close relation to each other together and that Hydra will
provide insight in a phylogenetically old, intriguing system that has developed to
cope effectively with infections of various types.

Most recently, a novel antimicrobial peptide was purified from the mesoglea of
the jellyfish Aurelia aurita, one of the most common and widely recognized types
of jellyfish found near the coasts in the Atlantic, Arctic, and Pacific Oceans
(Ovchinnikova et al. 2006). Aurelin, a 40-residue antimicrobial peptide with a
molecular mass of 4296.95 Da was shown to exhibit activity against Gram-positive
(Listeria monocytogenes, strain EGD) and Gram-negative (Escherichia coli, strain
ML-35p) bacteria. Its primary structure, including six cysteines forming three
disulfide bonds, as well as the primary structure of its molecular precursor,
consisting of a canonical signal peptide, anionic propiece, and a mature cationic
part, resembles the common structural features of animal defensins (Ovchinnikova
et al. 2006). However, the distribution of cysteine residues makes it also similar to
the K* channel-blocking toxins of sea anemones. Although aligning the aurelin
and sea anemone toxin sequences shows rather moderate homology, Ovchinnikova
et al. (2006) suggests that aurelin could be functionally related to the ShK-like
toxins. Both the expression pattern as well as the in vivo function of aurelin remain
to be clarified.
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Similar to Hydra and jellyfish, corals also lack a physical barrier such as a hard
exoskeleton. Although molecular and biochemical studies have not yet been pub-
lished, there is evidence that corals depend on their anti-microbial mucus to remove
and lyse bacterial invaders (Phillips 1963; Bigger and Hildemann 1982).

3.4 How to Distinguish Between Friends and Foes:
Symbiotic Relationships in Corals and Hydra

Cnidaria are the phylogenetically oldest Eumetazoa phylum known to form symbi-
otic relationships with unicellular algae. There is increasing evidence from other
mutualistic endosymbioses that the inter-partner signaling pathways involved dur-
ing the onset of symbiosis are homologous to those driving animal host/pathogenic
microbe interactions. In both types of relationships there are common principles
and besides released signals, pathogen/symbiont surface molecules most likely are
major determinants for an interaction with the host. Reduced host defense responses
are necessary for the success of a symbiont when getting in contact with the host
and are an essential requirement for the set-up of long-term symbiotic interactions
or of persistent infections. Here I describe two examples of research in cnidarians
focused towards an understanding of how signals and cell surface molecules allow
the successful establishment of a sustained interaction of a potential symbiont with
a cnidarian host.

One effort is investigating the role of host innate immunity in the recognition
process during the onset of symbiosis in corals. Most shallow-water corals and
anemones form mutualistic symbioses with photosynthetic microalgae. The micro-
algae are dinoflagellates, usually of the genus Symbiodinium, and are known collo-
quially as zooxanthellae. Cnidarian—dinoflagellate intracellular symbioses are one of
the most important mutualisms in the marine environment. The coral-zooxanthella
symbiosis is susceptible to abiotic stresses. When exposed to elevated temperature
and irradiance, corals bleach, usually as a result of the expulsion of their zooxan-
thellae. Bleaching is a growing global environmental problem and can cause the
destruction of the entire reef ecosystems. The cellular and molecular interactions
underlying this interaction with particular emphasis on the establishment, maintenance,
and breakdown of these cooperative partnerships are currently investigated in
several coral species, including the Hawaiian stony coral, Fungia scutaria, the
tropical sea anemone Aiptasia pallida, a temperate sea anemone found on the
Oregon coast, Anthopleura elegantissima, and a Red Sea soft coral, Heteroxenia
fuscescens. Most species must acquire symbionts anew with each generation and
therefore must engage in a complex recognition and specificity process that results
in the establishment of a stable symbiosis. To identify genes that initiate, regulate,
and maintain this host/symbiont interaction, the Weis laboratory at Oregon State
University recently conducted a comparative transcriptome analysis in the host sea
anemone A. elegantissima using a cDNA microarray platform (Rodriguez-Lanetty
et al. 2006). Although statistically significant differences in host gene expression
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profiles were detected between A. elegantissima in a symbiotic and nonsymbiotic
state, the group of genes, whose expression is altered, is diverse, suggesting that the
molecular regulation of the symbiosis is governed by changes in multiple cellular
processes including lipid metabolism, cell adhesion, cell proliferation, apoptosis,
and oxidative stress (Rodriguez-Lanetty et al. 2006). To search for symbiosis-
specific proteins during the natural onset of symbiosis in early host ontogeny,
Barneah et al. (2006) used two-dimensional polyacrylamide gel electrophoresis and
compared patterns of proteins synthesized in symbiotic and aposymbiotic primary
polyps of the Red Sea soft coral Heteroxenia fuscescens in the initiation phase, in
which the partners interact for the first time. Surprisingly there were no changes
detectable in the host proteome as a function of symbiotic state (Barneah et al.
2006). Since coral bleaching is caused by the breakdown of the polyp/algal symbi-
ont association, another study at University of Newcastle upon Tyne investigated
the frequency of apoptosis-like and necrosis-like cell death in the symbiotic sea
anemone Aiptasia sp. subjected to environmentally relevant doses of heat stress
(Dunn et al. 2004). The observations indicate that apoptosis and necrosis occur
simultaneously in both host tissues and zooxanthellae (Dunn et al. 2004) and, there-
fore, must be considered as part of the cellular machinery involved in stress-
induced bleaching. Taken together, both the transcriptom (Rodriguez-Lanetty et al.
2006) and proteomics study (Barneah et al. 2006) do not support the existence of
symbiosis-specific genes involved in controlling and regulating the symbiosis.
Instead, it appears that symbiosis is maintained by altering expression of existing
genes involved in vital cellular processes (Rodriguez-Lanetty et al. 2006). Together
with observations on apoptosis and necrosis in symbiotic Aiptasia sp., these first
molecular examinations of a coral-dinoflagellate association seem to indicate that
a suppression of apoptosis, together with a deregulation of the host cell cycle, is all
what is necessary for symbiont and/or symbiont-containing host cell survival
(Rodriguez-Lanetty et al. 2006).

Another model organism for studying the set-up of long-term symbiotic interac-
tions is the freshwater polyp Hydra. H. viridis forms a stable symbiosis with intra-
cellular green algae of the Chlorella group (Lenhoff and Muscatine 1963). The
symbionts are located in endodermal epithelial cells. Each alga is enclosed by an
individual vacuolar membrane (O’Brien 1982) resembling a plastid of eukaryotic
origin at an evolutionary early stage of symbiogenesis. Proliferation of symbiont
and host is tightly correlated. The photosynthetic symbionts provide nutrients to the
polyps enabling Hydra to survive extended periods of starvation (Lenhoff and
Muscatine 1963; Thorington and Margulis 1981). Symbiotic Chlorella is unable to
grow outside the host, indicating a loss of autonomy during establishment of the
intimate symbiotic interactions with Hydra (Habetha et al. 2003). During sexual
reproduction of the host, Chlorella algae are translocated into the oocyte, giving
rise to a new symbiont population in the hatching embryo. In an attempt to get
insight in the underlying genetic machinery we screened H. viridis for symbiosis
related genes using an unbiased approach based on cDNA representational differ-
ence analysis (RDA; Habetha and Bosch 2005). One of the characterized genes,
HvAPX1, encoded an ascorbate peroxidase which is expressed exclusively during
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oogenesis. Sequence comparison showed that the gene is most closely related to
plant peroxidases. Since the HVAPX1 gene in contrast to orthologous genes in
plants does not contain introns, most likely during metazoan evolution it was
translocated from a plant symbiont to the Hydra genome (Habetha and Bosch
2005). Five other H. viridis genes differentially expressed in presence of Chlorella
algae are involved in the development of Hydra ovaries (Lange, Habetha, and
Bosch, unpublished data). This is in agreement with the observation (Habetha et al.
2003) that H. viridis is hardly able to form ovaries in the absence of symbionts.
Current efforts are directed on sequencing and the characterizing the RDA cDNA
library as further steps in determining the molecular changes associated with
symbiosis in Hydra.

4 How to Explore the Path They Went?
Why Cnidarians Matter

A few years ago, outside the vertebrates the molecular nature of immune reactions
could be approached only in a very few “model” species. Now the tide has turned:
in silico approaches allow us to mine practically any species of choice. The ques-
tion is no longer can we molecularly study this species or not. The question now is
does this species tell us anything new about the history of the immune system
which we did not know before and which we can learn from hardly anywhere else.
In this respect, comparative immunology entered an era of radically widening horizons.
As a sister group to the bilateria, Cnidaria are an important phylum, potentially
providing key insight to the ancestry and evolution of immune reactions. As
outlined above and elsewhere (Hemmrich et al. 2007; Miller et al. 2007), much
effort in cnidarian research has recently been directed towards cloning evolutionarily
conserved genes known to play critical roles in innate immunity in bilaterians. Data
from several cnidarian taxa indicate convincingly that successful strategies for the
detection and elimination of pathogens are present at that level of animal evolution.
In the absence of an adaptive immune system, cnidarians employ an elaborate
innate immune system to detect and eliminate nonself and to disarm microbial
attackers. Beside an impressive accumulation of gene sequences, several novel
tools and the development of genomic resources including the availability of trans-
genic Hydra (Wittlieb et al. 2006) have brought a new perspective on innate immu-
nity in cnidarians and now pave the way for many important scientific and
technological applications. Cnidaria emerge as kind of opener of discussions, an
invitation to think about the structures and mechanisms of immune defense and
self/nonself recognition.

To understand why Cnidaria matter, we must appreciate their flexibility and
fathomless versatility of defense reactions that have helped them to survive for so
long. As outlined above, there is no problem in innate immunity — intraspecies
competition, cell lineage competition, host/pathogen and host/symbiont interactions
— the cnidarians did not attempt to solve. Thus, whatever we experience with our
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own innate immune system, whatever we hope to learn, we see that the cnidarians
have been there before us. There is a second reason why innate immune reactions
in cnidarians matter: Cnidaria may emerge as attractive model systems to under-
stand human barrier disorders by describing ancient mechanisms of host/microbial
interactions and the resulting evolutionary selection processes or advantages. The
identification of genes responsible for human diseases affecting biological barriers
(e.g., skin or intestinal mucosa) often does not in itself provide a clue to etiopatho-
genesis or therapeutic targets, as the interaction of a suite of genes in a complex
system such as the human is difficult to understand. Likewise the involved
pathways that ultimately lead to the development of the disease phenotype are
unclear. Searching for the evolutionary origin of the disease-causing genes and
characterizing the variation in such genes under known evolutionary pressures may
provide insights into the development of diseases in humans and identify new
targets for therapy or prevention. Cnidaria may allow to unravel the complex inter-
play of host/pathogen signaling cascades that are also relevant to human barrier
organs and its microbiota. Finally, in human medicine, the increasing prevalence of
antibiotic-resistant microbes requires the development of new antimicrobials.
Antimicrobial peptides of animal origin may be an effective alternative or additive
of conventional antibiotics for therapeutic use. The recent identification of highly
active antimicrobial peptides in hydra and jellyfish show that antimicrobial pep-
tides from marine and freshwater cnidarians may represent a largely unexploited
resource that can afford the design of new antibiotics with broad-spectrum antimi-
crobial activity.
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Abstract Insects mount a robust innate immune response against a wide array
of microbial pathogens. For example, the fruit fly Drosphila melanogaster uses
both cellular and humoral innate immune responses to combat pathogens. The
hallmark of the Drosophila humoral immune response is the rapid induction
of antimicrobial peptide genes in the fat body, the homolog of the mammalian
liver. Expression of these antimicrobial peptide genes is rapidly induced by two
immune signaling pathways, which respond to distinct microorganisms. The Toll
pathway is activated by fungal and Gram-positive bacterial infections, whereas
the IMD pathway responds to Gram-negative bacteria. In this chapter, we discuss
recent advances in understanding the mechanisms involved in microbial recogni-
tion, signal transduction, and immune protection mediated by these pathways,
highlighting similarities and differences between Drosophila immune responses
and mammalian innate immunity.
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1 Introduction

Insects are exposed to a multitude of pathogens in their natural environment.
Therefore, they have developed sophisticated mechanisms to recognize and respond
to infectious microorganisms. Even without adaptive immunity, insects have very
effective immune responses to a wide range of pathogens (both microbial and
larger). Moreover, the insect immune response has proven to be a useful and highly
conserved model system for the study of innate immunity in general. In particular,
the genetic, genomic, and molecular tools available for studying the immune
response in the fruit fly Drosophila melanogaster make this a favored model system
(Brennan and Anderson 2004; Cherry and Silverman 2006; Hultmark 2003; Lemaitre
and Hoffmann 2007). Drosophila relies on several distinct effector mechanisms for
immune protection, including clotting, melanization and encapsulation, cell-based
phagocytosis, and the inducible production of a battery of antimicrobial peptides.
This antimicrobial peptide response is critical for protection from experimental and
natural infections. In this chapter, we focus on the inducible and systemic produc-
tion of antimicrobial peptides. In another chapter, Louisa Wu and colleagues high-
light the cellular immune response of Drosophila.

1.1 A Brief History

In 1865 Louis Pasteur discovered that microsporidia cause pébrine disease in silk-
worms, a condition characterized by melanization in the silkworm, and a significant
economic concern (Brey 1998). In the following decades Carlos Finlay showed that
mosquitoes were vectors for yellow fever (Chaves-Carballo 2005). This led to a
great deal of interest in the early twentieth century on characterizing the microbial
flora associated with insects (Steinhaus 1940).

By the end of 1960s, it was already known that pathogens such as fungi, proto-
zoa, viruses, and bacteria could infect insects. In response to these infections,
insects activated cellular and humoral immune defenses, including phagocytosis
and the production of antimicrobial substances (Heimpel and Harshbarger 1965). A
milestone in the insect immunity field was the study by Hans Boman and col-
leagues on the inducible antibacterial defense mechanisms of Drosophila (Boman
et al. 1972). In subsequent years, a number of studies were done to characterize
specific antimicrobial peptides (AMP) and the genes encoding them in various
insects, including Drosophila (Hultmark et al. 1983; Kylsten et al. 1990; Samakovlis
et al. 1990; Steiner et al. 1981; Sun et al. 1991). These antimicrobial peptides are
small, cationic molecules that are effective against specific classes of pathogens.
For example, in Drosophila, defensin acts against Gram-positive bacteria (Dimarcq
et al. 1994), and Diptericin, Drosocin and Attacin are effective against Gram-negative
bacteria (Asling et al. 1995; Michaut et al. 1996; Wicker et al. 1990), whereas
drosomycin shows anti-fungal activity. Metchnikowin and Cecropin are both anti-
bacterial and antifungal (Ekengren and Hultmark 1999; Levashina et al. 1995;
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Samakovlis et al. 1992). These antimicrobial peptides are critical for resistance to
infection, such that transgenic expression of a single antimicrobial peptide can
protect immunodeficient flies (Tzou et al. 2002).

Since then, two major questions have shaped the field of insect immunology.
How are microbes recognized? And, how is antimicrobial peptide gene expression
regulated? Having the most powerful genetic and molecular tools available,
Drosophila became the preferred experimental system to address these issues.

1.2 Overview of the Drosophila Immune Response

Drosophila has a multi-layered system for host defense. The chitin-based exoskel-
eton and chitinous internal structures form a physical barrier. If a pathogen breaches
these barriers, several immune effector mechanism respond, including cellular
responses (i.e. phagocytosis, encapsulation, melanization) and humoral responses
(i.e. antimicrobial peptides). Antimicrobial peptides are found both locally, at the
site of infections, and systemically in the insect sera, or hemolymph. In terms of the
systemic humoral response, the fat body is the major site of antimicrobial peptide
production, although other tissues also contribute, including the malphigian tubules
and circulating blood cells, known as hemocytes. The local response induces anti-
microbial peptide gene expression in epithelial tissues, like the trachea and the gut
(Ferrandon et al. 1998; Liehl et al. 2006; Tzou et al. 2000). Recognition is the first
step in a cascade of events that leads to these immune responses. Microbial prod-
ucts, often cell wall components, are detected by recognition receptors, which in
turn stimulate signaling pathways that culminate in the induction of antimicrobial
peptide gene expression.

At least two different pathways regulate the expression of antimicrobial peptide
genes in Drosophila. The Toll pathway is stimulated by fungal and many Gram-
positive bacterial pathogens. In contrast, the immune deficiency (IMD) pathway is
triggered by Gram-negative bacteria. These two pathways are the focus of this
chapter. In addition, we also discuss the Drosophila Janus kinase/signal transducers
and activators of transcription (JAK/STAT) pathway, which is implicated in immu-
nity, although its role is less clear.

2 Microbial Recognition — the Peptidoglycan
Recognition Proteins

Peptidoglycan recognition protein (PGRP) was first identified as a peptidoglycan
(PGN) binding factor from the hemolymph of the silkworm Bombyx mori, involved
in activating the melanization cascade in vitro (Yoshida et al. 1996). PGRPs were
subsequently cloned from both Bombyx mori and the moth Trichoplusia ni (Kang
et al. 1998; Ochiai and Ashida 1999). Drosophila encodes 13 PGRP genes that are
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spliced into at least 17 PGRP proteins (Werner et al. 2000). All PGRP proteins
contain a domain homologous to bacteriophage type-2 amidases, enzymes that
cleave the amide bond connecting the stem-peptide to the carbohydrate backbone
of peptidoglycan (Mellroth et al. 2003). Several PGRPs are known to have amidase
activity (PGRP-SC1b and -LB) and some (PGRP-SB1, -SB2, -SC1 and -SC2) are
predicted amidases (Kim et al. 2003; Mellroth and Steiner 2006; Mellroth et al.
2003). The non-catalytic PGRPs (PGRP-SA, -SD, -LA, -LC, -LE, -LF), which lack
a cysteine residue that is critical for enzymatic activity, function as receptors for
innate immune recognition of bacteria.

The Drosophila PGRPs can also be classified as either short PGRP proteins
(seven different genes, seven proteins) or long PGRP proteins, with extended N-
termini (ten genes, 13 proteins; Werner et al. 2000). Most short PGRP proteins
have a signal sequence, lack a transmembrane domain, and are likely to be
secreted (SA, SB1, SB2, SCla, SC1b, SC2, SD). Some long PGRP proteins have
a single-pass transmembrane domain and are likely transmembrane proteins
(LAa, LAb, LCa, LCx, LCy, LD, LF). However, some long PGRP proteins lack
a signal peptide and a transmembrane domain (LAc, LB, LE), and are likely
intracellular proteins, or they could be secreted by a non-canonical mechanism
(Takehana et al. 2002).

Mammals encode four PGRPs, termed PGRP-S, PGRP-L, PGRP-Ia,, PGRP-Ij3
(also referred to as PGLYRP-1, PGLYRP-2, PGLYRP-3, PGLYRP-4). Of these,
only PGRP-L has amidase activity (Gelius et al. 2003; Kim et al. 2003).
Mammalian PGRPs are expressed in a variety of tissues including bone marrow
(PGRP-S), skin and intestinal tract (PGRP-Io,, PGRP-IP) and liver (PGRP-L;
Kang et al. 1998; Lo et al. 2003; Lu et al. 2006; Mathur et al. 2004). Unlike the
insect PGRPs, the non-catalytic mammalian PGRPs are bacteriocidal (Cho et al.
2005; Dziarski et al. 2003; Gelius et al. 2003; Liu et al. 2000; Lu et al. 2006;
Tydell et al. 2002; Wang et al. 2003). Mice deficient for PGRP-S display
increased susceptibility to intraperitoneal infections with non-pathogenic Gram-
positive bacteria (Dziarski et al. 2003). PGRP-S is present in neutrophil granules
and is involved in the intracellular killing of bacteria. It is also found associated
with DNA nets released by activated neutrophils, where it is implicated in direct
bacterial killing, acting synergistically with lysozyme (Cho et al. 2005; Liu et al.
2000). PGRP-Io. and -Ip are secreted as di-sulfide hetero- and homodimers that
are bactericidal against both pathogenic and non-pathogenic Gram-positive bac-
teria but are only bacteriostatic against other normal-flora bacteria. They are also
bacteriostatic against some Gram-negative bacteria (Lu et al. 2006). The bacteri-
ocidal and bacteriostatic mechanisms of the mammalian PGRPs are not yet
clearly defined. PGRP-L is produced by the liver and secreted into the blood-
stream (Zhang et al. 2005). However, the physiologic role of PGRP-L is not
clear. It might prevent excessive inflammation following bacterial infection by
digesting PGN, a known inflammatory agent. It is also possible that, by hydrolyz-
ing PGNs, PGRP-L generates ligands for particular innate immune receptors,
especially NOD1 (Fritz et al. 2007; Uehara et al. 2006).
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2.1 Peptidoglycan

Drosophila recognizes bacteria by detecting specific forms of bacterial PGN via the
PGRP receptors. PGN is a polymeric glycopeptide that forms the cell wall of most
bacteria. PGN contains long glycan chains composed of alternating residues of N-
acetylglucosamine and N-acetylmuramic acid (MurNAc), with short stem-peptides
of alternating L- and D-amino acids attached to the lactyl group of MurNAc. These
stem-peptides can be further cross-linked to each other by short peptide bridges
(Mengin-Lecreulx and Lemaitre 2005). PGN from Gram-negative bacteria and
certain Gram-positive bacteria (e.g. Bacillus spp, L. monoctyogenes) contains
meso-diaminopimelic acid (DAP) at the third position of the stem-peptide chain,
while other Gram-positive PGN contains lysine instead at this position. Also, the
structure and degree of cross-bridging peptides is highly variable. The difference in
the amino acid at position 3 in the stem-peptide along with the amount and type of
cross-linking accounts for much of the variability in the structure of PGN produced
by different bacteria (Schleifer and Kandler 1972). Another major difference
between Gram-positive and Gram-negative bacteria is the localization of the PGN
in the cell wall. Gram-negative bacteria include a thin layer of PGN, which is con-
cealed in the periplasmic space between the inner and outer membranes. In con-
trast, Gram-positive bacteria usually contain a thick, multilayered PGN cell wall at
their surface.

The Toll pathway is activated by lysine-type PGN, while the IMD pathway is
activate by DAP-type PGN (Kaneko et al. 2004; Leulier et al. 2003). Also, the IMD
pathway is activated by both polymeric DAP-type PGN and a monomeric fragment
of DAP-type PGN, known as tracheal cytotoxin (TCT; Kaneko et al. 2004; Stenbak
et al. 2004). TCT is a disaccharide tetra-peptide fragment of DAP-type PGN with
a 1,6-anhydro—arranged muramic acid that is released in large quantities by some
Gram-negative bacteria, like Bordetella pertussis, Neisseria gonorrhoeae, and
Vibrio fischeri (Cookson et al. 1989; Goldman et al. 1982; Melly et al. 1984;
Rosenthal 1979). TCT is linked to the cytopathology caused by Bordetella and
Neisseria infection, and it is implicated in the developmental tissue degeneration
caused by successful symbiosis of the squid Euprymna scolopes with V. fischeri
(Koropatnick et al. 2004).

Recent data show that PGRPs employ several strategies to recognize and discrimi-
nate between different types of PGN. One strategy discriminates between DAP ver-
sus lysine in the third position of the stem-peptide, while another detects the presence
or absence of a cross-bridging peptide. The C-terminal PGRP domain of PGRP-Io
binds lys-type PGN, with or without a penta-glycine cross-bridge (as seen in
S. aureus; Schleifer and Kandler 1972). PGRP-S and PGRP-LCx preferentially
recognize uncross-linked DAP-type PGN (Swaminathan et al. 2006; Takehana et al.
2002). PGRP-Io.C forms several van der Waals contacts with the lysine through two
amino acids, Asn236 and Phe237. By comparison, the corresponding residues that recog-
nize DAP-type PGN are Gly-Thr (in PGRP-LCx, LE, human PGRP-S). Swap experi-
ments demonstrated that these positions are involved in determining lysine versus



48 D. Ertiirk-Hasdemir et al.

DAP-type binding properties. In addition, the structures of PGRP-LC or PGRP-LE
bound to TCT indicate that another important residue making specific contact with
the DAP residue is a highly conserved arginine found at the bottom of the PGN dock-
ing groove. The side-chain carboxylate of DAP forms a bidendate salt bridge with the
guanidium group of this Arg (residue 254 in PGRP-LE, 413 in -LC). All PGRPs that
have the conserved Gly-Thr also have this Arg residue. Thus, these residues likely
function together to stabilize the interaction with DAP-type PGN (Chang et al. 2006;
Guan and Mariuzza 2007; Lim et al. 2006).

2.2 NF-xB Proteins

The Rel/NF-xB proteins are a family of highly conserved transcription factors
that control expression of genes involved in innate and adaptive immunity,
inflammation, cell proliferation and apoptosis in both mammals and insects
(Dutta et al. 2006; Hayden et al. 2006; Karin 2006; Silverman and Maniatis
2001). NF-xB proteins share a highly conserved 300-amino-acid N-terminal
domain called the Rel-homology domain (RHD) which mediates DNA binding,
dimerization and interaction with inhibitory IxB proteins. The RHD may also
contain motifs for nuclear localization and transactivation (Perkins et al. 1997;
Schmitz et al. 1995). NF-xB proteins are retained in the cytoplasm of unstimu-
lated cells by the inhibitory IxB proteins. In response to immune challenge, IxkB
proteins are degraded, releasing the NF-xB transcription factors, which then
translocate to the nucleus to activate target gene expression. In mammals, NF-
kB family members include RelA (p65), RelB, c-Rel, p50/p105 (NF-xB1), and
p52/p100 (NF-xB2), while Drosophila encodes three family members: DIF (Ip
et al. 1993; Manfruelli et al. 1999; Meng et al. 1999), Dorsal (Reichhart et al.
1993; Roth et al. 1989; Steward 1987; Steward et al. 1984), and Relish (Dushay
et al. 1996; Hedengren et al. 1999; see Fig. 1). DIF and Dorsal are similar to
mammalian RelA (p65). They are retained in the cytoplasm by Cactus, the only
member of the IkB protein family in Drosophila (Geisler et al. 1992; Lemaitre
etal. 1996). In contrast, the compound protein Relish resembles mammalian NF-
kB precursors p100 and p105 with an N-terminal RHD and a C-terminal IxB-
like domain. Relish is sequestered in the cytoplasm through this C-terminal
domain. After the discovery of the transcription factor NF-kB in mammals in
1986, promoters of the antimicrobial peptide genes in insects were also found to
have kB-like sequences, suggesting that they are transcriptionally regulated by
NF-xB-like transcription factors (Engstrom et al. 1993; Kappler et al. 1993;
Reichhart et al. 1992). NF-kB transcription factors can regulate gene expression
by binding as dimers to these kB sites (Engstrom et al. 1993; Gross et al. 1996).
Although the most common NF-kB complex in mammalian cells is a p50—p65
heterodimer, it is likely that the Drosophila NF-xB factors preferentially form
homodimers (Chen et al. 1998a, b; Engstrom et al. 1993; Tanji et al. 2007; Wirth
and Baltimore 1988).
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Fig. 1 The NF-xB family in Drosophila and mammals. Drosophila encodes three NF-kB family
members. DIF and Dorsal are similar to mammalian RelA (p65) and Relish is similar to NF-xB
precursor pl05. All NF-xB family members share an N-terminal Rel-homology domain (RHD)
that mediates DNA binding, dimerization, and interaction with IxB proteins. In contrast to mam-
malian NF-xB precursors, which require proteasome degradation to generate active NF-kB tran-
scription factors, Relish processing depends on caspase-mediated cleavage. Cleavage occurs after
residue D545, within a caspase target motif (CTM), generating a stable N-terminal transcription
factor that translocates to the nucleus and a stable C-terminal IxB-like product that remains in the
cytoplasm. DD Death domain, PEST domain rich in proline, glutamic acid, serine, and threonine

3 The Toll Pathway

The Toll pathway responds to Gram-positive bacterial and fungal infections
(Lemaitre et al. 1996). Unlike human Toll-like receptors (TLRs) Drosophila Toll
does not directly bind pathogens or microbe-derived compounds. Instead, Toll is a
cytokine receptor, activated by the serum protein Spétzle. Spétzle is produced as a
pro-protein, with a disulfide-linked dimeric structure. In order to activate the Toll
pathway, pathogens activate serine protease cascades that culminate in Spitzle
cleavage, liberating the mature Toll ligand (C-terminal 106 amino acids; Hu et al.
2004; Weber et al. 2003).

Recognition of Gram-positive bacteria involves the receptors PGRP-SA and
PGRP-SD (Bischoff et al. 2004; Gobert et al. 2003; Michel et al. 2001; Pili-Floury
et al. 2004). In addition, PGRP-SA functions in a complex with Gram-negative
binding protein 1 (GNBP-1), which is a PGN processing enzyme (See Fig. 2). Both
the receptors PGRP-SA and PGRP-SD recognize lysine-type PGN, but probably
with slightly different specificities. Recognition of the Micrococcus luteus requires
the PGRP-SA/GNBP-1 complex. Flies lacking either of these receptors fail to
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Fig. 2 Immune recognition in Drosophila. Right: Gram-positive bacteria and fungi activate the
Toll pathway. Unlike mammalian TLRs, the Drosophila Toll receptor functions as a receptor for
the protein Spitzle, which functions like a cytokine. Spitzle is found in the hemolymph in a pro-
form prior to infection. Infection with Gram-positive bacteria or fungi leads to the activation of
serine protease cascades and the cleavage of Spitzle. Distinct receptors are involved in recognizing
different microbes and microbial products. PGRP-SA together with GNBP-1 is required to
recognize certain Gram-positive bacteria, while PGRP-SD is sufficient to recognize other Gram-
positive bacteria, and GNBP-3 is needed to recognize yeast. The PGRPs recognize bacterial PGN,
GNBP-1 is thought to process PGN for presentation to PGRP-SA, and GNBP-3 recognizes beta-
glucans from the fungal cell wall. These receptors, in turn, are believed to activate various serine
protease cascades, as indicated. In contrast, proteases released from entomopathogenic fungi may
directly cleave and activate other host serine proteases, in particular Persephone. All of these
serine protease cascades converge on protease Spirit, which in turn leads to the activation of the
Spitzle processing enzyme (SPE) that directly cleaves Spitzle generating the active Toll ligand.
Left: The IMD pathway is triggered by Gram-negative bacteria and other microbes with DAP-type
peptidoglycan. Different receptors are involved in the recognition of DAP-type peptidoglycan,
depending on its structure and location. PGPR-LC is a cell surface receptor that recognizes PGN
in the extracellular milieu. PGRP-LC encodes three distinct receptors via alternative splicing. The
recognition of polymeric PGN requires only one PGRP-LC isoform, PGRP-LCx. In contrast, the
recognition of a monomeric disaccharide tetrapeptide fragment of DAP-type PGN, known as
TCT, requires both PGRP-LCx and PGRP-LCa. These receptors form a TCT-induced
heterodimer. In addition, another receptor, PGRP-LE, is present within cells where it can recog-
nize small fragments of PGN that gain access to intracellular compartments. Surprisingly, PGRP-
LE, or at least the PGRP-domain of PGRP-LE, is also found the hemolymph, where it is believed
to function as circulating receptor that binds PGN and presents it to the cell surface receptor
PGRP-LC. The molecular mechanisms of signal transduction from these receptors to the intracel-
lular components of the IMD pathway are not yet clear. However, PGRP-LC and PGRP-LE both
have a RHIM-like motif that is critical for signaling
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induce antimicrobial peptide gene expression following M. luteus infection and are
highly susceptible to this microbe (Michel et al. 2001). In contrast, Gram-positive
bacteria like Staphylococcus aureus, Streptococcus pyogens, Sta. saprophyticus,
and Enterococcus faecalis are recognized by either PGRP-SA or PGRP-SD and
only the double PGRP-SA, PGRP-SD mutant is susceptible to infection with these
bacteria (Bischoff et al. 2004). These results suggest that PGRP-SD recognizes a
peptidoglycan-derived structure found in Sta. aureus, Str. pyogens, Sta. saprophyticus
and E. faecalis but not in M. luteus.

The exact function of GNBP-1 in the recognition of lys-type PGN is still under
active investigation. GNBP-1 recognizes certain lysine-type PGN (e.g. M. luteus
but not Sta. aureus PGN), and cleaves it into smaller muropeptides (Filipe et al.
2005; Wang et al. 2006). The minimal structure that activates the Toll pathway is
a muropeptide dimer, composed of two disaccharide-tetrapeptides cross-linked via
a penta-peptide bridge. In fact, GNBP-1 generates these small active PGN frag-
ments from polymeric M. luteus PGN. But, GNBP-1 is also capable of digesting
PGN fragments even further, into monomers, which are inactive. The interaction
between GNBP-1 and PGRP-SA is enhanced by the presence of hydrolyzed PGN
fragments. Another recent report demonstrated that in vitro digestion of Sta. aureus
PGN with lysozyme-generated PGN fragments that activate the Toll and phenoloxi-
dase pathways (in Drosophila and Tenebrio, respectively; Park et al. 2007), sug-
gesting that other enzymes (in addition to GNBP-1) are capable of processing various
lysine-type PGN for presentation to PGRP-SA. Drosophila encodes eight lysozyme
homologs as well as five GNBP-related genes, perhaps some of these are involved in
processing Sta. aureus PGN.

Detection of fungal infections relies on two sensor systems that are partially
redundant (see Fig. 2). Fungal polysaccharides are recognized by the receptor
GNBP-3 (Gottar et al. 2006). In vitro, GNBP-3 binds the yeast Candida albicans
as well as curdlan, an insoluble polymer of B-(1,3)-glucan, which is present in the
yeast cell wall, but not bacterial PGN. A second pathway, which requires a serine
protease known as persephone (PSH), defines a second fungal recognition path-
way. Live, entomopathogenic molds, such as B. bassiana and M. anisopliae stimu-
late the PSH pathway in addition to the GNBP-3-dependent pathway, while yeast
or killed molds activate only the GNBP-3-dependent pathway. Instead of relying on
a pattern recognition receptor, the PSH-dependent pathway is probably stimulated
directly by pathogen-produced proteases, such as PR1A, which are released by
pathogenic fungi to breakthrough the host cuticle. These results suggest that the
Drosophila innate immune system can directly recognize virulence factors, analogous
to the plant defense system.

Once activated, PGRP-SA/GNBP-1, PGRP-SD, GNBP-3 or PSH leads to Spitzle
cleavage by activating serine protease cascades. During embryonic development a
cascade of CLIP domain serine proteases leads to Spétzle activation. Mutants for
these proteases (snake, easter) mount a wild-type immune response, indicating
that these proteases are not required for the immune response (Lemaitre et al.
1996). A genetic screen led to the identification of PSH, which is homologous to
Snake and is required for the cleavage of Spitzle in response to entomopathogenic
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fungal infections (Ligoxygakis et al. 2002). The psh mutants were first discovered
as suppressors of the necrotic (nec) phenotype. nec encodes a serine protease
inhibitor of the serpin family and lack of nec leads to constitutive activation of the
Toll pathway in a psh-dependent manner (Levashina et al. 1999; Ligoxygakis et al.
2002). Another serine protease, Grass, is required only for the resistance to Gram-
positive bacterial infection (Kambris et al. 2006). Recent studies showed that all
these protease pathways appear to converge on two chymotrypsin-like serine pro-
teases: Spirit and the Spitzle-processing enzyme (SPE). Spirit is thought to be the
protease that cleaves and activates SPE, although this has not been directly demon-
strated, while SPE directly cleaves pro-Spitzle, releasing the active C106 fragment.
Both Spirit and SPE are required to resist both Gram-positive and fungal infections
(Jang et al. 2006; Kambris et al. 2006).

Spitzle binding induces dimerization of the Toll receptor. Although the ligand
is a symmetric dimer, biophysical studies indicate that the Spétzle-induced Toll
dimer is asymmetrical (Weber et al. 2003). It is not yet clear whether the asymmet-
ric aspect of the ligand-induced Toll dimer is critical for the activation of intracel-
lular signaling. Dimerization of the Toll receptor is believed to recruit a pre-existing
Myd88/Tube complex (see Fig. 3). Furthermore this complex associates with the
kinase Pelle (the homolog of mammalian IRAK; Sun et al. 2004). The assembly of
the resulting receptor complex occurs via two distinct functional domains. While
the interaction between Toll and Myd88 occurs via their Toll/IL-1R (TIR) domains,
Myd88, Tube, and Pelle interact in a trimeric complex via death domains (DD)
found in each protein (Sun et al. 2002a, b; Tauszig-Delamasure et al. 2002; Towb
et al. 1998). Although the DDs of these proteins are necessary for their interactions,
Myd88 and Pelle do not interact directly; Tube acts as the core of the trimeric com-
plex (Sun et al. 2002a). Thus the activated Toll receptor interacts directly with
Myd88, which interacts with Tube, which ultimately recruits the kinase Pelle.
Similar IRAK-kinase recruitment via an adapter complex is seen in mammalian
Myd88-dependent TLR signaling.

Drosophila TNF-receptor-associated factor 2 ({TRAF2), the homolog of mam-
malian TRAF6, may also play a role in Toll signaling; however its role is unclear. In
transiently transfected Drosophila cells, Pelle interacts with dTRAF2 and co-expression
of Pelle and dTRAF2 synergistically activates the Toll pathway target gene
Drosomycin (Shen et al. 2001). However RNAi to d7Traf2 shows no suppression of
antimicrobial peptide gene expression after stimulation of the Toll or IMD pathways
(Sun et al. 2002a; Zhou et al. 2005). In adult flies, overexpression of dTRAF?2 is able
to induce antimicrobial peptide gene expression and nuclear translocation of DIF as
well as Relish. Interestingly, d7raf2 null larvae exhibited reduced, but not abolished,
levels of antimicrobial peptide gene expression following Escherichia coli infection
(Cha et al. 2003). These data suggested that - TRAF2 may function in both the IMD
and Toll pathways, but bypass mechanisms may be present which circumvent
dTRAF?2 in both cases.

Infections by Gram-positive bacteria and fungi culminate in the nuclear translo-
cation of NF-«B proteins DIF and/or Dorsal. DIF is the main regulator of Toll sig-
naling in both adults and larvae, whereas Dorsal is specifically required for the
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Fig. 3 Innate immune signal transduction in Drosophila and mammals. Recognition of Gram-
negative PGN by the PGRP-LC receptor activates the IMD pathway (left). After activation of the
receptor, a complex of FADD, IMD, and Dredd are required for signaling to the MAPKKK
TAKI1. TAKI is likely to function with its partner TAB2. TAK1/TAB2 are responsible for the
activation of both the JNK and NF-kB/Relish branches of the IMD pathway. NF-xB signaling
requires the Drosophila IKK complex while JNK signaling involves the JNKK and JNK homologs
hemipterous and basket. The NF-xB/Relish branch is critical for the induction of antimicrobial
peptide gene expression, while the role of the JNK pathway remains less clear and controversial.
IMD signal transduction is most similar to the mammalian MyD88-independent, Trif-dependent
TLR signaling pathway (right), especially in the involvement of a RIP1-like gene IMD, the
involvement of TAK1 and IKK homologs, and the activation of both NF-kB and MAPK path-
ways. In contrast, Toll signaling is more similar to the mammalian MyD88-dependent pathway.
Activation of the Toll receptor by Spitzle leads to the recruitment of the dMyd88/Tube/Pelle
adaptor complex. Pelle, an IRAK-like kinase, then signals to Cactus, probably through an uniden-
tified kinase. Like mammalian IxBs, phosphorylation of Cactus leads to its ubiquitination and
proteosome-mediated degradation. Then, the NF-xB protein DIF (or Dorsal) translocates into the
nucleus, activating various antimicrobial peptide genes and other immune responsive genes

immune response in larvae. Dorsal was first identified for its role in dorso-ventral
patterning in the developing embryo (Santamaria and Nusslein-Volhard 1983). The
intracellular signaling components that lead to activation of Dorsal are the same in
both early embryo and in the immune response (Drier and Steward 1997). DIF/
Dorsal is sequestered in the cytoplasm by its interaction with the IkB protein
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Cactus. The six-ankyrin repeats of Cactus are required for this interaction. In the
embryo, Cactus and Dorsal are found in a complex of dorsal homodimer interacting
with one molecule of Cactus (Isoda and Nusslein-Volhard 1994). Upon signaling,
Cactus is degraded and DIF or Dorsal translocates to the nucleus (Belvin et al.
1995; Bergmann et al. 1996; Gillespie and Wasserman 1994; Reach et al. 1996; Wu
and Anderson 1998). Cactus degradation, like IxBs, is controlled by phosphoryla-
tion and ubiquitin/protesome-mediated degradation. Initially, serines 74, 78, 82,
and 83, in a region similar to the [kBa phosphorylation site, were thought to regulate
signal-dependent degradation of Cactus (Bergmann et al. 1996; Reach et al. 1996).
In contrast, later studies found that the N-terminal 125 amino acids are critical for
signal-induced Cactus degradation, but the IxkBo-like target motif between residues
74 and 83 is dispensable for degradation (Fernandez et al. 2001). Instead, Fernandez
et al. (2001) identified another IxBa-like target motif around serine 116 that is also
sufficient for degradation. Serines 74, 78, and 116 must all be changed to alanine
to block Cactus degradation in the embryo. In addition, phosphorylation of the
PEST domain, found at the C-terminus of Cactus, is implicated in its signal-
independent degradation (Liu et al. 1997). However, neither of the two Drosophila
IKK-related kinases (IKKe, IKKp) is required for Toll-mediated Cactus phosphor-
ylation and degradation. Although Drosophila IKK can phosphorylate Cactus in
vitro (Kim et al. 2000), it is not required for Drosomycin expression in cells or in
flies (Lu et al. 2001; Rutschmann et al. 2000; Silverman et al. 2000). Although the
sequence motifs that are phosphorylated are very similar to those critical for IkBou
phosphorylation in human cells, the kinase that phosphorylates Cactus is yet to be
identified. Once phosphorylated, Cactus is likely ubiquitinated via the Slimb-SCF
E3-ligase complex. Drosophila embryos mutant for slimb, the PTrCP homolog, are
unable to activate the Dorsal target genes twist and snail (Spencer et al. 1999).
Interestingly, Cactus degradation is required but not sufficient for efficient nuclear
translocation of Dorsal during development (Bergmann et al. 1996).

Degradation of Cactus and nuclear translocation of DIF (and Dorsal) leads
directly to the transcriptional induction of many immune responsive genes (De
Gregorio et al. 2001, 2002a; Irving et al. 2001). For example, the well characterized
AMP genes Defensin, Drosomycin, Cecropin and Metchnikowin are activated by
Toll signaling. The promoter/enhancer regions of all these AMP genes include kB-
sites where DIF or Dorsal bind (Senger et al. 2004). In addition, Toll signaling
leads to the activation of other less well characterized genes, some of which may
be AMPs while others may control different facets of the immune response. In fact,
Toll signaling is linked to the activation of the cellular immune response and the
proliferation of hemocytes (Qiu et al. 1998; Zettervall et al. 2004). Also, many
components of the Toll pathway are regulated by Toll signaling (De Gregorio et al.
2002b; Lemaitre et al. 1996). Most notably, Cactus is up-regulated in response to
immune challenge via the Toll pathway. This generates a negative feedback loop
to down-modulate the cascade (Nicolas et al. 1998).

Coactivators that function with Drosophila NF-kB proteins have not been exten-
sively studied. One study reported that dTRAP80 is required for DIF-induced
transcriptional activation of Drosomycin in S2 cells (Park et al. 2003). Also, Helicase89B,
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a SNF2-like ATPase, is involved in activation of antimicrobial peptides in both the
Toll and IMD pathways, and is thought to link NF-kB factors to the basal transcrip-
tion machinery (Yagi and Ip 2005). Another study demonstrated that Drosophila
CBP is a coactivator for Dorsal, and Dorsal-dependent activation of twist requires
nejire, the CBP encoding gene (Akimaru et al. 1997).

Post-translational modifications are major regulators of transcription factors.
Both NF-xB and IxB proteins are subject to various modifications. For example, in
embryos it was demonstrated that Dorsal is multiply and dynamically phosphorylated
during Toll signaling (Gillespie and Wasserman 1994). Phosphorylation of serine
312 is implicated in Dorsal stability, and phosphorylation of serine 317 is critical
for optimal nuclear translocation of Dorsal in the embryo (Drier et al. 1999). The
kinases responsible for these modifications are not known yet. One candidate might
be the Drosophila atypical protein kinase C ({PKC), which in cell culture is
required for the Toll-signaling pathway but does not affect Cactus degradation.
CPKC can phosphorylate DIF in vitro (Avila et al. 2002). The nature and function
of this phosphorylation event is yet to be identified.

Toll and IMD pathways are thought to be activated independently and initiate
specific responses to different microorganisms. However, some AMPs are activated
by both Toll and IMD pathways. Tanji et al. (2007) recently showed that some
antimicrobial peptide genes have distinct kB elements in their enhancer region (e.g.
Drosomycin) that respond to either Relish or DIF, and optimal gene induction occurs
only when both the Toll (DIF) and IMD (Relish) pathways are activated, suggesting
synergistic regulation of AMPs by two pathways (Tanji et al. 2007).

4 The IMD Pathway

The IMD pathway is potently activated by DAP-type PGN derived from Gram-
negative bacteria and certain Gram-positive bacteria, such as Bacillus spp. Initially,
it was believed that LPS activated the IMD pathway (Silverman et al. 2000; Werner
et al. 2003). However, this did not account for the activation of the IMD pathway
by certain Gram-positive bacteria (Kaneko et al. 2004; Lemaitre et al. 1997; Leulier
et al. 2003). Subsequently, it was demonstrated that the commercial LPS preparations
often used to stimulate the IMD pathway, in animals or cell lines, are contaminated
with PGN, and it is this PGN that activates the IMD pathway (Kaneko et al. 2004;
Leulier et al. 2003; Werner et al. 2003). Highly purified, PGN-free LPS does not
stimulate IMD signaling in flies or fly cells.

Recognition of DAP-type PGN involves the receptors PGRP-LC and PGRP-LE
(Choe et al. 2002; Gottar et al. 2002; Leulier et al. 2003; Ramet et al. 2002;
Takehana et al. 2002; see Fig. 2). PGRP-LC encodes three alternatively spliced
transcripts PGRP-LCa, -LCx, -LCy. All three isoforms encode single-pass trans-
membrane cell surface receptors. They each have distinct extracellular domains,
which include a PGRP motif, anchored to the identical transmembrane and
cytoplasmic domains (Werner et al. 2000). PGRP-LE encodes only one protein,
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which lacks both a signal sequence and a transmembrane domain. Although PGRP-LC
null flies, which lack all three isoforms, induce dramatically reduced levels of anti-
microbial peptide gene expression following infection with Gram-negative bacteria,
such as Escherichia coli and Agrobacterium tumefaciens, they are not particularly
susceptible to infection with all Gram-negative bacteria. For example, PGRP-LC
mutants are sensitive to A. tumefaciens, Erwinia carotovora carotovora, and
Enterobacter cloacae, but not E. coli and B. megaterium. (Choe et al. 2002; Gottar
et al. 2002; Takehana et al. 2004). In contrast, mutants that abolish signaling
through the IMD pathway, such as null alleles in IKK genes (see below), are highly
susceptible to all Gram-negative bacteria. Therefore, it was hypothesized that
another receptor must also recognize and respond to Gram-negative bacteria.
Moreover, it was suggested that relatively low levels of antimicrobial peptide gene
induction, as observed in PGRP-LC mutants, are sufficient to protect against infec-
tion with many Gram-negative bacteria. Genetic experiments suggested that PGRP-
LE is the alternate receptor for the IMD pathway. Double PGRP-LC, PGRP-LE
mutants are hypersusceptible to most Gram-negative bacteria, similar to other null
mutants in the IMD pathway, and these double mutants do not induce detectable
levels of antimicrobial peptide genes following infection. Overexpression of either
PGRP-LC or PGRP-LE, in flies or in cell culture, is sufficient to drive AMP
expression through the IMD pathway. PGRP-LE overexpression also activates the
phenoloxidase cascade (Park et al. 2007).

Why might flies have two receptor systems (or perhaps four, if one considers the
three PGRP-LC splice isoforms) for the recognition of bacteria and the activation
of the IMD pathway? It appears that these receptors serve to recognize different
forms of DAP-type PGN and to protect distinct niches. Monomeric and polymeric forms
of DAP-type PGN are recognized by different receptors. In cell culture and in flies,
only PGRP-LCx is required for recognizing polymeric PGN (isolated from E. coli).
In contrast, both PGRP-LCx and -LCa are required in cultured cells for recognition
of the monomeric fragment of DAP-type PGN known as TCT (Kaneko et al. 2004;
Stenbak et al. 2004) The role of PGRP-LCy in microbial recognition is still
unknown.

TCT binds PGRP-LCx directly, and then this ligand/receptor complex interacts
with PGRP-LCa (Chang et al. 2005; Mellroth et al. 2003). The crystal structure of
TCT bound to the ectodomains of PGRP-LCx and -L.Ca has been solved. TCT binds
in the deep PGN binding cleft of PGRP-LCx, typical of PGRP—-muropeptide interac-
tions. The disaccharide unit of TCT makes important contributions to the interactions
between PGRP-LCx (bound to TCT) and PGRP-LCa (Chang et al. 2006).

In adult flies, the recognition of monomeric TCT is even more complex. PGRP-
LC null flies induce antimicrobial peptide gene expression following injection of
TCT, but not after injection of polymeric E. coli PGN. PGRP-LE mutants respond
normally to both monomeric and polymeric PGN. However, double PGRP-LC,
PGRP-LE mutants fail to respond to TCT. Thus, in adult flies TCT can be recog-
nized by either PGRP-LC or PGRP-LE. As mentioned previously, PGRP-LE lacks
a transmembrane domain and a signal peptide, and is likely an intracellular receptor
that recognizes small fragments of PGN-like TCT. These small PGN fragments
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may be able to gain access to PGRP-LE within the cell, while larger polymeric
PGNs can only stimulate the cell surface receptor PGRP-LC. In support of this
model, overexpression of PGRP-LE in the malphigian tubules (an immune-responsive
kidney-like organ) triggers IMD signaling in a cell autonomous manner. Malphigian
tubules ex vivo responded to TCT primarily through PGRP-LE and independently
of the cell surface receptor PGRP-LC, and PGRP-LE was detected within these
cells (Kaneko et al. 2006). The PGRP domain of PGRP-LE binds TCT with a K of
about 27nM, and TCT induces the formation of PGRP-LE multimers (Kaneko
et al. 2006; Lim et al. 2006). The interactions responsible for TCT-induced PGRP-LE
multimerization are very similar, in molecular detail, to those responsible for the
TCT-mediated PGRP-LCx/LCa dimer. Because PGRP-LCa cannot bind TCT in a
typical PGN binding cleft (the LCa cleft is occluded; Chang et al. 2005, 2006), the
LC complex is limited to a dimeric form, while PGRP-LE forms a head-to-tail
multimer, with each subunit binding to TCT and interacting with another subunit
(Lim et al. 2006).

In addition to its role as intracellular receptor, several findings argue that PGRP-LE
also functions outside the cell. When overexpressed in the fat body, PGRP-LE stimu-
lates the IMD pathway in a cell non-autonomous manner. And, the PGRP domain of
PGRP-LE (PRGP-LEpg) is found in the hemolymph (the insect sera). It is hypothesized
that PRGP-LEpg binds PGN in the hemolymph and presents it to the cell surface
receptor PGRP-LC, analogous to CD14/LPS interactions in mammals. Supporting
this model, overexpression of PGRP-LE in the fat body induces IMD signaling in a
manner that depends in part on PGRP-LC, and expression of PGRP-LEpg in cell
culture leads to an enhancement of the PGRP-LC-mediated response to TCT.
Although several lines of evidence strongly suggest that PGRP-LEpg is found in the
hemolymph, it is not clear how PGRP-LE is released from cells.

The molecular mechanism by which PGN binding to either PGRP-LC or PGRP-
LE leads to activation of the IMD pathway is still unclear. The cytoplasmic domain
of PGRP-LC is responsible for initiating this signal transduction cascade (Choe
et al. 2005). Epistatic experiments suggest that the imd protein functions immediately
downstream of PGRP-LC and upstream of all other known members of the pathway.
IMD is a death domain protein similar to mammalian receptor interacting protein
1 (RIP1; Georgel et al. 2001) and immunoprecipitation experiments showed that
PGRP-LC and IMD interact (Choe et al. 2005; Kaneko et al. 2006). Kaneko
et al. (2006) identified a RIP homotypic interaction motif (RHIM)-like domain that
is crucial for signaling by PGRP-LC (when over-expressed or following infection;
Kaneko et al. 2006). The RHIM domain, a motif of approximately 35 amino acids,
was first identified in mammalian RIP1, RIP3, and in the adaptor protein Trif
(Meylan et al. 2004; Sun et al. 2002b). The RHIM of Trif interacts with RIP1 and
RIP3; and RIP1 and RIP3 also interact with each other through the RHIM domain.
The Trif—-RIP1 interaction is implicated in TLR3-induced NF-xB activation
(Meylan et al. 2004). Likewise, the RHIM-like domain of PGRP-LC is critical for
signaling. However, the PGRP-LC RHIM-like domain is not necessary for the
interaction between PGRP-LC and IMD. Instead, PGRP-LC interacts with IMD via
aregion that is not required for signaling (Kaneko et al. 2006). Thus, the PGRP-LC/IMD
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interaction appears be superfluous for the activation of the pathway. Although the
N-terminal signaling domains of PGRP-LC and PGRP-LE are not homologous, a
RHIM-like motif was also identified in PGRP-LE. Mutation of the PGRP-LE
RHIM-like motif blocks the signaling induced by forced expression of this intracel-
lular receptor. The mechanism by which the RHIM-like domains of PGRP-LC and
-LE function to transduce IMD signaling remains unclear. Perhaps the RHIM-like
domain interacts with some unidentified component of the pathway.

Downstream of PGRP-LC and the imd protein, signal transduction through the
IMD pathway leads to the Drosophila TAK1 homolog and then activation of the
Drosophila IKK complex (Silverman and Maniatis 2001; Silverman et al. 2003;
Vidal et al. 2001; see Fig. 3). The molecular mechanisms involved in signaling to
TAKTI are still unclear, although RNAi-based experiments in cultured cells suggest
that ubiquitination may play a key role. Work by Zhou and colleagues indicated
that the E2 ubiquitin conjugating enzyme complex of dUEV1A and Bendless (the
Drosophila Ubc13 homolog) functions downstream of IMD yet upstream of TAK1
in the IMD pathway (Zhou et al. 2005). The mammalian homologs of this E2 com-
plex, UevlA and Ubc13, are responsible for K63-polyubiquitination. Unlike K48-
polyubiquitination, which leads to proteasomal degradation, K63-polyubiquitin
chains are often regulatory and used to recruit and activate other signaling compo-
nents. Thus, it is highly probable that K63-polyubiquitination plays an important
role in the IMD signaling pathway between IMD and dTAKI1. To date however, no
K63-polyubiquinated protein has been identified in the IMD pathway.

Also, the E3 ligase involved in the IMD pathway remains elusive. Recently the
Drosophila inhibitor of apoptosis protein 2 (dIAP2) was identified as a member of
the IMD signaling pathway (Gesellchen et al. 2005; Kleino et al. 2005; Leulier
et al. 2006; Valanne et al. 2007). Similar to other E3 proteins, dIAP2 contains a
RING domain which is required for IMD signaling (Huh et al. 2007). Although
dIAP2 has not yet been epistatically placed in the IMD signaling cascade, it is a
good candidate to act as the E3 ligase, along with the dUEV 1A/Bendless E2 complex.
In addition, dTRAF2 could function as an E3 in the IMD pathway in some circum-
stances, as described above in the Toll signaling discussion (Cha et al. 2003).

It was also shown that the apical caspase DREDD plays a role between IMD and
TAKI1, perhaps functioning as an E3-ligase accessory factor (Zhou et al. 2005).
Together, the E2/E3 complex of dUEV1A, Bendless, dIAP2 (and/or dTRAF2), and
perhaps DREDD may mediate the K63-polyubiquitination of some unidentified
member of the IMD pathway. This ubiquitinated protein is likely critical for signaling
to TAKI, the next component in the pathway.

TAKI1 may function in a complex with the Drosophila TAB2 homolog (Zhuang
et al. 2006). Similar to mammalian TAB2, which was originally identified as a
TAKT1 binding protein, Drosophila TAB2 contains a conserved K63 polyubiquitin
binding domain (Wang et al. 2001; Zhou et al. 2005), lending more credibility to
the notion that ubiqutination plays a crucial role in IMD signaling. Signaling by the
TAK1/TAB2 complex leads to the simultaneous induction of two downstream
branches of the IMD pathway, which culminate in JNK or NF-kB/Relish activation
(Silverman et al. 2003).
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The JNK arm of the IMD pathway is activated by the TAK1-mediated signaling
to Hemipterous, the Drosophila MKK7/JNKK homolog (Chen et al. 2002; Holland
et al. 1997; Sluss et al. 1996). Hemipterous then goes on to phosphorylate the bas-
ket protein (JNK), which activates Drosophila AP-1. Signaling through the IMD/
JNK pathway has been linked to the up-regulation of wound repair and stress
response genes (Boutros et al. 2002; Silverman et al. 2003). Yet, the precise role
that JNK signaling plays in the IMD pathway is controversial. Several reports have
concluded that JNK signaling is not involved in AMP gene induction. Instead,
AMP gene expression relies entirely on the NF-kB/Relish branch of the IMD path-
way (Boutros et al. 2002; Silverman et al. 2003). In fact, an unidentified product of
the Relish branch of the IMD pathway was proposed to inhibit JNK signaling (Park
et al. 2004), while the JNK pathway was proposed to directly inhibit AMP gene
expression by recruiting histone deacetylases (Kim et al. 2005). However, Delaney
and colleagues (2006) concluded that the TAK1/JINK branch of the IMD pathway
is critical for AMP gene induction, at least in clones of JNK-deficient cells within
the larval fat body (Delaney et al. 2006). The role of the JNK pathway in antimi-
crobial gene expression remains controversial and further work will be necessary
to clarify whether JNK has a positive and/or, negative role in the process.

In parallel to JNK activation TAK1 is also required for induction of the NF-xB/
Relish branch of the IMD pathway, through activation of the Drosophila IKK com-
plex (Silverman et al. 2003; Vidal et al. 2001). The Drosophila IKK complex con-
tains two subunits: a catalytic kinase subunit encoded by ird5 (IKKPB) and a
regulatory subunit encoded by kenny (IKKy; Rutschmann et al. 2000; Silverman
et al. 2000). In S2 cells, it was clearly demonstrated that the IKK complex is activated
rapidly following immune stimulation and this activation requires TAK1 (Silverman
et al. 2001, 2003). Activated IKK complex can directly phosphorylate Relish.

Relish is a bipartite protein similar to mammalian NF-xB precursors p100 and p105.
It contains an N-terminal Rel homology domain (RHD) and an inhibitory IxB domain
with six ankyrin repeats that holds the protein in the cytoplasm. Upon infection with
Gram-negative bacteria, Relish expression is strongly induced in adult flies (Dushay
et al. 1996). Relish mutant flies show extreme sensitivity to infections and fail to induce
antimicrobial genes after bacterial infection (Hedengren et al. 1999). Although the Relish
locus encodes an embryo specific isoform, Relish does not seem to have a role in
development because homozygous Relish mutants are viable and fertile.

In mammals, the NF-kB precursors p100 and p105 are processed by the protea-
some and their C-terminus is degraded to produce p50 and p52, respectively. This
processing is regulated by phosphorylation of C-terminal serine residues, which
leads to ubiquitination and partial proteasome degradation of the C-terminus
(Perkins 2007). In contrast, Relish processing does not depend on proteasomal
degradation. Relish is endoproteolytically cleaved by a caspase, producing an N-
terminal RHD transcription factor module that translocates to the nucleus to acti-
vate immune genes, and a stable C-terminal domain that remains in the cytoplasm
(Stoven et al. 2000). Relish cleavage occurs after residue D545, within a typical
caspase target motif. In addition to its role upstream in the IMD pathway (men-
tioned above), DREDD also appears to function downstream in the pathway and is
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likely the caspase that cleaves Relish. DREDD and Relish physically interact in cell
culture and Dredd RNAIi prevents antimicrobial peptide gene expression induced
by an activated allele of TAK1 (Zhou et al. 2005). Dredd mutants fail to cleave
Relish, induce AMP gene expression, and are highly sensitive to Gram-negative
bacterial infections (Leulier et al. 2000; Stoven et al. 2003).

The mechanisms involved in the signal-dependent cleavage and activation of
Relish are uncertain. Relish is phosphorylated in a signal-dependent manner by the
Drosophila IKK complex. The C-terminus of Relish is required for both its
phosphorylation and cleavage (Stoven et al. 2003), suggesting phosphorylation and
cleavage are linked. However, more studies are required to define how phosphor-
ylation might control cleavage. Another possibility is raised by the report from
Delaney et al. (2006), who showed that TAKI is not required for Relish cleavage
(in vivo or in cultured cells), while it was previously reported that the IKK complex,
which is activated by TAKI, is necessary for cleavage. This suggested that the IKK
complex may control Relish cleavage independently of phosphorylation. In this
case, the mechanism(s) by which TAK1-dependent, IKK-mediated phosphorylation
regulate Relish remain(s) mysterious.

While Relish is activated by caspase-dependent cleavage, the ubiquitin-
proteasome pathway may target Relish for destruction. It was found that inhibiting
the SCF E3-ubiquitin—ligase complex caused constitutive expression of antimi-
crobial peptide genes and increased levels of Relish (Khush et al. 2002). Thus,
the ubiquitin proteosome pathway may be important for down-regulating the
IMD pathway.

S Down-Regulation of the IMD Pathway by PGRP Amidases

Recent studies demonstrated that level of IMD signaling is also down-modulated
by the catalytic PGRPs (Bischoff et al. 2006; Zaidman-Remy et al. 2006). PGRP-
LB and PGRP-SC are amidases that remove the stem-peptide from the glycan
backbone of PGN and make it significantly less immunostimulatory (Kaneko et al.
2004; Mellroth and Steiner 2006; Mellroth et al. 2003; Zaidman-Remy et al. 2006).
PGRP-LB digests only DAP-type PGN, whereas PGRP-SC digests both DAP-type
and lys-type PGN (Mellroth et al. 2003; Zaidman-Remy et al. 2006). Depletion of
PGRP-SC1/2 or PGRP-LB by RNAI leads to higher induction of Diptericin after
infection. PGRP-LB is a secreted protein and its expression is up-regulated by the
IMD pathway. The presence of PGRP-LB in the hemolymph provides a negative
feed-back loop that regulates the degree of immune activation in response to bacte-
rial infection. PGRP-LB may also regulate the immune reactivity of Drosophila to
environmental bacteria. These results show that local IMD immune activation in
the gut and trachea is held in check by PGRP-LB, and the IMD pathway is activated
only when the scavenger activity of PGRP-LB is saturated or inactivated. Amidase
PGRPs may also prevent potentially severe consequences to host tissues because
of prolonged immune activity. In support of this idea, it has been shown that
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PGRP-SC1/2 RNAI larvae infected with bacteria show increased developmental
defects and lethality (Bischoff et al. 2006).

6 JAK/STAT Pathway

While the two NF-kB signaling pathways, IMD and Toll, are largely responsible
for antimicrobial peptide gene induction, another evolutionarily conserved pathway
known as the Janus kinase/signal transducers and activators of transcription (JAK/
STAT) pathway also plays a significant role in the Drosophila immune response.
The JAK/STAT pathway plays important roles in hematopoiesis (Zeidler et al.
2000) and in the induction of Tep genes and stress-inducible Turandot (Tot) genes
(Ekengren and Hultmark 2001; Lagueux et al. 2000). Similar to the Toll pathway,
the JAK/STAT signaling pathway is also necessary for proper development of
Drosophila. It was first identified in flies due to its role in embryonic segmentation
(Binari and Perrimon 1994).

The main components of this pathway are the ligand, Unpaired (UPD), the receptor
Domeless (DOME), the JAK (Hopscotch/HOP), and the STAT (STAT92E/Marelle).
The ligand UPD is a secreted cytokine and has a signal sequence and several potential
N-linked glycosylation sites. Recently, analysis of the Drosophila genome revealed the
presence of two other upd-like cytokine-encoding genes near the upd locus (known as
upd2, upd3; Agaisse et al. 2003; Hombria and Brown 2002).

Signal transduction in the Drosophila JAK/STAT pathway is thought to occur
in a fashion similar to that seen in canonical mammalian JAK/STAT signaling.
Using this pathway as a model, it is believed that HOP, the only Drosophila JAK
homolog, associates intracellularly with the JAK/STAT receptor DOME (Binari
and Perrimon 1994; Zeidler et al. 2000). Upon binding its ligand Unpaired, DOME
is then believed to dimerize. This dimerization allows the transphosphorylation and
activation of HOP, which are now in close proximity. Activated HOP kinases then
proceed to phosphorylate the DOME receptor, allowing recruitment of the
STATO2E via its SH2 domain. STAT92E, a homolog of human STATS, is the only
STAT in flies. It contains a SH2 domain as well as a DNA-binding domain and a
single highly conserved C-terminal tyrosine residue (Brownell et al. 1996; Hou
et al. 1996; Yan et al. 1996). After binding the phosphorylated Domeless receptor via
an SH2 domain, STAT92E is also phosphorylated by HOP on this C-terminal tyro-
sine. Phosphorylation of this tyrosine residue allows for dimerization and nuclear
translocation of the STAT92E (Agaisse et al. 2003). Recently, two groups identi-
fied new components of the JAK/STAT pathway using genome-wide RNAI1 screens
in Drosophila cells stimulated with UPD (Baeg et al. 2005; Muller et al. 2005).
Baeg et al. (2005) identified RanBP3 and RanBP10 as negative regulators of JAK/
STAT pathway possibly controlling nucleocytoplasmic shuttling of STAT92E. In
addition, Muller et al. (2005) identified a bromo-domain containing protein similar
to mammalian BRWD3, which is implicated in B-cell leukemia. Both groups also
discovered that Ptp61F, a protein tyrosine phosphatase, is induced by JAK/STAT
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signaling and is a negative regulator of the pathway. The exact functions of these
proteins and their role in Drosophila immunity remain to be characterized.

Among the known JAK/STAT targets in the Drosophila immune response are
the Tot genes. Studies in both adult and larvae showed that bacterial infection as
well as various stresses result in the induction of different subsets of Tot genes
(Ekengren and Hultmark 2001). In adults, injection of E. cloacae leads to expres-
sion of all Tot genes (TofA, -B, -E, -F, -M, -X, -Z) to varying degrees. Larvae appear
much less responsive and only show expression of a subset of Tot genes under
comparable conditions (70fA, -F, -X, -Z). Similar to infection, when adults are heat-
stressed all Tot genes are induced; however oxidative stress, via paraquat, induces
only TotA, TotX, and TotZ. In larvae, UV irradiation leads to the expression of all
Tot genes except TotM and TotX.

The regulation of TotA by JAK/STAT signaling has been best characterized.
Infection induced TotA expression does not require the ligand updl (Agaisse et al.
2003). Instead, genetic experiments suggest that upd3 expression is induced upon
infection in the hemocytes and acts as a cytokine to stimulate 70tA expression in
the fat body, indicating that UPD3 is one of the ligands required for activation of
the JAK/STAT pathway in immunity (Agaisse et al. 2003). However, induction of
TotA may not simply involve the JAK/STAT pathway because other data indicate
that both Relish signaling, via the IMD pathway, and the MAPKK-kinase IMEKK1
are required for 7otA induction (Agaisse et al. 2003; Brun et al. 2006).

In addition to TotA, another target of the JAK/STAT pathway is Tep! (Lagueux
et al. 2000). Tep! is one of six TEP genes in Drosophila which are related to com-
plement thioester proteins and are thought to function as microbial opsonins
(Cherry and Silverman 2006). Lagueux et al. (2000) found that 7ep! is up-regulated
in a hopscotch (JAK)-dependent manner in infected larvae. Also, gain-of-function
mutants of hopscotch constitutively express Tepl.

JAK/STAT signaling also plays a significant role in the Drosophila antiviral
immune response. Dostert and colleagues identified a group of genes that were
induced upon infection with Drosophila C virus (DCV, a picornavirus), but not via
the Toll or IMD pathways. Several genes induced by DCV infection, such as vir-1,
contain putative STAT binding sites, and DCV infection induces STAT DNA-bind-
ing activity in flies (Dostert et al. 2005). Using mutant flies they demonstrated that
expression of a number of these virally induced genes required hop. Work in mice
also indicates that STAT' is necessary for innate anti-viral immunity (Dupuis et al.
2003; Karst et al. 2003). Thus, the JAK/STAT pathway likely represents an evolu-
tionary conserved signaling pathway that responds to viral pathogens.

7 Concluding Remarks

Drosophila melanogaster is a powerful model for the study of innate immunity, as
the molecular, genetic, and genomic tools available for research in this system are
unparalleled. The Drosophila model has provided insights into many insect host-defense
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mechanisms including phagocytosis and NF-xB signaling pathways. Furthermore,
these studies have highlighted similarities between insect and mammalian innate
immunity. For example, the discovery of the role of Toll in the Drosophila immune
response (Lemaitre et al. 1996) led directly to the identification of Toll-like recep-
tors (TLRs) in mammals (Lemaitre 2004). Many components of the insect and
mammalian innate immune signaling pathways are also highly conserved. For
example, the Drosophila Toll pathway has a great deal of similarity to the MyD88-
dependent TLR pathway, whereas the IMD pathway is more similar to the
MyD88-independent, Trif-dependent pathway (Fig. 3).

Besides these similarities, Drosophila has obvious differences from mammalian
innate immune pathways. In particular, most Toll-like receptors are implicated in
directly detecting microbial products, whereas Drosophila Toll recognizes a
cytokine, the mature cleaved Spitzle. Although many of the receptor proximal sig-
naling events are similar, downstream signaling events in the Toll and IMD path-
ways show significant differences compared with the TLR pathways. For example,
the IKK-related kinases in Drosophila (IKK, IKKe) seem to have no function in
the Toll pathway. Also, activation of the NF-kB factor Relish by caspase cleavage
is, so far, unique to insects.

For a long time, Drosophila immunity was believed to solely depend on non-
specific innate responses. Surprisingly, two recent reports suggest that insects
may have some form of immunologic memory and adaptation. Pham et al. (2007)
found that priming Drosophila with sub-lethal doses of Streptococcus pneumo-
niae or Beauveria bassiana protects flies when they encounter a second lethal
dose of the same microbe, but does not protect against lethal infection with other
microbes. This suggests that Drosophila immunity includes a mechanism for
specific immunological memory (Pham et al. 2007). Another important discovery
illuminating the molecular complexity of Drosophila immunity is the Dscam
gene, which alternatively spliced into a predicted ~ 18 000 isoforms in the fat
body and hemocytes. This highly diversified protein repertoire appears to func-
tion as opsonins and/or phagocytic receptors with variable specificity for differ-
ent microbes (Dong et al. 2006; Watson et al. 2005). It is not yet clear whether
the diversified receptors generated by Dscam relate to the specific memory
observed by Pham and colleagues. However, these findings show that Drosophila
has more complex defense mechanisms then originally believed, some of which
are comparable with mammalian adaptive immunity, raising interesting questions
to be addressed in the future.
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Abstract The ability of blood cells, known as hemocytes, to detect and eliminate
pathogens is vital to the Drosophila immune response. Various pathogens that can
subvert the cellular immune response are often lethal to the fly. For example, para-
sitoid wasps deposit their eggs with chemicals targeting Drosophila hemocytes.
These chemicals increase parasitoid success. Similarly, when hemocyte counts are
drastically lowered through mutations like domino, mutant larvae are vulnerable
to large-scale colonization by live bacteria. Further, the inhibition of phagocytic ability
in hemocytes leads to a dramatic increase in susceptibility to Escherichia coli
infection in flies lacking a humoral response. This chapter discusses our current
understanding of encapsulation and phagocytosis, two cellular immune responses
important for defense against parasites and bacteria. Both responses initiate with
recognition, followed by activation of the blood cells, and finish with either encap-
sulation or uptake of the microbe. Recent works from many laboratories have used
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whole-genome RNAI screens, forward genetic screens, and fluorescent visualization of
cellular processes to identify old and new players in these cellular immune responses.

1 Introduction

Three types of blood cells have been identified in Drosophila: 1lamellocytes, plas-
matocytes, and crystal cells. Lamellocytes are usually observed in Drosophila
only if the organism has certain mutations or is encapsulating foreign material
within the organism (Rizki and Rizki 1992). During the encapsulation response,
lamellocytes differentiate in the lymph glands and then migrate to the site of
encapsulation, where they flatten and spread to create a barrier around the encap-
sulated material. This immune response is dependent on the lamellocytes.
Researchers have identified a lineage of Drosophila that naturally lacks lamello-
cytes, and the larvae are unable to encapsulate parasitic wasp eggs (Eslin and
Doury 2006). Plasmatocytes comprise the vast majority (~<95%) of hemocytes in
both larvae and adults. These hemocytes recognize and phagocytose invading
microorganisms. They appear early in embryonic development and multiply in
the larval stages. Plasmatocytes circulate throughout the animal in order to detect
pathogens and activate the immune response when necessary. At the end of the
third larval instar, the larval lymph glands release additional blood cells into the
hemolymph. Many embryonic and larval hemocytes persist through metamorpho-
sis to eventually become a population of sessile cells clustered around the dorsal
blood vessel of the adult fly (Holz et al. 2003). Despite the change in localization,
adult plasmatocytes carry out the same macrophage-like functions as larval
hemocytes; it has been shown that both larval and adult blood cells are capable
of effectively phagocytosing a variety of pathogens in less than thirty minutes
(Fig. 1; Elrod-Erickson et al. 2000). Crystal cells are a small proportion of hemo-
cytes, and most (~95%) do not circulate (Carton et al. 1986). These cells release

Fig. 1 Drosophila hemocytes act as macrophages. FITC-conjugated E. coli particles are phago-
cytosed by sessile hemocytes along the adult dorsal blood vessel (A) and by circulating hemocytes
in larvae (B). Nuclei in (B) are stained with Hoechst 33258
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reactive oxygen molecules and are involved in melanization (Rizki and Rizki
1959), which is not covered in this chapter. This chapter discusses encapsulation
and phagocytosis.

2 Encapsulation

Encapsulation and nodulation refer to the end result from the action of plasma-
tocytes and lamellocytes surrounding a foreign object and an aggregate of
bacteria respectively. Some researchers distinguish between the two, stating that
blood cells adhere to large parasites in encapsulation, but adhere to each other
in the presence of microorganisms in nodulation (Johansson 1999). As the two
look the same in ultrastructure (Ratcliffe and Gagen 1976, 1977), they are
treated as one phenomenon here and referred to as encapsulation. This cellular
immune response appears to use some genes also associated with the humoral
response. For example, mutations in both the Toll and JAK/STAT pathways are
associated with the encapsulation of tissue in the absence of parasitoids or
bacteria (Fig. 2; Zettervall et al. 2004).

The encapsulation response is vital for Drosophila to survive parasitization by
wasps. The importance of this response is shown by the multiple methods para-
sites have evolved to countermand encapsulation: some parasitic wasps inject
factors that attack encapsulation components, most notably lamellocytes (Labrosse
et al. 2003, 2005a, b). Drosophila resistance to these parasitic actions against the
encapsulation response reflects the ongoing evolutionary race between parasite
and host. Two specific genes, Resistance to Leptopilina boulardi (RIb) and

Fig. 2 Encapsulation of self tissue. Melanotic masses arise in Drosophila larvae with the muta-
tion irdl, which affects the Imd and Toll signaling pathways. A wild-type (wf) larva without
melanotic tumors is shown for comparison
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Resistance to Asobara tabida (Rat) have been identified that are involved in varia-
tion in the ability to resist, or successfully encapsulate, oviposited parasites
(Carton and Nappi 1997; Orr and Irving 1997). RIb confers resistance to L. boulardi
and is dominant. Rat confers resistance to A. tabida and is also dominant. As the
two genes map to different regions of the second chromosome, the two systems of
parasite resistance are likely distinct (Carton and Nappi 1997; Benassi et al. 1998;
Hita et al. 1999; Poirie et al. 2000; Carton et al. 2005).

Encapsulation occurs in Drosophila larvae in approximately 24 h following par-
asite egg deposition (Russo et al. 1996). The process is often described in four
stages: recognition of foreign matter, binding, adhesion, and termination. This dis-
cussion describes four different stages: recognition and binding, lamellocyte prolif-
eration, adhesion and cell spreading, and termination.

2.1 Recognition Centers on Membrane Differences

Not much is known about pathogen recognition in encapsulation. As in phagocyto-
sis, pattern recognition receptors (PRRs) appear to recognize differences from nor-
mal host cell membranes. Research on pathogen recognition has concentrated on
host recognition of cell wall components specific to microbes, such as peptidogly-
can and lipopolysaccharide (LPS). Research on altered-self cell recognition has
centered on host recognition of changes in the basal membrane. Few PRRs that
stimulate encapsulation have been identified in Drosophila, but research findings in
other insects may be applicable. These studies have found specific receptors impor-
tant for encapsulation that may have homologs in Drosophila.

The integrin ligand Peroxidasin has been identified as a PRR in encapsulation in
arthropods. Peroxidasin is an exracellular matrix (ECM) protein, theorized to mediate
cell adhesion to ECM (Nelson et al. 1994). It is synthesized in blood cells and
released during degranulation (Johansson and Soderhall 1988). In the crayfish
Pacifastacus leniusculus, peroxidasin is secreted in an inactive form, then activated
by LPS or B-1,3-glucans. The active form binds to an integrin to initiate adhesion
(Holmblad et al. 1997). Drosophila peroxidasin is expressed exclusively in hemo-
cytes and exists as a homotrimer with a peroxidase domain and motifs common to
ECM-associated proteins (Nelson et al. 1994). Peroxidasin homologs can be found
in several different species, including mollusks (Weis et al. 1996), echinoderms
(Gesualdo et al. 1997), and Caenorhabditis elegans (Wilson et al. 1994), suggesting
that peroxidasin function may be conserved.

Research in the tobacco hornworm Manduca sexta has identified a set of recog-
nition receptors called Immulectins. Immulectins are members of the calcium-
dependent (C-type) lectin family, and contain two carbohydrate-recognition
domains (CRDs; Yu et al. 1999). Thirty-two C-type lectin-like genes have been
identified in the Drosophila genome (Dodd and Drickamer 2001), but none have
been positively identified as immulectin homologs thus far. In M. sexta, three
immulectins have been characterized in vivo and in vitro. Immulectin-1 (IML-1)
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enhances encapsulation (Ling and Yu 2006), and Immulectin-2 (IML-2) is
involved in encapsulation and melanization (Yu and Kanost 2004). Experiments
with Immulectin-4 (IML-4) suggest that these receptors may recognize LPS
(Yu et al. 2006). Other studies have shown that commercially available LPS is
often contaminated with peptidoglycan, another cell wall component (Kaneko
et al. 2004). Thus, IML-4 may be binding to either LPS or peptidoglycan.

Recognition of altered or damaged self appears centered on changes in the base-
ment membrane. In Drosophila, Rizki and Rizki (1979) characterized this phenom-
enon in their fu-w mutants. The mutants were named for the presence of melanotic
masses, or melanized encapsulates, in the absence of pathogens. Investigation of
the phenotype showed that it resulted from encapsulation of fat body cells with cell
membrane abnormalities (Rizki and Rizki 1979).

Other researchers hypothesized that the induction of lamellocyte proliferation
during sterile wounding may arise following recognition of damage to cell mem-
branes at the wound site (Markus et al. 2005). Recent research in self-recognition
has focused on the shielding of self membranes from encapsulation by membrane-
bound carbohydrates and sialic acid. In other insects, host cells are more likely to
be encapsulated when they lose these groups (Lackie 1980; Karacali et al. 2000).

Binding requires recognition, making it more difficult to differentiate between
mechanisms for each. General studies of encapsulation of beads with different
attached functional groups have been performed in the moth Pseudoplusia inclu-
dens, and have identified chemical properties and functional groups that make for-
eign matter more readily encapsulated. Specifically, foreign matter is readily
encapsulated when it is cationic, or linked to sulfonic groups or some amino
groups. Matter with attached carbohydrate moieties is not readily encapsulated,
supporting hypotheses that carbohydrates shield membranes from recognition or
binding by host receptors (Lackie 1980). Additional experiments have supported a
dual role for humoral and cellular receptors in recognition. Specifically, P. inclu-
dens plasmatocytes can encapsulate matter with sulfonic groups in vitro, but
require pre-incubation of the matter in plasma in order to encapsulate matter with
various amino groups (Lavine and Strand 2001).

In Drosophila, 6-16h after egg deposition, an electron-dense discontinuous
layer appears to stick to the parasite egg and to spread (Russo et al. 1996). Studies
in other insects have suggested that this layer is secreted by granulocytes, the rough
equivalent of Drosophila crystal cells, and other studies in insects have suggested
that granulocyte binding is necessary for encapsulation (Pech and Strand 1996).
Unfortunately, plasmatocytes may cause granulocytes to apoptose, making their
exact role in early encapsulation more difficult to determine (Pech and Strand
2000). This layer appears necessary for encapsulation, but its exact function is
unknown.

Approximately 16-24h after egg deposition, plasmatocytes aggregate around
the egg and form the next layer, which forms all over the egg chorion, including
regions not covered by the electron-dense layer (Russo et al. 1996). These observa-
tions, combined with the studies in P. includens, suggest that proteins in Drosophila
hemolymph may recognize the parasite egg, surround it, and facilitate plasmatocyte
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binding. These proteins could include peroxidasin and immulectins, but their iden-
tity has not been conclusively established.

2.2 Lamellocyte Proliferation: Necessary for Successful
Encapsulation Response

The primary hemocytes involved in encapsulation are plasmatocytes and lamello-
cytes. Plasmatocytes comprise much of the early layers of immune cells surrounding
parasite eggs, and phagocytose proteins from the wasp long gland that are deposited
in the Drosophila hemocoel with the parasitic egg. Lamellocytes are present in the
earlier cell layers, and these are the cells that flatten and form the later layers during
encapsulation (Russo et al. 1996). Lamellocytes usually make up less than 5% of
circulating hemocytes (Rizki and Rizki 1992), but increase in number following
wounding and parasitism. This proliferation results from mitosis of lamellocyte pre-
cursors in the hematopoietic organ (Sorrentino et al. 2002). Recent studies have
shown that lamellocyte proliferation is targeted by parasites. Virulent wasps parasi-
toids induced atrophy of hematopoietic organs (Chiu et al. 2001; Moreau et al.
2003), indicating that the proliferation response is likely necessary for a successful
immune response. Further evidence of the necessity of lamellocyte proliferation was
found in a comparison of virulent and avirulent parasites in Drosophila. Lamellocyte
proliferation was greater after egg deposition by avirulent parasites than after sterile
wounding or egg deposition by virulent parasites. Interestingly, the lamellocyte pro-
liferation following sterile wounding is greater than that following egg deposition by
virulent parasites (Russo et al. 1996). This result suggests that virulent parasites
deposit their eggs with factors that block proliferation.

2.3 Adhesion Requires Integrins, Rac, and Rho

At 16-24h after egg deposition, plasmatocytes surround the parasite egg and spread.
At 24 h after egg deposition, large numbers of lamellocytes are observed around the
partially encapsulated egg. Extreme flattening is observed as the cells spread to form
the outer layers in encapsulation (Russo et al. 1996). The mechanisms of this process
involve integrins and the downstream small GTPases Rac and Rho, but may also
involve other adhesion receptors and their downstream components.

In mammals, four families of receptors are implicated in adhesion regulation,
namely: selectins, cadherins, the Ig (immunoglobulin) superfamily, and integrins
(Baggiolini et al. 1997). Examples of each receptor have been found in Drosophila.
Selectins are involved in vertebrate white blood cell adhesion, and contain both
C-type lectin and epidermal growth factor (EGF) domains. Thirty-two C-type
lectin-like genes have been identified in the Drosophila genome (Dodd and
Drickamer 2001). A specific study of three C-type lectins, Drosophila lectin 1
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(DL1), Drosophila lectin 2 (DL2), and Drosophila lectin 3 (DL3) showed them to
be secreted into the hemolymph by the fat body, but it is not known whether they
play any role in encapsulation (Tanji et al. 2006). Cadherins and Ig superfamily
proteins are involved in cell-cell adhesion. A recent genome analysis identified 12
new Drosophila cadherin homologs while confirming five others (Hynes and Zhao
2000). The same study identified approximately 150 genes with Ig domains.
Additionally, an Ig-related opsin has been shown to inhibit aggregation in encapsu-
lation experiments in P. includens (Ladendorff and Kanost 1991; Bettencourt et al.
1997). Of these four families, integrins have received the most attention in
Drosophila and insect encapsulation research (Lavine and Strand 2001), possibly
due to the availability of mutations and their known role in the activation of Rho
and Rac for regulation of key cytoskeletal processes (Price et al. 1998).

Like cadherins and Ig-superfamily proteins, integrins are theorized to have
evolved in the metazoic era (Hynes and Zhao 2000) and are found across various
phyla, including mammals, crustaceans (Wiegand et al. 2000), sponges (Brower et al.
1997), and insects (Pech and Strand 1995). They are heterodimers of independent
o and P subunits. Each heterodimer usually contains large extracellular domains, two
type-I transmembrane domains, and two C-terminal cytoplasmic tails (Hynes 1992).
Two [ subunits and five o subunits have been identified in Drosophila (Gotwals
et al. 1994; Stark et al. 1997; Grotewiel et al. 1998; Hynes and Zhao 2000). Integrins
are involved in focal adhesions, most notably to the ECM, through both outside-in
and inside-out signaling (Hynes and Zhao 2000). Of the integrins, BPS integrin has
been shown to be necessary for encapsulation in Drosophila (Irving et al. 2005).

Integrin ligands include collagens (Vuorio and de Crombrugghe 1990), laminins
(Timpl and Brown 1994), fibronectin (Gonzalez-Amaro and Sanchez-Madrid
1999), and plasma proteins (Altieri 1995). All of these ligands contain an Arg-Gly-
Asp (RGD) motif (Ruoslahti 1996), and RGD peptides inhibit cell spreading
(Davids and Yoshino 1998), hemocyte aggregation, nodule formation, and the
encapsulation of microbe aggregates (Pech and Strand 1996). Peroxidasin, a PRR
mentioned earlier, appears to stimulate encapsulation by binding to integrin.
Another integrin ligand, peroxinectin, stimulates encapsulation and phagocytosis in
other arthropod cells (Kobayashi et al. 1990), but has only been identified as a cell
adhesion protein in Drosophila. Found originally in crayfish, peroxinectin appears
similar to animal peroxidases (Johansson et al. 1995). A homologous gene has been
found in Drosophila (Ng et al. 1992), and it will be interesting to determine
whether it plays a similar role in encapsulation.

2.3.1 Cell Spreading and Adhesion are Mediated by Rho and Rac

Cell spreading and later adhesion appear to be primarily mediated by Rho GTPases,
a family of proteins within the Ras-related small GTP-binding protein (G protein)
superfamily. Rho GTPases are bound to guanine triphosphate (GTP) in their active
form and guanine diphosphate when inactivated. They appear to be downstream
effectors of integrins and are regulated through their dependence on GTP by two families
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of enzymes: guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs). GEFs activate Rho GTPases by phophorylating them, thus turning
Rho-GDP or Rac-GDP into Rho-GTP or Rac-GTP. GAPs inactivate Rho GTPases by
the reverse process: dephosphorylating Rho-GTP or Rac-GTP to turn it into Rho-GDP
or Rac-GDP (for a review, see Hall 1998). Recent studies of parasitic virulence under-
score the importance of Rho GTPases and their regulators in encapsulation: a virulence
factor used by some wasps appears to be a Rho-GAP (Labrosse et al. 2005a).

Downstream of integrins, two specific Rho GTPases, Rac and Rho, cause cell
spreading and then adhesion by working in opposition. Rac promotes cell spreading
through lamellipodia extension, Rho inhibits lamellipodia extension and promotes
cell contractility (Xu et al. 2003). Because of the importance of cell spreading and
adhesion to cardiovascular disease and cancer, much of the elucidation of the roles
of Rac and Rho has been done in mammalian cells. As Rho GTPases and their
downstream components have been found not only in Drosophila, but also in
organisms as diverse as protozoans (Arias-Romero et al. 2006; De Melo et al.
2006), yeast (Barale et al. 2006), and Arabidopsis (Gu et al. 2006), it seems likely
that these cellular functions are conserved.

2.3.2 Cell Spreading Requires Rac

In mammalian models, Rac stimulates cell spreading in the formation of stable
lamellipodia through several different cascades that affect actin polymerization
(Fig. 3). Phosphatidylinositol-3-kinase (PI3K) promotes the production of PIP3, a
membrane component, that binds to GEFs that activate Rac and integrate it into

Actin Assembly,
Pseudopodia extension

Fig. 3 Rac and Cdc42 stimulate pseudopodia extension through cascades affecting actin polym-
erization. Phosphatidylinositol-3-kinase (PI3K) promotes the production of PIP3, a membrane
component, that binds to GEFs that activate Rac, and integrate it into the cell membrane. Rac
activates WAVE2, possibly through IRSp53 or perhaps through Sra-1, which is bound to Nap. Nap
activates Abl interactor (Abi), which binds to WAVE2 (also called suppressor of cAMP receptor
(SCAR). WAVE?2 activates the actin-related protein (Arp)2/3 complex that regulates lamellipodia
extension as in phagocytosis. The pathway can also be activated by Cdc42, in a trimolecular com-
plex with Cdc42 and WASP



4 Cellular Immune Responses in Drosophila melanogaster 81

the cell membrane (Hall 1998; Rickert et al. 2000; Chung et al. 2001). The signal-
ing events downstream of Rac are less clear. Some research suggests that Rac is
bound to the amino terminus of insulin receptor tyrosine kinase substrate p53
(IRSp53), which is then bound via a carboxy-terminal Src-homology-3 domain to
WAVE2 (also called suppressor of cAMP receptor, SCAR; Bear et al. 1998), to
form a trimolecular complex (Miki et al. 2000). WAVE2 is a ubiquitously
expressed member of the Wiskott—Aldrich syndrome protein (WASP) family
(Suetsugu et al. 1999), which activates the actin-related protein (Arp)2/3 complex
that regulates lamellipodia extension, as also occurs in phagocytosis (Snapper
et al. 2001). Other studies, however, have shown that IRSp53 is not needed for
Rac activation of WAVE in vivo, and that Rac activates WAVE?2 via a different
signal transduction cascade. Specifically, Rac appears to bind to Sra-1, which is
bound to Nap. Nap then activates Abi (Abl interactor), which binds WAVE2
(Innocenti et al. 2004).

Another cascade downstream of Rac involves PI(4)P5-K and PtdIns(4,5)P2.
This cascade leads to the uncapping of the capping protein from the end of actin
filaments. Rac also activates PAKs (p21-activated kinase), which appear to induce
Lim kinase to inhibit depolymerization of actin filaments by cofilin (Fig. 4). Rho
also appears to activate Lim kinase, but this activation drives only a small amount
of actin polymerization (Machesky and Hall 1997).

Rac has three homologs in Drosophila: Racl (Luo et al. 1994; Kaufmann
et al. 1998), Rac2 (Hariharan et al. 1995), and Mig-2-like (Mtl; Hakeda-Suzuki
et al. 2002). Rac1 has been shown to signal through Lim kinase to inhibit cofilin
(Raymond et al. 2004; Chen et al. 2005) and activate the Arp2/3 complex as
described earlier. While Rac1 has not been shown to activate the PI(4)P5-K cascade,
it does activate an additional MAP kinase cascade that leads to the activation of
the Jun kinase, Basket. Activation of both Basket and Arp2/3 is required for
stable lamellipodia formation (Williams et al. 2006). Rac2 appears to redundantly
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Fig. 4 Rho has the opposite effect of Rac and Cdc42. Rho appears to modulate bundle assembly
through Rho kinase (ROCK), which promotes the activity of myosin light chain (MLC) and pre-
vents its inhibition by blocking myosin light chain phosphorylase (MLCP) from phosphorylating
MLC. Rac and Cdc42 inhibit MLC through p21-activated kinases (PAKs). PAKSs activated by Rac
and Cdc42 also induce Lim kinase to inhibit depolymerization of actin filaments by cofilin
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control lamellipodia formation with Racl (Paladi and Tepass 2004). The PAK
and WASP pathways associated with Rac can also be activated by Cdc42, which
has a homolog in Drosophila. Mtl resembles Cdc42 in sequence, but it appears
to stimulate the same pathways as Rac (Newsome et al. 2000).

2.3.3 Later Adhesion Requires Rho

While Rac induces the formation of focal complexes (Kiosses et al. 2001), it pro-
motes adhesion mostly through cell spreading and integrin clustering (D’Souza-
Schorey et al. 1998). Rho appears to be more involved than Rac in later stages of
adhesion. Rho appears to have the opposite effects of Rac: where Rac promotes
spreading and lamellipodia extension, Rho promotes contractility and inhibits
lamellipodia; where Rac promotes actin polymerization, Rho promotes actin depo-
lymerization (Sander et al. 1999). Both Rac and Rho are necessary for this stage of
encapsulation. The cell is able to effect cell spreading and adhesion by regulating
the balance of the Rho GTPases Rac, Cdc42, and Rho (Hirose et al. 1998; Moorman
et al. 1999; Rottner et al. 1999).

Rho and its Drosophila homolog RhoA are involved in later phase adhesion
in the clustering of focal complexes and in the transmission of tension to integrin
ligation sites by promoting cell contractility (Chrzanowska-Wodnicka and
Burridge 1996; Kimura et al. 1996). The tension induces aggregation of cadher-
ins and integrins and causes them to align with the ends of stress fibers
(Chrzanowska-Wodnicka and Burridge 1996; Rottner et al. 1999; Fox et al.
2005). Through this process, the focal complexes become more permanent focal
adhesions.

Finally, Rho causes cell contractility. Some of the contractility may come
from the phosphorylation of myosin light chain, which Rho promotes through
PAK (Sanders et al. 1999). Despite evidence that Rho activates LIMK to inhibit
cofilin, the amount of actin polymerization it induces is relatively small.
Overall, Rho is associated with actin chain disassembly. Rho appears to modu-
late bundle assembly through Rho kinase and homologs of Diaphanous
(Watanabe et al. 1999).

2.4 Encapsulation Terminates with the Formation
of Basement Membrane

The formation of a basement membrane around the encapsulated mass is observed
across several species of insects including Drosophila (Ball et al. 1987; Chain et al.
1992; Russo et al. 1996; Watanabe et al. 1999). The mechanism of membrane for-
mation has not been elucidated. Research in the moth Pseudoplusia includens has
unearthed evidence that granulocytes may be necessary in termination, but similar
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work has not been done with crystal cells. Termination is often followed by melanization,
a response that encompasses the production several reactive oxygen molecules that
are toxic to many pathogens. Melanization occurs in many but not all cases of
encapsulation, and also has been observed as a response to wounding and infection
by bacteria.

Future studies to identify host components important for the different steps in
encapsulation may include visualization of localized processes using fluores-
cently tagged proteins and the testing of candidate genes identified from genomic
studies using RNA interference. These approaches have been successful in iden-
tifying genes important for phagocytosis in Drosophila, as the next section
describes.

3 Phagocytosis

Phagocytosis, the uptake of microbes into a phagocyte, is believed to be a highly
conserved process with ancient origins. Drosophila hemocytes phagocytose
microbes in a manner similar to other macrophages. Given the likely conservation
of the genes involved in phagocytosis, Drosophila has been used as a model sys-
tem. The advent of RNA interference (RNAi) has allowed the dissection of this
phenomenon in vitro using Drosophila cell lines, such as S2 cells, which may be
derived from larval hemocytes. This approach has been used to study host—pathogen
interactions with a number of microorganisms (Ramet et al. 2002; Agaisse et al.
2005; Cheng et al. 2005; Philips et al. 2005; Stroschein-Stevenson et al. 2006).
Gene expression can be knocked down by incubating the cells in the presence of
double-stranded RNA (dsRNA). The advantage of these RNAi screens is that a
whole-genome approach can be taken and it is possible to study partial phenotypes
that may be difficult to assess in vivo (Clemens et al. 2000). The disadvantage of
this technique is that it may overlook extracellular components and signaling
events occurring in other tissues that are important for the physiological response
in the animal. RNAIi in vivo in Drosophila is another reverse genetic approach
(Kocks et al. 2005). Transgenic flies have been created which contain an inverted
repeat of the gene to be silenced; when transcribed, this sequence gives rise to a
hairpin-loop RNA that induces RNAi against the gene of interest. This approach
allows for a stable, heritable form of RNAIi that can be temporally and spatially
controlled through the use of specific GAL4 drivers (Brand and Perrimon 1993;
Kennerdell and Carthew 2000).

As RNAIi can have variable penetrance in organisms, studies of phagocytosis
with ex vivo phagocytes and in vivo studies with mutants are important for a full
understanding of the role of these genes in phagocytosis. In ex vivo studies, hemo-
cytes are collected directly from Drosophila for study (Pearson et al. 2003;
Bettencourt et al. 2004). Studies in vivo use a classic genetic approach with the
characterization of mutants affected in phagocytosis (Elrod-Erickson et al. 2000;
Garver et al. 2006).
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3.1 Proteins Opsonize Invading Bacteria
and Fungi to Promote Phagocytosis

Several proteins have been discovered in Drosophila which share sequence
similarities with the mammalian complement C3/02-macroglobulin super-
family of proteins, and are predicted to be secreted into hemolymph (Lagueux
et al. 2000). These proteins, named thiolester proteins (TEPs), share a predicted
signal peptide and a unique C-terminal region featuring six cysteine residues in
conserved positions. These predicted proteins all contain a highly variable
central region, indicating the potential for great diversity and specificity of
activity. TEP II, for example, has five different splice forms. A microarray
study of genes up-regulated upon infection in adult flies detected CG4823, a fly
homolog of the complement-binding protein a2-macroglobulin (De Gregorio et
al. 2001). This gene may encode a protein that binds to opsonized microbes to
trigger phagocytosis. In the mosquito Anopheles gambiae, aTEP-1 has been
shown to opsonize and promote the phagocytosis of Escherichia coli and other
Gram-negative bacteria (Levashina et al. 2001). A recent study demonstrated
that Drosophila TEPs promote phagocytosis of a number of microbes and dem-
onstrate some binding specificity. RNAI studies with S2 cells have shown that
TEP 11 is specifically involved in the phagocytosis of E. coli, and cells without
TEP III are partially impaired in the uptake of Staphylococcus aureus. This
same study characterized macroglobulin complement-related (Mcr), another
member of the o2-macroglobulin/complement protein family, which binds
directly to and promotes the phagocytosis of Candida albicans, but not E. colli,
S. aureus, or latex beads. In further support of an opsonin-like role, S2 cells
secrete Mcr into the media before exposure to C. albicans, indicating that the
protein may circulate in the fly hemolymph to survey for the presence of yeast
cells (Stroschein-Stevenson et al. 2006).

A member of the Ig superfamily of proteins also has a potential role in opsoniza-
tion (Watson et al. 2005). Down syndrome cell adhesion molecule (Dscam) con-
tains a transmembrane domain, a signal peptide, and ten Ig domains (Schmucker et
al. 2000). A microarray study of Dscam transcripts produced by differential mRNA
splicing suggested that Dscam has 18 000 alternate splice forms, with 15 specific
to hemocytes. Multiple splice forms of the Ig2, Ig3, and Ig7 domains were detected.
While this result indicated that much of the diversity of Dscam splicing may be
important for its role in the development of the Drosophila central nervous system,
the 15 splice forms of Dscam may be important for recognizing diverse pathogens
in the Drosophila immune response. A secreted form of Dscam was detected both
in S2 media and larval hemolymph. Additionally, Dscam was shown to bind
directly to bacteria, and RNAI in vivo and in vitro against Dscam impaired phago-
cytosis of E. coli by 30%. As the study only looked at Dscam activity in relation to
E. coli phagocytosis, the potential role of Dscam diversity for differential recogni-
tion of specific pathogens remains to be explored (Watson et al. 2005). Further
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research may elucidate the role Dscam plays in immune response specificity, per-
haps leading to the identification of a novel adaptive immune response in animals.

3.2 Transmembrane and Circulating Peptidoglycan Recognition
Proteins are Involved in the Recognition of Bacteria

Peptidoglycan recognition proteins (PGRPs) are a highly conserved family of pro-
teins. Proteins in the PGRP family have been classified into long (PGRP-L) or short
(PGRP-S) forms. Both forms include membrane-bound and secreted proteins. (For
areview of PGRP structure and activity, see Werner et al. 2000; Steiner 2004.) Both
types recognize bacterial peptidoglycan (PGN) and contain a C-terminal domain
that bears similarity to N-acetylmuramoyl-L-alanine amidases. It is believed that this
amidase activity acts as a scavenger to degrade free PGN and limit an immune
response (Mellroth et al. 2003). Several PGRPs have been identified as receptors in
immune-responsive tissues. PGRP recognition of PGN leads to a cellular response
of phagocytosis by hemocytes, or a humoral response, with the synthesis of antimi-
crobial peptides (AMPs) by the fat body.

One family member, PGRP-LC, was originally identified for its role in the
humoral immune response. This receptor acts upstream of the Imd signaling path-
way and triggers the production of AMPs such as diptericin in response to infection
by Gram-negative bacteria (Choe et al. 2002; Gottar et al. 2002; Ramet et al. 2002;
Kaneko et al. 2004). RNAi of PGRP-LC in S2 cells partially inhibits phagocytosis
of E. coli, decreasing uptake by up to 40%. PGRP-LC mutants were also reported
in this study to have an increased susceptibility to infection by E. coli, but not by
S. aureus (Ramet et al. 2002). It is unclear if this is due to the phagocytic defect, as
the PGRP-LC mutation also affects the humoral response. The PGRP-LC mutant,
ird7, has been found to phagocytose both E. coli and S. aureus in vivo (Garver
et al. 2006). One possible reason for the different findings in vitro and in vivo may
be because of PGRP-LE. PGRP-LE appears to play a role both redundant and com-
plementary to PGRP-LC in the recognition of Gram-negative peptidoglycan, and it
is not expressed in hemocytes or S2 cells (Kaneko et al. 2006). Hence this may be
the reason why a phagocytosis phenotype can be seen in S2 cells, but not in vivo.

Two short PGRP family members have also been implicated in the cellular
immune response to Gram-positive bacteria. PGRP-SA (semmelweis) mutants exhib-
ited a marked and specific decrease (~75% of animals showing no phagocytosis) in
phagocytosis of S. aureus (Garver et al. 2006). Similarly, the PGRP-SCla mutant
picky is also specifically impaired in its ability to phagocytose S. aureus. Flies carry-
ing the picky mutation failed to take up fluorescently-labeled S. aureus into their
hemocytes and exhibited increased susceptibility to S. aureus infection. Furthermore,
expression level of Drosomycin, the AMP target gene of the Toll pathway was virtu-
ally undetectable. PGRP-SA mutants showed similar humoral response impairments
(Michel et al. 2001). This suggested that PGRP-SA and PGRP-SCla are both important
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for Toll signaling and phagocytosis. The phagocytosis of S. aureus and survival to
infection depended upon the amidase activity of PGRP-SCla, suggesting that, in
addition to a scavenger function, the amidase activity may be important for clearance
of S. aureus and the ability to survive infection. The amidase activity may allow
PGRP-SCla to opsonize Gram-positive bacteria, or perhaps cleavage of PGN
polymers into smaller units is necessary to trigger recognition of the bacteria
(Garver et al. 2006). PGN monomers are effective activators of the humoral
immune response (Kaneko et al. 2004), so PGN cleavage may be a prerequisite or
play a role in activating the Toll and Imd signaling pathways (Filipe et al. 2005).
It is particularly interesting that these PGRPs are important for activity in both
humoral and cellular immune responses and that these responses are specific to either
Gram-positive or Gram-negative bacteria. These proteins may act in recognition
events upstream of both phagocytosis and the AMP signaling pathways; alternatively,
there may be an interdependence between these two branches of the innate immune
system, with an optimal AMP response depending on a cellular immune response.

3.3 Receptors with Scavenger-Like Activity Recognize
a Variety of Microbes

PGRPs allow for specific recognition of Gram-positive versus Gram-negative
bacteria and are important for activating both cellular and humoral immune resopo-
nses. The first Drosophila PRR shown to trigger phagocytosis was the scavenger-
receptor protein, dSR-CI. Chinese hamster ovary cells transfected with dSR-CI
gained the ability to bind both E. coli and S. aureus, and the RNAi of dSR-CI in S2
cells decreased cell association with bacteria by 25% (Ramet et al. 2001). The pre-
dicted dSR-CI protein is a type-I transmembrane protein with extracellular CCP
(complement control protein) and MAM (meprin, A5, PTPmu) family domains
(Pearson et al. 1995) which allow direct binding to bacteria (Ramet et al. 2001). A
later study also indicated that dSR-CI was involved in initiating the uptake of
bacteria by S2 cells (Kocks et al. 2005).

A novel receptor, Eater, has been identified and is required for the recognition
and uptake of both E. coli and S. aureus in vivo and in S2 cells. RNAi of Eater led
to a partial (up to 75%) decrease in the ability of S2 cells to phagocytose both bac-
teria. Similar, but less dramatic results were reported in eater null flies. The
humoral response was unaffected by the eater mutation, indicating that eater’s
effects may be specific to the cellular immune response. The predicted protein is a
transmembrane receptor with an extracellular domain containing EGF-like repeats
followed by a variable N-terminal region. The N-terminus of the Eater protein
directly recognizes and binds S. aureus, the yeast Candida silvativa, and the Gram-
negative bacterium Serratia marcescens (Kocks et al. 2005). It is likely that Eater
acts redundantly or in conjunction with dSR-CI and PGRP-LC to recognize E. coli
and S. aureus and initiate phagocytosis. Indeed, the earlier reports characterizing
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dSR-CI and PGRP-LC activity noted this possibility and suggested that other
receptors might be necessary for full activity (Ramet et al. 2001, 2002). RNAi of
all three components or characterization of a fly mutant for all three genes may
reveal whether these receptors are acting in a redundant fashion.

A CD36-like receptor, Croquemort, was originally characterized as recognizing
apoptotic cells destined for uptake by plasmatocytes during embryogenesis. The
putative protein is an integral membrane protein with putative protein kinase
C (PKC) phosphorylation sites and several cysteine clusters (Franc et al. 1996).
A study of phagocytosis of bacteria by S2 cells revealed that Croquemort also
binds to and signals for the uptake of S. aureus, but not E. coli (Fig. 5); RNAi of
Croquemort decreased uptake of S. aureus by 35% (Stuart et al. 2005).

Another CD36-related receptor, Peste, was discovered in a whole-genome RNAi
study of S2 cells exposed to Mycobacterium fortuitum and M. smegmatis.
Knockdown of Peste in S2 cells drastically reduced uptake of M. fortuitum and
M. smegmatis, but did not affect the response to E. coli or S. aureus (Philips et al.
2005). Peste is involved in the recognition of another intracellular pathogen,
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Fig. 5 Various transmembrane receptors recognize and trigger uptake of microbes. Several
Drosophila PRRs which initiate phagocytosis have been identified. PGRP-LC specifically binds
E. coli. The scavenger-like receptor Eater recognizes E. coli, S. aureus, S. marcescens, and
C. silvativa; and another scavenger-like receptor, dSR-CI, has been shown to bind both E. coli and
S. aureus. These three receptors may act cooperatively to initiate the phagocytosis of E. coli. Two
members of the CD36 family have also been described as having roles in phagocytosis.
Croquemort specifically binds to S. aureus, and Peste binds to the intracellular pathogens L.
monocytogenes, M. fortuitum, and M. smegmatis
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Listeria monocytogenes (Agaisse et al. 2005). Future studies may show what
common feature allows for the recognition of both Mycobacteria and Listeria by
Peste. One surprising result from the RNAi screens with Listeria was that no
unique receptor for Listeria was identified (Agaisse et al. 2005; Cheng et al.
2005). This could be due to the inherent limitations of RNAi tissue culture
screens. In the future, it will be exciting to determine whether Peste and other
receptors identified in RNA1 screens play similar roles in vivo.

3.4 Phagocytosis Requires Reorganization
of the Actin Cytoskeleton

As in other animal cells, phagocytosis in plasmatocytes begins by the extension of
actin-rich pseudopodia that surround and engulf the targeted microbe. This phenom-
enon has been observed in vitro in the S2 and mbn-2 cell lines (Pearson et al. 2003;
Johansson et al. 2005; Stroschein-Stevenson et al. 2006). The formation of pseudopodia
is dependent on remodeling the cytoskeleton through extensive actin polymerization
and depolymerization, and this process is extremely well characterized. The process
has three main phases: the nucleation of actin filaments, elongation, and eventually
the bundling and stabilization of the filaments (Vignjevic et al. 2003).

Nucleation of actin filaments in animal cells occurs under the control of the
Arp2/3 complex, which is believed to allow pseudopodia formation by stabilizing
actin filaments at the leading edge of the cell. This complex has been shown by
fluorescent and electron microscopy to localize to the pointed ends of microfila-
ments in Xenopus keratocytes (Svitkina and Borisy 1999). Furthermore, a study in
the microorganism Acanthamoeba demonstrated that the Arp2/3 complex caps the
pointed ends of microfilaments with high affinity (Mullins et al. 1998). Components
of the Arp2/3 complex have been identified in RNA1 studies for genes required for
phagocytosis of both M. fortuitum (Philips et al. 2005) and L. monocytogenes
(Agaisse et al. 2005) in Drosophila S2 cells. Hence, it is likely this process is con-
served in Drosophila hemocytes.

In Drosophila, the Arp2/3 complex is primarily activated by D-SCAR, a mem-
ber of the WASp/SCAR protein family. RNAi of SCAR in Drosophila cell lines
drastically reduces actin staining at the leading edge of pseudopodia (Biyasheva
et al. 2004) and SCAR is believed to be stabilized by another complex that includes
the Abelson interacting protein (Abi; Kunda et al. 2003; Rogers et al. 2003).
D-WASp may also play a role in this process, though its functional relationship to
SCAR is unclear. The two proteins may be redundant, as RNAi of each gene in
Drosophila cell lines produces only a partial phenotype of impaired phagocytosis
and pseudopod formation (Pearson et al. 2003; Biyasheva et al. 2004). WASp is
activated by a signaling pathway involving Rho proteins, including Cdc42, Rac 1,
and Rac 2. Cdc42 has been detected in several screens for genes required for the
uptake of bacteria, Mycobacteria, and yeast (Rogers et al. 2003; Agaisse et al.
2005; Philips et al. 2005; Stroschein-Stevenson et al. 2006).
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Once actin filament nucleation has been achieved under the control of the
Arp2/3 complex, the extension of pseudopodia is accomplished through the elonga-
tion and stabilization of the filaments. Radical cytoskeletal remodeling via the
polymerization and depolymerization of actin occurs and depends upon the actin
monomer-associated proteins profilin/chickadee and cofilin/twinstar, respectively.
Both genetic and proteomic studies of phagocytosis in Drosophila cell lines have
detected these proteins ex vivo and in vitro (Pearson et al. 2003; Loseva and
Engstrom 2004; Philips et al. 2005). They have also been shown to be required for
pseudopodia extension during S2 cell migration (Rogers et al. 2003), so it is likely
that they play a similar role in Drosophila phagocytosis.

In order to provide cellular extensions with strength and stability, the elongated
microfilaments are tightly associated through the interactions of cross-linking
proteins (Vignjevic et al. 2003). In an RNAi screen, short stop, which is related to
plectin was found to be important for the phagocytosis of Gram-positive and
Gram-negative bacteria by S2 cells (Ramet et al. 2002). Plectin cross-links inter-
mediate filaments with the cytoskeleton in mammalian cells (Svitkina et al. 1998).
Genetic and proteomic screens of Drosophila cell lines have found that effective
phagocytosis requires several actin-binding and actin-capping proteins, including
Spire and Annexin IX (Loseva and Engstrom 2004; Johansson et al. 2005; Philips
et al. 2005).

3.5 Engulfed Pathogens are Degraded in Phagolysosomes

In animal cells, pathogens and other extracellular material contained in phagosomes
are eventually degraded in a phagolysosome. The process of phagosome maturation
is not completely understood, but it is believed that phagosomes acquire proteolytic
enzymes and a lower pH through a series of fleeting interactions with endocytic
compartments (Desjardins et al. 1994). This process has not been studied in
Drosophila, but it seems likely that the fundamental process will resemble that of
phagocytosis and endocytosis in mammalian cells. Various studies of host/pathogen
interactions in Drosophila S2 cells have shown that genes involved in vesicle traf-
ficking and fusion are required for an effective cellular immune response. Transcripts
for proteins involved in vesicle formation, including clathrin and members of the
COPI complex, have been detected in RNAI studies of cells phagocytosing various
types of bacteria (Ramet et al. 2002; Philips et al. 2005; Stroschein-Stevenson et al.
2006). These studies and others have also identified genes involved in vesicle dock-
ing and fusion, including the t-SNARESs Snap and Syntaxin as well as the small
GTPases Rab 2 and Rab 5, as being required for processing phagocytosed pathogens
(Agaisse et al. 2005; Philips et al. 2005; Stroschein-Stevenson et al. 2006). An RNAi
screen of phagocytosis of L. monocytogenes by S2 cells showed that vesicular traf-
ficking complexes that interact with late endosomes are necessary for the cellular
immune response (Cheng et al. 2005). Furthermore, it has been reported that CTS
proteases, which are most active at pH 4.5, localize to phagosomes in S2 cells
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(Kocks et al. 2003) and lysosomal proteases such as cathepsins are modified and
activated in mbn-2 cells upon exposure to lipopolysaccharide (Loseva and Engstrom
2004).

3.6 Interactions Between Cellular and Humoral
Immune Responses

Although the Drosophila cellular and humoral immune responses were originally
believed to be largely independent (Braun et al. 1998), it appears that there may be
a complex and as yet poorly defined relationship between the two processes.
Studies of the Drosophila immune response in which flies are naturally infected by
allowing microbes to enter the host via the digestive tract led to a number of
insights into how hemocytes contribute to the initiation of the humoral response. It
has been suggested that hemocytes use cytokine-like molecules to mediate between
the gut, where ingested pathogens are first detected, and the fat body, which regu-
lates the systemic humoral response. Upon natural infection by the Gram-negative
bacteria, Erwinia carotovora, larvae affected by mutations which result in the
absence of blood cells have much lower levels of AMP expression as compared
with wild-type flies (Basset et al. 2000).

One possible signaling moleculein this processis nitric oxide (NO). Pharmacological
inhibition of nitric oxide synthase (NOS) results in reduced expression of diptericin
upon infection by Gram-negative bacteria. Furthermore, introduction of NO via
S-nitroso-N-acetylpenicillamine (SNAP) is enough to induce diptericin expression in
the absence of infection (Foley and O’Farrell 2003).

Another possible signaling molecule is unpaired 3 (upd3), a ligand that acti-
vates the JAK/STAT pathway. upd3 binds to the putative transmembrane protein
Domeless (Dome), which shares structural similarities with vertebrate cytokine
class I receptors and the IL-3 family of receptors (Brown et al. 2001). This
receptor has been shown to activate the JAK/STAT response in the Drosophila
fat body upon infection with E. coli and Micrococcus luteus in S2 cells, possibly
in conjunction with signaling via the Imd pathway (Agaisse et al. 2003). The
ligand for Dome, upd3, is produced in hemocytes and is up-regulated upon septic
injury (Agaisse et al. 2003; Johansson et al. 2006). Taken together, these results
indicate that upd3 may be acting as the cytokine produced by hemocytes
upon infection to induce the humoral response via the Domeless receptor in the
fat body.

The advantages of the Drosophila system make it an excellent system for the
study of cellular immune responses. Advances in recent years include the identifica-
tion of many new receptors important for phagocytosis of different microbes through
both genomic and genetic approaches. One challenge for the future will be to under-
stand the role of these genes in phagocytosis in vivo, through the characterization of
mutants. It will also be exciting to understand how components of the cellular
response might activate or interact with the humoral responses. The encapsulation
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studies hint at the complexity required for a coordinated cellular response against
parasites. As information from microarray and proteomic studies comes in, we may
see similar functional approaches (transgenic RNAi expression or generation of
mutations) used to uncover the role that newly identified genes may play in
encapsulation.
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Abstract Currently existing urochordates (sea squirts) and vertebrates diverged
in evolution around 570 million years (myr) ago. Phylogenetic analyses based on
molecular data provide compelling evidence that these animals are the closest living
relatives of vertebrates. Urochordares, therefore, are of critical importance for
understanding the origin of vertebrate immune system. For a number of species
a large body of molecular data is now available. An extensive EST project and
the draft genome sequences of Ciona intestinalis and C. savignyi allow rapid “in
silico” searches for immunorelevant molecules. Recent data convincingly demon-
strate that urochordates possess nearly full repertoire of vertebrate innate immune
system, but totally lack most of the components of an adaptive immunity such as
MHC, TCRs and antibodies. In this review we show that knowledge of immunity
in lower vertebrate and invertebrate species is now rapidly increasing. Elucidating
the details of the origin of the immune systems from a comparative point of view
in vertebrate’s closest relatives, may finally lead to a better understanding of our
own immune system.
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1 Introduction

Immune systems are generally characterized by their ability to distinguish between
self and non-self cells, tissues, or molecules, and to eliminate the non-self (Janeway
et al., 2005). While successful strategies for the detection and elimination of patho-
gens are present at all levels of animal evolution, the possibility of fusion or con-
tamination with cells from one’s own species still exists in many marine metazoans
(e.g., Porifera, Cnidaria, tunicates) but has practically disappeared in vertebrates.
The immune system in vertebrates is a complex and intricate system that can rec-
ognize non-self and provide protection from a wide variety of pathogens. While
there is a high degree of interconnectivity between its components, the immune
system can be loosely divided into two subsystems, the innate and the adaptive
immune systems. Innate immunity is a non-specific, inducible response to patho-
gens. It is immediate in action, yet short-lived. The adaptive immune system, con-
sisting of antibodies, B cells, T cells, and the major histocompatibility antigens, is
much more specific, but takes longer to activate. It also features immunological
memory and can augment itself to respond more quickly and with greater specifi-
city to future infections of similar pathogens. Innate immunity is present in all
phyla, whereas adaptive immunity is present only in jawed vertebrates.

There is a conspicuous paucity of evidence for a gradual transition from the
innate immune system of invertebrates to the recombinatorial immune system of
vertebrates. Astonishingly, the adaptive immune system appeared quite suddenly,
around 450 million years (myr) ago with the emergence of the gnathostomes.
Where the genes for the components of the adaptive immune system came from is
a mystery. These genes seem to have somehow “jumped” into the genome of a
jawed vertebrate about 450 myr ago (Janeway et al. 2005).

In this review we show that knowledge of immunity in lower vertebrate and
invertebrate species is now increasing rapidly. Thus, elucidating the details of the
origin of the immune systems from a comparative point of view in the vertebrates’
closest relatives may finally lead to a rational explanation of immunology’s “big
bang” — and add to the understanding of our own immune system.

2 Urochordates are at the Root of Vertebrate Evolution

Urochordates (tunicates), cephalochordates (lancelets), and vertebrates (including
lamprey and hagfish) constitute the three extant groups of chordate animals (Fig. 1).
Phylogenetic analyses based on molecular data provide compelling evidence that
urochordates represent the closest living relatives of vertebrates (Delsuc et al.
2006). Currently existing urochordates and vertebrates diverged in evolution
around 570 myr ago. Urochordates, therefore, are of critical importance for under-
standing the origins of vertebrates. They comprise approximately 2800-3000 spe-
cies and, beside their phylogenetic position at the root of vertebrate evolution, are
valuable objects because of the availability of a large body of molecular data.
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Fig. 1 Urochordates separated from the predecessors of a vertebrate lineage around 570 million
years (myr) ago and share many features of the innate immune system with vertebrates. However,
they do not possess the molecular machinery of the adaptive immune system found in jawed
vertebrates (Gnathostomata). The emergence of a recombinatorial adaptive immune system fea-
turing immunoglobulins, TCR and MHC took place sometime during the transition from Agnatha
to Gnatostomata. A search for these cardinal elements of a recombinatorial immune system in
lymphocyte-like cells of the sea lamprey, Petromyzon marinus, has not been fruitful, hence the
agnathans remain a gray zone in the evolution of adaptive immunity in vertebrates. Blue back-
ground: phylogenetic groups with both adaptive and innate immune systems

A large expressed sequence tag (EST) project (Satou et al. 2002) and the draft
genome sequences of Ciona intestinalis (Dehal et al. 2002) and Ciona savignyi
allow extensive “in silico” searches for immunorelevant molecules.

3 Natural History and Ecology of Urochordates

Urochordates are exclusively marine animals, occurring worldwide in all oceans.
The environmental variables most important in determining their distribution are
temperature, salinity, light, and hydrodynamics (Lambert 2005). In their dimorphic
life cycle, a non-feeding, short-living pelagic larva is followed by the sessile filter-
feeding adult ascidian (see Fig. 2). The efficient filtration abilities may be the key
to recent population explosions of various urochordate species in regions close to
expanding human populations and coastal development, and may be tied to increasing
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Fig. 2 Main steps in the life cycle of the solitary urochordate Ciona intestinalis. The larva of
Ciona possesses chorda and other features of higher animals, while the morphology of the adult
animal is very peculiar

bacterial densities (Lambert 2005). Most native species are very sensitive to pollu-
tion and eutrophication from anthropogenic activities (Naranjo et al. 1996). Similar
to other marine invertebrates (see for example Bosch, this volume: The path less
explored: innate immune reactions in cnidarians), the life-history strategies of
many urochordates are affected by competition for space and food. Strategies for
occupying space include the removal of neighbors by overgrowth or inhibition of
settlement, but also by creating dense mono-specific aggregations.

4 Immunity in Urochordates

To prevent invasion or destruction by pathogens and to compete for resources with
members of their own species, urochordates rely solely on innate immune mecha-
nisms that include both humoral and cellular responses. Humoral immunity is
characterized by antimicrobial agents present in the blood cells and plasma (Taylor
et al. 1997; Tincu and Taylor 2004). Cellular immunity is based on cell defense
reactions and is mediated by hemocytes, motile cells that phagocytize microbes and
secrete soluble antimicrobial and cytotoxic substances into the hemolymph. All of
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these factors contribute to a self-defense system against invading microorganisms,
which can number up to 10° bacteria/ml and 10° viruses/ml of seawater (Ammerman
et al. 1984). The survival of urochordates and all other marine invertebrates in this
environment suggests that their innate immune system is effective and robust.

4.1 Antimicrobial Peptides from Urochordates

In all organisms, antimicrobial peptides are a major component of the innate
immune defense system providing an immediate and rapid response to invading
microorganisms (Zasloff 2002). These peptides generally act by forming pores in
microbial membranes or otherwise disrupting membrane integrity, which is facili-
tated by their amphiphilic structure (see Schroder, this volume: Antimicrobial pep-
tides as first-line effector molecules of the human innate immune system).

Much of the work on antimicrobial peptides from the Urochordata has been per-
formed on hemocytes of ascidians of the family Styelidae (for a review, see Tincu
and Taylor 2004). Briefly, from the hemocytes of Styela clava, the clavanins
(a family of four-helical, amphipathic, histidine-rich antimicrobial peptides that
contain 23 amino acids and exhibit C-terminal amidation) were purified (Lee et al.,
1997a, b; Menzel et al. 2002). Clavanins A to D resemble the magainins, well
characterized antimicrobial peptides from the skin of Xenopus laevis. Synthetic
clavanin A displays antimicrobial activity comparable with that of magainins and
cecropins (Lee et al. 1997a, b). In addition to Escherichia coli, Listeria monocy-
togenes, and Candida albicans, clavanins are broadly effective against gram-positive
bacteria, including Staphylococcus aureus (Menzel et al. 2002).

Two phenyalanine-rich antimicrobial peptides from Styela clava, styelin
A and B, are effective against gram-negative and gram-positive bacterial pathogens
of humans (Lee et al. 1997c). The styelins are highly basic polypeptides, encoded
as prepropeptides, with a signal sequence and with cationic sequences in the
mature protein counterbalanced by a polyanionic C-terminal extension in its pre-
cursor. Styelins also kill the marine bacteria Psychrobacter immobilis and
Planococcus citreus in 0.4 M NaCl which approximates seawater salt concentra-
tions (Lee et al. 1997¢).

Plicatamide is a potently antimicrobial octapeptide from the blood cells of Styela
plicata (Tincu et al. 2000, 2003). Wild-type and methicillin-resistant Staphylococcus
aureus respond to plicatamide exposure with a massive potassium efflux that
begins within seconds. Soon thereafter, treated bacteria largely cease consuming
oxygen, and most become non-viable. Plicatamide forms cation-selective channels
in model lipid bilayers composed of bacterial lipids.

Halocyamine A and B are two antimicrobial tetrapeptides isolated from the
hemocytes of the ascidian Halocynthia roretzi (Azumi et al. 1990a). Halocyamine
A was reported to inhibit the growth of yeast, Escherichia coli (Azumi et al.
1990a), and the marine bacteria Achromobacter aquamarinus and Pseudomonas
perfectomarinus (Azumi et al. 1990b, c).
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In addition to the halocyamines, antimicrobial peptides of 6.2kDa and 3.4 kDa
have been isolated from Halocynthia roretzi. The first, dicynthaurin, is composed
of two 30-residue monomers without any sequence homology to previously iden-
tified peptides. Dicynthaurin’s broad-spectrum activity includes Micrococcus
luteus, Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, and
Pseudomonas aeruginosa but not Candida albicans (Lee et al. 2001a, b). The
second, halocidin, has a mass of 3443 Da and is composed of two subunits con-
taining 18 and 15 amino acid residues that are linked by a single disulfide bond
(Jang et al. 2002). In antimicrobial assays halocidin was found to be active
against methicillin-resistant Staphylococcus aureus and multidrug-resistant
Pseudomonas aeruginosa (Jang et al. 2002).

Little is known about the signal transduction cascades involved in activating
these antimicrobial peptides. Urochordates such as Ciona intestinalis (Azumi et al.
2003) and Boltenia villosa (Davidson and Swalla 2002), however, possess Toll-
like receptors (TLRs) and share many components of the corresponding signal
transduction cascades with vertebrates. Thus, similar to immune cells in higher
organisms, cells in urochordates respond to microbes by the production and secre-
tion of antimicrobial peptides and appear to use conserved signal transduction
pathways.

4.2 Allorecognition in Urochordates

Despite their apparent “simplicity” and lack of obvious predecessors of an adaptive
immune system, urochordates have several well documented forms of allorecogni-
tion. Two types of allogeneic recognition are observed. One is “colony specificity” in
compound ascidians (see the review by Saito et al. 1994; Magor et al. 1999; Hirose
2003), and the other is “self-sterility” (blocked self-fertilization) which has been
reported in colonial ascidians like Botryllids (see the review by Saito et al. 1994),
solitary ascidians such as Halocynthia roretzi (see the review by Sawada 2002), and
Ciona intestinalis (Murabe and Hoshi 2002).

Colony specificity was first observed by Bancroft, who found that, when two
pieces of a single colony of Botryllus schlosseri come into contact with each other,
they easily fuse to form a single colony (Bancroft 1903). Two pieces of different
origin, however, never fuse after grafting. Oka and Watanabe (1957, 1960) ana-
lyzed this phenomenon in the Japanese botryllid ascidian B. primigenus and
showed that this phenomenon was a type of self/non-self recognition. Genetic
experiments in B. primigenus indicated that allorecognition is genetically controlled
by a single highly polymorphic gene locus containing codominantly expressed
alleles (Oka and Watanabe 1960; see the review by Saito et al. 1994). Publication
of the hypothesis that the Borryllus fusibility/histocompatibility (FU/HC) locus
may represent an ancestral form of vertebrate MHC (Scofield et al. 1982) attracted
widespread attention, and Botryllus became one of the most widely studied models
to unravel the evolutionary origin of MHC.
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For an extended period of time it was expected that allorecognition in urochor-
dates represented the ancestral state of the MHC-based histocompatibility reactions
of vertebrates (Scoffield et al. 1982). However, with the sequencing of Ciona intes-
tinalis and C. savignyi genomes it became clear that there are no MHC- or TCR-
like molecules present at that level of animal evolution (Dehal et al. 2002; Azumi
et al. 2003). This together with the characterization of putative allorecognition
receptors in Halocynthia (Sawada et al. 2004; Ban et al. 2005) and Botryllus
(De Tomaso and Weissman 2003; De Tomaso et al. 2005) provides convincing
evidence that the allorecognition machinery in urochordates has nothing in common
with the MHC-based histocompatibility reactions of vertebrates (De Tomaso et al.
2005; Klein 2006). The Fu/Hc receptor of Botryllus schlosseri, which appears to be
responsible for the histocompatibility reactions in this colonial ascidian, has no
direct homologs in vertebrates, nor in Ciona intestinalis (De Tomaso et al. 2005).
Moreover, despite the fact that histocompatibility reactions in the form of allograft
rejection were described in Ciona (Reddy et al. 1975), the whole Botryllus Fu/Hc
locus itself has no clear syntenic region in the Ciona genome (De Tomaso et al.
2005), Thus, even within the urochordates, self/non-self discrimination systems
may have branched off into a variety of unique and specialized systems during
evolution.

Self-sterility is the second type of allogeneic recognition in urochordates.
Fertilization is a precisely controlled process wherein the sperm binds to the vitell-
ine coat (zona pellucida) of the egg in a species-specific manner and undergoes an
acrosome reaction. Many species of solitary and colonial urochordates are her-
maphrodites, and they release sperm and eggs simultaneously. They therefore have
to evade self-fertilization. In Halocynthia roretzi, Ciona intestinalis and Botryllus
schlosseri, studies of the genetic background of self-incompatibility have revealed
several intriguing findings at the molecular level.

In ascidians which possess self-incompatibility, only a heterologous sperm is
able to bind to the vitelline coat and the acrosome reaction proceeds only if the
sperm recognizes the vitelline coat as non-self.

In H. roretzi, the main lytic target in the vitelline coat is HrVC120, a 120-kDa
type I transmembrane protein with 12 EGF-like repeats at the N-terminus and a
zona pellucida domain near the transmembrane region. HrVC120 has been shown
to be the receptor in the vitelline coat which binds sperm (Sawada 2002). A com-
parative sequence analysis of HrVC120 disclosed (Sawada et al. 2004) that several
amino acid residues in a restricted region were substituted at an individual level,
with no identical sequences of HrVC120 among the ten individuals tested. Since
the diversity in cDNA sequences was derived from genomic DNA polymorphism
between different individuals (Sawada et al. 2004), HrVC120 is considered an
important allorecognition molecule used during gamete interaction in urochordates.
We recently obtained indirect support for that suggestion by discovering a group of
related genes expressed in Ciona oocytes. In a screen designed to identify genes
potentially involved in self-sterility in C. intestinalis, we identified a number of
polymorphic genes encoding transmembrane proteins which are similar to
HrVC120, with several EGF-like domains followed by a ZP domain (Kiirn et al.
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2007). All four Ciona genes are expressed in developing but not in mature oocytes.
Thus, proteins with multiple EGF-like domains and ZP domains may play a crucial
role in preventing self-fertilization in urochordates.

Interestingly, in H. roretzi the same monoclonal antibodies that prevent lysis
between hemocytes from different individuals (“contact reaction”) also prevent fer-
tilization (Arai et al. 2001). The antigens recognized by these antibodies are present
on the surface of hemocytes and the vitelline coat of the eggs. This is the first direct
evidence that cell surface determinants responsible for allorecognition in urochor-
dates may also be responsible for blocking self-fertilization (Arai et al. 2001).

4.3 Complement in Urochordates

The complement system is a cascade of serine proteases initiated by the detection
of foreign agents, and it results in several different effector responses. In mammals,
the cascade as a whole uses around 30 different proteins, which are all constitui-
tively present in the blood serum.

Many components of the mammalian complement system can be traced back to
urochordates. In the absence of antibodies, the activation pathway is of the lectin
type and consists of mannose-binding lectins (MBLs), mannose associated serine
proteases (MASPs), C3, and corresponding CR3/CR4 receptors present on macro-
phage-like cells (Kenjo et al. 2001; Sekine et al. 2001; Marino et al. 2002; Endo
et al. 2003; for a review, see Fujita 2002). Thus, a lectin-based complement system
is present in urochordates and functions in an opsonic manner. Obviously, this sys-
tem has remained unchanged since its appearance at least 600 myr ago, well ahead
of the emergence of adaptive immunity. From an evolutionary point of view, Fujita
(2002) proposed that the primitive lectin pathway in innate immunity evolved into
the classic pathway to serve as an effector system of adaptive immunity.

In mammals, the crusial step of complement function is the covalent attache-
ment of serum protein C3 to the surface of autologous and bacterial cells and acti-
vation the complement cascade causing elimination of the “alien” cell by lysis
and/or phagocytosis (Sahu and Lambris 2001). Attachment of C3 to normal autolo-
gous cells is prevented by the expression of “self” markers. The main markers of
normal “self” in mammals are membrane cofactor protein (MCP/CD46), decay
accelerating factor (DAF/CDS5S5), and CD59, a member of the Ly6 family
(Liszewski et al. 1991; Vanderpuye et al. 1992). These receptors function by inter-
fering with complement components. CD46 and CD55 interact with C3 by prevent-
ing the formation of active C3 convertase. CD59 associates with C8 and/or C9 and
thereby blocks the polymerization of C9 monomers required for the formation of
lytic pores. As a final result, membrane attack complex (MAC) is not formed prop-
erly and cells are protected from complement-mediated lysis. Interestingly, the
number of genes encoding proteins with multiple short consensus repeats (structur-
ally similar to CD46, CD55, CR1, CR2) is much higher in number in ascidians than
in mammals (Azumi et al. 2003). For poorly understood reasons (for a discussion,
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see Khalturin and Bosch 2007), this group of molecules has expanded considerably
in the urochordate lineage.

The lytic pathway in urochordates consists of a large set of soluble proteins
present in hemolymph, which have MAC/Perforin domains and an organization
similar to that of the terminal vertebrate complement components, C6/C7/C8/C9
(Azumi et al. 2003).

Very recently, genomic views on the structure and evolution of the complement
system in urochordates have been published (Nonaka and Yoshizaki 2004; Nonaka
and Kimura 2006). Interestingly, most individual structural domains found in the
urochordate complement components are specific to metazoans and are present in
both invertebrates and vertebrates but are missing from yeast and plants. However,
the unique domain architecture characteristic of vertebrate complement proteins is
not present in protostomes, which led the authors (Nonaka and Yoshizaki 2004;
Nonaka and Kimura 2006) to propose that the present-day complement system in
vertebrates evolved by a unique combination of preexisting domains rather than by
the invention of new domains.

In mammals the complement components are not variable between individuals,
except for the C4 component in mice (Natsuume-Sakai et al. 1980). Surprisingly, in
Ciona the number of genes encoding complement system components is greatly
expanded compared with mammals (Azumi et al. 2003). In addition, some complement-
related transmembrane proteins such as variable complement receptor-like 1 (vCRL1;
Kiirn et al. 2006) are highly variable between individuals. We have proposed elsewhere
(Kiirn et al. 2006; Khalturin and Bosch 2007) that these features allow us to explain
the allorecognition reactions in Ciona by the involvement of complement-related
receptors on the basis of the “missing self” concept: since cells in different individuals
bear non-overlapping receptors and the corresponding ligands, cells within one individual
are appropriately marked and are referred to as “self”, while any cell of conspecific, but
genetically different individuals are distinguished as “non-self”.

In conclusion, there is accumulating evidence that early during chordate phylog-
eny the components of the complement system, in addition to their role in pathogen
elimination, were involved in allorecognition. From an evolutionary point of view,
the development of the adaptive immune system in the vertebrate lineage may have
included the concomitant loss of involvement of complement molecules in allorec-
ognition. This conclusion has an important implication. It indicates that urochor-
dates use an allorecognition system which is unique and different from the one used
by vertebrates (Khalturin and Bosch 2006).

4.4 Despite the Absence of MHC, Urochordate
Blood Contains NK-Like Cells

In mammals, the immune system distinguishes self from non-self by three mecha-
nisms: (a) molecules or metabolites typical for certain groups of pathogens are dis-
tinguished by pattern recognition molecules (e.g., Toll-like receptors for bacterial
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surface antigens), (b) T-cell receptors (TCR) that recognize non-self determinants
presented by MHC, and (c) CTLD receptors and KIRs of natural killer (NK) cells
that are used to screen for the presence of “self” determinates. Cells lacking these
“self” markers are then eliminated.

When searching in the urochordate Botryllus schlosseri for genes which are
altered in their expression in response to allogeneic contact, we discovered (Khalturin
et al. 2003) a homolog of a mammalian NK cell receptor, CD94/NKR-P1. The
Botryllus gene, termed bsCD94-1 (Khalturin et al. 2003) is down-regulated after allo-
genic contact. Immunostaining with a polyclonal antibody produced against the
C-type lectin domain (CTLD) of bsCD94-1 indicates the presence of the receptor on
the surface of a distinct group of Botryllus blood cells. Because the degree of structural
conservation between the Botryllus bsCD94-1 protein and the vertebrate orthologs
implies functional conservation, we proposed (Khalturin et al. 2003) that B. schlosseri
blood cells carrying this receptor are mediators of allorecognition. Interestingly, close
homologs of Botryllus bsCD94-1 are present in Ciona intestinalis (Khalturin et al.
2004). The Ciona protein has 45% identity to its Botryllus homolog and has the
characteristic features of a type II transmembrane protein. It has even higher
homology to mammalian CD94 and NKR-P1 than does the Botryllus homolog.
Neither the ciCD94-1 protein function nor localization in Ciona is known. However,
taking into consideration the high structural similarity to the family of NK receptors,
one may speculate that ciCD94-1 participates in the NK cell-like cytotoxic activity
described previously for Ciona blood cells (Parrinello et al. 1996).

Thus, key molecules of vertebrate NK cells are expressed in a subpopulation of
urochordate blood cells. These cells, therefore, may be considered as ancestral
NK cells.

5 Conclusion

The complexity of host defenses and recognition strategies in urochordates repre-
sents intricate processes that provide the backdrop for both the innate and adaptive
immune systems of species that appeared much later. Understanding the strategies
employed by our ancestors will undoubtedly provide novel insights leading to new
approaches to modulate immune function in plants and animals.
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Abstract There has been a revolution in immunology in recent years that has
transformed the paradigmatic underpinnings of vertebrate immunology to include
the innate immune response. The utilization of basally diverging model systems,
like the zebrafish, provides particular insight into the origins and evolution of
vertebrate immunity. Investigations aimed at exposing the breadth and com-
plexity of innate immunity using the zebrafish model system have uncovered a
broad spectrum of mechanisms, both novel and conserved, that add depth to our
understanding of how the immune system functions. Of particular significance is
the fact that, during the first 4—6 weeks of development, the zebrafish relies upon
innate immunity as its sole mechanism of defense. This unique characteristic,
combined with the zebrafish model’s inherent advantages including high fecun-
dity, external development, and optical transparency during early development,
make the zebrafish a particularly attractive model of study. The establishment
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of bacterial and viral infectious disease models such as Edwardsiella tarda and
snakehead rhabdovirus, respectively, as well as the addition of a wide range of
reagents and techniques, including robust forward and reverse genetics approaches,
have facilitated the zebrafish model’s usage to study of a variety of innate immu-
nity questions. Close examination of the zebrafish’s innate immune system reveals
a strong degree of sequence conservation in many of areas of study, including
but not limited to pattern recognition receptors like the Toll-like receptors, their
pathway components, and a variety of cytokines. Studies are currently underway
to determine whether such sequence homology equates to functional homology.
In addition, a variety of zebrafish genes encoding proteins of unique function are
currently under study, including assorted lectins and novel immune type receptors.
Close examination of these genes may provide needed insight into the evolutionary
history of immunity in vertebrates. In its totality, the zebrafish is a vibrant and use-
ful model system with the potential to offer immunologists alternative perspectives
into the underlying mechanisms of vertebrate innate immunity, particularly during
its early life, when innate immune responses are all that can be mustered.

1 Overview

The interplay between pathogenesis and immunity has shaped the course of natural
history, influencing the population dynamics of organisms of all types and com-
plexities. Our appreciation of these concepts has been influenced, in an historical
sense, by the effects of disease on humankind. The linkage between pathogenesis
and immunity can be traced in the written record to the Islamic physician Rhazes
(Abu Bekr Mohammed ibn Zakariya al-Razi; 880-932 A.D.). In his Treatise on the
Smallpox and Measles, Rhazes, the first to describe the clinical manifestations of
smallpox, also noted that survivors of an initial infection acquired resistance to
repeat infections (Silverstein 1989). Similar observations were recorded in the
literature subsequently, but the mechanisms underlying this “acquired immunity”
would not begin to be described accurately until the late 1800s when the modern
field of immunology arose (deKruif 1926; Silverstein 1989, 2002; Tauber and
Chernyak 1991). At that time, two competing schools of thought emerged. Ilya
Mechnikov proposed that immunity was cell-mediated and dependent upon phago-
cytosis or cell engulfment (deKruif 1926; Silverstein 1989; Tauber and Chernyak
1991). This theory of cellular immunity was relegated for over 50 years in favor of
the humoralist school, led by Paul Ehrlich, which argued that immunity was medi-
ated by blood-borne factors, particularly antibodies and complement (deKruif
1926; Silverstein 1989; 2002; Tauber and Chernyak 1991). The humoralist school
of immunology dominated the field, and theories abounded about the origins of
antibody production. In 1959, MacFarlane Burnet offered his clonal selection theory,
in which humoral responses were proposed to be mediated by cellular mechanisms
(Burnet 1959). This theory reestablished the importance of cells in mediating
immunity. The theory introduced the notion that, in a heterogeneous lymphocyte
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population, the activation of one antibody-bearing cell in that population by an
antigen leads to its subsequent cloning so that additional cells bearing that particular
antibody are made. Burnet’s theory offered additional insight into how the immune
system worked and became the framework upon which immunology proceeded. In
his landmark essay Approaching the asymptote? Evolution and revolution in immu-
nology, Charles Janeway argued that nonclonal cell-mediated immune responses,
based upon what he termed “pattern recognition receptors,” may be important for
host defense. He recognized that these responses may constitute an essential aspect
of innate immunity which, until that point in 1989, had not gained significant
recognition or appreciation as a crucial component of the comprehensive immune
response (Janeway 1989). His subsequent identification of such a pattern recogni-
tion receptor (Medzhitov et al. 1997) validated his earlier prediction. This finding
of a human homolog of the fruitfly Toll receptor (known as hToll or Toll-like
receptor-4) has indeed revolutionized immunology. As a result, the components
underlying innate immune responses in mammals have garnered increasing atten-
tion and scrutiny.

The rapidly accelerating field of innate immunity is illuminating areas of immu-
nology that heretofore were unknown or incomplete. As a result, the paradigm of
mammalian host defense has been dramatically transformed to include concepts
related to innate immunity. The advent and maturation of robust invertebrate and
basally diverging vertebrate model systems, including the zebrafish, provide unique
opportunities to examine the evolution of innate immunity. A fuller understanding
of immunity in basally diverging vertebrates provides additional perspective into
how the immune system functions in mammals.

2  Components of Innate Immunity

2.1 General Description

Innate immune responses are primordial and characteristic of all eukaryotic organ-
isms, providing nonspecific, broad-spectrum host defense against a wide range of
pathogens. Innate immunity constitutes the only mechanism of defense for eukaryo-
tes at and “below” the agnathans, or jawless fishes: organisms ranging from the
amoeba (Leippe 1995) to the lamprey (Alder et al. 2005) rely solely upon innate
immune responses. Approximately 450 million years ago, antigen-specific, acquired
immunity is thought to have originated with the introduction of a single transposable
element encoding two recombination-activating genes (RAG-1, RAG-2), into the
germ line of an ancestral, jawed, cartilaginous fish (Agrawal et al. 1998). It is theo-
rized that this integration occurred in a primitive receptor exon, where the RAG
proteins could induce the gene rearrangements necessary to spark the diversity and
specificity associated with adaptive immune responses (Agrawal et al. 1998).
These rearrangements manifested themselves in the immunoglobulins and T cell
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receptors now associated with B and T cells, respectively. For all organisms arising
after the ancestral, jawed, cartilaginous fish, innate immunity serves a dual role:
controlling and destroying pathogens and, if necessary, triggering a comprehensive
immune response involving components of adaptive immunity.

Innate immunity describes a suite of broad-spectrum host defense mechanisms
comprised of physical, chemical, cellular, and molecular elements. In recent
years, the components that underlie innate immune responses have garnered
increasing attention and appreciation. Foremost among these components are a
family of evolutionarily conserved pattern recognition molecules collectively
known as the Toll-like receptors (TLRs). TLRs, whose antecedent was originally
defined in Drosophila melanogaster as Toll, possess the capacity to recognize
conserved pathogen features like the lipopolysaccharides associated with bacteria
or the double-stranded RNAs associated with viruses (Akira and Takeda 2004;
Akira et al. 2001; Beutler 2004; Kopp and Medzhitov 2003; Takeda and Akira
2004; Ulevitch 2004). Upon recognition, these TLRs trigger a pro-inflammatory
signal transduction cascade characterized by the induction of cytokines, antimi-
crobial peptides, and other immune factors. Each individual TLR has the unique
capacity to recognize specific pathogen characteristics, thereby contributing to
the diversity of responses that are generated. TLRs transduce the signals trig-
gered by external stimuli through adaptor proteins characterized by the presence
of Toll/interleukin-1 homologous region (TIR) domains (Akira et al. 2003).
Functions have been assigned to four such adaptors: myeloid differentiation factor
88 (MyD88), TIR domain-containing adaptor protein (TIRAP), Toll-receptor-
associated molecule (TRAM), and Toll-receptor-associated activator of inter-
feron (TRIF; Akira and Takeda 2004; Akira et al. 2003; Beutler 2004; Kopp and
Medzhitov 2003; Takeda and Akira 2004; Ulevitch 2004). These adaptor mole-
cules propagate signals through specific interactions with other cytosolic pro-
teins, which ultimately lead to the translocation of various transcription factors
into the nucleus where they affect the transcription of specific genes.

2.2 Drosophila Toll: Identification and Recognition
of a Dually Functioning Pathway

The dominant maternal effect mutation Toll was discovered as part of a screen to
identify genes important for the establishment of Drosophila dorsal/ventral polarity
(Anderson and Nusslein-Volhard 1984a). Toll was determined to be one of several
genes present as maternal mRNA in Drosophila (Anderson and Nusslein-Volhard
1984b), serving to promote ventralization as the developmental polarity progressed
(Anderson and Nusslein-Volhard 1984b; Anderson et al. 1985a, b). Its effects were
shown to be the result of NF-xB-like transcription factors like Dorsal (Steward
1987). Close examination of the cytoplasmic domains revealed strong amino acid
similarities between Drosophila Toll and mammalian interleukin 1 receptors (IL-1R;
Heguy et al. 1992; Schneider et al. 1991). The strong similarities between Toll and
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IL-1R as well as between NF-xB and Dorsal led to the realization that Toll may
play a role in immunity (Lemaitre 2004). Lemaitre et al. (1996) established the
link between Toll protein activation and upregulation of the antifungal peptide
gene drosomycin via Dorsal translocation. Another protein, IMD, which had been
shown to be important for the expression of antibacterial peptides (Lemaitre et al.
1995), was determined to regulate upregulation of the antibacterial peptide dip-
tericin. Further experimentation revealed a capacity to discriminate among
microorganisms and an ability to tailor specific immune responses to specific
types of infections (Lemaitre et al. 1997). These findings provided important
insight into innate immunity and became the template upon which investigations
into mammalian TLR signal transduction were based.

2.3 TLRs and TIR-Bearing Adaptor Proteins

The TLRs are a family of evolutionarily-conserved, pattern-recognition molecules
that function as essential components of innate immunity (Akira and Takeda 2004;
Akira et al. 2001, 2003; Beutler 2004; Kopp and Medzhitov 2003; Takeda and
Akira 2004; Ulevitch 2004). Vertebrate TLRs have been identified from zebrafish
(Jault et al. 2004; Meijer et al. 2004; Phelan et al. 2005¢) to humans (Akira and
Takeda 2004; Akira et al. 2001, 2003; Beutler 2004; Kopp and Medzhitov 2003;
Takeda and Akira 2004; Ulevitch 2004), with each possessing unique capacities to
bind specific ligands ranging from the lipopolysaccharides (LPSs) characteristic of
Gram-negative bacterial infections to the double-stranded (ds)RNAs characteristic
of viral infections. Although divergent in their capacity to bind specific ligands, all
TLRs described to date have in common a leucine-rich extracellular domain, a
transmembrane domain, and a TIR (Toll-IL1 receptor) cytoplasmic domain.
Functional TIR domains are necessary for the signal transduction events triggered
by ligand binding. The absence of functional TLR TIR domains, as shown with the
Lps< point mutation (P712H; Hoshino et al. 1999; Poltorak et al. 1998), results in
a failed initiation of a signal transduction cascade.

TLRs transduce extracellular signals through their TIR domains by homotypic
protein—protein interactions with cytoplasmic adapter molecules also bearing TIR
domains (Kopp and Medzhitov 2003). Perhaps the best described TIR-bearing
adapter molecule is MyD88. The binding of a ligand to a TLR leads to the recruit-
ment of MyD88, which is capable of interacting with a TLR’s TIR domain with its
own carboxy-terminus TIR domain (Medzhitov et al. 1998). From this position,
MyD88 can interact through its amino-terminus death domain with the death
domains of interleukin-1-receptor-associated kinases (IRAKs; Akira and Takeda
2004). IRAKSs are a family of serine-threonine kinases that typically drive the sig-
nal through tumor-necrosis-factor-receptor-associated-factor-6 (TRAF6). According
to one model (Kanayama et al. 2004), TRAF6 oligomerizes and becomes polyubiq-
uitinated through its interactions with a dimeric ubiquitin-conjugating enzyme
complex consisting of Ubc13 and UevlA (Deng et al. 2000). Polyubiquitin chains
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are synthesized through lysine 63 of ubiquitin (Deng et al. 2000), and these chains
are recognized and bound by the zinc finger domains of TAB2 or TAB3 (Kanayama
et al. 2004). TAB2 or TAB3 recruits TAKI to this large signaling complex, where
TAKI1 is activated. Activated TAK1 phosphorylates IKKb, which is complexed
with IKKo and NEMO. This complex then phosphorylates an IkB/NF-xB complex
that leads to its polyubiquitination and degradation. NF-«kB is then liberated and
can translocate into the nucleus to activate proinflammatory cytokines and antimi-
crobial peptides, and other immune factors are upregulated (Kanayama et al. 2004).
This TRAF6-TAK1 complex is also responsible for the activation of MAP kinases
and AP1 (Akira and Takeda 2004).

In addition to MyD88, other TIR-bearing adapter molecules have been identi-
fied and at least partially described, including TIRAP (or Mal), TRAM (or TICAM-
2 or TIRP), SARM and TRIF (or TICAM-1; Beutler 2004). Such MyD88-independent
signal pathways have recently gained greater appreciation. TIR domain-containing
adaptor protein (TIRAP), for instance, has been implicated in the mediation of
TLR4-to-IFN-f signaling (Fitzgerald et al. 2001; Henneke and Golenbock 2001;
Horng et al. 2002; Horng et al. 2001; Shinobu et al. 2002; Takeda and Akira 2004;
Vogel and Fenton 2003; Yamamoto et al. 2002a) as well as TLR4 to IL-6 signaling
(Schilling et al. 2002). TIR domain-containing adaptor inducing IFN-f (TRIF), an
adaptor molecule described in greater detail in following sections, plays an essen-
tial role in the TLR3-to-IFN-f signaling pathway (Oshiumi et al. 2003a; Yamamoto
et al. 2002b) and may also be involved in TLR2 (Yamamoto et al. 2002b) and
TLR4 signaling (Oshiumi et al. 2003b). The TRIF-related adaptor molecule
(TRAM) has been shown to function within the TLR4 signaling pathway
(Yamamoto et al. 2003) and the interleukin-1 signaling pathway (Bin et al. 2003).
In addition, TRAM interacts with TRIF to facilitate the TLR4 to IFN-f pathway
(Fitzgerald et al. 2003; Oshiumi et al. 2003b). The adaptor molecule SARM has not
been characterized in mammals. However, its Caenorhabditis elegans ortholog,
TIR-1, has been implicated as being part of a novel signaling pathway involved in
the upregulation of antimicrobial genes following exposure to the fungus
Drechmeria coniospora (Couillault et al. 2004).

3 Zebrafish as a Model for Infectious Disease
and Innate Immune Responses

3.1 Overview

The zebrafish model system continues to evolve as an effective tool within the
fields of biomedicine, as researchers continue to exploit its unique advantages to
address their specific questions. Over time, the zebrafish system has migrated from
the exclusive province of embryology to other fields, including genetics, toxicology,
and immunology. The obvious advantages of external fertilization, large clutches,
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optical clarity during development, short generation times, and rapid development
of organ primordia that embryologists exploited have been augmented with
additional tools and techniques. These include: a variety of isogenic lines that have
been bred; molecular, forward, and reverse genetics techniques that have been
developed; a genome project that is nearly complete; and a broad range of reagents
that are now available. As a result, numerous human disease models have been
developed using the zebrafish, and these have proven extremely beneficial to
understanding complex problems and processes (Fishman 2001; Traver et al. 2003;
Trede et al. 2004). These are particularly useful because of the conserved synteny
shown between the human and zebrafish genomes (Barbazuk et al. 2000; Dehal and
Boore 2005).

3.2 Forward and Reverse Genetics

One of the most useful methods for determining gene function involves “knocking
out” or disrupting the unknown coding sequence in an animal model and subse-
quently observing which structure or function is deleted. Knockout mice with dis-
tinct gene deletions are valuable tools for in vivo analysis of the immune response
against infectious agents. These studies make possible the elucidation of the impor-
tance of different arms of the immune system to fight infection. Although there are
numerous advantages to using the zebrafish system, including clear embryos, exter-
nal fertilization, short generation times, and large clutches per mating, chromo-
somal integration is rare, and there are currently no widely available methods for
generating gene knockouts. An alternative strategy for loss-of-function studies is
large-scale N-ethyl-N-nitrosourea (ENU) chemical mutagenesis. In these screens,
however, mutants of unknown molecular nature are isolated. Screening this large
collection for a mutant corresponding to the gene under study, through mapping
and linkage analysis, would require excessive effort and more than a small amount
of luck.

An alternative approach is to inactivate the mRNA products of the gene by
applying antisense methods. The drawback to this method is that the traditional
antisense oligonucleotides are nuclease-sensitive, have low aqueous solubility, and
require RNase H to function. RNA interference methods have given mixed results,
but reports of disruptive effects have dissuaded many researchers from this
approach (Liu et al. 2005; Oates et al. 2000; Zhao et al. 2001). To overcome these
issues, alternative techniques have been devised. For example, a ribozyme directed
against a zebrafish mRNA expression product of a targeted gene, no tail, has dem-
onstrated the feasibility of downregulation or “knockdown” of the expression of
targeted genes (Xie et al. 1997).

In a new technique developed for zebrafish, an alternative type of antisense
oligonucleotide — a morpholino — provides substantially improved results, with
efficiencies approaching 100% (Nasevicius and Ekker 2000). Morpholino oligo-
nucleotides (MO) are non-ionic and function by an RNase H-independent
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mechanism. MO are assembled by joining up to 25 morpholino bases in a specific
order by non-ionic phosphorodiamidate linkages. The cloning of zebrafish coding
sequences, followed by their knockdown with a MO, may provide a rapid method
for identifying their function. Because only knowledge of short sequences of the
target mRNA is necessary for the design of a MO, only minimal sequence informa-
tion needs to be determined for zebrafish.

With the advent of MO technology, zebrafish knockdowns for specific gene
expression can now be created. In addition, combinations of MO may be microin-
jected simultaneously into a single developing embryo to determine the effects of
double or even triple knockdowns. MO can be introduced into cells in vitro or into
the developing embryos of zebrafish, where they block the translation of targeted
mRNA transcripts. Innovative antisense RNA technologies have been developed to
block splicing at specific exon—intron junctions, thereby altering protein products.
MO have proven efficient at splice blocking in the zebrafish (Draper et al. 2003; Yan
et al. 2002). Draper (2003) demonstrated that an MO directed against the exon 3
splice donor junction of zebrafish fgf8 could block its splicing and result in the exclu-
sion of exon 3 from the transcript. An MO directed against the splice donor junction
of exon 1 of zebrafish sox9 demonstrated a similar capacity to block splicing (Yan
et al. 2002). These studies demonstrate the utility of MO antisense technology for
blocking pre-mRNA splicing and altering gene products and functions.

A novel gene knockdown technique known as fargeting induced local lesions in
genomes (TILLING), which was originally used to create gene knockouts in the
mustard plant Arabidopsis (McCallum et al. 2000), was recently used in zebrafish
(Wienholds et al. 2003). Zebrafish males are mutagenized with ENU and out-
crossed with wild-type females to create a library of first filial generation fish (F)).
Single nucleotide polymorphisms from PCR products of specific genes are detected
through cleavage by the celery enzyme CEL-1, which recognizes and cuts heter-
oduplexes 3’ to the mutation. Products are subsequently separated by denaturing
polyacrylamide gel electrophoresis and those individuals possessing point muta-
tions are identified and confirmed by sequencing.

3.3 An Infectious Disease and Innate Immunity Model

Recently, the zebrafish was established as a model for infection and immunity
(Davis et al. 2002; Menudier et al. 1996; Neely et al. 2002; Phelan et al. 2005b;
Pressley et al. 2005; Prouty et al. 2003; van der Sar et al. 2003, 2006). The zebrafish
is particularly useful because each point in its development can be easily exploited
to learn important information about the immune system. During the first four days
of development, the zebrafish exhibits no adaptive immunity markers (Traver et al.
2003). Four days post-fertilization, ragl and rag2 expression is noted (Willett et al.
1997), and zebrafish begin to develop the T and B cells necessary to mount adaptive
immune responses (Danilova and Steiner 2002; Danilova et al. 2004). It has been
shown that, while some adaptive immunity markers are present early in the
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developing larvae, the zebrafish requires 4-6 weeks to achieve a fully functional
adaptive immune response (Lam et al. 2004). With the development of viral and
bacterial infection models (Davis et al. 2002; Menudier et al. 1996; Neely et al.
2002; Phelan et al. 2005b; Pressley et al. 2005; Prouty et al. 2003; van der Sar
et al. 2003), it is now possible to study innate immune responses exclusively in
these first weeks of development and thereby examine the role of innate immunity
without the complications of the adaptive immune response.

3.3.1 Bacterial Models

Several bacterial models of infection for zebrafish have been described and will
prove useful in the study of zebrafish immunity (Davis et al. 2002; Menudier et al.
1996; Neely et al. 2002; Pressley et al. 2005; Prouty et al. 2003; van der Sar et al.
2003). For example, our laboratory established an effective, bacterial immersion
infection model using Edwardsiella tarda, a Gram-negative rod (Pressley et al.
2005). Acute infection of both embryos and adults was noted through histopathology
and cumulative percent mortalities. Additionally, upregulation of transcripts for the
proinflammatory cytokines IL-1B and TNF-o, was observed. Infection studies with
strains of Streptococcus (Neely et al. 2002), Mycobacterium (Davis et al. 2002;
Prouty et al. 2003), Salmonella (van der Sar et al. 2003), and Listeria (Menudier
et al. 1996) have also been reported, but these infection schemes are limited to
injection rather than immersion.

3.3.2 Viral Models

Our laboratory was also the first to demonstrate that zebrafish at varying stages of
development were susceptible to lethal infection upon immersion challenge by
snakehead rhabdovirus (SHRV), and that such infections could elicit potent antivi-
ral responses throughout development, as measured by zebrafish type I IFN and Mx
transcript levels (Phelan et al. 2005b). Other laboratories have shown that zebrafish
can be infected with infectious hematopoietic necrosis virus (IHNV), infectious
pancreatic necrosis virus (IPNV), and spring viremia of carp virus (SVCV; LaPatra
et al. 2000; Sanders et al. 2003). Each of these infection models was limited to adult
fishes. Unlike the SHRV model, infection of developing zebrafish from embryonic
through juvenile stages was not described. IHNV and IPNV were able to replicate
within the zebrafish, but these fish exhibited no mortalities (LaPatra et al. 2000).
SVCV was shown to induce pathology consistent with viral infection in zebrafish
adults, but these infections occurred at temperatures between 15 °C and 20 °C, well
below the optimal temperature for maintaining zebrafish (28 °C; Sanders et al.
2003). As a result, zebrafish needed to be acclimated to lower temperatures and
infections took longer to occur.

The establishment of infectious disease models in zebrafish has made it possible
to assay mechanisms of host defense. Zebrafish homologs of mammalian TLRs and
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their pathway components have been identified by in silico analysis, and many
have been partially cloned (Jault et al. 2004; Meijer et al. 2004; Phelan et al.
2005a). Phylogenetic analyses infer strong conservation amongst TLRs and their
pathway components, from fishes to mammals (Iliev et al. 2005; Roach et al. 2005).
Very little, however, has been done to characterize their function. Our laboratory
characterized full-length zebrafish TLR3, IRAK4, and TRAF6 orthologs and
assayed the effects of infection on their expression at different stages of develop-
ment (Phelan et al. 2005a). All of the genes were upregulated in response to infec-
tion by E. tarda, but only TLR3 and TRAF6 expression were activated upon SHRV
infection. The results demonstrated that a robust TLR-mediated antibacterial and
antiviral response could be triggered upon infection. These findings were bolstered
by a recent investigation into the role of zebrafish MyD88 in mediating response to
infection. A MO-mediated gene knockdown of MyD88 was shown to disrupt clear-
ance of Salmonella enterica serovar Typhimurium Ra bacteria (van der Sar et al.
2006), demonstrating an important role for MyD88-dependent signaling in
zebrafish.

Homologs for a variety of mammalian cytokines have been identified in
zebrafish, and some have begun to be characterized. These include IL-1b (Pressley
et al. 2005), TNF-o (Praveen et al. 2006a; Pressley et al. 2005), and type I IFN
(Altmann et al. 2003; Robertsen 2006), as have been described, as well as IL-10
(Zhang et al. 2005), IL-11 (Huising et al. 2005), IL-15 (Bei et al. 2006), 1L-22
(Igawa et al. 2006), IL-26 (Igawa et al. 2006) and IFN-y (Igawa et al. 2006;
Robertsen 2006). In addition, a variety of chemokines have been identified
(Baoprasertkul et al. 2005) and, based upon an extensive genome analysis, up to 46
CC chemokines in zebrafish may exist (Peatman and Liu 2006). In other fishes,
homologs for lymphotoxin- (Kono et al. 2006), granulocyte colony-stimulating
factors (Santos et al. 2006), and IL-18 (Huising et al. 2004) have been identified.

4 NK-Like Cells

Nonspecific cytotoxic cells (NCCs) are considered to be the evolutionary precur-
sors of mammalian natural killer (NK) cells (Evans et al. 2001; Jaso-Friedmann
et al. 2001; Shen et al. 2002). They are capable of lysing many of the same target cell
lines as human NK cells (Carlson et al. 1985; Evans et al. 1984a, b, ¢, 1987; Graves
et al. 1984). The monoclonal antibodies (mAbs) 5C6, 6D32, and 6D34, directed
against NCCs, exhibited cross-reactivity with human NK cells (Harris et al. 1991).
In addition, mAbs 5C6 and 6D32 inhibited the lysis of K-562 cells by human NK
cells. Furthermore, the binding of mAbs 5C6 and 6D34 to NK cell targets stimu-
lated the release of tumor necrosis factor (TNF) and T cell growth factor (TCGF),
indicating that these antibodies were capable of simulating induction by ligands of
known signal transduction events (Harris et al. 1991; Jaso-Friedmann et al. 1993).
Overall, these findings indicated evolutionary conservation and led to the conclusion
that NCCs were the evolutionary precursors of NK cells.
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Despite these similarities, there are still unresolved questions about the evolutionary
relationship between NCCs and NK cells. One distinction between NCCs and NK
cells is the inability of NCCs to recycle at the same rate as mammalian cells (Evans
et al. 1984a). Another limitation is the failure to identify the NCC receptor protein-1
(NCCRP-1) homolog on NK cells (Shen et al. 2002). The evidence that such a receptor
exists is the aforementioned cross-reactivity of NK cells with mAb 5C6, a monoclonal
antibody directed specifically against NCCRP-1 (Evans et al. 1988; Jaso-Friedmann
et al. 1997). Perhaps most interesting from our perspective is the seemingly agranular
characteristic of NCCs (Evans et al. 1984a). One of the defining properties of mam-
malian NK cells, and cytotoxic T lymphocytes (CTLs) is the presence of cytolytic
granules containing perforin, granulysin or NK-lysin, and granzymes. These granules
are essential to the exocytosis pathway that is now considered to be the primary mech-
anism of defense against intracellular pathogens, viruses, and tumors (Lieberman
2003). The conspicuous absence of detectable granules from NCCs and their presence
in other fish NK-like cells and CTLs (Shen et al. 2002) draws into question NCC
ontogeny and lymphoid development in fishes. Recently, NCCs from channel catfish
were shown to possess a variety of granzyme-like proteases (Praveen et al. 2006b),
including the granzyme-like serine protease CFGR-1 (Praveen et al. 2004). In addi-
tion, the expression of transcripts for perforin, granulysin, and serglycin in catfish
NCCs were detected by RT-PCR (Praveen et al. 2006b). The presence of compo-
nents essential to granule-mediated exocytosis in supposedly agranular NCCs led
to speculation that NCCs may in fact contain very small granules below the detec-
tion threshold by standard microscopy (Praveen et al. 2004, 2006b). Indeed, it has
been shown that CFGR-1, based upon its tryptase activity, is released from NCCs
upon targeting HL-60 cells and that this targeted release can be correlated with an
increase in cytotoxicity, as measured by chromium release from radiolabeled
HL-60 cells (Praveen et al. 2006b).

Mammalian NK and CTL cells, and presumably NCCs (Praveen et al. 2006b),
mediate their killing responses through “immunological synapses,” or the inter-
faces that develop between the cytotoxic effector cell and the potential target
(Davis 2002; Lieberman 2003). When an NK cell comes in contact with another
cell, it becomes activated or inhibited, based on recognition of the other cell as
“self” or “nonself” (McCann et al. 2002). Activated NK cells destroy their targets
in one of two ways: by secretion of cytotoxic granule contents into the immunologi-
cal synapse or by signal transduction through death receptor pathways. The former
mechanism predominates over the latter in response to virally infected cells,
intracellular pathogens, and tumor cells (Lieberman 2003). Secretion of cytolytic
granule contents leads to the introduction of perforin and granzymes into the
synaptic space and subsequently into the target cell where they can induce apopto-
sis. The mechanisms by which this occurs remain controversial, but perforin’s
essential role in apoptosis induced by granzymes is clear: perforin is required for
the activity of the granzymes (Walsh et al. 1994), serine proteases characterized by
their ability to disrupt plasma, mitochondria, and nuclear membranes and to induce
chromatin condensation (Lieberman 2003). Granule exocytosis also releases members
of the granulysin/NK-lysin family into the immunological synapse.
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Five distinct cytotoxic cell lines from channel catfish peripheral blood leuko-
cytes (PBLs) all failed to react with the NCCRP-1 monoclonal antibody 5C6 (Stuge
et al. 2000). It is argued that the cytotoxic effector cells they identified represent
populations distinct from NCCs and that these effectors reveal the possibility that
there is a multitude of CTL and NK-like effectors in the fishes. Of the clonal lines
they isolated, group IV is considered to be the most NK-like. These cells kill targets
nonspecifically, are TCR ¢ /f negative, and contain granules. These characteristics
raise the possibility of additional fish NK-like cells with cytolytic functions also
linked to a granule exocytosis pathway.

The inherent advantages of the zebrafish model system, and the development of
viable viral and bacterial infection models, including those with expressing fluores-
cent markers, make its use in studying NK-like and other cytotoxic cells a very
attractive proposition. Zebrafish homologs for genes encoding NCCRP-1, along
with perforin, granzymes, and NK-lysin-like protein, have been identified. With
these genes, it will be possible to identify cytotoxic cells in real-time and to char-
acterize their involvement in host response to pathogen exposure and infection. In
particular, studies instigated early in development when the zebrafish rely solely
upon their innate immunity will be instructive.

5 Additional Innate Immunity Receptors in Zebrafish

In mammals, NK cells mediate their activities through inhibitory and activating
receptors which distinguish between self and nonself based upon recognition of
MHC class I and/or activating ligands (Lanier 2005). Inhibitory NK receptors con-
tain cytoplasmic immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that
trigger a signal transduction cascade that results in the prevention or reduction of
NK cell activation (Lanier 2005). Activating NK receptors utilize adaptor proteins
containing immunoreceptor tyrosine-based activation motifs (ITAMs; Lanier
2005). Phosphorylation of ITAMs triggers an activation of the NK cell, leading to
degranulation and upregulation of cytokines and chemokines and attack on the tar-
get cell (Lanier 2005). As described, fishes do not possess NK cells per se; rather,
they possess NCCs and other NK-like cells that function similarly in mediating
cytotoxicity. The presence of such cells in fishes present interesting questions
related to origins of vertebrate immune system and lymphocytes in particular.
Novel immune type receptors (NITRs) have been identified in fishes and are specu-
lated to play a role in mediated cytotoxicity, perhaps through NK-like cells (Hawke
et al. 2001; Strong et al. 1999; Yoder and Litman 2000; Yoder et al. 2001, 2004). Indeed,
abundant expression of NITRs has been noted in NK-like cell line 3H9, which was
derived from channel catfish (Ictalurus punctatus; Hawke et al. 2001). NITRs were
originally described in the southern pufferfish (Spheroides nephelus; Strong et al.
1999) and have since been identified in the zebrafish (Yoder et al. 2001, 2004).
They possess two extracellular Ig domains, a transmembrane region, and a cyto-
plasmic tail containing ITIMs (Hawke et al. 2001; Strong et al. 1999; Yoder and
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Litman 2000; Yoder et al. 2001, 2004). At this stage, the role of NITRs as NK
receptors in a comprehensive immune response to pathogens is largely speculative
and based upon the presence of ITIM and ITAM domains. Through extensive in
vivo assays, particularly those targeting and disrupting specific individuals or
groups of NITRs, it will possible to ascertain the specific role each NITR plays in
the overall innate immune response.

C-type lectins, through specific recognition domains and in a calcium-dependent
manner, function as carbohydrate receptors capable of binding pathogenic sugars
(Meyer-Wentrup et al. 2005). In mammals, C-type lectins are known to be
expressed on a variety of cells including dendritic cells and antigen presenting cells
and thus have been shown to participate in host defense (Meyer-Wentrup et al.
2005). C-type lectins, like NITRs, may possess ITAMs or ITIMs and are therefore
assumed to participate in signal transduction cascades (Meyer-Wentrup et al. 2005).
In fact, it has recently been shown that lectins like Dectin-1 (Rogers et al.
2005) and DC-SIGN (Geijtenbeek et al. 2003) can synergize with TLRs and func-
tion as co-receptors to modulate host responses to infections. Several C-type lectins
have been identified in the zebrafish, including the mannose-binding lectins
(Vitved et al. 2000) and the Group II immune-related, lectin-like receptors (Illrs;
Panagos et al. 2006). Each of the Illrs is predicted to possess a C-type lectin-like
domain, a coiled-coil domain, a transmembrane domain, and one or two ITIM or
ITIM-like cytoplasmic domains (Panagos et al. 2006). The presence of these ITIM
or ITIM-like sequences indicate a likely role in inhibiting downstream signaling;
however, it has been observed that in two of these lectins, Illr3a and Illr3b, there is
an arginine residue in the transmembrane domain (Panagos et al. 2006). The pres-
ence of this residue indicates that it may interact with adaptor proteins like DAP10
and, as a result, have an activating role (Panagos et al. 2006). It has been noted that
these Group II Illrs contain ITIM and ITIM-like sequences and that this character-
istic makes them similar to Group V Illrs, which have not been shown to exist in
fishes. Group V Illrs are typically associated with NK cells. It is speculated these
Group Illrs may function as receptors in fish NK-like cells as well as in other cell
types (Panagos et al. 2006).

The galectins (formerly known as S-type lectins) constitute a family of evolution-
arily conserved, B-galactosidase-binding lectins that are nearly ubiquitous in nature,
having been isolated from a broad range of organisms and viruses (Ahmed et al.
2004; Rabinovich et al. 2002; Vasta et al. 2004). In mammals, galectins have been
shown to play several roles in immune defense, including apoptosis, cell adhesion,
inflammation, cytokine induction, and chemotaxis (Rabinovich et al. 2002). Three
classes of galectins have been shown to exist: proto-type, chimera-type, and tandem-
repeat-type (Ahmed et al. 2004; Barondes et al. 1994; Rabinovich et al. 2002; Vasta
et al. 2004). Proto-type galectins possess a single carbohydrate recognition domain
per subunit. Chimera-type galectins possess a single carbohydrate recognition
domain linked to an N-terminal peptide. Tandem-repeat galectins possess two car-
bohydrate recognition domains connected by a linker peptide. To date, five galectins
have been identified in zebrafish: three proto-type, one chimera-type, and one tan-
dem-repeat (Ahmed et al. 2004; Vasta et al. 2004). While their roles have not been
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defined, the role of zebrafish galectins in host defense is under active investigation
(Vasta et al. 2004).

A novel lectin, possessing a fucose recognition domain, has recently been identi-
fied in the striped bass (Morone saxatilis; Odom and Vasta 2006). Known as
MsaFBP32, the gene encoding this F-type lectin was upregulated approximately
three-fold 72 h post-injection with turpentine, as determined by Northern blotting
(Odom and Vasta 2006). This response to an inflammatory challenge indicates a
potential role for immune defense (Odom and Vasta 2006). Additional homologs
have been identified from broad representation of organisms, and it is believed that
these constitute a novel family of F-type lectins (Odom and Vasta 2006). They are
noticeably absent from the genomes of amniotes (Odom and Vasta 2006).

6 Zebrafish Phagocytes

The zebrafish has been an extremely successful model organism for the study of
hematopoiesis (Bennett et al. 2001; de Jong and Zon 2005; Thisse and Zon 2002).
Despite the advances in our understanding of blood cell origins and formation, less
is known about how these blood cells participate in innate immunity. In particular,
macrophages, neutrophils, and dendritic cells are indispensable to innate immunity
in higher vertebrates and presumably play a similar role in zebrafish. While macro-
phages and neutrophils have been characterized (Bennett et al. 2001; de Jong and
Zon 2005; Thisse and Zon 2002), dendritic cells have not.

The importance of phagocytes to zebrafish innate immunity is bolstered by data
showing that both adult and embryonic macrophages infected by Mycobacterium
marinum phagocytosed the bacteria and formed granuloma-like aggregates during
in vivo studies (Davis et al. 2002). Additionally, it was shown that M. marinum
infection could disrupt the hematopoietic program, causing early microglia des-
tined for the brain to be redirected. In panther mutants, which lack functional mac-
rophage colony stimulating factor receptor (M-CSF-R), infection did not disrupt
macrophage recruitment, indicating that such activity is M-CSF-R-independent
(Davis et al. 2002). Further evidence of phagocytic function in zebrafish has been
established by our laboratory through an in vivo, fluorescence-based respiratory
burst assay designed to detect reactive oxygen species (Hermann et al. 2004). The
data showed areas of respiratory burst colocalized with phagocytes, as detected by
the uptake of the phagocyte-specific dye neutral red.

7 Conclusion

Basally diverging vertebrate model systems, such the zebrafish, provide excellent
insight into the origins of innate immunity in vertebrates. The conservation of
syntenies across species simplifies comparative genome analyses, enabling the



6 Innate Immune System of the Zebrafish, Danio rerio 127

identification and characterization of true zebrafish orthologs to known mammalian
genes; however, it has become clear through our comparative analyses that syntenies
are not always conserved and that novel innate immune mechanisms, involving
additional TLRs, NITRs, and lectins, have evolved. Thus, it is becoming apparent
that sequence conservation does not always equate to functional conservation. A
fuller appreciation of the zebrafish model system, and its utility to mammalian
innate immune research, will only be attained through a greater understanding of
its underlying mechanisms. Studies directed at deciphering these mechanisms will
provide broad evolutionary insight into which pathway components have retained
a functional similarity to their mammalian homologs and which have diverged
and/or neo-functionalized.

The bulk of the work done so far in zebrafish innate immunity has concentrated
on the identification and characterization of orthologs and the development of tools
and reagents, including forward and reverse genetics techniques like ENU muta-
genesis, TILLING, and MO-mediated gene knockdowns. For the zebrafish model
system to achieve its fullest potential, and thus serve as a worthy complement to
the mammalian innate immunity models, these tools must be used in a way that
exploits the zebrafish model system’s inherent advantages: specifically high fecun-
dity, external development, transparent chorions, and innate immunity as the sole
mechanism of defense through the first 4-6 weeks of development. These tech-
niques are now becoming routine in the zebrafish community and can be used in
combination with immunity and pathogenesis tools like fluorescently labeled path-
ogens and infectious disease models to create unique approaches to the study of
pathogenesis and innate immunity.
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Abstract Toll-like receptors (TLRs) are evolutionary conserved, germ-line encoded
molecules that express an ectodomain with leucine-rich regions, a single transmem-
brane domain, and a cytoplasmic region that contains the Toll-IL-1R resistance (TIR)
signaling domain. TLRs recognize bacterial and viral pathogen-associated molecular
patterns (PAMPs), as well as certain endogenous mammalian “danger signals,”
i.e., proteins, oligosaacharides, and nucleic acids released from damaged cells as a
consequence of stress, inflammation, and wounding. TLR2, TLR4, TLRS, TLR9Y,
and TLR11 preferentially respond to bacterial, yeast, and protozoan PAMPs, while
TLR3, TLR7, and TLRS8 sense viral nucleic acids. TLRs exhibit different cellular
localization: TLR2, TLR4, and TLRS are expressed on the cell surface, while TLR3,
TLR7, TLR8, and TLRO are localized intracellularly in endosomal compartments.
Recognition of PAMPs by TLRs triggers TLR oligomerization and conformational
changes within TIR domains, leading to recruitment of various adapter proteins and
kinases. This, in turn, activates MAP kinases, transcription factors, and, ultimately,
production of nitric oxide (NO) and reactive oxygen intermediates, up-regulation of
expression of accessory and co-stimulatory molecules, and secretion of cytokines
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and chemokines. TLR-mediated up-regulation of co-stimulatory and MHC molecules
on dendritic cells (DC), coupled with cytokine production and DC maturation,
facilitates the adaptive immune response, providing a link between the innate and
adaptive immunity. This review focuses on mechanisms of TLR signaling, known
mutations/polymorphisms in genes encoding TLRs and IRAK-4 and their implica-
tion for susceptibility to infectious and autoimmune diseases and asthma.

1 Introduction

Molecular heterogeneity and rapid evolution of pathogens led to the development
of a recognition strategy that enables the host to sense conserved pathogen-associated
molecular patterns (PAMPs) derived from bacteria, viruses, fungi, and protozoa by
“pattern-recognition receptors” (PRRs; Medzhitov and Janeway 2000). The non-
clonal distribution of PRRs and their ubiquitous expression on various cell types
enables a rapid immune response upon encounter with pathogens, providing a first
line of host immune defense (Medzhitov and Janeway 2000, 2002; Janeway and
Medzhitov 2002). PAMP recognition by PRRs is an ancient mechanism of host
immune defense present in plants, zebra fish, crabs, Drosophila, and mammals
(Janeway and Medzhitov 2002; Inamori et al. 2004; Meijer et al. 2004). One of the
most important families of PRRs, the Toll-like Receptor (TLR) family, was initially
identified in Drosophila, where a single protein, Toll, mediates dorsal-ventral par-
titioning during embryogenesis and anti-fungal immune defense in adult flies
(Anderson et al. 1985; Lemaitre et al. 1996). In 1997, Janeway and colleagues
reported that overexpression of a constitutively active CD4-TLR4 fusion protein
resulted in transcription factor activation, cytokine secretion, and up-regulation of
co-stimulatory and accessory molecules (Medzhitov et al. 1997), suggesting that
TLR4 triggers innate immune responses. Confirming this conclusion, positional
cloning studies led to the identification of mouse #/r4 as the elusive Lps gene
responsible for LPS recognition and sensing Gram negative bacteria (Poltorak et al.
1998; Qureshi et al. 1999). To date, 12 mammalian TLRs have been identified and
most of their ligand recognition patterns characterized (for a review, see Kaisho
and Akira 2006). Concurrently, a complex picture of signal transduction pathways
triggered by various TLRs has emerged, with many questions regarding agonist
recognition, as well as adapter and kinase utilization, still unanswered. In addition,
another family of intracellular PRRs, the nucleotide-binding oligomerization
domain (NOD) proteins, NOD1 and NOD2, have been identified as important intra-
cellular sensors of peptidoglycan (PGN)-derived components [D-glutamyl-meso-
diaminopimelic acid and muramyl dipeptide (MDP), respectively; Idohara and
Nunez 2003; Kawai and Akira 2006]. Although bacterial PGN was initially
reported as a TLR2 agonist (Dziarski et al. 2001), lipoprotein and lipoteichoic acid
(LTA) contaminants of PGN were the likely source of TLR2 activity, as highly
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purified PGN does not activate TLR2 (Travassos et al. 2004). Very recently, other
non-TLR-mediated intracellular sensors of viral nucleic acids and bacterial flagel-
lin have been described (e.g., RIG-I, MDA-5, and Ipaf-1, respectively), adding
another host safeguard system against viral invasion (Kato et al. 2006; Miao et al.
2006). This review summarizes current knowledge about TLR structure and func-
tions, mechanisms of TLR signaling, and mutations/polymorphisms within TLRs
and IRAK-4 associated with autoimmune and infectious diseases and asthma.

2 TLRs as Primary Sensors of Pathogenic PAMPS
and Endogenous “Danger” Molecules

TLRs are evolutionarily conserved, non-clonally distributed, type I signaling recep-
tors comprised of an ectodomain with leucine-rich repeats, a single transmembrane
region, and a cytoplasmic tail that contains a conserved signaling TIR domain
(Martin and Wesche 2002; Underhill and Ozinski 2002; Kaisho and Akira 2006).
TLRs are expressed on epithelial and endothelial cells, monocytes, macrophages,
neutrophils, dendritic cells, and lymphocytes (Zarember and Godowski 2002;
Iwasaki and Medzhitov 2005; Kaisho and Akira 2006), providing the host a means
to react rapidly to pathogens in various locations in the body. TLR4-deficent and
knockout (KO) mice fail to respond to LPS and whole Gram negative bacteria
(Poltorak et al. 1998; Qureshi et al. 1999; Hoshino et al. 1999), whereas overex-
pression of TLR4 in LPS-unresponsive cell lines imparts LPS sensitivity (Chow
et al. 1999; Hirschfeld et al. 2000; Yang et al. 2000), indicating TLR4 as the principal
sensor of Gram negative bacteria and LPS. In addition to LPS, TLR4 also recog-
nizes other, structurally unrelated PAMPs, e.g., the fusion (F) protein of respiratory
syncytial virus (RSV; Kurt-Jones et al. 2000), chlamydial heat shock protein (HSP)
60 (Bulut et al. 2002), and pneumolysin (Malley et al. 2003), although the molecular
basis for such broad ligand specificity is unknown. An extracellular protein, MD-2,
binds LPS and presents it to TLR4 (Shimazu et al. 1999; Yang et al. 2000;
Viriyakosol et al. 2001) and is essential for conferring LPS sensitivity to TLR4, as
evidenced by a complete failure of LPS to induce responses in MD-27"- cells in vitro
and MD-2 KO mice in vivo (Nagai et al. 2002). Cross-linking studies in HEK293T
cells that overexpress TLR4, CD14, and MD-2 revealed the interaction of a pho-
toactivatable LPS probe with CD14, MD-2, and TLR4 (Da Silva Correia et al.
2001). Using a biotinylated LPS probe, Visintin et al. (2003) found that CD14
enhances LPS binding to MD-2, whereas MD-2 enables TLR4 binding to LPS,
resulting in the formation of stable receptor complexes with TLR4 and recruitment
of the adapter protein MyD88. It is important to note that the additional accessory
molecules, e.g., CD14 and CD11b/CD18, bind LPS and facilitate LPS signaling via
the TLR4-MD-2 complex (Wright et al. 1990; Golenbock et al. 1993; Pugin et al.
1994; Haziot et al. 1996; Perera et al. 1997; Ingalls et al. 1998; Moore et al. 2000;
Perera et al. 2001; Visintin et al. 2003). Macrophages from CD14~~ mice or mice
with a deficiency in CD11b/CD18 expression exhibit selective inhibition of gene
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expression when compared with wild-type macrophages (Perera et al. 1997,
2001). CD14 has been shown to be more than simply an LPS-binding protein,
as it is required for TLR4/MD-2-mediated activation of both MyD88-dependent
and MyD88-independent signaling pathways in response to smooth LPS,
whereas in the absence of CD14, only MyD88-dependent signaling occurs in
response to rough LPS and lipid A (Jiang et al. 2005). Taken together, these
data support a model in which co-receptors such as CD14 and CD11b/CD18
contribute not only to sensing of microbial structures, but also to the signaling
that is completely TLR4-dependent (Perera et al. 2001; Vogel et al. 2001).

TLR2 triggers host responses to components of Gram positive bacteria [e.g.,
lipoteichoic acid (LTA), lipopeptides; Lien et al. 1999; Schwandner et al. 1999],
mycobacterium [e.g., lipoarabinomannan (LAM); Means et al. 1999], myco-
plasma lipopeptides (Lien et al. 1999; Takeuchi et al. 2000), and mammalian
HSP70 (Asea et al. 2002). TLR1 and TLR6 do not elicit signaling on their own,
but rather form complexes with TLR2, amplifying TLR2-mediated responses
(Ozinsky et al. 2000; Bulut et al. 2001; Hajjar et al. 2001). Thus, it has been
shown that triacylated lipopeptides are recognized by TLR2/TLR1 heterodimers,
whereas diacylated lipopeptides use TLR2/TLR6 for signaling (Takeuchi et al.
2002). However, di- and triacylated lipopeptides were recently reported to mediate
TLR2-dependent responses in TLRI- and in TLR6-deficient mice (Buwitt-
Beckmann et al. 2006). These data indicate that lipopeptides with distinct acylation
patterns can be recognized by TLR2 in a TLR1- and TLR6-independent manner.
Further studies will be needed to address the question of whether a tri- or diacylation
patterns confer specificity upon a lipopeptide for TLR1- or TLR6-dependency,
respectively, or if an additional, compensatory recognition system exists. Other
molecules, e.g., CD36 and Dectin-1, also contribute to TLR2-mediated signal
transduction. CD36 has been characterized as a selective and non-redundant sensor
of microbial diacylglycerides that signal via the TLR2/6 heterodimer (e.g., MALP-2,
LTA; Hoebe et al. 2005). Indeed, CD36 KO- mice exhibit defective clearance of
Staphylococcus aureus in vivo, develop profound bacteremia, and CD36~~ macro-
phages fail to internalize S. aureus and secrete TNF-a or IL-12 (Hoebe et al.
2005; Stuart et al. 2005). The macrophage B-glucan receptor, Dectin-1, has been
characterized as a co-receptor that facilitates TLR2-mediated recognition of the
pathogenic fungus Candida posadasii (Viriyakosol et al. 2005). Engagement of
Dectin-1 initiates an independent signaling cascade via tyrosine phosphorylation of
the Dectin-1 cytoplasmic domain and recruitment of Syk kinase that promotes IL-2
and IL-10 production, thus contributing to the proinflammatory response induced
by TLR2 engagement (Rogers et al. 2005). Thus, these data support the existence
of multi-component, integrated TLR complexes whose engagement by PAMPSs or
endogenous “danger” molecules brings TIR domains into close proximity, altering
their conformation, and creating novel scaffolds within the cytoplasmic domain,
initiating signaling (Vogel et al. 2003).

TLR3 and TLRS agonists include viral double-stranded RNA and various flagel-
lin species, respectively (Alexopoulou et al. 2001; Gewirtz et al. 2001; Hayashi
et al. 2001), while TLR9 responds to unmethylated CpG motifs present in bacterial
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DNA (Hemmi et al. 2000), as well as DNA from herpes simplex virus, baculovirus,
and the fungal pathogens Candida albicans and Aspergillus fumigatus (Bellocchio
et al. 2004; Hochrein et al. 2004; Abe et al. 2005). The antiviral imidazoquinoline
compounds, imiquimod and resiquimod, activate cells via human TLR7 and TLRS
(Hemmi et al. 2002; Jurk et al. 2002), respectively, and TLR7 senses another com-
pound, loxoribine (Heil et al. 2003). Imidazoqinoline and loxoribine are structur-
ally similar to guanosine nucleoside; therefore it came as no surprise when TLR7
and TLR8 were reported to recognize guanosine- or uridine-rich single-stranded
RNA from human immunodeficiency virus, vesicular stomatitis virus, and influ-
enza virus (Heil et al. 2004; Lund et al. 2004). TLR3 and TLR7-9 sense their
respective agonists intracellularly inside membrane-bound compartments and, for
TLR7-9, these processes require endosomal maturation (Ahmad-Nejad et al. 2002;
Takeda and Akira 2005), whereas TLR2, 4, and 5 are localized at the cell surface
(for a review, see Takeda and Akira 2005; Fig. 1). However, once TLR2 or TLR4
recognition occurs at the surface, signaling can further continue within the phago-
some, and phagocytosis of bacteria is impaired in the absence of TLR signaling
(Blander and Medzhitov 2004). Thus, TLRs 1, 2, 4, 5, and 6 are more involved in
recognition of bacterial products and host proteins, while TLR3 and TLR7-9
preferentially detect viral or bacterial nucleic acids (Fig. 1).

Human TLR10 is localized to chromosome 4p14 and closely related to TLR1
and TLR6 (Chuang and Ulevitch 2001). TLR10 mRNA is highly expressed in
lymphoid tissues such as spleen, lymph node, thymus, and tonsil (Chuang and
Ulevitch 2001), and TLR10 protein has been detected in B cell lines, B cells from
peripheral blood, and plasmacytoid dendritic cells from tonsils (Hasan et al. 2005).
While TLR10 has been reported to homodimerize, as well as heterodimerize with
TLR1 and TLR6, the ligands and functions of TLR10 are still unknown. Mouse
TLR11 was found to sense uropathogenic Escherichia coli (Zhang et al. 2004) and
a profilin-like molecule from the protozoan parasite Toxoplasma gondii (Yarovinsky
et al. 2005). Activation of mouse TLR11 results in potent, MyD88-dependent IL-12
production in mouse dendritic cells and is required for parasite-induced IL-12 pro-
duction in vivo and optimal resistance to infection (Yarovinsky et al. 2005). In con-
trast to mice, human TLR11 is a pseudogene (Lauw et al. 2005), suggesting a
possible divergence of TLR11 functions in these two species. Readers should be
aware that the protein sequences of mouse TLR11 and TLR12 (accession numbers
AAS83531.1 AAS37673, respectively, in the NCBI, NIH) show 100% identities
upon alignment, indicating that these represent the same proteins, despite different
designations.

Interestingly, a number of endogenous molecules are recognized by TLRs (Fig. 1).
For instance, TLR4 has been reported to respond to Hsp 60 and Hsp 70 (Ohashi
et al. 2000; Vabulas et al. 2002b), fibronectin (Okamura et al. 2001), fibrinogen
(Smiley et al. 2001), surfactant protein A (Guillot et al. 2002), mouse B-defensin 2
(Biragyn et al. 2002), high mobility group box (HMGB)-1 protein (Wang et al.
1999, Park et al. 2004), and oligosaccharides of hyaluronic acid (Termeer et al.
2002). TLR2 was also implicated in recognition of Hsp60, Hsp70, Hsp Gp96
(Vabulas et al. 2001, 2002a, b), and HMGB-1 protein (Wang et al. 1999; Park et al.
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Fig. 1 TLRs and their cognate PAMPs and endogenous ligands. TLR2 recognize triacylated and
diacylated lipopeptides either directly or in co-operation with TLR1 or TLR6 and CD14, CD36,
and Dectin-1. TLR4 senses LPS and many other structurally unrelated agonists. MD-2, an acces-
sory protein, binds to the extracellular domain of TLR4 and is necessary for TLR4-mediated LPS
recognition and signaling. CD14 is a high-affinity co-receptor for LPS and other TLR4 agonists,
which fails to mediate signaling due to a lack of an intracytoplasmic signaling domain, but enables
activation of the MyD88-independent pathway by the TLR4/MD-2 complex. TLR3 induces
cell activation in response to viral dsSRNA, TLR5 recognizes flagellin, and TLR7/8 sense single-
stranded RNA from viruses. TLR9 responds to the unmethylated CpG motifs present in bacterial
DNA, as well as in DNA from herpes simplex virus, baculovirus, and the fungal pathogens
Candida albicans and Aspergillus fumigatus. Mouse TLRI11 is activated by uropathogenic
Escherichia coli and a profilin-like molecule from Toxoplasma gondii. Endogenous proteins,
oligosaccharides, and nucleic acids released from necrotic cells as a consequence of stress,
wounding, or inflammation can activate TLRs and represent “danger” signals. TLRs recognize
PAMPs and endogenous ligands either at the cell surface (TLR2, TLR4, TLRS), or in intracellular
compartments such as endosomes (TLR3, TLR7-9)

2004), while TLR3 and TLR9 sense endogenous mRNA and chromatin-IgG com-
plexes, respectively (Leadbetter et al. 2002; Kariko et al. 2004). TLR sensing of
endogenous agonists released upon cellular damage has been proposed to alert the
host to “danger” signals associated with stress, inflammation, and wounding. This
mechanism may also provide “danger signals” to the host during an acute or
chronic inflammatory incident, and may exacerbate an ongoing inflammatory reac-
tion. For example, inflammation mediated by monosodium urate monohydrate
crystals, the hallmark of gout, was found to be attenuated in TLR2~- and TLR4~
mice (Liu-Bryan et al. 2005); and hyaluronic acid fragments, that are plentiful
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during an ongoing inflammatory response, are TLR4 agonists (Termeer et al.
2002). It should be noted, however, that many original findings of TLR4 activation
by such endogenous “danger” ligands were later associated with microbial PAMP
contamination, emphasizing the need to work with highly purified preparations of
recombinant proteins and to rule out a possible contribution of microbial PAMPs
by using several approaches, e.g., heat inactivation, polymyxin B, and others (for a
review, see Tsan and Gao 2004).

Taken together, these data indicate that TLRs discriminate diverse microbial and
viral structures, as well as endogenous host “danger” molecules released from
necrotizing or apoptotic cells due to wounding and/or infection, initiating the innate
immune response and facilitating the development of efficient adaptive immunity
by means of DC differentiation, up-regulation of accessory and MHC molecules,
and cytokine production.

3 TLR Signaling Pathways

3.1 Interaction of TLRs with PAMPs and Co-Receptors
Initiates Signaling

Despite extensive studies, many aspects of initiation of TLR signaling by PAMPs
remain poorly understood. It has been postulated that binding of PAMPs to co-
receptors (e.g., CD14, CD11b/CD18, Dectin-1, CD36) facilitates their subsequent
presentation to TLRs, resulting in TLR oligomerization (e.g., TLR4) or het-
erodimerization (e.g., TLR2 with TLR1 or TLR6; Martin and Wesche 2002; Akira
and Takeda 2004; Bell et al. 2006). Alternatively, others postulate that TLRs exist
as pre-formed dimers, and ligand binding triggers a conformational change within
the TIR domain, initiating signaling (Tapping and Tobias 2003; Lee and Tobias
2004; Choe et al. 2005). Regardless of which theory proves to be true, the engage-
ment of multi-component, integrated TLR complexes by PAMPs is thought to bring
TIR domains into close proximity, altering their conformation and creating novel
scaffolds within the cytoplasmic domain (Vogel et al. 2003). One consequence of
TLR engagement by PAMPs described for TLR2, TLR3, and TLR4 is tyrosine
phosphorylation. Arbibe et al. (2000) first demonstrated that stimulation of TLR2-
expressing HEK293 cells with heat-killed S. aureus causes tyrosine phosphoryla-
tion of TLR2 and the recruitment of active Racl and PI3K to the TLR2 cytosolic
domain, leading to activation of Akt and p65 transactivation. We recently con-
firmed and extended these data by showing that TLR2 becomes phosphorylated on
tyrosine following stimulation with other TLR2 agonists, mycobacterial soluble
tuberculosis factor (STF) and synthetic lipopeptide Pam3Cys (Medvedev et al.
2007). TLR4 also undergoes LPS-inducible tyrosine phosphorylation in human
monocytes (Chen et al. 2003), and tyrosine-deletion mutants of a consti-
tutively-active CD4-TLR4 exhibit a diminished ability to activate NF-kB-, AP-1-, and
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C/EBP-dependent reporter plasmids (Ronni et al. 2003). Our recent results indicate
that deficient signal transduction capacities of constitutively active mouse ectodo-
main-deficient TLR4 and human CD4-TLR4 carrying P712H or P714A mutations
in their TIR domains correlate with impaired tyrosine phosphorylation (Medvedev
et al. 2007). Moreover, LPS-mediated TLR4 tyrosine phosphorylation is
blunted in endotoxin-tolerant HEK293/TLR4/MD-2 transfectants and primary
human monocytes, again suggesting an important role for TLR4 tyrosine phospho-
rylation in signaling and endotoxin tolerance. Sarkar et al. (2004) reported that
dsRNA-activated phosphorylation of two specific tyrosine residues of TLR3 is
essential for signaling activation of TBK-1, PI3K, and Akt, leading to full phospho-
rylation and activation of IRF-3. Future studies will be required to elucidate
whether agonist-mediated TLR tyrosine phosphorylation is a general phenomenon
for activation of most TLRs and to identify the specific tyrosine protein kinase(s)
involved. In summary, TLR recognition of PAMPs could initiate tyrosine phospho-
rylation and conformational changes within the TIR domain, leading to recruitment
of adapter proteins and kinases, and activation of MAPKs and transcription factors
(e.g., NF-xB). This ultimately results in cellular activation manifested by phagocy-
tosis, respiratory burst, production of nitric oxide and reactive oxygen species, as
well as secretion of many cytokines and chemokines (Martin and Wesche 2002;
Kaisho and Akira 2006). Both common and specific signaling pathways have been
described as a consequence of TLR engagement by PAMPs that seem to depend on
a complex interplay and utilization of various intracellular adapter proteins and
kinases by various TLRs as described below.

3.2 Role of TIR-Containing Adapter Molecules
in TLR Signaling

Five TIR-containing intracellular adapter molecules have been identified, and four
are known to participate in TLR signaling. MyD88 was the first adapter protein
found to mediate IL-1R and TLR signaling (Muzio et al. 1997; Wesche et al. 1997,
Burns et al. 1998; Kawai et al. 1999, 2001). MyD88 is comprised of a C-terminal
TIR domain involved in interaction with TLRs and an N-terminal death domain
that associates with IRAK family members (Muzio et al. 1997; Wesche et al. 1997;
Burns et al. 1998). MyD88 is required for responses by most TLRs except TLR3
(Kawai et al. 1999, 2001; Kaisho et al. 2001; Yamamoto et al. 2002a), and is
recruited to TLRs via homotypic TIR-TIR domain interactions (Muzio et al. 1997,
Wesche et al. 1997; Burns et al. 1998). This triggers the association of MyD88 with
IL-1R-associated kinases (IRAK)-4 and IRAK-1, and subsequent phosphorylation
reactions by IRAK-4 and IRAK-1 (Muzio et al. 1997; Wesche et al. 1997; Burns
et al. 1998; Li et al. 2004; Kollewe et al. 2004), resulting in IRAK-1-mediated
phosphorylation of Tollip (Burns et al. 2000), an inhibitory protein that sequesters
IRAK-1 in unstimulated cells (Burns et al. 2000). IRAK-1 dissociates from the
TLR complex and interacts with TNFR-associated factor 6 (TRAF-6) via a
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downstream adapter TIFA, leading to TRAF-6 activation (Takatsuna et al. 2003).
TRAF-6 exists in a complex with two ubiquitin-conjugating enzymes, UEV1A and
UBC13, that activate TGF-B-activated kinase (TAK) 1 through the assembly of a
lysine 63-linked polyubiquitin chain and engagement of additional intracellular
intermediates Pellino-1 and Pellino-2 (Deng et al. 2000; Jensen and Whitehead
2003; Ea et al. 2004). Activated TAK-1 triggers phosphorylation of IKK-o. /B and
MAPK kinase (MKK) 3 and 6, leading to activation of MAPKs (e.g., INK, p38)
and transcription factors (e.g., NF-xB, AP-1; Takaesu et al. 2000, 2001; Wang
et al. 2001; Jiang et al. 2002, 2003; Jensen and Whitehead 2003; Yoshida et al.
2005). Another downstream intracellular intermediate, evolutionarily conserved
signaling intermediate in Toll pathways (ECSIT) was reported to bridge TRAF-6
and MAPK/ERK kinase kinase-1 (MEKK-1) and to regulate MEKK-1 processing
and activation of NF-xB and AP-1 (Kopp et al. 1999). IRAK-1 is subsequently
ubiquitinated and targeted to the proteosome where it is degraded, which prevents
hyperactivation of TLR-stimulated cells (Yamin and Miller 1997; Fig. 2). This
MyD88 signaling pathway results in rapid NF-xB and MAP kinase activation,
B cell proliferation, and expression of pro-inflammatory cytokines. Studies in
MyD88 KO mice revealed the existence of an MyD88-independent pathway initi-
ated by TLR3 and TLR4 that leads to dendritic cell maturation, phosphorylation
of interferon (IFN)-regulatory factor (IRF)-3, type I IFN expression, and delayed
NF-kB and MAPK activation (Kawai et al. 1999, 2001, Kaisho et al. 2001;
Yamamoto et al. 2002b).

The TIR domain-containing adapter protein/MyD88 adapter-like protein
(TIRAP/MAL) was initially identified as a second adapter protein involved in
TLR4-, but not IL-1R-mediated signaling (Fitzgerald et al. 2001; Horng et al.
2001). Coupled with the observation that TIRAP/MAL™" mice have an impaired
response to TLR2- and TLR4-agonists, while responses to ligands for TLR3, 5, 7,
and 9 are preserved (Horng et al. 2002; Yamamoto et al. 2002a, 2004), these find-
ings suggest that TIRAP/MAL may contribute to TLR signaling specificity. Both
MyD88~~ and TIRAP/MAL~- mice exhibit very similar phenotypes in terms of
TLR2 and TLR4 signaling, manifested by delayed activation of NF-xB and MAP
kinases and the lack of induction of TNF-o, but normal activation of IRF-3 and IFN-
B (Horng et al. 2002; Yamamoto et al. 2002a, 2004), indicating that TIRAP/MAL is
restricted to the MyD88-dependent pathway. Interestingly, only TLR2 and TLR4
utilize both MyD88 and TIRAP/MAL, whereas TLR3 does not use either adapter
(Horng et al. 2002; Yamamoto et al. 2002a, 2004). In contrast, TLRS, 7, 8, and 9 use
only MyD88 for triggering both NF-kB activation, production of proinflammatory
cytokines, and, surprisingly, induction of type I IFNs (Hemmi et al. 2002; Horng
et al. 2002; Yamamoto et al. 2004). However, these responses are triggered by distinct
signaling molecules than those involved in TLR3- and TLR4-mediated type I IFN
production (Fig. 2, see below). Agonist-induced phosphorylation of two critical
tyrosine residues (Y86, Y187) in TIRAP/MAL by Bruton’s tyrosine kinase was
shown to play a critical role in TLR2 and TLR4 signaling (Gray et al. 2006).
In addition, suppressor of cytokine signaling (SOCS)-1 was found to associate
with TIRAP/MAL and targets this adapter for polyubiquitination and subsequent
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Fig. 2 MyD88-dependent and MyD88-independent TLR signaling pathways. TLRs respond to
PAMPs or endogenous TLR ligands either directly or in co-operation with depicted co-receptors,
leading to TLR oligomerization, conformational changes within the TIR domain, and recruitment
of adapter proteins and kinases. TLR2 utilizes exclusively TIRAP/Mal and MyD88 adapter pro-
teins and kinases IRAK-4 and IRAK-1 for triggering proinflammatory cytokine production via
engagement of downstream adapter TRAF-6 and kinases TAK-1, IKKo/f, MEKK-1, and
MKK3/6. The TLR4-mediated MyD88 signaling pathway is initiated by engagement of TIRAP/
Mal and association of MyD88 with the cytoplasmic region of TLR4 via their TIR domain interac-
tions, followed by recruitment of IRAK-4 and IRAK-1-Tollip complex. This triggers phosphor-
ylation of IRAK-1, dissociation of Tollip, interaction of IRAK-1 with TRAF-6, and stimulation
of MAP kinases and transcription factors via the engagement of the downstream adapters (e.g.,
ECSIT) and activation of IKK, TAK-1, MEKK-1, and MKK-3,4,6 kinases. TLR4 stimulates
MyD88-independent pathway via adapter proteins TRAM and TRIF that signal activation of IRF-3
via stimulation of two non-typical IKKs, IKKe and TBK-1 and the induction of IFN-o and IFN-
B-dependent genes. Engagement of the MyD88-independent pathway also mediates dendritic cell
maturation and delayed activation of MAPK and NF-xB. TLR3 signaling uses the adapter protein
TRIF that activates NF-kB and production of proinflammatory cytokines via TRAF6-TAK-1 and
RIP-1 and induction of type I IFN expression via IKKe/TBK-1 and IRF-3. TLR7/9 signaling
occurs by utilization of the MyD88/IRAK-4/IRAK-1/TRAF-6 module of adapter proteins and
kinases whereby TRAF-6 (by still poorly understood mechanisms) activates proinflammatory
cytokine production via NF-xB and IRF-5 and type I IFN expression via IRF-7

degradation (Mansell et al. 2006), representing a rapid and selective means of limit-
ing the innate immune response. Whereas TIRAP/MAL has been postulated to
serve as a bridging adapter between TLR2, TLR4 and MyD88, it cannot be ruled
out that it also mediates specific signaling functions. In this respect, Horng et al.
(2002) showed that PKR is a downstream target of TIRAP/Mal and Kagan and
Medzhitov (2006) recently reported that TIRAP/Mal is recruited to the plasma
membrane lipid rafts through a phosphoinositol-4,5-bisphosphate binding site
where it facilitates MyD88 recruitment to TLR4.

Two other adapter proteins are involved in MyD88-independent signaling trig-
gered by TLR3 and TLR4. TIR domain-containing adapter inducing IFN-f (TRIF),
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also called TICAM-1, was first identified as an adapter protein that mediates the
MyD88-independent signaling pathway elicited by TLR3 (Yamamoto et al. 2002a,
2003a, b; Oshiumi et al. 2003a, b). The functional importance of TRIF was first
demonstrated in TRIF KO mice that exhibited impaired IFN-f induction and IRF-3
activation in response to TLR3 and TLR4 agonists (Hoebe et al. 2003; Oshiumi
et al. 2003a, b; Yamamoto et al. 2003a, b). TRIF mediates downstream signaling by
interacting with IKKe and TANK-binding kinase 1 (TBK1), resulting in phosphor-
ylation and nuclear translocation of IRF-3 (Sato et al. 2003; Oganesyan et al. 2006).
In addition to IRF-3 activation, TRIF was also shown to cause NF-kB activation
via its interactions with downstream adapters, TRAF6 and receptor-interacting
protein (RIP) 1 (Yamamoto et al. 2002a, b; Meylan et al. 2004). Ultimately, a
co-ordinated activation of NF-kB and IRF-3 leads to expression of type I IFNs
(Nusinzon and Horvath 2006). TLR3 was shown to associate directly with TRIF
(Oshiumi et al. 2003a, b), whereas another adapter, TRIF-related adapter molecule
(TRAM), also known as TICAM-2, is required for TLR4 engagement of TRIF
(Fitzgerald et al. 2003; Oshiumi et al. 2003a, b; Yamamoto et al. 2003a, b). TRAM
interacts with TLR4 and TRIF, but not with TLR3, and is involved in TLR4-medi-
ated MyD88-independent signaling (Fitzgerald et al. 2003; Oshiumi et al. 2003a, b;
Yamamoto et al. 2003a, b). TRAM is myristoylated and localized to the plasma
membrane in unstimulated cells (Rowe et al. 2006). LPS triggers transient phos-
phorylation of TRAM by PKCe on serine-16, which results in its translocation from
the membrane in a PKCe-dependent manner (McGettrick et al. 2006). Overexpression
of a TRAMS16A mutant failed to activate NF-xB- and ISRE-dependent reporters
and showed an impaired ability to reconstitute signaling in TRAM-deficient cells
(McGettrick et al. 2006), indicating a critical role for serine-16 phosphorylation in
signaling. Moreover, TRAM-dependent activation of IRF-3 and induction of
RANTES were attenuated in PKCe-deficient cells (McGettrick et al. 20006),
suggesting that TRAM is the target for PKCe. It is tempting to speculate that
PKCe-dependent TRAM phosphorylation and translocation from the membrane
into the cytoplasm enables TRAM interactions with downstream adapters (e.g.,
TRIF) or kinases (e.g., TBK1/IKKe). Further studies will be needed to address this
hypothesis.

Interestingly, TRIF, IKKe, and TBK1 are not required for TLR7/9-mediated
induction of type I IFNs, although they are necessary for TLR4-induced IFN-$3
expression (for a review, see Kaishi and Akira 2006). While MyD88 and TIRAP/
MAL are not involved in type I IFN induction by TLR3 or TLR4, TLR7- and
TLR9-mediated activation of IFN-o requires MyD88 and involves IRAK-4/IRAK-1,
TRAF-6, and IRF-7 (Heil et al. 2003; Honda et al. 2004; Uematsu et al. 2005).
Recently, complex molecular pathways involved in MyD88-dependent production
of inflammatory cytokines and expression of type I IFNs via TLR7/9 were revealed.
MyD88 was shown to co-localize in endosomes with IRF-7, but not IRF-3, and
IRF-7 can directly associate with IRAK-1 and TRAF®6, resulting in type I IFN pro-
duction in plasmacytoid DC (Honda et al. 2004). Interestingly, plasmacytoid DC
obtained from IRF-7-KO mice exhibit a severely impaired ability to produce type
I IFNs, but not other cytokines (Honda et al. 2005), indicating selective involvement
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of IRF-7 in type I IFN expression. Conversely, IRF-5 also associates with MyD88
and TRAF6 and is required for induction of inflammatory cytokines, but not type [
IFN, in response to TLR7/9 engagement (Takaoka et al. 2005). Another IRF family
member, IRF-4, also interacts with MyD88 and negatively regulates TLR7/TLR9-
mediated, MyD88-dependent NF-kB and MAPK activation and production of
inflammatory cytokine, while not affecting the ability of TLR7/9-stimulated pDCs
to secrete IFN-o (Negishi et al. 2005). Thus, distinct members of the IRF families
have important, yet distinct functions in regulation of TLR7/9-induced, MyD88-
dependent signaling cascades leading to pro-inflammatory cytokine production and
secretion of type I IFNs (Fig. 2). Further studies will determine how the same sign-
aling components (e.g., MyD88-IRAK-4/IRAK-1-TRAF-6) can impart activation
of both proinflammatory cytokine release and type I IFNs expression (e.g., TLR7/
TLRY), or only proinflammatory cytokine production (e.g., TLR4-mediated
MyD88-dependent signaling).

Sterile oe and Armadillo motifs (SARM) is the fifth putative adapter that contains
a TIR domain. SARM is a 690-amino-acid protein that expresses two sterile o0 motif
(SAM) domains and an Armadillo repeat motif (ARM) and exhibits a high degree of
sequence similarity to proteins in Drosophila melanogaster and Caenorhabditis ele-
gans. SAM domains can homo- and hetero-oligomerize and mediate protein—protein
interactions. The Armadillo repeat mediates the interaction of B-catenin with its lig-
ands and is involved in protein—protein interactions with the small GTPase Ras (for a
review, see O’Neill et al. 2003). Thus, the structural organization and domain func-
tions of SARM are consistent with its regulatory role in signaling. Of note, a nema-
tode ortholog of SARM, TIR-1, was found to be critical for TLR-independent innate
immunity (Couillault et al. 2004). Recently, SARM was shown to negatively regulate
TRIF-mediated, MyD88-independent signaling (Carty et al. 2006).

3.3 TLR Specificity for PAMPs in the Ectodomain and Adapters
in the TIR Domain Underlie a Dual Recognition/Response System

Molecular mechanisms that control TLR signaling specificities are obscure at
present and need to be elucidated further. Indeed, it is difficult to explain how puta-
tive ligand-recognition motifs within the leucine-rich, N-terminal domains enable
surprisingly broad TLRs ligand specificities, especially evident for TLR2 and
TLR4. In addition, no compelling evidence is available for direct agonist binding
by various TLRs. However, TLR-mediated signaling can be blocked by antibodies
raised against the N-terminal region of the respective TLRs (Flo et al. 2002; Uehori
et al. 2003), and mutations in the extracellular region impair TLR signaling and are
associated with infectious and autoimmune diseases (see below). Thus, it is plausi-
ble that TLRs respond to PAMPs presented by various accessory molecules prima-
rily by engagement of their ectodomain. Vogel et al. (2003) proposed that
interaction of different combinations of adapter molecules and kinases with indi-
vidual TLRs yields distinct signaling complexes capable of activating different
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signaling cascades (e.g., distinct repertoires of cytokines and other proinflammatory
genes). For instance, TIRAP/MAL and TRAM were reported to be constitutively
associated with TLR4, and LPS stimulation triggers recruitment of TRIF to TRAM
and MyD88 to TIRAP/MAL. This was proposed to create a signaling platform for
downstream kinases and adapters, leading to the recruitment of IRAK-4 and IRAK-
1 to MyD88, while TBK-1 and IKKe are recruited to TRIF, kinase activation, and
signaling for the full spectrum of MyD88-dependent and MyD88-independent
pathways. In contrast, PAMP-mediated engagement of TLR2 triggers its association
with MyD88 and TIRAP/MAL, but not TRIF/TRAM. As a result, TLR2-mediated
signaling activates the MyD88-dependent pathway only and fails to trigger activa-
tion of IRF-3, STAT-1 phosphorylation, and induction of IFN-B or IFN--dependent
genes (Vogel et al. 2003). Thus, the response to specific TLR agonists is con-
strained by two sets of specificities: through the N-terminal domain, sensing of
specific PAMPs (without or with co-receptors) initiates TLR oligomerization and
activation, while engagement of different combinations of adapter molecules
through receptor/adapter TIR-TIR interactions at the intracellular TLR region leads
to recruitment of the distinct combinations of enzymes and substrates associated
with the specific receptor/adapter complex.

3.4 The IRAK Family: Key Regulators of TLR Signaling

IRAKSs belong to the Ser/Thr kinase family and include two active kinases, IRAK-4
and IRAK-1, as well as two enzymatically inactive proteins, IRAK-2 and IRAK-M
(Muzio et al. 1997; Kobayashi et al. 2002; Li et al. 2002; Wietek and O’Neill 2002;
Janssens and Beyaert 2003). Human IRAK-1, IRAK-2, and IRAK-4 mRNA exhibit
a wide tissue distribution, whereas IRAK-M mRNA is expressed predominantly in
peripheral blood leukocytes and monocytic cell lines (for reviews, see Wietek and
O’Neill 2002; Janssens and Beyaert 2003). All IRAKSs express a conserved N-terminal
death domain (DD) that functions as a protein interaction motif implicated in binding
of IRAK-1 to MyD88, and a central kinase domain (KD) with structural features
common to other serine/threonine kinase domains (Muzio et al. 1997; Wesche
et al. 1999; Li et al. 2002; Janssens and Beyaert 2003). A functional ATP binding
pocket with an invariant lysine residue in kinase subdomain II is characteristic of
all IRAK species, whereas only IRAK-1 and IRAK-4 contain a functional catalytic
site with a critical aspartate residue (D340 for IRAK-1, D311 for IRAK-4) in
kinase subdomain VIb (Wesche et al. 1999). In contrast to IRAK-1, IRAK-2, and
IRAK-M, IRAK-4 does not express a unique 90- to 170-residue C-terminal domain
(Li et al. 2002). Both IRAK-4 and IRAK-1 exhibit kinase activity (Knopp and
Martin 1999; Li et al. 2002), and IRAK-4 directly phosphorylates Thr387 and
Ser376 in the activation loop of IRAK-1 (Li et al. 2002). However, kinase activity
of IRAK-1 is not obligatory for signal transduction, as evidenced by the ability of
kinase-defective IRAK-1 variants to restore IL-1 signaling in IRAK-17- HEK293
cells (Knopp and Martin 1999; Li et al. 1999; Jensen and Whitehead 2001). In contrast,



148 A.E. Medvedev and S.N. Vogel

IRAK-4 appears to represent the only IRAK that requires kinase activity for signal-
ing. Indeed, Lye et al. (2004) revealed impaired LPS-induced IRAK-1 recruitment
and activation, and the failure of kinase-deficient mouse IRAK-4 species to restore
NF-xB activation, in IRAK-47~ mouse embryonic fibroblasts. Interestingly,
whereas Qin et al. (2004) demonstrated that the “kinase-dead” human IRAK-4
KK213AA variant restores IL-1 signaling in IRAK-47- human fibroblasts upon
transfection, a truncated IRAK-4 species (1-191 amino acids) failed to elicit NF-xB
reporter activation. Our results also showed significantly suppressed LPS- and IL-1-
mediated NF-xB activation, MAPK phosphorylation, and cytokine production in a
patient who expressed two IRAK-4 variants with predicted truncations in the kinase
domain (discussed below; Medvedev et al. 2003). Overexpression of truncated
IRAK-4 species inhibited IL-1-mediated phosphorylation of endogenous IRAK-1
(Medvedev et al. 2003). Moreover, overexpressed IRAK-4 mutants showed
impaired association with IL-1R, TLR4, and IRAK-1 and increased sequestration
of MyD88 in the cytoplasm (Medvedev et al. 2005), underscoring a possible
mechanism for deficient signaling by IRAK-4 species truncated within the kinase
domain. The central role for IRAK-4 in TLR/IL-1R signaling is strongly supported
by the profound hyporesponsive phenotype observed in IRAK-4 KO mice (Suzuki
et al. 2002) and in humans with inherited IRAK-4 deficiencies, who suffer from
recurrent pyogenic infections (Kuhns et al. 1997; Medvedev et al. 2003; Picard
et al. 2003; Day et al. 2004). Overexpression of IRAK-1, IRAK-2, or IRAK-M, but
not IRAK-4, triggers activation of NF-xB in IRAK-17" cells (Muzio et al. 1997; Li
et al. 1999, 2002). In contrast to the severe effect of IRAK-4 deficiency (Suzuki
et al. 2002), only partial inhibition of TLR- or IL-1R-mediated responses were
found in IRAK-1 KO mice (Thomas et al. 1999; Swantek et al. 2000). These results
suggest that IRAK-4 functions upstream of IRAK-1 and that IRAK-1, IRAK-2, and
IRAK-M are functionally redundant. To confirm the position of IRAK-4 in the
TLR signaling cascade, the effect of overexpression of upstream and downstream
adapter proteins in IRAK-4-deficient mouse embryonic fibroblasts on NF-kB acti-
vation was assessed. Since overexpression of TRAF-6, but not MyD88 or TIRAP/
Mal, stimulated NF-xB reporter activation, IRAK-4 was suggested to lie down-
stream of MyD88/Mal, but upstream of TRAF-6 (Suzuki et al. 2002). An alterna-
tively spliced, truncated variant of MyD88, MyD88s, that lacks the intermediate
domain between the N-terminal DD and the C-terminal TIR domain, interacts with
IRAK-1, but fails to recruit IRAK-4 and trigger IRAK-1 phosphorylation (Janssens
et al. 2002). These data strongly suggest that the intermediate domain of MyD88 is
required for IRAK-1 phosphorylation, most likely, via the recruitment of IRAK-4.
Thus, binding of IRAK-4 and IRAK-1 to distinct domains within MyD88 appears
to enable sufficient proximity to facilitate IRAK-4-mediated IRAK-1 phosphorylation.
In addition to its critical role in innate immunity, IRAK-4 is essential for T cell
activation (Suzuki et al. 2006).

Other full-length or alternatively spliced IRAK species, IRAK-M and IRAK-2,
appear to be mainly involved in the regulation of TLR signaling. Despite the presence
of a functional ATP binding pocket, IRAK-2 and IRAK-M express a substitution of
a critical aspartate residue in kinase subdomain VIb to an asparagine or a serine,
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respectively, that renders them catalytically inactive (Wesche et al. 1999). In con-
trast to ubiquitous expression of other IRAKs, IRAK-M is expressed primarily in
monocytes and macrophages and is up-regulated upon TLR stimulation (Wesche
et al. 1999). Both IRAK-M and IRAK-2 trigger NF-kB-dependent gene expression
(Muzio et al. 1997; Wesche et al. 1999) and restore IL-1-induced signaling in
IRAK-1-deficient cells upon overexpression (Li et al. 1999), suggesting functional
redundancy for IRAK-2 and IRAK-M. IRAK-M appears to negatively regulate
IL-1R and TLR signaling, as evidenced by increased cytokine production and
inflammatory responses to bacterial infection observed in IRAK-M KO mice
(Kobayashi et al. 2002). Overexpression of IRAK-M was found to prevent dissocia-
tion of IRAK-1 and IRAK-4 from MyD88 and association of IRAK-1 with TRAF6
complexes (Kobayashi et al. 2002), revealing a possible molecular mechanism of
negative regulation of TLR signaling. IRAK-2, but not IRAK-1, interacts with
TIRAP/Mal, and an IRAK-2, but not IRAK-1, dominant-negative construct sup-
presses TIRAP/Mal-induced NF-kB activation (Fitzgerald et al. 2001). Although
these data suggest specific involvement of IRAK-2 in TIRAP/MAL signaling,
further studies with IRAK-2 KO mice will be required to delineate the exact physi-
ological role of IRAK-2. Interestingly, the mouse, but not human, /RAK2 gene
encodes four alternatively spliced isoforms, two of which, Irak2c and Irak2d, exert
inhibitory effects on LPS-mediated NF-xB activation (Hardy and O’Neill 2004).
Irak2c expression was shown to be up-regulated by LPS (Hardy and O’Neill
2004), suggesting that, at least in the mouse, alternatively spliced IRAK-2
negatively regulates TLR signaling.

Thus, IRAK-4 and IRAK-1 are critical kinases required for efficient signaling
from IL-1RI and many TLRs, whereas IRAK-M and IRAK-2 lack the kinase
domain and are preferentially involved in negative regulation of TLR signaling.
Mutations within TLRs and IRAK-4 affect the ability of the host to mount efficient
antibacterial immune responses, and the possible molecular mechanisms by which
they affect TLR signaling are summarized in the next section.

4 Mutations in TLRs and IRAK-4: Implications for Disease

Since TLRs are essential sensors of PAMPs and endogenous “danger” proteins,
TLR mutations would be expected to affect host innate immune defense, changing
susceptibility to infectious, allergic, and autoimmune diseases. The first identified
TLR polymorphisms were Asp299Gly and Thr399Ile amino acid substitutions
within the ectodomain of TLR4 (Arbour et al. 2000). Analysis of 25 different publi-
cations indicated that these two mutations are expressed at a carrier frequency of
approximately 11% and 7%, respectively, and an allele frequency of 6% and 3%,
respectively (Vogel et al. 2005; Awomoyi et al. 2007), with evidence of co-
segregation published in several studies (Arbour et al. 2000; Schmitt et al. 2002;
Awomoyi et al. 2007). Arbour et al. (2000) reported that overexpression of the
mutant Asp299Gly TLR4 in THP-1 cells suppressed LPS-mediated NF-xB activation,
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and our own results showed suppressed LPS-inducible activation of an NF-xB
reporter in HEK293T cells that overexpress either of the two TLR4 mutations
(Rallabhandi et al. 2006). Using the HEK293T transient transfection system, we
observed the most pronounced suppressive effect upon overexpression of both
polymorphic TLR4 variants (to mimic co-segregation; Rallabhandi et al. 2006).
This result correlates with an earlier finding of decreased LPS-induced IL-1 pro-
duction exhibited by human airway epithelial cells obtained from Asp299Gly/
Thr3991le heterozygous individuals (Arbour et al. 2000). At present, the molecular
mechanisms by which TLR4 polymorphisms affect the ability of TLR4 to respond
to PAMPs remain unclear. In their original report, Arbour et al. (2000) observed
that human airway epithelia obtained from Asp299Gly/Thr399Ile heterozygous
subjects exhibited lower TLR4 cell surface expression compared to that detected in
control wild-type (WT) cells. However, our Western blot and FACS analyses did not
confirm that the TLR4 polymophisms affect protein expression of TLR4 in
HEK?293T transfected with the expression vectors encoding WT and mutant TLR4
variants (Rallabhandi et al. 2006). Interestingly, overexpression of Flag-tagged WT
and mutant TLR4 species at input concentrations that are constitutively active (due
to Flag-enforced TLR4 oligomerization) led to comparable activation of an NF-kB
reporter. In contrast, when untagged TLR4 is overexpressed to achieve agonist- and
CD14/MD-2-dependent signaling, mutant TLR4 species showed an impaired abil-
ity to mediate NF-xB activation compared to wild-type (WT) TLR4 (Rallabhandi
et al. 2006). Most importantly, a similar suppressive effect of these polymorphisms
on TLR4-mediated NF-kB activation was observed using two other structurally
distinct TLR4 agonists, the F protein of RSV and chlamydial Hsp60 (Rallabhandi
et al. 2006). Our data suggest that Asp299Gly and Thr399Ile mutations either
impair TLR4 interaction with agonists, or the co-receptors, CD14 and/or MD-2,
and/or affect the ability of TLR4 to associate with downstream adapter molecules
and kinases. Further analysis will be required to determine the exact molecular
basis for the diminished response of mutant TLR4 molecules to PAMPs.

Because of the essential role of TLR4 in sensing PAMPs, many studies have
been carried out to elucidate possible association of the TLR4 polymorphisms with
various infectious and inflammatory diseases. The Asp299Gly polymorphism is
associated with increased susceptibility to Gram negative bacteremia and sepsis
(Lorenz et al. 2002a), and another study linked this mutation to an increased inci-
dence of systemic inflammatory response syndrome (Agnese et al. 2002).
Interestingly, the incidence of polymicrobial sepsis did not correlate with the pres-
ence of the Asp299Gly polymorphism (Feterowski et al. 2003), suggesting that this
polymorphism is likely to predispose individuals selectively to sepsis caused by
Gram negative infections. Mockenhaupt et al. (2006a) reported that the Asp299Gly
and Thr399Ile TLR4 polymorphisms conferred 1.5- and 2.6-fold increased risks of
severe malaria, respectively. Tal et al. (2004) found an association of the Asp299Gly
and Thr3991le mutations with an increased risk of severe RSV bronchiolitis in full-
term, healthy Israeli infants, suggesting that these mutations impair TLR4 sensing
of the F protein of RSV. In line with this suggestion, we recently demonstrated an
impaired ability of the Asp299Gly and Thr3991le TLR4 mutants overexpressed in
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HEK?293T cells to trigger NF-kB activation in response to the RSV F protein
(Rallabhandi et al. 2006). Since intrauterine infection is the major cause of prema-
turity, it is plausible that impaired PAMP sensing by polymorphic TLR4 variants
would lead to pre-term delivery. Indeed, Lorenz et al. (2002b) showed a positive
association between prematurity and the Asp299Gly mutation in Finnish cohort.
Awomoyi et al. (2007) studied the inheritance of these polymorphisms in a highly
select group of high-risk children (premature, without or with bronchopulmonary
dysplasia) with confirmed RSV and found that nearly 90% of these children
expressed both the Asp299Gly and Thr3991le polymorphisms. Studies are ongoing
to determine whether these same polymorphisms predispose children to be deliv-
ered prematurely or whether diminished lung development observed in many pre-
mature children predisposes themtoincreased risk of RSV and other TLR4-dependent
infections.

Of importance, the Asp299Gly Tir4 allele was found to be significantly more
prevalent in patients with Crohn’s disease (Franchimont et al. 2004), suggesting
this TLR4 polymorphism as a risk factor for the development of Crohn’s disease.
However, the Asp299Gly and Thr399Ile mutations are not associated with other
diseases including candidiasis (Morre et al. 2002), tuberculosis (Newport et al.
2004), or infection by Chlamydia trachomatis (Morre et al. 2003). Controversial
data have been published regarding whether these TLR4 polymorphisms are related
to the development of meningococcal disease. Whereas Read et al. (2001) reported
that they are not associated with increased susceptibility to or severity of meningo-
coccal disease, Faber et al. (2006) found that both the Asp299Gly and Thr399Ile
mutations represent a risk factor for meningococcal disease in infants. In contrast,
the Asp299Gly and Thr399Ile polymorphisms seem to confer a reduced risk for
certain infectious and inflammatory diseases, including carotid artery atherosclero-
sis (Kiechl et al. 2002), acute coronary events (Ameziane et al. 2003), and rheuma-
toid arthritis (Kilding et al. 2003). Interestingly, the Asp299Gly TLR4 polymorphism
was linked to increased susceptibility to infections with Gardnerella vaginalis and
anaerobic Gram negative rods (Genc et al. 2004), but confers resistance to
Legionnaires’ disease (Hawn et al. 2005). Rare heterozygous missense mutations of
TLR4 were found to be associated with the development of systemic meningococcal
disease (Smirnova et al. 2003). These data suggest that various TLR4 mutations may
differentially affect TLR4-mediated sensing of distinct PAMPs. Thus, TLR4 muta-
tions reduce innate immune defense against bacterial, viral, and possibly other infec-
tious agents while protecting from developing over-exuberant inflammatory responses
characteristic of atherogenesis or rheumatoid arthritis.

Other TLRs have also been analyzed for the presence of polymorphisms that
correlate with other infectious diseases and asthma. Two mutations in TLR2,
Arg677Trp and Arg753Gln, have been reported to correlate with an increased sus-
ceptibility to leprosy and tuberculosis (Kang et al. 2002; Ben-Ali et al. 2004; Ogus
et al. 2004). The Arg677Trp TLR2 polymorphism impairs the ability human
PBMC to secrete IL-2, TNF-a, IL-12, and IFN-y in response to Mycobacterium
leprae (Kang et al. 2002, Kang et al. 2004), indicating defective signal-transducing
capacity of polymorphic TLR2 variants. The Arg753GIn TLR2 mutation was
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originally associated with susceptibility to staphylococcal infections, and cells
obtained from individuals with this TLR2 mutation showed diminished responses
to bacterial lipopeptides obtained from Borellia burgdorferi and Treponema palli-
dum (Lorenz et al. 2000). However, a later study failed to confirm a link between
the presence of these TLR2 polymorphisms and the occurrence of severe staphylo-
coccal infections (Moore et al. 2004). Interestingly, the Arg753Gln TLR2 polymor-
phism was linked to protection from the development of Lyme disease associated
with profound inflammatory reactions (Schroder et al. 2005). This protection is
likely to be due to impaired production of proinflammatory TNF-a. and IFN-y by
B. burgdorferi-stimulated PBMC obtained from individuals who express this TLR2
polymorphism heterozygously (Schroder et al. 2005). A mutation in TLRS, a com-
mon stop codon 392STOP, leads to a decreased response to bacterial flagellin in
vitro and is associated with increased susceptibility to a pneumonia caused by a
flagellated bacterium, Legionella pneumophila (Hawn et al. 2003). Controversial
results have been reported in the literature with respect to whether TLR polymor-
phisms are associated with asthma. For example, studies of different ethnic groups
led to contradictory results, with the Asp299Gly and A896G TLR4 polymorphisms
being associated with a predisposition to asthma in Swedish and Turkish children
(Fageras Bottcher et al. 2004; Sackesen et al. 2005), but with no similar association
in UK and Canadian Caucasian families, as well as in a Japanese population (Raby
et al. 2002; Noguchi et al. 2004; Yang et al. 2004). Thus, the Asp299Gly polymor-
phism may be predictive of airway and atopic responses in specific subsets of cer-
tain populations. A promoter polymorphism for 7LR9, -1237C, was identified as
predisposing to the development of asthma in Europeans (Lazarus et al. 2003),
whereas a TLR2 promoter polymorphism (-16934 A—T) was associated with a
lower risk of developing asthma (Eder et al. 2004). In addition, in Plasmodium
falciparum-infected women, both the TLR4 Asp299Gly and the TLR9 T-1486C
polymorphisms were linked to a 6-fold increased risk of low birth weight in term
infants (Mockenhaupt et al. 2006b), suggesting their role in the manifestation of
malaria during pregnancy. Thus, mutations in TLRs impair responses to various
PAMPs and are linked to certain infectious diseases and asthma.

Mutations in JRAK4 have been linked to the hyporesponsive phenotype in more
than 25 patients within many unrelated families. These patients suffer from
repeated, life-threatening Gram positive infections early in life that correlate with
severely suppressed macrophage responses to LPS, IL-1, IL-18, and TLR agonists,
but not to TNF-a or PMA (for reviews, see Puel et al. 2005; Vogel et al. 2005;
Medvedev et al. 2006). Picard et al. (2003) first identified autosomal recessive
mutations in exons 7 and 8 of the JRAK-4 gene in three unrelated patients suffering
from pyogenic infections and hyporesponsive to IL-1, IL-18, LPS, as well as to
TLR2, TLR3, TLRS, TLR9 agonists. One patient had a homozygous deletion of
thymidine in exon 7 (821delT in mRNA), whereas two others expressed the identi-
cal point mutation in exon 8 (C877T substitution in mRNA). These were predicted
to yield premature stop codons and the lack of expression of functional full-length
IRAK-4 mRNA and protein (Picard et al. 2003). Interestingly, Day et al. (2004)
reported that the third patient, who exhibited sustained recurring bacterial and
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fungal infections, also showed an impaired antibody response upon booster
immunizations with diphtheria/tetanus toxoid, pneumococcal polysaccharide, and
bacteriophage ¢X174. These data suggest an association of IRAK-4 deficiency
with the failure of B lymphocytes to be properly activated. An alternative interpre-
tation would be that the mutation of IRAK-4 may lead to decreased co-stimulatory
molecule expression on antigen-presenting cells, resulting in insufficient T-helper
function (that, in turn, would limit B cell response to antigens). Further studies will
be required to determine the exact molecular mechanism of impaired antibody
production in IRAK-4-deficient patients.

Our own studies identified a patient with two distinct mutations in JRAK4, a
point mutation C877T [identical to the one described by Picard et al. (2003)], and
a two nucleotide deletion (620-621del), both of which were expressed hetero-
zygously (Fig 3; Medvedev et al. 2003), in contrast to autosomal recessive genotypes
expressed by all but one of the other patients genotyped to date (Puel et al. 2005;
Vogel et al. 2005). The point mutation expressed by our patient has since been
observed in at least five unrelated families from eight different countries that differ
in their ethnicities (Picard et al. 2003; Puel et al. 2005; Vogel et al. 2005; D. Speert,
personal communication). Although a founder effect has not been formally
excluded, these patients were from widely differing geographic locations and of
diverse ethnicities. In addition, the sequence surrounding the C877T point mutation
does not appear to be a typical hypermutable sequence or “hot spot” (Jacobs and
Bross 2001). The compound heterozygous genotype of our IRAK-4-deficient
patient was associated with a history of repeated bacterial infections and the failure
to develop febrile response or produce cytokines upon LPS challenge in vivo

Mutant IRAK-4 variants

Mutation C877T (coding region) — Q293X
Predicted protein length: 292 AA (protein)

20 104 186 1' 456 Functional effects of overexpression
I W DD ‘ l Kinase Domain l ‘ M1

IL-1-induced activation of IRAK-1
| Recruitment to IL-1R and IRAK-4
Association with MyD88 and IRAK-1

Mutation 620-621del AC (coding region) — T207N
Predicted protein length: 218 AA (protein) TSequestration of MyD88
in the cytoplasm

20 104 186 + 456
| ‘ DD l l Kinase Domain ‘ ‘Mz

Fig. 3 IRAK-4 mutations in a patient with a compound heterozygous genotype and their effects
on IL-1- and TLR4-mediated signaling. Two IRAK-4 mutations identified in our patient suffering
from repeated bacterial infections and hyporesponsive to LPS and IL-1 are depicted: the C877T
point mutation and the 620-621AC del. Shown are the points of truncations in IRAK-4 proteins
(indicated by arrows) and predicted changes in their amino acid composition. The functional
effects of overexpression of truncated, kinase-deficient IRAK-4 mutant variants on IL-1- and
TLR4-signaling revealed by overexpression analysis are depicted on the right
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(Kuhns et al. 1997). In vitro, our patient’s PBMC and neutrophils were hyporespon-
sive to LPS and IL-1, as evidenced by markedly suppressed NF-xB activation and
p38 MAPK phosphorylation, yet TNF-o responsiveness was normal (Medvedev et
al. 2003). In addition, our patient’s polymorphonuclear cells (PMNs5) failed to up-
regulate expression of a number of co-stimulatory molecules, including CD18 and
CD67, in response to LPS, while their responses to a non-TLR-specific stimulus,
fMLF, were not inhibited (Medvedev et al. 2005). Interestingly, our patient showed
an abnormal inflammatory response to a non-microbial stimulus in vivo, as evi-
denced by depressed influx of neutrophils and decreased cytokine production in the
region of the blister, whereas complement activation was normal (Medvedev
et al. 2003, 2005). These data indicate that the deficiency in IRAK-4 in this patient
also underlies decreased responsiveness to non-microbial insults, suggesting
impaired TLR signaling upon recognition of endogenous TLR ligands (e.g., HSPs,
fibrinogen) released during tissue damage.

Translation of IRAK-4 mRNAs expressed by our patient (i.e., the C877T point
mutation, the 620-621del two-nucleotide deletion), resulted in the predicted trun-
cated forms of the IRAK-4 protein, with both truncations occurring within the
kinase domain (Fig. 3; Medvedev et al. 2003). Despite extensive efforts to detect
endogenous IRAK-4 species in PBMC cell lysates and IRAK-1 immune complexes
obtained from our patient versus healthy volunteers, we were unable to detect
IRAK-4 protein by Western blot analysis using a polyclonal antiserum obtained from
Tularik. This, most likely, was the result of extremely low levels of expression of
endogenous IRAK-4 protein. Indeed, reliable detection of endogenous IRAK-4 in
the HEK293 cell line has been reported by others to require a very large number of
cells (~200x10% cells per treatment; Li et al. 2002). Unfortunately, this large
number of PBMCs could not be obtained from from our patient. Therefore, we used
overexpression approaches to analyze the effect of mutations found in patient’s
IRAK-4 mRNA on IRAK-4 protein. HEK293T cells were transfected with the
pRK7-IRAK-4 expression vector encoding Flag-tagged WT, the point mutation
(mutant 1, or M1) or the deletion mutation (M2) IRAK-4, followed by immunopre-
cipitation and immunoblot analysis of overexpressed IRAK-4 species with anti-
Flag antibody. As expected, transfection of HEK293T cells with expression vectors
encoding mutant IRAK-4 species yielded truncated species of IRAK-4, in contrast
to the full-length wild-type IRAK-4 (Fig. 3; Medvedev et al. 2003, 2005).
Interestingly, both mutant IRAK-4 forms act as dominant negative inhibitors of
wild-type, endogenous IRAK-4 upon their overexpression in HEK293 cells, as
evidenced by suppression of IL-1-induced IRAK-1 kinase activity (Medvedeyv et al.
2003) and recruitment of endogenous IRAK-1 and MyD88 to IL-1RI (Medvedev
et al. 2005). Subsequent co-immunoprecipitation analyses revealed that mutations
in the kinase domain of IRAK-4 impairs its IL-1-inducible association with IL-1RI
and IRAK-1 (Medvedev et al. 2005), and failed to be recruited to TLR4 upon stim-
ulation of HEK293/TLR4/MD-2 cells with LPS (Medvedev et al. 2006). We also
found that overexpression of truncated IRAK-4 variants results in constitutive asso-
ciation of kinase-defective IRAK-4 with endogenous or overexpressed cytoplasmic
MyD88 (Medvedev et al. 2005). These results demonstrate that the hyporesponsive
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phenotype of our IRAK-4-defective patient may result from the failure of mutant
IRAK-4 species to form functional signaling complexes with components of the
IL-1R/TLR4 pathways in response to stimulation with IL-1 and LPS (summarized
in Fig. 3). Since the heterozygous parents, grandparents, and sibling of this patient
show normal LPS sensitivity and resistance to infection, it is plausible that normal
IRAK-4 protein (present in quantities at least equivalent to mutant IRAK-4 in these
individuals) compensates adequately for the failure of the “truncated” forms of
IRAK-4 to form functional TLR/IL-1R signaling complexes. In contrast, upon
overexpression, a large proportion of kinase-defective IRAK-4 variants are likely
to be present in the cells relative to the amount of WT IRAK-4, leading to an inhibi-
tory effect. Our results also suggest that small molecular weight mimetic com-
pounds may be designed based on molecular structures of truncated IRAK-4
species to diminish IRAK-4-dependent signaling in people with hyperinflamma-
tory syndromes (Medvedev et al. 2005).

5 Conclusions

Rapid progress has been made over the past decade in the identification and
functional characterization of receptors responsible for induction and mainte-
nance of antimicrobial and antiviral innate immune responses. TLRs have been
shown to represent principal sensors of bacterial and viral infections, as well as
receptors involved in recognition of “danger” endogenous proteins, oligosac-
charides, and nucleic acids released as a consequence of cellular damage. The
extreme complexity and potential for cross-talk within the MyD88-dependent
and MyD88-independent TLR signaling pathways has been revealed, and sev-
eral TLR polymorphisms have been associated with predisposition to a number
of infectious diseases or reducing the risk for development of inflammatory dis-
eases, e.g., atherosclerosis. Because of the central role for IRAK-4 in TLR sign-
aling, it is perhaps no surprise that mutations within the kinase domain of
IRAK-4 have been shown to severely affect antibacterial immune defense
mechanisms. This defect is associated with the failure of mutant IRAK-4 species
to form functional signaling complexes with receptor and intracellular compo-
nents of the IL-1R/TLR4 pathway. The capacity of overexpressed, truncated
IRAK-4 species to inhibit assembly of signaling complexes among wild-type
IRAK-1, TLR4, and MyD88 may be employed for possible future therapeutic
intervention in hyperinflammatory states by using kinase-inactive IRAK-4
mimetics to inhibit signaling. Future studies will likely reveal the feasibility of
such an approach, and delineate how mutations within TLRs and IRAK-4 affect
other antibacterial immune defense mechanisms, including the development of
adaptive immunity.
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Abstract In mammals, a tissue-specific set of Nod-like receptors (NLRs) enables
collectively a swift and differential cytosolic detection of evolutionary distant
microbial- and/or danger-associated molecular patterns from the extracellular
and intracellular microenvironment. Repressing and de-repressing this surveil-
lance machinery contribute to vital immune homeostasis and protective responses
within specific tissues. Conversely, defective biology of NLR signaling pathways
drives the development of recurrent infectious and/or inflammatory diseases
by failing to mount barrier functions, to instruct the adaptive immune response
and/or to ignore self and non-self antigens. Better decoding of microbial shedding
and immune escape strategies will provide clues for the development of rational
therapies striving to cure and prevent common and emerging immunopathologies
in humans.
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1 Introduction

Eradication of infectious agents represents an essential barrier function for the
survival of all mammals. Infected host mammalian cells elicit multiple defense
programs, which can be broadly separated into innate and adaptive immune
response. During first days of infection, microbial sensing is conferred by extra-
and intra-cellular detection of so-called pathogen-associated molecular patterns
(PAMPs) by specialized innate immune sensors, also called pathogen-recognition
molecules (PRMs; Medzhitov 2001). In mammals, the Toll-like receptor (TLR)
family members are bona fide membrane-bound PRMs that contain leucine-rich
repeats (LRRs) in their ectodomains for PAMP recognition outside of the cell, at
the cell surface, or on the luminal side of intracellular vesicular compartments
(Barton and Medzhitov 2003; Akira et al. 2006). In contrast to TLRs, the family
of cytosolic nucleotide-binding oligomerization domain leucine-rich repeat-
containing proteins (so-called NLRs) provides a surveillance mechanism inside
the infected cells (Fig. 1; Inohara et al. 2005; Ting and Davis 2005; Meylan et al.
2006). Upon exposure to microbes and/or ‘danger’ signals, activation of the
membrane-bound TLRs and NLRs signaling pathways confer mutually host
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Figure 1Chamaillard et al.

Fig. 1 Schematic of NLR signalling
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surveillance by controlling antimicrobial processes, inflammatory cytokines and
caspases. Similar sensing mechanisms have also been identified inside and outside
plant cells, indicating common defense strategies in mammals and plants. Finally
during weeks after infection, TLRs and NLRs promote the development of
adaptive immunity mediated by T and B lymphocytes, a unique immune arm
evolved by mammalian hosts for a specific elimination of infectious agents.
Herein, we review recent findings on the biological roles of mammalian NLRs in
health and disease.

2 NLRs, a Conserved Cytosolic Arm
of the Innate Immune System

Initial in silico searches of genomic databases for proteins related to Apaf-1
revealed a family of NLRs proteins, which comprises 22 members in humans
(Table 1). Mainly expressed in immunocytes, most of the NLRs possess a tripar-
tite structure including a C-terminal leucine-rich repeat domain that is required
for ligand interaction, a central nucleotide-binding oligomerisation domain [NOD
(also called NACHT for neuronal apoptosis inhibitor protein), CIITA, HET-E,
TP1] for oligomerization and a N-terminal specific domain to interact with down-
stream effectors (Table 1). NLRs are sub-classified accordingly to their effector
domains: (a) the NOD proteins which contain a caspase-activating and recruit-
ment domain (CARD), (b) the NALP proteins which contain a pyrin domain
(PYD), (c) the NAIP proteins which contain a baculovirus inhibitor of apoptosis
protein repeat (BIR) and (d) CIITA (Table 1; Inohara et al. 2005). The biological
function of NLRs is mainly conferred by their effector domain, which allows
homophilic or heterophilic interactions with specific downstream protein-inter-
acting partners. Besides tripartite NLRs, several NLRs display a more complex
structure (Table 1), such as CIITA that contains an amino-terminal transcriptional
activation domain. CIITA is the first described NLR and controls histocompati-
bility complex class (MHC) genes, particularly class II (MHC-II). NOD9 do not
present effector domain and NALP1 contains an amino-terminal PYD, a car-
boxyl-terminal domain homologous to a unique region (NC), a truncated PYD
and a CARD (Table 1; Inohara et al. 2005). Interestingly, the modular structure
of NLRs shares similarities with the disease resistance (R) genes found in plants.
Both R gene products located at the membrane, like TLRs, or in the cytosol, like
NLRs, contain typically carboxyl-terminal LRRs. As in mammalian cells, the R
gene products represent detected pathogens and elicit the hypersensitivity
response (Inohara et al. 2005). The structural similarities that membrane-bound
and cytosolic R gene products share with TLRs and NLRs, respectively, suggest
that NLRs play an important role in the regulation of multiple immune response
aspects in mammals.
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3 Physiological Role of NLRs in Innate
and Adaptive Immunity: NLRs Join TLRs

3.1 Host Sensing of Non-TLR PAMPs:
Lessons from NODI and NOD2 Studies

Independently of TLRs, the nucleotide-binding oligomerisation domain proteins 2
and 1 (NOD2 and NOD1; also referred as CARD15 and CARDA4, respectively) are
cytoplasmic proteins involved in bacterial peptidoglycan (PGN) sensing through
the detection of the muropeptide N-acetylmuramic-L-Ala-D-isoGIln (MDP; Girardin
et al. 2003a; Inohara et al. 2003; Kobayashi et al. 2005) and dipeptide y-D-
glutamyl-meso-diaminopimelic acid (iE-DAP; Chamaillard et al. 2003a; Girardin
et al. 2003b; Fig. 2). Whereas MDP is a conserved structure shared by almost all
Gram-positive and Gram-negative bacteria, the dipeptide iE-DAP is primarily
found in Gram-negative bacteria and certain Gram-positive bacteria, such as the
food-borne pathogen Listeria monocytogenes. Hence unlike NOD2 that can be
considered as a general sensor of bacterial microorganisms, NOD1 detect solely
Gram-negative bacteria and a specific subset of Gram-positive bacteria that
includes L. monocytogenes. Upon exposure to their respective bacterial agonists,
NOD2 and NODI1 oligomerize and the downstream serine-threonine kinase RICK
(also called RIP2/RIPK2/CARDIAK) is recruited through homophilic CARD-
CARD interactions. Once activated the RIP2 signaling pathways leads to the acti-
vation of the NF-kB transcription factor through the ubiquitination of the IKKy/NEMO

GlcNac GlcNac MurNac
CH,OH CH,OH CH,OH
(0] (0] (@)
\,
Yo o o o
OH o OH N
NHAc NHAc NHAc
H3|CCH
(EO
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iEDAP D-f\la
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Fig. 2 NODI1 and NOD?2 are the sensing bacterial peptidoglycans
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subunit of the signalosome (Inohara et al. 2000; Ogura et al. 2001b; Kobayashi et al.
2002; Abbott et al. 2004). Recent reports identified also accessory molecules that
regulate the Rip2 signaling pathway, such as Erbin, Tak1, Grim-19 and Centaurin-
betal (Chen et al. 2004; Barnich et al. 2005; McDonald et al. 2005; Yamamoto-
Furusho et al. 2006; Fig. 1). Accordingly, mice deficient for NOD1, NOD2 and
RICK are highly susceptible to infection by the Gram-positive facultative intracellu-
lar pathogen, L. monocytogenes (Kobayashi et al. 2002, 2005). Interestingly whereas
NodI-deficient mice are only susceptible to systemic infection by L. monocytogenes
(Chamaillard, unpublished data), Nod2-deficient mice showed an increased sus-
ceptibility to orogastric infection by this pathogenic bacterium via the regulation of
certain Paneth cells-derived cationic antimicrobial peptides (Kobayashi et al. 2005;
Fig. 3). Furthermore, Nod2-deficient mice displayed a severe deficiency in the pro-
duction of antigen specific immunoglobulin (Kobayashi et al. 2005) and experi-
enced an enhanced release of IL-12 and IL-18, leading to an increased proliferation
and survival of CD4* T cells (Watanabe et al. 2006). Consistently, Nod2-deficient
mice and mutant mice bearing the orthologue of the major CD-associated

A B o~ \

Enteric bacteria

@ Secretion, maturation
(e.g. trypsin)

T =/ @ Propeptide

synthesis

“.Defensin expression.

Paneth cell

Fig. 3 Schematic of NOD?2 signalling in Paneth cells. A An electron microscopy picture of
Paneth cell is represented. B Following exposure to bacterial moieties (/), pathogen-recognition
molecules (e.g. NOD2) expressed in Paneth cells regulate the expression (2) of immature
a-defensins (3), which are processed (4) and secreted outside the cells to maintain sterility in the
lumen of the crypt of Lyberkiihn (5)
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NOD23%%%ms gllele showed increased susceptibility to antigen-specific colitis
(Watanabe et al. 2006) and to DSS-induced colitis (Maeda et al. 2005), respec-
tively. More recently, professional immunocytes carrying NOD2 mutations or
lacking NOD2, but not NOD1, showed impaired responsiveness to MDP (Inohara
et al. 2003; Li et al. 2004; Netea et al. 2005; van Heel et al. 2005), but also to
Mycobacterium tuberculosis (Ferwerda et al. 2005). However, NOD2 was dispen-
sable for cytokine production in response to L. monocytogenes, as shown by the
normal inflammatory cytokines production of Nod2-deficient macrophages com-
pared with wild-type macrophages. These results indicate an essential role of
NOD2 in innate and adaptive immunity at the intestinal mucosal interface.
Further, recent reports unravelled a NOD1-dependent sensing of the non-invasive
Gram-negative pathogen Helicobacter pilori (Viala et al. 2004), through the
detection of muropeptides injected into host cells by a bacterial type IV secretion
system. Similarly to the physiological role of NOD2, NODI is required for
expression of certain B-defensins by gastric epithelial cells during H. pylori
infection (Boughan et al. 2006). However the function of NODI in adaptive
immunity still remains elusive. Finally, bacterial muropeptides are know to syn-
ergistically promote the TLR-dependent production of inflammatory cytokines
and chemokines (Chamaillard et al. 2003a; Kobayashi et al. 2005; van Heel et al.
2005a, b), indicating that NOD1 and NOD2 might be crucial in initiating the
immune response towards invasive bacteria.

3.2 NLRs Promote Maturation of TLR-Induced
Il-1B and IL-18 Release

Caspase-1 activation is crucial to repel pathogenic infection and to promote the
maturation of the adaptive immune system (Kuida et al. 1995; Gu et al. 1997).
Upon microbial recognition, the expression of IL-1f and IL-18 is mainly
induced in a TLR-dependent manner. However, the maturation of such cytokines
requires a simultaneous TLR-independent activation of inflammatory caspases,
such as caspase-1 and caspase-5 (and caspase-11 in mice). Several recent reports
identified a caspases-activating molecular platform, referred as inflammasome
(Martinon et al. 2002; Agostini et al. 2004; Mariathasan et al. 2004; Martinon
and Tschopp 2004). The inflammasome assembly is conferred by homophilic
interactions with the PYD and CARD. ASC can be linked to NALP1, NALP2
and/or NALP3 through a PYD-PYD interaction and to caspase-1 through a
CARD-CARD interaction (Fig. 1). An additional molecular assembly has been
reported for NALP1, but not NALP3, which can recruit the caspase-5 through
homophilic CARD-CARD interactions. However, the cellular trafficking of the
inflammasome and the additional signaling partners, such as the adaptor ASC2
(Damiano et al. 2004) and additional NLRs, namely Ipaf (Geddes et al. 2001;
Poyet et al. 2001) and Naip5 (Zamboni et al. 2006), should be further
described.
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The ice protease-activating factor (Ipaf, also known as CARD12/CLAN) is required
for cytosolic sensing of bacterial flagellin (Franchi et al. 2006; Miao et al. 2006; Fig. 1),
independently of TLRS, which is essential for flagellin-induced NF-xB activation
(Feuillet et al. 2006; Uematsu et al. 2006). Intracellular exposure to Salmonella typh-
imurium, Legionella pneumophila and flagellin triggered caspase 1 activation and cell
death in an Ipaf-dependent manner (Mariathasan et al. 2004; Amer et al. 2006; Franchi
et al. 2006). Ipaf signals through the apoptosis-associated speck-like (ASC) protein
containing a Card and also known as PYCARD/TMS, an adaptor protein composed of
an amino-terminal PYD and a carboxyl-terminal CARD (Srinivasula et al. 2002;
Masumoto et al. 2003). Consistently, ASC-deficient macrophages failed to activate
caspase-1 and to release IL-1f and IL18 in response to flagellated bacteria.

More recently, the activation of another NLR family member, cryopyrin (also
named NALP3/PYPAF1), led to caspase-1 activation and cell death in an ASC-
dependent manner (Dowds et al. 2003; Fig. 1, Table 1). Independently of TLR7,
cryopyrin is required for intracellular sensing of purine-like structures, including
bacterial and viral RNAs (Kanneganti et al. 2006a, b) and the endogenous ‘danger’
signals monosodium urate or calcium pyrophosphate dehydrate crystals (Martinon
et al. 2006). Finally, independently of Ipaf, a recent report indicated that ASC- and
caspase- 1-deficient mice showed enhanced susceptibility to Francisella tularensis
(Mariathasan et al. 2005), a highly infectious Gram-negative coccobacillus that
causes the zoonosis tularemia.

In addition to Ipaf and Cryopyrin, several genetic determinants have been impli-
cated in host responsiveness towards the intracellular replication of L. pneumophila,
the infectious agent causing Legionnaires’ disease, and subsequent cell death
induced by this pathogenic bacterium. Notably, naturally occurring mutations in
the gene encoding the NLR member Bircle (baculovirus inhibitor of apoptosis
repeat-containing 1), also known as Naip5 (Diez et al. 2003; Wright et al. 2003).
However, further work should clarify whether Ipaf and Bircle function together or
independently in preventing cytosolic replication of L. pneumophila (Amer et
al. 2006; Zamboni et al. 2006).

Finally, a subset of pathogenic bacteria has also evolved several counter-acting
mechanisms by promoting cell death of immunocytes through the release of cas-
pases-activating microbial and/or danger signals. Notably, natural mutations in the
Nalplb-encoding genes have been associated to increased toxin-induced cell death
in macrophages (Boyden and Dietrich 2006). Taken together, the release of
mature I1-1 and IL-18 represents a unique role for NLRs in cooperating with
TLRs-mediated immunity.

4 What Can we Learn from NLRs Linked
to Human Diseases?

Both loss- and gain-of-function mutations in NLRs proteins have been associated
with the pathogenesis of human diseases.
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4.1 NODI and NOD2 Mutations Linked
to Chronic Inflammatory Diseases

Multiple genetic variations of the NOD2 gene have been associated with suscepti-
bility to several inflammatory diseases, including atopic eczema, Blau syndrome
(BS), Crohn’s disease (CD), early-onset sarcoidosis (EOS) and graft-versus-host
disease (Hugot et al. 2001; Miceli-Richard et al. 2001; Ogura et al. 2001a; Holler
et al. 2004; Kanazawa et al. 2005; Weidinger et al. 2005a). Three mutations in the
NOD motif of NOD2 (R334Q-W, L469F) have been associated with EOS and BS,
rare autosomal dominant disorders characterized by associated arthritis, uveitis,
skin rashes and granuloma (Miceli-Richard et al. 2001; Kanazawa et al. 2005; Fig. 4).
An increased basal and MDP-induced NF-kB activity is associated in vitro with
the EOS/BS-causing mutations, indicating that those variants might behave as
hyper-responsive alleles (Chamaillard et al. 2003b; Tanabe et al. 2004). These
results suggest that such mutations of conserved amino acid in the NOD motif can
trigger a highly penetrant uncontrolled inflammatory signaling, resulting in early-
onset dominant inflammatory diseases. Consistently with the recessive nature of
CD susceptibility (Kuster et al. 1989; Monsen et al. 1990; Orholm et al. 1993),
individuals with one of the three major independent disease-associated alleles
(namely R702W, G908R, 1007fs) have a 2- to 4-fold increased risk of developing
CD, whereas homozygous or compound heterozygous carriers have an up to 40-
fold increase in genotype-relative risk (Hugot et al. 2001; Fig. 4). Taken as a whole,
those results revealed opposite physiopathological NOD2-dependent mechanisms
which might influence the development of distinct inflammatory diseases
(Chamaillard et al. 2003b). More recently and similarly to CD-associated NOD2
mutations, recent reports identified a complex intronic polymorphism of the NOD1
gene that is associated with the pathogenesis of IBD, asthma and atopic eczema
(Hysi et al. 2005; McGovern et al. 2005; Weidinger et al. 2005b).

Blau syndrome/EOS-causing mutations

r A\
C1001T C1000T  C1405T
R334Q R334W L469F
CARD1 CARD2 NBS H LRRs
1 — 1040 NOD2

\

C2104T G2722C 3020insC
R702W  G908R 1007fs
\ J

CD-associated mutations

Fig. 4 Schematic of loss- and gain-of-function NOD2 mutations associated with distinct inflam-
matory disorders
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4.2 Auto-Inflammatory Diseases

Mutations in the CIAS] gene, encoding for NALP3, are associated with the clinical
expression of a broad phenotypic spectrum of dominantly inherited auto-inflammatory
disorders, including Muckle—Wells syndrome (MWS), familial cold autoin-
flammatory syndrome (FCAS) and chronic neurologic cutaneous and articular
syndrome [CINCA, also called NOMID (for neonatal onset multisystem inflamma-
tory disease); Hoffman et al. 2001; Aganna et al. 2002; Aksentijevich et al. 2002;
Dode et al. 2002; Feldmann et al. 2002]. All these disorders are characterized by
recurrent inflammatory crises together with fever, rash and arthritis. At least 22
distinct missense mutations, including 20 de novo mutational events, of the CIAS]
gene are associated with MWS, FCAS and CINCA (Aksentijevich et al. 2002). All
of these mutations are within the NOD and NOD-associated domains. Notably,
three mutations (V198M, D303N, R260W) predispose to the three syndromes,
suggesting the existence of modifying genes and/or environmental factors modulating
the phenotypic expression. Like NOD2 mutations causing EOS and BS, cryopyrin
mutations are associated with an increased IL-1[ release (Agostini et al. 2004;
Dowds et al. 2004). Consistently, patients with auto-inflammatory syndromes
experience clinical improvement after treatment by a specific antagonist of IL-153
signaling (Hawkins et al. 2004; Hoffman et al. 2004; Ramos et al. 2005; Boschan
et al. 2006; Goldbach-Mansky et al. 2006; Matsubara et al. 2006), indicating a
fundamental role of IL-1p in the pathogenesis of auto-inflammatory diseases.

4.3 Reproduction Diseases

Mutations in the gene encoding for NALP7 (also known as Pypaf3/Nod12/Pan7/
CIr19.4) cause familial and recurrent hydatidiform moles (Bestor and Bourc’his
2006; Djuric et al. 2006; Murdoch et al. 2006), tumors that forms in the uterus as a
mass of cysts resembling a bunch of grapes. Unlike NALP1-3, IPAF and NAIPS,
NALP?7 is a negative regulator of IL-1p signaling (Kinoshita et al. 2005) that pro-
mote tumorigenesis (Okada et al. 2004). Further work should now determine:
(a) how the NALP7 signaling pathway might be activated, (b) whether NALP7
might interfere with the NALP1-, NALP3-, IPAF- and NAIP5-inflammasome and
(c) whether, like other NLRs, NALP7 might sense microbial infections.

5 Concluding Remarks: Towards the Development
of “Magic” Bullets

Taken as a whole, NLRs and TLRs evolved complementary functions to confer a
potent innate and adaptive immune system towards microbial and ‘danger’ signals.
NLRs represent a cytosolic armory of microbial sensors linked to several human
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diseases. Lastly, further work should now focus on better understanding the physi-
ological roles of normal and mutant NLRs and on developing novel therapeutic
strategies aiming to restore abnormal NLRs functions.
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Abstract Findings of the past two decades clearly document that epithelial cells
have the capacity to mount a “chemical barrier” apart from the physical defense
shield against invading microorganisms. This “chemical barrier” includes
preformed antimicrobial proteins present at the uppermost layers of the epithelium
as well as newly synthesized compounds that are produced upon stimulation after
contact with pathogenic bacteria or bacterial products, endogenous proinflammatory
cytokines and/or the disruption of the physical barrier by wounding with subsequently

Department of Dermatology, Venerology and Allergology, Clinical Research Unit, University
Hospital Schleswig-Holstein, Campus Kiel, Schittenhelmstrasse 7, 24105 Kiel, Germany,
rglaeser @dermatology.uni-kiel.de

H. Heine (ed.), Innate Immunity of Plants, Animals, and Humans. 187
Nucleic Acids and Molecular Biology 21.
© Springer-Verlag Berlin Heidelberg 2008



188 R. Gliser et al.

released growth factors. This chapter introduces the reader into the field by giving
an overview of the most important human epithelial and phagocyte derived anti-
microbial peptides. Furthermore, strategies for the putative action of antimicrobial
peptides in the healthy human are presented. The third part of the review gives an
overview of several diseases which are in connection with a decreased or impaired
antimicrobial peptide expression: skin diseases and wound healing, diseases of the
airway epithelia and the gastrointestinal tract as well as diseases associated with
phagocyte dysfunction. Exogenous application of antimicrobial peptides could be
a promising therapeutic option in the near future for the treatment of patients with
epithelial infections and chronic wounds but a much more promising option would
be the promotion of the endogenous expression of antimicrobial peptides.

1 Introduction

Barrier organs such as the skin, the airways and the gastrointestinal tract, are always
in contact with the environment and are covered with a characteristic microflora
(Noble 1992). Depending on localization, the composition of this flora varyies
qualitatively and quantitatively, between 10? and 107 microorganisms/cm? on the
skin and between 10'* and 10'* microbes/cm? faeces in the gut.

With respect to the capability of bacteria for doubling their number within
20 min under optimal conditions, it might be an enigma that healthy body surfaces
usually do not show excessive microbial growth and signs of infection. This unex-
pected phenomenon might be explained by considering body surfaces as defense
organs, in which particular strategies have evolved to protect them from infection.
One of the most important parts of this strategy is the existence of an intact physi-
cal barrier consisting of the stratum corneum in the skin and the mucus in non-
cornified epithelia (Elias 2005). Both desquamation of corneocytes and secretion
of mucus lead to a permanent regeneration of these body surfaces with simultane-
ous elimination of microorganisms adhering to these epithelial layers. Infiltration
of microorganisms into the living epithelial cells is thus inhibited by this
phenomenon.

Although for long time the physical barrier was believed to represent the sole
component protecting body surfaces from infection, today a number of hints point
out that this is not the case. For example, bacteria can produce a number of enzymes
that can degrade essential elements of the epithelial cells like lipids, proteins and
glycoconjugates, making it possible to overcome the physical barrier. These obser-
vations led to the hypothesis that, apart from the physical barrier, a “chemical bar-
rier” of epithelia should also exist, consisting of molecules produced in the
strategically optimal located uppermost parts of the barrier organs where they con-
trol growth of bacteria and thus inhibit infection of body surfaces. Because healthy
epithelia do not contain any blood-derived leukocytes such as neutrophils, which
contain a number of bactericidal compounds (Ganz 2004), the actual epithelial cells
might be the source of these “chemical barrier” compounds.
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Today it is widely accepted that the epithelial production of antimicrobial peptides
and proteins represents a general phenomenon of the epithelial defense system.
Although originally discovered in plants and invertebrates, it was documented in
1987 that vertebrate skin might also use antimicrobial peptides as part of a “‘chemi-
cal defense system” to protect the epithelium from infection. Zasloff et al. won-
dered why frogs, living in a laboratory pond under non-sterile conditions, had no
signs of skin infection after surgical treatment — despite the huge number of
microbes present. Based on this unexpected finding Zasloff was able to isolate a
broad-spectrum antimicrobial peptide from the skin of the African clawed frog
Xenopus laevis which he termed “Magainin” (Zasloff 1987). During recent years a
number of antimicrobial peptides have been characterized from human skin and
other epithelia, to which the reader is introduced in this chapter. An overview of the
most important human epithelial antimicrobial peptides is provided in Table 1.

2 Epithelial Antimicrobial Peptides and Proteins
2.1 Lysozyme

Lysozyme represents the first antimicrobial protein which was identified in human
skin (Klenha and Krs 1967; Ogawa et al. 1971), nearly 50 years after its initial dis-
covery as “bacteriolytic activity” in nasal secretions by Alexander Fleming (1922). In
the skin lysozyme is mainly located in the cytoplasm of epidermal cells in the granular
layers and in the stratum corneum (Ogawa et al. 1971; Papini et al. 1982). Also, pilose-
baceous follicle cells and hair bulb cells as well as parts of the eccrine and apocrine
sweat glands were shown to be lysozyme-positive (Ezoe and Katsumata 1990).
Although lysozyme is mainly directed against Gram-positive bacteria (e.g.
Staphylococcus aureus; Kern et al. 1951) it is also active against Gram-negative
bacteria, e.g. Echerichia coli (Ellison and Giehl 1991) and Pseudomonas aerugi-
nosa (Cole et al. 2002), suggesting that it might contribute to control the growth of
bacteria in healthy skin. However, the significance of lysozyme in the cutaneous
defense system is still unclear because lysozyme was shown to be expressed exclu-
sively in the cytoplasm and could not be identified within the stratum corneum
(Ogawa et al. 1971) or in skin-derived washing fluids (Gléser et al. 2005).

2.2 Human Beta Defensins

2.2.1 hBD-1

The first discovered human B-defensin was originally isolated from human blood
filtrate as a peptide with significant sequence homology to bovine B-defensins
(Bensch et al. 1995). HBD-1 is a cationic peptide of 36 amino acid residues,
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Table 1 Human antimicrobial proteins mentioned in this chapter

R. Gliser et al.

Antimicrobial activity

Inducible Bacteria
Cellular source expression Gram*  Gram~ Fungi
a-Defensins
HNP1-4 Neutrophils ++ ++ ++
HD-5, -6 Intestinal tract +++ +++ +++
-Defensins
hBD-1 Keratinocytes, airway + ++ ?
epithelia, urogenital tract
hBD-2 Keratinocytes, airway X +) +++ ++
epithelia, intestinal tract
hBD-3 Keratinocytes, airway X +++ +++ +++
epithelia
hBD-4 Airway epithelia, X ++ ++ +
keratinocytes (mRNA)
Cathelicidins
LL-37 Neutrophils, keratinocytes, X ++ ++ ++
airway epithelia,
urogenital tract
Ribonucleases
RNase 7 Keratinocytes, airway X +++ +++ +++
epithelia
RNase 8 ? +++ +++ +++
S-100 Proteins
Calprotectin Leukocytes, X + + ++
(S100A8/A9) keratinocytes
Psoriasin Keratinocytes, sebocytes, X (+)? ++° (+)?
(S100A7) airway epithelia,
urogenital tract
Others
Antileukoprotease  Keratinocytes, airway ++ ++ ++
(ALP) epithelia
Adrenomedullin Keratinocytes, sebocytes, + ++ ?
sweat glands,
intestinal tract
Dermcidin Sweat glands +++ +++ ++
(DCD-1)
Elafin Keratinocytes, airway X + + ?
epithelia
Histatins Oral epithelia ++ ++ +++
Lactoferrin Neutrophils, ++ ++ ++
body fluids
Lysozyme Skin, airway epithelia, ++ ++ +
body fluids

* in high concentrations.

b Escherichia coli, others in high concentrations.
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containing six cysteines and forming three characteristic intramolecular disulfide
bonds. In blood plasma and urine, several forms of hBD-1 have been isolated
(Valore et al. 1998). Until now, natural hBD-1 protein has not yet been isolated
from human skin. Fulton et al. detected hBD-1 mRNA expression in the suprabasal
keratinocytes and sweat ducts of human skin using in situ hybridization (Fulton
et al. 1997). A more detailed investigation confirmed the expression of hBD-1 in
human keratinocytes by immunohistochemistry where hBD-1 was found to be
consistently expressed in suprabasal keratinocytes of interfollicular skin samples
derived from various body sites (Ali et al. 2001). In vitro induction of keratinocyte
differentiation by calcium treatment led to the upregulation of hBD-1 gene
expression (Frye et al. 2001; Abiko et al. 2003; Harder et al. 2004), an observation
which may explain why hBD-1 peptide shows strongest expression in the more
differentiated terminal layers of human skin (Ali et al. 2001). Overexpression of
hBD-1 in keratinocytes resulted in increased expression of differentiation
markers, suggesting that hBD-1 promotes differentiation of keratinocytes (Frye
et al. 2001) but, in contrast to hBD-2 and hBD-3, gene expression of hBD-1 in
keratinocytes was not markedly inducible by proinflammatory cytokines or by
bacteria (Harder et al. 2004).

Only a few studies investigated the antimicrobial spectrum of hBD-I.
Recombinant and natural hBD-1 forms exhibit salt-sensitive antimicrobial activity
against various strains of E. coli at micromolar concentrations, even in normal urine
(Valore et al. 1998). Singh et al. (1998) reported antimicrobial activity of a recom-
binant baculovirus-derived hBD-1-preparation against P. aeruginosa. In other
studies, only a minor antimicrobial activity of native hBD-1 was detected (Zucht
et al. 1998) and no activity of hBD-1 against pathogenic Gram-positive bacteria
such as S. aureus was reported.

HBD-1 exhibits chemotactic activity for cells stably transfected with the chemokine
receptor CCR 6 as shown for hBD-2, suggesting that hBD-1 may recruit immature
dendritic cells and memory T cells to sites of microbial invasion (Yang et al. 1999)
by linking the innate with the adaptive immune system.

2.2.2 hBD-2

HBD-2 was originally isolated from lesional psoriatic scale extracts using an E. coli
affinity column (Harder et al. 1997) and the high expression of hBD-2 in psoriasis
was confirmed by in situ hybridization and immunohistochemistry in lesional
psoriatic keratinocytes (Liu et al. 1998). HBD-2 was found to be the first inducible
member of the human defensin family. Endogenous proinflammatory cytokines
like IL-1q, IL-1B, TNF-o, IL-17 and exogenous stimuli like bacteria such as
P. aeruginosa have proven to be the most effective inducers for hBD-2 expression
(Harder et al. 1997; Huh et al. 2002; Liu et al. 2002; Sorensen et al. 2003; Kao
et al. 2004). The bacterial factors as well as their appropriate receptors on kerati-
nocytes which are involved in the bacteria-mediated hBD-2 induction have not
yet been identified. Recently, it has been shown that human keratinocytes express
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various Toll-like receptors (TLRs) from which TLR-2 mediates nuclear factor
kappa B (NF-xB)-dependent gene expression in keratinocytes stimulated with
S. aureus and its cell wall components (Mempel et al. 2003). These investigations
indicate that TLRs may play a role for the bacteria-mediated induction of
antimicrobial proteins in keratinocytes. Interestingly, keratinocytes are able to
discriminate between commensal and pathogenic bacteria: induction of hBD-2 in
primary keratinocytes treated with the skin commensal S. epidermidis was suppressed
by inhibitors of the c-Jun N-terminal kinase (JNK) and p38 pathways, whereas
induction by the skin pathogen Streptococcus pyogenes was blocked by inhibitors
of NF-xB (Chung and Dale 2004).

HBD-2 is also known to be present in the stratified epithelia of the oral cavity as
well as in cultured gingival epithelial cells (Weinberg et al. 1998). Like skin kerati-
nocytes, it is predominately localized in the upper epithelial layers, consistent with
the formation of the stratified epithelial barrier (Dale and Krisanaprakornkit
2001).

The hBD-2 promoter contains several putative transcription factor binding sites,
including NF-kB, activator protein (AP)-1 and -2, as well as NF-IL-6, which are all
known to be involved in the induction and regulation of inflammatory responses
(Liu et al. 1998; Harder et al. 2000).

In contrast to psoriatic skin, healthy skin extracts harbor only low amounts of
hBD-2 peptide (Schroder and Harder 1999). In normal skin, hBD-2 immunoreac-
tivity is localized to the uppermost layers of the epidermis and/or stratum corneum
(Ali et al. 2001), confirming recent studies showing an upregulation of hBD-2 in
cultured primary keratinocytes brought to differentiation by high calcium concen-
trations (Pernet et al. 2003; Harder et al. 2004). HBD-2 expression was shown to
be variable in skin with interindividual and site-specific differences in the intensity
of immunostaining (Ali et al. 2001). Ultrastructural analyses detected hBD-2 in
lamellar bodies and intercellular spaces of IL-1a stimulated cultured primary kerati-
nocytes, indicating that hBD-2 is released together with the lipoid compounds
stored preformed in lamellar bodies. Release of these lamellar bodies contents leads
to accumulation of hBD-2 in the intercellular spaces of the uppermost epidermis,
where a high local concentration of this defensin is achieved to effectively control
microbial growth (Oren et al. 2003).

Natural hBD-2 has been reported to exhibit primarily antimicrobial activity against
Gram-negative bacteria such as E. coli and P. aeruginosa. This activity depends on
ion composition and it was documented that increasing concentrations of NaCl
diminished hBD-2 activity (Bals et al. 1998; Singh et al. 1998; Harder et al. 2000;
Tomita et al. 2000). The capacity of hBD-2 to kill bacteria in vivo was demonstrated
in a mouse gene therapy study with bacterial infection of hBD-2-transfected tumor
cells (Huang et al. 2002).

In addition to its antimicrobial function, hBD-2 shows selective chemotactic
activity for cells stably transfected with human CCR6, a G protein-coupled
chemokine receptor which is preferentially expressed by immature dendritic cells
and memory T cells (Yang et al. 1999). HBD-2 mimics chemokine activity similar
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to the only yet known CCR6-ligand CCL-20 (MIP-3c). Therefore, hBD-2 may
promote a secondary adaptive immune responses by recruiting dendritic and T cells
to the site of microbial invasion through interaction with CCR6. In addition hBD-2
was found to be a specific chemoattractant for TNF-o-treated human neutrophils
and to act also as a chemotaxin for mast cells, stimulating their histamine release
and prostaglandin D synthesis (Niyonsaba et al. 2001).

2.2.3 hBD-3

HBD-3 was isolated as the third member of the human beta-defensin family from
lesional psoriatic scales using a biochemical approach with the intention to identify
an antimicrobial peptide directed against the Gram-positive germ S. aureus. The
complete cDNA of hBD-3 was subsequently cloned from keratinocytes and lung
epithelial cells (Harder et al. 2001). Using a bioinformatics approach and by
functional genomic analysis, separate groups (Garcia et al. 2001; Jia et al. 2001)
identified the hBD-3 gene. The 67 amino acid peptide precursor, containing a 22
amino acid signal peptide, is approximately 43% identical to hBD-2 (Garcia et al.
2001; Harder et al. 2001; Jia et al. 2001). Besides skin, gingival keratinocytes,
tonsils, esophagus, trachea, adult heart, skeletal muscle, placenta and fetal thymus
comprise the major hBD-3 mRNA-expressing tissues (Garcia et al. 2001; Harder
et al. 2001, Jia et al. 2001).

In contrast to hBD2, interferon (IFN)-y represents a powerful hBD-3-inducing
cytokine in keratinocytes, whereas TNF-ol induces hBD-3-mRNA expression only
at a low level (Harder et al. 2001; Nomura et al. 2003). Expression of hBD-3 is also
inducible in keratinocytes or tracheal epithelial cells by contact with bacteria
(Garcia et al. 2001; Harder et al. 2001).

In contrast to hBD-2, hBD-3 exhibits a broad spectrum of potent antimicrobial
activity against many potentially pathogenic Gram-negative and Gram-positive
bacteria and fungi, including multiresistant S. aureus (MRSA) and vancomycin-
resistant Enterococcus faecium (VRE) (Garcia et al. 2001; Harder et al. 2001; Hoover
et al. 2003; Maisetta et al. 2003; Sahly et al. 2003). Recently it was shown in S. aureus
that inactivation of the fmtC gene, which is associated with methicillin resistance,
results in increased susceptibility of MRSA to hBD-3 (Midorikawa et al. 2003).

The mechanism of hBD-3 microbicidal activity is still unknown. Ultrastructural
investigation of hBD-3-treated S. aureus revealed signs of perforation of the
peripheral cell wall (Fig. 1) resembling those morphological effects seen when
the germ is treated with penicillin (Harder et al. 2001).

HBD-3 acts also as a chemokine (Wu et al. 2003). In contrast to its antimicro-
bial activity, hBD-3-dependent chemotaxis of monocytes and CCR6-transfected
HEK 293 cells strongly depends on the topology of disulfide connectivities in
hBD3, suggesting that a defined 3D structure present in disulfide connectivities
of the natural hBD-3 is required for productive binding and activation of the
CCR6 receptor.
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— A
Fig. 1 Morphology of hBD-3 treated Staphylococcus aureus. Transmission electron microscopy

of S. aureus treated with hBD-3 for 30min (A) or 2h (B). Bars 0.1 pm. Reproduced from Harder
et al. (2001) with permission

2.24 hBD-4

The fourth member of the human B-defensin family was identified by screening the
human genome database (Garcia et al. 2001). Very recently gene expression of
hBD-4 was detected in primary keratinocytes (Harder et al. 2004). Synthetic hBD-4
revealed antimicrobial activity at micromolar concentrations against P. aeruginosa
and Staphylococcus carnosus and hBD-4 gene expression was shown to be upregu-
lated by bacteria in respiratory epithelial cells (Garcia et al. 2001). However, until
now nothing is known about the expression of hBD-4 peptide in human skin and all
attempts have failed to isolate hBD-4 peptide from psoriatic scale extracts as well
as from healthy human skin-derived stratum corneum (Gléser, Harder and Schroder,
unpublished observations). Therefore, further investigations need to be performed
to elucidate the role of hBD-4 in the chemical skin defense system.

2.3 Human Alpha Defensins

2.3.1 Human Defensin-5 and -6

The human intestinal tract is constantly exposed to an enormous indigenous
bacterial flora. It was recently recognized that antimicrobial peptides of the
defensin family likely play a role in protection against microbial invasion at a variety
of mucosal epithelial surfaces, including that of the intestinal tract. In contrast to
the human neutrophil peptides (HNPs), human defensin (HD)-5 and -6 are mainly
expressed in the intestinal Paneth cells, specialized secretory epithelial cells,
located at the base of the small intestinal crypts (Bevins 2006). Apart from in
Paneth cells, HD-5 is also expressed in some villous epithelial cells in duodenum,
jejunum and ileum, whereas the protein is not expressed in the stomach or colon.
The protein is stored only in its precursor form in ileal Paneth cells, and processing
of the peptide to a mature form occurs during and/or after secretion through trypsin
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(Ghosh et al. 2002; Cunliffe 2003). HD-5 acts as a potent antimicrobial agent
against certain microorganisms by disrupting the target cell membrane (Ouellette
1997; Ericksen et al. 2005). The most compelling evidence for a role of HD-5 in
vivo is evident from studies of mice transgenic for HD-5 which are completely
immune to infection and systemic disease from orally administered Salmonella
typhimurium (Salzman et al. 2003).

2.3.2 Dermcidin

Dermcidin (DCD-1) is a novel anionic antimicrobial peptide produced and secreted
exclusively by human eccrine sweat glands (Schittek et al. 2001). Dermcidin is
proteolytically processed to DCD-1, a 47 amino acids containing peptide exhibiting
antimicrobial activity against different bacteria (i.e. E. coli, E. faecalis,
Staphylococcus aureus) and the yeast Candida albicans. DCD-1 is found in human
sweat in antimicrobial active concentrations, where antimicrobial activity is not
affected by the low pH value and high salt concentrations present. These findings
indicate that sweat glands also contribute to the innate immune responses of the
skin by secreting antimicrobial proteins.

2.4 RNases

2.4.1 RNase 7

RNase 7, a member of the RNase A superfamily, was originally isolated from heel
stratum corneum extracts as one of the principal cationic proteins of healthy human
skin (Harder and Schroder 2002). Apart from skin, RNase 7mRNA was shown to
be expressed in various cells of epithelial origin including trachea, tonsils, pharynx,
tongue and salivary glands, as well as in renal cells and the thymus.

RNase 7 exhibits a broad-spectrum antimicrobial activity at low micromolar
concentrations against Gram-negative bacteria (P. aeruginosa, E. coli),
Gram-positive bacteria (S. aureus, Propionibacterium acnes) and the yeast
C. albicans. Of particular interest, a high efficacy against a Vancomycin-resistant
strain of E. faecium was demonstrated at a concentration of only 20nM (Harder
and Schroder 2002). Therefore, RNase 7 represents one of the most potent and
efficacious human antimicrobial proteins known so far. Blocking the ribonuclease
activity of RNase 7 did not reduce the antibacterial activity against E. coli
(Gléaser, Harder and Schroder, unpublished data), indicating a different mecha-
nism of action.

The proinflammatory cytokines IL-1P, IFN-y and, to a lesser degree, also
TNF-oa have been shown to induce RNase 7mRNA expression and it was shown
that bacteria like P. aeruginosa or S. aureus can upregulate the expression of
RNase 7 (Harder and Schroder 2002).
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2.4.2 RNase 8

Recently, RNase 8 was identified as another novel antimicrobial protein of the
human RNase A superfamily (Rudolph et al. 2006). Expression of RNase 8 has
been detected in placenta (Zhang et al. 2002). Although initially thought to be
inactive (Zhang et al. 2002), recombinant RNase 8 exhibits a broad-spectrum
microbicidal activity against potential pathogenic microorganisms, including
multidrug-resistant strains at micro- to nanomolar concentrations (Rudolph et al.
2006), indicating that RNase 8 may also contribute to the innate host defense.

2.5 S100 Proteins: S100 A7 (Psoriasin)

S100 proteins are believed to mediate a variety of functions in eukaryotic cells
including differentiation, cell cycle progression, intracellular Ca®* signalling and
cytoskeletal membrane interactions as well as playing a role in leukocyte chemo-
taxis (Heizmann et al. 2002; Eckert et al. 2004). Recently a few studies also indi-
cated that S100 proteins may play a putative role in the innate host defense (Murthy
et al. 1993; Gottsch et al. 1999; Cole et al. 2001).

Interestingly, gut bacteria like E. coli rarely colonize on human skin and die
rapidly on the skin surface, whereas other species do not (Casewell and Desai
1983). This distinction can be readily demonstrated by exposure of the finger-
tips to either E. coli or the common skin pathogen S. aureus, resulting in effective
killing of E. coli but not of S. aureus (Fig. 2). This finding lead to the identification
of the S100-protein psoriasin (S100-A7) as an E. coli-killing defense chemical of
healthy human skin (Gliser et al. 2005).

Psoriasin shows antimicrobial activity in vitro preferentially against E. coli at
low micromolar concentrations. This activity is inhibited by pretreatment of psoriasin
with Zn?*, which suggests that its antimicrobial activity is mediated by deprivation
of the essential trace element zinc. In healthy volunteers a neutralizing
psoriasin antibody increases the growth of E. coli on the skin, documenting that
psoriasin acts as a principal bactericidal component of human skin.

Psoriasin mRNA and protein expression was shown to be upregulated in pri-
mary keratinocytes by proinflammatory cytokines and after contact with bacterial
culture filtrates — an observation that could also be confirmed in vivo by treatment
of healthy donor’s skin with bacterial culture filtrates These findings are in
agreement with immunohistochemical analyses (Fig. 3) as well as analyses of skin-
washing fluids showing that psoriasin is focally expressed, particular in areas
where a high bacterial colonization is well documented (Fig. 4). Apart from in
keratinocytes, psoriasin is also expressed by sebaceous glands, suggesting that the
protein is possibly secreted together with lipids (Gliser et al. 2005).

Studies using chemically synthesized N-acetylated SI00A7 confirmed the
E. coli-cidal action of natural N-acetylated psoriasin (Li et al. 2005) and it was
shown that a recombinant His-tag-psoriasin fusion protein adheres to and reduces
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Fig. 2 Healthy skin is resistant against
Escherichia coli infection. Washed fingertips
of a healthy volunteer were artificially
inoculated with either S. aureus (left) or
E. coli (right) for 30min. The fingertips
were pressed onto a nutrient agar plate to
determine the number of colonies after
overnight incubation. Reproduced from
Gliser et al. (2005) with permission

Fig. 3 Psoriasin is focally expressed in
human skin and adnexal structures. Strong
immunoreactivity with a monoclonal pso-
riasin antibody (red staining) is visible in
the suprabasal keratinocytes of cheek epi-
dermis (E), sebaceous glands (SG), and the
hair follicle (HF). Bar 200 um. Reproduced
from Gliser et al. (2005) with permission

S. aureus ATCC 6538 E. coli ATCC 11303

E. coli survival (Lee and Eckert 2007). Mutation of the conserved carboxyl-terminal
EF-hand calcium-binding motif or heat denaturation only slightly reduced this
His-tag-S100A7 antibacterial activity; and the activity could be destroyed by
protease treatment. Interestingly, the central region of SI00A7, including only
amino acids 35-80, was shown to be sufficient for full antibacterial activity (Lee

and Eckert 2007).
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Fig. 4 Psoriasin secretion is depending from the body location. Standardized areas of eight
healthy volunteers were rinsed with 10mM sodium phosphate buffer (pH 7.4) to determine (by
ELISA) the median local concentration of psoriasin present at the skin surface. Reproduced from
Gliser et al. (2005) with permission

2.6 Others

2.6.1 Adrenomedullin

The 52-amino-acid peptide adrenomedullin is involved in numerous physiological
functions, including vasodilation, renal homeostasis, hormone regulation,
neurotransmission and growth modulation (Zudaire et al. 2003). Adrenomedullin
is expressed by many epithelia, including normal and neoplastic skin, in cells of the
eccrine and apocrine sweat glands as well as in the sebaceous glands (Martinez
et al. 1997).

Adrenomedullin exhibits high antimicrobial activity against E. coli and moderate
activity against S. aureus (Allaker et al. 1999). Interestingly, adrenomedullin seems
to be very effective in killing P. acnes, which plays a major role in the development
of the common skin disease acne vulgaris. It was shown that adrenomedullin is
secreted by keratinocytes in vitro but it is not clear whether concentrations within the
antimicrobial range are reached in vivo (Allaker et al. 1999).

In oral epithelial cells as well as in gastric epithelial cells adrenomedullin
expression is induced through bacterial challenge (Kapas et al. 2001; Allaker and
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Kapas 2003) providing further evidence that adrenomedullin contributes to the
defense mechanisms of different epithelial cells.

2.6.2 Antileukoprotease

The human serine protease inhibitor antileukoprotease (ALP) is known to be an
antiproteolytic compound of human body fluids and mucous secretions (Fritz 1988).
Expression of ALP in human skin was demonstrated by the isolation of ALP from
healthy human stratum corneum and by detection in supernatants of cultured human
primary keratinocytes (Wiedow et al. 1998). In addition to its antiprotease activity,
ALP exhibits antimicrobial activity against a broad range of microorganisms like
Gram-negative and Gram-positive bacteria as well as C. albicans (Wiedow et al.
1998; Wingens et al. 1998). These findings suggest that ALP not only protects skin
against proteolysis but also controls cutaneous microbial growth.

2.6.3 Elafin

Another skin-derived serine protease inhibitor inducibly expressed in keratinocytes
and termed elafin (Alkemade et al. 1994; Pfundt et al. 2000; Meyer-Hoffert et al.
2003; Sorensen et al. 2003), was reported to exhibit antimicrobial activity against
P. aeruginosa and S. aureus (Simpson et al. 1999). The most active full-length
form of synthetic Elafin (95 amino acids) exhibited killing activity against
P. aeruginosa but only weak activity against S. aureus. Another report demon-
strated only growth-inhibiting properties against three different P. aeruginosa
strains and no bacteriostatic activity against E. coli using 57 amino-acids containing
C-terminal recombinant elafin (Meyer-Hoffert et al. 2003). This truncated elafin
form was originally purified from lesional psoriatic scale extracts (Wiedow et al.
1990). Due to its moderate antimicrobial activity found in vitro, it is not clear how
effective elafin functions as an antibacterial agent in vivo. However, the antibacte-
rial potential of elafin was shown in a mouse model, where adenoviral augmenta-
tion of elafin protected lungs against injury and infection mediated by P.
aeruginosa (Simpson et al. 2001).

2.6.4 Histatins

Histatins are salivary histidine-rich cationic peptides, ranging from 7 to 38 amino
acid residues in length, that exert a potent killing effect in vitro on C. albicans
(Helmerhorst et al. 1997). Candida species are common commensal inhabitants of
the oral cavity and it was shown that the oral yeast status is related to salivary
histatin levels (Jainkittivong et al. 1998).

Histatins bind to a receptor on the fungal cell membrane and enter the cytoplasm where
they target the mitochondrion. There they induce the non-lytic loss of ATP from actively
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respiring cells, leading to cell death. In addition, histatins have been shown to disrupt the cell
cycle and lead to the generation of reactive oxygen species (Kavanagh and Dowd 2004).

3 Phagocyte Antimicrobial Peptides

3.1 Human Alpha Defensins
3.1.1 Human Neutrophil Peptides-1 to -3

Human neutrophil peptides (HNP)-1 to -3 constitute about 30% of the protein con-
tent of azurophil granules and exhibit a wide spectrum of antimicrobial activity
against various bacteria, fungi and viruses (Martin et al. 1995). The antimicrobial
features of HNP-1 to -3 together with their high abundance in neutrophilic granu-
locytes indicate that these antimicrobial peptides participate in the non-oxidative
killing of phagocytosed bacteria in neutrophils. To date it is believed that HNP-1
to -3 are mainly produced in neutrophils and not in other cells and that the detection
of these proteins in other cell preparations results from neutrophil contamination
(Zhang et al. 2002; Mackewicz et al. 2003).

3.1.2 Human Neutrophil Peptide-4

HNP-4 was isolated and characterized as a novel antimicrobial peptide from the
azurophilic granule fraction of discontinuous Percoll gradients (Wilde et al. 1989).
In vitro, purified HNP-4 was shown to kill E. coli, Streptococcus faecalis, and
C. albicans with a higher potency when compared with a mixture of the other
human alpha defensins.

3.2 Cathelicidins

hCAP-18/LL-37 belongs to the cathelicidin family, a group of antimicrobial
proteins originally isolated from porcine neutrophils, which share a highly conserved
N-terminus, termed cathelin (Ritonja et al. 1989). hCAP-18/LL-37 is the only
member of this family present in the human genome (Gudmundsson et al. 1996)
and was first identified in a human bone marrow cDNA (Agerberth et al. 1995).
The gene encodes a preproprotein of 18kDa (hCAP-18) which is proteolytically
processed by the serine protease proteinase 3, yielding the C-terminal 37 amino
acids containing the antimicrobial LL-37 peptide (Sorensen et al. 2001).

LL-37 exhibits broad spectrum antimicrobial activity in the micromolar range
against various Gram-negative and Gram-positive bacteria as well as fungi (Turner
et al. 1998) but LL-37 is also cytotoxic in the micromolar range to eukaryotic cells
under physiological salt conditions (Johansson et al. 1998). Both cytotoxic and
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antibacterial activity were shown to be inhibited by human Apolipoprotein A-I
(Wang et al. 1998).

A recent report showed that the N-terminal cathelin-like prosequence of
hCAP-18 exhibits antiprotease as well as antimicrobial activity (Zaiou et al. 2003),
resulting in the innate host defense through the inhibition of bacterial growth and
limitation of cysteine-proteinase-mediated tissue damage. Furthermore it was
shown that LL-37 stimulates chemotaxis for neutrophils, monocytes and T cells via
the formyl peptide-like receptor-1 (De et al. 2000) and that LL-37 induces mast cell
chemotaxis (Niyonsaba et al. 2002). By recruiting effector cells to foci of inflam-
mation and infection, these reports indicate an additional function of LL-37 besides
its antimicrobial activity.

In contrast to healthy skin, LL-37 gene expression could be identified in kerati-
nocytes of inflamed skin (Frohm et al. 1997), where it is stored in skin lamellar
granules (Braff et al. 2005). Induction of hCAP18/LL-37 in keratinocytes occurs by
insulin-like growth factor I and transforming growth factor (TGF)-alpha or 1,25-
dihydroxyvitamin D3 (Gombart et al. 2005). LL-37 was also shown to be localized
in the eccrine gland and sweat ductal epithelial cells, where antimicrobial activity
against various bacteria in the sweat ionic environment indicates that this peptide
may also contribute to the antibacterial activity of human sweat (Murakami et al.
2002). Very recently it was demonstrated that LL-37 is processed in sweat by a
serine protease-dependent mechanism into multiple novel smaller antimicrobial
peptides which show increased bactericidal and fungicidal activity, acting in a
synergistic fashion (Murakami et al. 2004).

The relevance of cathelicidins in cutaneous host defence has been demonstrated in a
mouse model. Mice deficient in the expression of cathelicidin antimicrobial peptide
(CRAMP, the mouse homolog to human hCAP-18/LL-37) were more susceptible to skin
infections caused by group A Streptococcus (GAS); and GAS mutants resistant to
CRAMP produced more severe skin infections in wild-type mice (Nizet et al. 2001).

3.3 S100 Proteins: S100 A8/9 (Calprotectin) and S100A12
(Calgranulin C)

The heterodimeric complex of the two Ca?*-binding S100 proteins S100A8 and A9,
also known as calgranulin A and B or calprotectin, exhibits selective biostatic activ-
ity at high concentrations against C. albicans (Murthy et al. 1993). Zinc chelation was
proposed as a potentially important host defense function of calprotectin (Clohessy
and Golden 1995) and it was shown that intact calprotectin, consisting of both
subunits, is necessary to form a zinc-binding site capable of inhibiting microbial
growth (Sohnle et al. 2000).

Calgranulin C (S100 A12), representing a minor calgranulin in neutrophils,
demonstrated filariacidal and filariastatic activity (Gottsch et al. 1999) and a short
C-terminal peptide fragment of calgranulin c, named “calcitermin”, exhibited
bactericidal activity against Gram-negative bacteria, which interestingly was poten-
tiated by adding Zn** (Cole et al. 2001).
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3.4 Others

3.4.1 Neutrophil Gelatinase-Associated Lipocalin

The 25-kDa protein neutrophil gelatinase-associated lipocalin (NGAL) was ini-
tially isolated from the specific granules of human neutrophils (Kjeldsen et al.
1993; Kjeldsen et al. 1994). Later it was shown that NGAL exhibits bacteriostatic
activity through its ability to bind bacterial ferric siderophores inhibiting the
siderophore-mediated iron uptake by bacteria (Goetz et al. 2002). Since iron is
essential for bacterial growth, its deprivation causes bacteriostatic effects.
Expression of NGAL in human keratinocytes was shown to be upregulated by
IL-1B, insulin-like growth factor (IGF)-I and transforming growth factor (TGF)-o,
(Sorensen et al. 2003).

3.4.2 Eosinophil-Derived RNases

Three proteins abundant in the cytoplasmic granules of human eosinophils, major
basic protein (MBP), eosinophil cationic protein (ECP) and eosinophil-derived
neurotoxin (EDN), were shown to exhibit antimicrobial activity. MBP exhibited
antibacterial activity against S. aureus and E. coli (Lehrer et al. 1989), whereas
ECP showed antiviral activity against respiratory syncytial virus (RSV)
(Domachowske et al. 1998) in addition to its antibacterial activity against S. aureus
(Lehrer et al. 1989). The antibacterial activity of MBP and ECP was shown to be
modulated by incubation time, protein concentration, temperature and pH, causing
outer and inner membrane permeabilization (Lehrer et al. 1989). EDN demonstrated
potent antiviral activity against RSV (Domachowske et al. 1998).

3.4.3 Lactoferrin

Antimicrobial lactoferrin is present in different human body fluids where bacterial
growth inhibition is caused by its ability to sequester iron (Weinberg 2001). While
NGAL specifically binds to ferric siderophores, lactoferrin simply binds free iron,
inhibiting the uptake of this essential trace element by bacteria.

4 Putative Action of Antimicrobial Peptides
in the Healthy Human

The participation of at least some of the above-mentioned antimicrobial peptides as
components of a “chemical barrier” would easily explain an unexpectedly constant
number of microbes at body surfaces and the low infection rate:
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Strategically it would be most important for the host to start defense reactions
against infection as early as possible. Therefore one would postulate that a first-line
defense takes place within the uppermost parts of the stratum corneum, at the
“physical barrier”, where the microorganisms try to adhere and start colonization
(Fig. 5A). The epithelial expression of adhesins as well as the release of bacterial
proteases could promote this adhesion. However, under physiological conditions,
bacteria are unable to invade the epidermis. One important factor is clearly the
process of desquamation and the additional presence of components of the “‘chemical
barrier” in the stratum corneum itself.

Another strategy would be to inhibit bacterial growth at the surface by limiting
nutrients and essential trace elements, such as iron and zinc. Keratinocytes are able
to release NGAL and therefore to limit the bacterial iron availability indirectly via
binding of bacterial siderophores (Goetz et al. 2002). In addition, the availability of
zinc ions could be limited by zinc-binding antimicrobial proteins such as psoriasin
(Glaser et al. 2005) or calprotectin (Clohessy and Golden 1995). Indeed, psoriasin
is present at the skin surface, thus acting prior to bacterial invasion into the stratum
corneum and subsequently into living skin areas. In addition to the depletion of
essential nutrition elements, keratinocytes may produce factors limiting coloniza-
tion and the formation of bacterial biofilms, which are usually absent at intact skin
surfaces. Furthermore, keratinocytes may produce inhibitors of microbial proteases,
which are essential for microbial invasion. ALP, which is present in healthy skin
stratum corneum, represents a typical example for such antimicrobial protease
inhibitors.

Once the stratum corneum layer is defective or missing, as is the case in
micro-wounds (Fig. 5B), bacteria and bacterial products come into direct contact
with living keratinocytes, which now enhances the production and release of
inducible keratinocyte-derived antimicrobial peptides and proteins, like hBD-2,
-3, RNase 7 and psoriasin (Harder et al. 1997, 2001; Harder and Schréder 2002;
Gléser et al. 2005). This induction is mediated by not yet characterized bacterial
“pathogen-associated molecular patterns” (PAMPs), which may induce only anti-
microbial peptides and proteins, but not proinflammatory cytokines. When this
scenario occurs at the skin surface, it will not take attention, because it is clini-
cally invisible.

When there is a massive disturbance of living skin areas (Fig. 5C), e.g. by bigger
wounds or invasive virulent microbes, PAMPs which are known to act via Toll-like
receptors (TLRs) and/or putative other PRRs induce proinflammatory cytokines in
keratinocytes and immune cells, leading to inflammation with the recruitment of
leukocytes and activation of the adaptive immune system.

Therefore one would postulate that skin and other barrier organs actively try first
to inhibit microbial growth, adherence and invasion in the uppermost parts of the
epithelia. Once microbes overcome this first defense line, they are confronted with
a second defense line consisting of antimicrobial peptides located in the stratum
corneum and the uppermost layers of living epidermis. As soon as they overcome
this second line of the “chemical defense system” the microbes activate responses
causing visible inflammation.
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Fig. 5 Putative mechanism of the skin’s “chemical barrier”. A At healthy skin surfaces the adherence,
colonization and growth of microbes is prevented by keratinocyte-derived antimicrobial proteins (AMP)
and protease inhibitors. Bacterial growth inhibition is mediated by sequestration of essential trace metals
(e.g. zinc, iron) and the release of preformed cationic AMPs. In addition skin-derived protease inhibitors
block microbial proteases which are essential for tissue invasion. B After loss of the stratum corneum
(microwounds) or by overcoming the first line of the “chemical barrier” (A), microbes have access to
living keratinocytes. The contact of keratinocytes with pathogen-associated molecules (PAMs) results in
the rapid release of inducible AMPs without any signs of inflammation. C Overcoming the second line
of the “chemical barrier” (B) leads to the secretion of proinflammatory cytokines (e.g. interleukin-1,
tumor necrosis factor-at), now with visible signs of inflammation. (SC-Stratum Corneum; K-
Keratinocytes; L-Leucocytes; @-Ion-DeprivingAMPs, Protease-Inhibitors; < >-PreformedCationicAMPs;
#_InducibleAMPs; .—Proinﬂammatorycytokines
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S Antimicrobial Peptides and Diseases

5.1 Skin Diseases

5.1.1 Psoriasis

The identification of various antimicrobial peptides from lesional skin of patients
with the common chronic inflammatory skin disease psoriasis might explain the
phenomenon that these patients suffer from significantly fewer skin infections than
expected (Henseler and Christophers 1995). Psoriatic scale extracts are known to
contain a broad spectrum of antimicrobial peptides when compared with healthy
stratum corneum proteins (Harder and Schroder 2005) and several of these proteins,
like hBD-2 (Harder et al. 1997), -3 (Harder et al. 2001), psoriasin (Madsen et al.
1991; Glaser et al. 2005), and calprotectin (Clohessy and Golden 1995), were originally
characterized in psoriasis patients.

An enhanced expression of lysozyme in lesional skin of psoriasis patients was
documented by immunohistochemical analysis (Gasior-Chrzan et al. 1994).
Upregulation of the human cathelicidin gene was shown in inflammatory skin
disorders like psoriasis, whereas in normal skin no induction was found (Frohm
et al. 1997). By in situ hybridization and immunohistochemistry, the transcript
and the peptide was located in keratinocytes throughout the epidermis of the
inflammatory regions and LL-37 was detected in partially pure fractions derived
from psoriatic scales by immunoblotting (Frohm et al. 1997). A strong cytoplas-
mic staining of antimicrobial ALP was reported in the suprabasal keratinocytes
in lesional psoriatic epidermis whereas only weak expression was found in the
stratum granulosum of healthy skin (Wingens et al. 1998). Strong induction of
NGAL in the epidermis of psoriasis patients was also identified and the protein
was confined to spatially distinct subpopulations of keratinocytes underlying
areas of parakeratosis (Mallbris et al. 2002). High expression of hBD-2 in psoria-
sis was confirmed by in situ hybridization and immunohistochemistry in lesional
psoriatic keratinocytes (Liu et al. 1998; Huh et al. 2002). RT-PCR, immunoblot-
ting and immunohistochemical analysis revealed enhanced mRNA- and protein
expression of hBD-2, -3 and LL-37 in lesional psoriatic skin (Ong et al. 2002;
Nomura et al. 2003).

As yet, it is not clear which factors are responsible for the induction of these
antimicrobial peptides in psoriasis. A likely endogenous inducer might be proin-
flammatory cytokines like TNF-¢ and/or IL-1p which are known to be elevated in
psoriasis lesions (Gearing et al. 1990). Another candidate might be IL-22 (Wolk
et al. 2004) which is critically involved in the IL-23-dependent activation of IL-17
(Zheng et al. 2007). IL-22-producing TH17-lymphocytes are believed to represent
important immune cells in psoriasis (Liang et al. 2006). As yet it is not clear
whether bacterial PAMs are also important trigger factors for the induction of anti-
microbial peptides in psoriasis.
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5.1.2 Atopic Dermatitis

Atopic dermatitis (AD) represents another common inflammatory skin disease
often associated with an increased infection rate with bacteria, especially S. aureus.
In contrast to psoriasis, hBD-2, -3 and LL-37 expression was shown not to be
increased in acute and chronic lesions from patients suffering from this disease
(Ong et al. 2002; Nomura et al. 2003) when compared with psoriasis. Elevated
amounts of Th2 cytokines present in atopic skin are suggested to inhibit the
expected induced expression of antimicrobial peptides in the inflamed skin; and it
was shown that IL-4 and IL-13 are able to suppress the cytokine-mediated induc-
tion of hBD-2 and -3 (Ong et al. 2002; Nomura et al. 2003). Using primary kerati-
nocytes from atopic dermatitis patients, it was recently shown that the deficiency
in hBD-3 expression is an acquired defect and that neutralizing the Th2 cytokine
milieu in skin explants from this patients resulted in augmentation of the innate
immune response(Howell et al. 2006). These data suggest that the low expression
of antimicrobial peptides may contribute to the increased susceptibility of skin
infection in patients with AD. Representing the first skin disease in which a dimin-
ished production of antimicrobial proteins correlates with an increased occurrence
of skin infections, one can speculate that other recurrent skin infections may also
be associated with a dysregulation of antimicrobial proteins.

5.1.3 Other Skin Diseases and Infections

In contrast to AD and in addition to psoriasis, increased levels of antimicrobial
proteins were also found in other inflammatory skin diseases and skin infections.
For example, in acne vulgaris intense hBD-2 immunoreactivity was shown in the
lesional and perilesional epithelium, indicating that upregulated beta-defensins
may be involved in the pathogenesis of this disease (Chronnell et al. 2001). Induced
expression of hBD-2 was also associated with superficial folliculitis (Oono et al.
2003) and in tinea pedum (Kawai et al. 2006). In viral skin infections the expression
of LL-37 was found to be increased in keratinocytes of patients with Condyloma
acuminata and Verrucae vulgares, suggesting a role of LL-37 in cutaneous
infections caused by papillomavirus (Conner et al. 2002).

5.2 Wound Healing

Chronic wounds are frequently contaminated and colonized by bacteria; and it
remains unclear whether there is sufficient expression of inducible antimicrobial
peptides in the margin of wounds compared with normal skin. Decreased levels of
hBD-2 were demonstrated in full-thickness burns and chronic wounds (Ortega et al.
2000) whereas moderate to strong hBD-2 immunostaining was detected in chronic
ulcers (Butmarc et al. 2004). The authors concluded that the constitutively high
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baseline expression of hBD-2 in chronic wounds might be due to ongoing tissue
injury and bacterial colonization. Investigation of the expression of hBD-2 after injury
showed a marked upregulation of hBD-2 after wounding (Butmarc et al. 2004).

LL-37 was also shown to be upregulated after cutaneous injury due to synthesis
within epidermal keratinocytes and deposition from infiltrated granulocytes
(Dorschner et al. 2001). Using blocking-antibodies to LL-37 it was demonstrated
that LL-37 promotes the re-epithelialization of human skin wounds (Heilborn et al.
2003). The authors speculated that the reduction of LL-37 in chronic wounds
impairs re-epithelialization and may contribute to their failure to heal.

In general, growth factors stimulate the regeneration of tissue after wounding.
A recent study showed that growth factors essential in wound healing, like IGF-I
and TGF-a, induce the expression of LL-37, hBD-3, NGAL and ALP in human
keratinocytes (Sorensen et al. 2003). These findings offer an explanation for the
expression of these antimicrobial peptides in wound healing and define a new host
defense role for growth factors.

Sterile wounding of human skin resulted in induced hBD-3 expression through
activation of the epidermal growth factor receptor (EGFR). After skin wounding,
the receptor was activated by heparin-binding EGF that was released by a metallo-
protease-dependent mechanism. Activation of the EGFR generated antimicrobial
concentrations of hBD-3 and increased the activity of organotypic epidermal
cultures against S. aureus, indicating that sterile wounding initiates an innate
immune response that increases resistance to infection and microbial colonization
(Sorensen et al. 2006).

Very recently, it was shown that hBD-2, -3 and -4, but not hBD-1, stimulated
human keratinocytes to increase their gene expression and protein production of IL-6
and -10, IP-10, monocyte chemoattractant protein (MCP)-1, macrophage inflamma-
tory protein (MIP)-3alpha and RANTES (Niyonsaba et al. 2007). In addition, hBDs
elicited intracellular Ca?*-mobilization, increased keratinocyte migration and prolif-
eration, and induced phosphorylation of EGFR and signal transducer and activator of
transcription (STAT)-1 and -3, which are intracellular signaling molecules involved
in keratinocyte migration and proliferation. This data provides evidence that human
antimicrobial peptides participate in wound healing by stimulating cytokine/chemok-
ine production and promoting keratinocyte migration and proliferation.

A recent publication investigated the role of SIO0A7 in human wound exudate
and granulation tissue (Lee and Eckert 2007). Immunohistological studies
suggested that SI00A7 is produced by keratinocytes surrounding the wound and is
released into the wound exudate.

5.3 Diseases of the Airway Epithelia: Cystic Fibrosis

Cystic fibrosis (CF) is a life-threatening autosomal recessive disorder caused by
mutant cystic fibrosis transmembrane conductance regulator (CFTR), a cAMP-
regulated chloride channel (Gadsby et al. 2006; Soferman 2006). Patients with CF



208 R. Gliser et al.

have a predisposition to subsequent chronic colonization and infection with bacteria,
especially P. aeruginosa, leading to progressive lung destruction. It was postulated
that the activity of antimicrobial molecules is compromised by changes in the
composition of the airway surface liquid in lungs of CF patients (Smith et al. 1996).
The high salt concentration in CF airway fluid, caused by the lack of functional
chloride channels, was shown to inhibit salt-sensitive antimicrobial peptides, such
as the defensins, from killing bacteria, and subsequently leading to increased suscep-
tibility to infections (Guggino 2001).

Furthermore, it was demonstrated that hBD-2 and hBD-3 are susceptible to deg-
radation and inactivation by the cysteine proteases cathepsins B, L, and S (Taggart
et al. 2003). These three cathepsins are present and active in CF bronchoalveolar
lavage and incubation of hBD-2 and -3 with CF lavage leads to the degradation of
the antimicrobial molecules. These results show that any potential use of host-
derived AMP for the treatment of CF should consider the potential inactivation of
these proteins by endogenous and bacterial proteases.

Overexpression of LL-37 in CF xenografts was shown to increase the
antimicrobial activity of airway surface fluid and to restore bacterial killing
(Bals et al. 1999), providing an alternative genetic approach for the treatment
of CF based on enhanced expression of an endogenous antimicrobial peptide.
LL-37 was also investigated for its role in the regulation of wound closure of
the airway epithelium. LL-37 stimulated the healing of mechanically induced
wounds and induced cell proliferation and the migration of airway epithelial
cells (Shaykhiev et al. 2005).

5.4 Gastrointestinal Diseases: Inflammatory Bowel Diseases

Crohn’s disease (CD) and ulcerative colitis (UC) are the two major entities of
chronic inflammatory bowel diseases (IBDs). UC is typically restricted to the colon
and CD can be found most commonly in the ileum of the small intestine and in the
colon (Podolsky 2002). The expression of HNP 1-3 in the normal intestinal mucosa
and in cases of inflammatory bowel disease was studied by Cunliffe et al. (Cunliffe
2003). In the normal intestinal mucosa, HNPs were shown to be only weakly
expressed in lamina propria neutrophils and not in Paneth cells. In cases of active
CD and UC, scattered surface epithelial cells, as well as numerous lamina propria
neutrophils, were seen to express HNPs.

Investigation of mRNA and peptide expression of biopsies from colonic resec-
tions under basal and inflammatory conditions revealed that HD-5 mRNA expres-
sion was enhanced in inflammatory states of the large bowel, suggesting that
antimicrobial peptides in the colon may be of importance in maintaining the
mucosal barrier and controlling microbial invasion in IBD (Wehkamp et al. 2002).

The impact of chronic inflammation on the expression of hBD-1 and -2, HD-5
and -6 and lysozyme in epithelial cells of the small and large intestine was system-
atically characterized by another group (Fahlgren et al. 2003). Colonic epithelial
cells from patients with UC displayed a significant increase of hBD-2, HD-5, -6
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and lysozyme mRNA as compared with the controls; and HD-5 and lysozyme
protein were shown to be located in metaplastic Paneth-like cells in UC colon.
Colonic epithelial cells of CD patients showed increased mRNA levels of HD-5 and
lysozyme mRNA, whereas ileal epithelial cells of Crohn’s patients with ileo-caecal
inflammation did not. Chronic inflammation in colon results therefore in the induc-
tion of hBD-2 and alpha-defensins and increased lysozyme expression.

Recently, it was shown that, in contrast to UC, CD is characterized by an impaired
expression of intestinal defensins (Fellermann et al. 2003). The expression of hBD-2, -3
and -4 was shown to be attenuated in the inflamed tissue of patients with CD (Wehkamp
et al. 2003; Fahlgren et al. 2004). CD patients with ileal involvement are characterized
by a diminished expression of the ileal Paneth cell alpha-defensins HD-5 and HD-6,
which correlates with decreased antimicrobial activity in the ileal mucosa (Wehkamp et
al. 2005). The decrease of alpha-defensin expression in Paneth cells is even more pro-
nounced in CD patients with a mutation in the nucleotide-binding oligomerization
domain (NOD)-2 gene, coding for an intracellular peptidoglycan receptor, which is
associated with CD and ileal involvement (Wehkamp et al. 2004; Wehkamp et al. 2005).
A disturbance in antimicrobial defense, as provided by Paneth cells of the small intes-
tine, seems to be a critical factor in the pathogenesis of ileal CD.

In addition to the defensins, it was very recently demonstrated that the antimi-
crobial serine antiproteases elafin and secretory leukocyte protease inhibitor
(SLPI) showed enhanced expression in inflamed versus non-inflamed UC and
this phenomenon was significantly less pronounced in CD (Schmid et al. 2007).
Elafin and SLPI may be therefore added to the list of antimicrobial peptides with
diminished induction comparing CD and UC.

5.5 Diseases Associated with Phagocyte Dysfunction

5.5.1 Specific Granule Deficiency

The important role of neutrophil alpha-defensins in the killing of phagocytosed
microbes has been demonstrated in patients with specific granule deficiency (SGD)
who suffer from frequent and severe bacterial infections (Ganz et al. 1988).
Polymorphonuclear leukocytes (PMN) from these patients display a nearly
complete deficiency of defensins. These findings suggest that this profound defi-
ciency of PMN microbicidal defensins may contribute to the clinical manifestations
of the disorder (Ganz et al. 1988).

5.5.2 Kostmann Syndrome
Kostmann syndrome (also known as severe congenital neutropenia) is a rare auto-

somal recessive disorder in which the neutrophilic granulocytes fail to reach a
mature and functional state. Infants with Kostmann syndrome often suffer from
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severe infections, beginning in the first months of life. It was reported that
neutrophilic granulocytes from patients with Kostmann syndrome reduced the con-
centrations of alpha-defensins HNP-1-3 and were deficient in LL-37 (Putsep et al.
2002). Missing LL-37 in the saliva of patients with Kostmann syndrome led to the
suggestion that the recurrent oral infections are the result of the deficiency of oral
antimicrobials, such as LL-37.

6 General Conclusion and Future Aspects

Findings of the past two decades clearly document that epithelial cells have the
capacity to mount a ‘“chemical barrier” apart from the physical defense shield
against invading microorganisms. This “chemical barrier” includes preformed com-
pounds present at the uppermost layers of the epithelium as well as newly synthe-
sized antimicrobial proteins that are produced upon stimulation. The stimulus could
be contact with pathogenic bacteria or bacterial products, endogenous proinflam-
matory cytokines and/or disruption of the physical barrier by wounding with sub-
sequently released growth factors.

Exogenous application of antimicrobial peptides could be a promising therapeutic
option in the near future for the treatment of patients with epithelial infections and
chronic wounds, but a much more promising option would be a promotion of the
endogenous expression of antimicrobial peptides.

The focal expression of various antimicrobial peptides in healthy skin without
signs of inflammation provides evidence that conditions may exist which cause the
induction of antimicrobial peptides in the absence of proinflammatory cytokines or
growth factors produced during wound healing. Microbes always present at skin
surfaces may therefore facilitate antimicrobial peptide induction without inflamma-
tion or wounding. This hypothesis is supported by a recent observation showing
that a number of probiotic bacteria, including E. coli Nissle 1917, induce the
expression of hBD-2 in intestinal epithelial cells (Wehkamp et al. 2004). The
beneficial effects of probiotic bacteria may result from their properties to induce
antimicrobial peptides. It would be intriguing to speculate about bacterial components
inducing antimicrobial peptides without undesirable adverse reactions. Application
of such artificial “antimicrobial peptide inducers” could serve as an optimal future
therapy to achieve an increased resistance towards infection in various epithelia.
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Abstract Complement is an important component of the innate immune defence
of animals against infectious agents. The complement system in mammals is well
characterised and consists of about 35-40 proteins, present in blood plasma and
other body fluids, and also on cell surfaces. The function of complement is to rec-
ognise and opsonise particulate materials including invading micro-organisms and
“altered-self” cells (dying, infected or damaged host cells). Recognition of a target
by large polymeric complement proteins including Clq, MBL and the ficolins
results in activation of proteases which cleave complement protein C3, a thiolester-
containing protein (TEP) which binds covalently to the target. Target-bound
complement proteins opsonise the target by promoting interaction with phagocytic
cells which express complement receptors. The complement system appears to
be highly conserved in vertebrates, although research on reptiles and amphibians
is limited. Only a few invertebrate animals have been studied, but likely ortho-
logues of complement target-recognition proteins, proteases and TEPs have been
demonstrated in cephalochordates, urochordates, echinoderms, arthropods and coe-
lenterates. This suggests that complement-like activity has been important in host
defence since an early stage in the evolution of multicellular animals.
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1 The Complement System in Mammals

Complement is a central component of the innate immune system which is
involved in host defence against infectious agents. The complement system in
mammals is well characterised (particularly in mice and humans) and consists of
about 35-40 proteins, present in blood plasma and other body fluids, and also on
cell surfaces. In human blood plasma, the combined concentration of complement
proteins is about 3.0-3.5mg/ml, or about 4-5% of the total plasma protein. The
function of complement is to recognise and then opsonise or lyse particulate materials

L-ficolin H-ficolin

A

Fig. 1 The recognition proteins of the classical and lectin pathways. C1q, MBL and the ficolins are
oligomeric proteins with a “bunch of tulips” shape. The “stalks” are made up of collagen triple
helices, and the “heads” are globular domains, each with three lobes. One head and one collagenous
stalk is made up of three polypeptide chains. C1q has six heads. It associates with a dimer of the
serine protease proenzyme Clr, which in turn binds the serine protease proenzyme Cls. When Clq
binds to a target, Clr autoactivates, then activates Cls. MBL has variable polymerisation and is
thought to circulate in plasma in forms with four to six heads. The ficolins are probably mainly four-
headed structures. MBL and the ficolins associate with one homodimer of MASP-1, or MASP2,or
MASP3, or of Map19, a truncated alternative splicing product of the MASP2 gene, which lacks a
serine protease domain. When MBL or ficolins bind to a target, MASP1 or MASP2 autoactivate.
The activation mechanism for MASP3 is not yet known. MASP1 and MASP3 are alternative
splicing products from a single gene and have different serine protease domains. Clr, Cls and the MASPs
are homologues, and have the same domain structure (Fig. 3)
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including invading micro-organisms and “altered-self” cells (dying, infected or
damaged host cells). Opsonisation of micro-organisms with complement compo-
nents targets them for phagocytosis by cells expressing complement receptors. In
the complement system, large polymeric pattern recognition molecules including
Clqg, MBL and the ficolins (Fig. 1) have the capability to recognise micro-organ-
isms via their highly conserved surface features (or “pathogen-associated molecu-
lar patterns”; PAMPS) such as lipopolysaccharides, lipoproteins, peptidoglycan,
oligosaccharides and other surface structures (Janeway and Medzhitov 2002).
Recent data extends the role of these complement pattern recognition molecules to
the recognition and binding to apoptotic and necrotic host cells, and thereby
complement contributes to the efficient clearance of cellular debris and apoptotic
cells (Mevorach et al. 1998; Nauta et al. 2003). The innate and adaptive immune
systems are often regarded as distinct arms of immunity; however, there is
increasing data to suggest that innate and adaptive arms of immunity “cross-talk”,
and that complement has an important role bridging between innate and adaptive
immunity.

The complement system can be activated via three routes, the classical pathway,
lectin pathway and alternative pathway (Fig. 2). These pathways all converge at the
cleavage of C3, the most abundant complement protein. The different pathways
produce complex proteases capable of cleaving C3. These C3 convertases (C4b2a,
C3bBb; Fig. 2) cleave C3 into two products, C3a and C3b. The major fragment,
C3b, can bind covalently onto the surface of the complement-activating “target”
particle, and act as an opsonin. C3b can also bind covalently onto the C3 conver-
tases to form C5 convertases (C4b2a3b, C3bBb3b; Fig. 2) and so initiate assembly
of the membrane attack complex (MAC), made up of complement proteins C5b,
C6, C7, C8 and C9. This MAC can insert into lipid bilayers and cause lysis of a
target cell.

1.1 Classical Pathway

The mechanisms of action and activation of complement have been extensively
reviewed (McAleer and Sim 1993; Law and Reid 1995; Walport 2001a, b; Sim and
Tsiftsoglou 2004). The proteins involved in the classical pathway of complement
include Clq, Clr, Cls, and C2-C9 (Fig 2). One molecule of C1q associates with 1
Clr, heterotetramer in the presence of Ca** (Fig 1) The protein complex is called
C1. The classical pathway is activated by the binding of Clq in the C1 complex to
the activator. Clq binds via its globular head regions to charge clusters or hydro-
phobic motifs on a target surface. C1q contains 18 polypeptide chains (6A, 6B, 6C
chains) and each globular head contains three domains (one each from A, B, C
chains). This provides a total of 18 binding domains of three different types in each
molecule, giving great versatility in recognition of targets (Gaboriaud et al. 2003;
Kishore et al. 2003). Weak binding interactions of a single binding domain are
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Fig. 2 The complement activation pathways. The sequence of classical pathway activation is
shown at the bottom, with IgG antibodies bound to a bacterial surface as an example of a target.
Clq binds to the surface (bottom left). C1 binding activates Clr and then Cls, which then cleaves
C4 and C2. The C4b2a complex (C3 convertase) forms on the bacterial surface and cleaves C3.
One C3b binds to C4b2a and forms a binding site for C5. CS5 is cleaved, then the C5b6789 com-
plex (the membrane attack complex, MAC) assembles and causes membrane damage. At the fop
of the figure, the lectin pathway is shown. MBL or a ficolin binds directly to a bacterial surface,
and MASP?2 is activated. This then cleaves C4 and C2, and the pathway follows the same sequence
as the classical pathway. At the left, the alternative pathway is shown. C3b (derived from the clas-
sical or lectin pathway, or by activation by C3(H20)Bb, as discussed in the text, binds to the
surface, then binds Factor B, which is activated by Factor D, forming the C3 convertase, C3bBb.
More C3 is cleaved by C3bBb, then C5 activation and MAC assembly follows, as for the classical
pathway. At the right, the host cell and its mechanisms for protection against complement attack
are shown. CD59 binds the C5b678 complex and prevents binding of C9. CD35 (CR1), CD46
(MCP) and CD55 (DAF) all destabilise the C3 convertases or inhibit their formation. Soluble
regulators like Factor H (FH) may become transiently bound on the surface and also regulate
convertase formation

multiplied by up to six or 18 to provide high avidity binding. The solution of the
three-dimensional structure of the globular head region of Clq and the expression
of the globular regions of the A, B and C chains have helped to understand why Clq
can bind to so many different structures (Gaboriaud et al. 2003; Kishore et al. 2003).
Activation of the classical pathway can be achieved by the binding of Clq to
IgG- and IgM-containing immune complexes (antibody—antigen complexes), or to a
variety of non-immunoglobulin activators. These include the products of damaged cells,
such as nucleic acid, chromatin, cytoplasmic intermediate filaments, mitochondrial
membranes, possibly via cardiolipin or via mitochondrial proteins, and also some
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viruses, gram-positive bacteria via capsular polysaccharide and gram-negative bac-
teria via the lipid A component of the lipopolysaccharide of the cell wall
(Ebenblicher et al. 1991; Alberti et al. 1993; Sim and Malhotra 1994; Butko et al.
1999). There has recently been interest in the role of complement in clearing apop-
totic cells, which may occur by direct interaction of C1q with altered anionic phos-
pholipid distributions on these cells (Korb and Ahearn 1997).

The binding of Clq in the C1 complex to the target induces a conformational
change in Clq which leads to activation of the serine protease proenzyme Clr,
which then activates proenzyme Cls. Activated Cls then cleaves complement com-
ponent C2 (another serine protease proenzyme) and C4 (Fig. 2), leading to the for-
mation of the protease complex C4b2a, which is the C3 convertase of the classical
pathway. C4b binds covalently to the surface of the complement-activating target
(see explanation below). C4b2a then cleaves C3 into C3a and C3b. C3 is the most
abundant plasma complement component. It plays a central role in the complement
system and is homologous to C4 and C5. The major fragment of activated C3, C3b,
has an exposed internal thiolester which is extremely reactive with nucleophiles,
such as OH or NH, groups. This is also the case for C4b. If the activated thiolester
of C3b (or C4b) reacts either with a hydroxyl or an amine group on a target surface,
C3b becomes covalently bound to the surface by an ester or an amide bond (Sim
et al. 1981). C3b can also bind covalently to C4b in the C4b2a complex, forming
the C4b2aC3b complex (C5 convertase), in which C4b and C3b form a binding site
for C5 and orient it for cleavage by the protease C2a.

Cleavage of CS5 initiates the lytic pathway which is common to all three activating
pathways (Fig. 2). It is, however, only relevant if the target surface has an accessible
lipid bilayer. C5 is cleaved to release C5a, an anaphylotoxin and chemotactic factor,
and C5b. C5b has a binding site for C6, which together can bind C7 which alters the
conformation of the C5b67 complex. This complex generates a binding site for the
phospholipid bilayer of the target cell membrane. C8 binds the C5b67 complex and
undergoes a conformational change, allowing insertion of its alpha chain into the
membrane. C5b-8 binds a molecule of C9 which can polymerise to form a pore in
the target membrane. The C5b-9 complex, or “membrane attack complex” (MAC)
can contain between one and 18 C9 molecules (Law and Reid, 1995). The mecha-
nism by which cell damage is initiated is uncertain, but the insertion of C5b-9 in the
membrane causes the target to lose its ability to regulate its osmotic pressure causing
cell lysis (Bhakdi and Tranum-Jensen 1991; Esser 1991; Fig. 2).

1.2 The Lectin Pathway

The best characterised recognition protein of the lectin pathway is mannan-binding
lectin (MBL; Petersen et al. 2001). MBL resembles C1q in that it contains globular
heads and triple-helical collagen-like regions (Fig. 1). Its globular heads consist of
C-type lectin domains, which bind to neutral sugars such as mannose, N-acetylglu-
cosamine and fucose, in a calcium ion-dependent manner. MBL interacts with any
of three serine proteases, called MBL-associated serine proteases (MASPs 1, 2, 3). These
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are close homologues of the Clr, Cls proenzymes which bind to Clq (Fig. 3). MBL
forms complexes with dimers of MASP1, or MASP2, or MASP3 (Fig. 1), or of a
truncated alternative-splice product of the MASP2 gene, named sMAP or Map19
(Mayilyan et al. 2006). Each complex is similar in overall structure to the C1 com-
plex in the classical pathway (Fig. 1). Thus MBL binds to neutral sugar arrays on
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targets such as yeasts, fungal spores, bacteria and viruses and, when it binds, the
MASP enzymes become activated. Activated MASP2 behaves like Cls and cleaves
the complement proteins C4 and C2, and so forms the same C4b2a product as is
found in the classical pathway (Fig. 2; Vorup-Jensen et al. 2000). After recognition
of a target and activation of MASP2, the cascade of complement activation is the
same as the classical pathway (Fig. 2). The other two proteases, MASP1 and
MASP3, which are alternative splicing products from a single gene, are of unknown
function. Although several papers indicate that they may contribute to complement
activation by cleaving C3 directly, this is not conclusively established (Petersen
et al. 2001; Hajela et al. 2002). MASP1 does activate coagulation Factor XIII (plasma
transglutaminase) and cleaves fibrinogen, so can mediate formation of cross-linked
clots, but it is not known if this is a physiologically relevant activity (Hajela et al. 2002).
No substrate has so far been found for MASP3. The truncated MASP2 product,
Map19, has no proteolytic domain and so is not an enzyme. Its function is also
unknown. Thus when MBL-MASP complexes bind to a target, via the lectin
domains of MBL, three proteases can be activated, each of which may trigger sepa-
rate downstream events; but, so far, only the complement activation via MASP2 has
been characterised.

Three other, more recently characterised recognition proteins, named H-, L- and M-
ficolins, also bind the MASPs and Map19 (Endo et al. 2006) . Each ficolin is likely to
form a set of complexes, with each of the MASPs, and when the ficolins bind to a target,
they trigger the same set of events as the binding of MBL-MASP complexes to a target.
The ficolins, again like C1q and MBL, contain collagenous and globular regions and
are multivalent. The globular “head” regions of ficolins are not lectin domains (as in
MBL) nor are they charge-recognition domains, as in C1q. Instead they are homologous
to fibrinogen domains, and their binding specificity is not yet well understood. L-ficolin
binds to some acetylated species (Krarup et al. 2004), including N-acetylglucosamine
and N-acetylgalactosamine. The recognition of these sugars led to the ficolins being
included in the “lectin” pathway of complement activation, although “lectin” is proba-
bly not an appropriate description of ficolin specificity. H and L ficolins have been
shown to bind to a range of bacterial species (Krarup et al. 2005).

The lectin pathway, via MBL, has both antibody-dependent and antibody-independent
modes of activation. It is activated through binding of the lectin domain of MBL to car-
bohydrates on micro-organisms. It also interacts with the glycans of the common glyco-
sylation variant of human IgG, named IgG-GO (Malhotra et al. 1995), and with some
IgA forms (Roos et al. 2001) and with glycans on mouse IgM (McMullen et al. 2006).
MBL can interact with a subpopulation of human IgM glycoforms, but the interaction
does not activate the lectin pathway (Arnold et al. 2005).

1.3 Alternative Pathway

The alternative pathway (Fig. 2) does not have a specific recognition molecule
equivalent to Clq or MBL. Activation depends upon the subtle balance between
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spontaneously deposited C3b on potential activator surfaces and regulatory mole-
cules (Meri and Pangburn, 1990). The alternative pathway is activated by IgG
immune complexes and also, in the absence of antibody, by a wide range of bacte-
ria, viruses, yeasts and protozoans (Sim and Malhotra 1994; Law and Reid 1995).

The proteins involved in the alternative pathway are factor B, factor D, factor H,
factor I, properdin and C5-C9 (Fig. 2). Factor H, factor I and properdin have major
roles in regulating activation of the alternative pathway. In the alternative pathway, the
enzyme which cleaves C3 is C3bBb: so that, to form the C3-cleaving enzyme, a frag-
ment of C3 (namely C3b) has to be formed already. The required C3b can be derived
in two ways. First, it can arise from C3 cleavage via the classical or lectin pathway.
As soon as C3b has been deposited on a complement activator by classical or lectin
pathway activation, the C3b can bind Factor B (a homologue of the classical pathway
C2) to form a C3bFB complex. This is cleaved by the protease factor D to form the
active serine protease C3bBb, which cleaves more C3 (Fig. 2). In this way, the alter-
native pathway acts as an amplifier for the other pathways and increases the covalent
deposition of C3b on the target. Fixation of multiple C3b on the target is essential for
opsonisation. Second, the alternative pathway can be activated directly, without the
need for prior classical or lectin pathway activation. C3 undergoes spontaneous
hydrolysis at a very slow rate to form C3(H,0), because the internal thiolester of
unactivated C3 in the circulation can be attacked by small nucleophiles such as water
or ammonia, cleaving the thiolester. C3(H,O) then forms a complex with the serine
protease proenzyme factor B. Factor B is cleaved by factor D to form the soluble C3
convertase C3(H,0)Bb, which is homologous to the classical pathway C3 convertase,
C4b2a, and cleaves C3 to form C3b and C3a. The C3b formed binds randomly and
covalently to any nearby surfaces including host cells and potential target particles or
cells. This can be considered as a surveillance mechanism, as all surfaces in contact
with blood receive frequent “hits” from randomly generated C3b molecules. If the hit
is amplified, the target surface is opsonised; but if no amplification occurs, the target
surface is not damaged. Once a single molecule of C3b is bound to a target, it has two
possible fates: it can form the C3 convertase C3bBb, which cleaves more C3, and
clusters of C3b are deposited. This amplification of fixation leads to opsonisation of
the activator surfaces (i.e. the clusters of C3b engage C3b receptors on phagocytic
cells and this promotes adhesion and uptake).

If however the original C3b molecule is deposited on a host cell, it is rapidly
inactivated by cell-surface complement regulatory proteins, such as complement
receptor type 1 (CR1), decay-accelerating factor (DAF) and membrane cofactor
protein (MCP), which are present on host cell membranes. These form a complex
with the C3b and either prevent it from interacting with Factor B, or act as cofactors
for its proteolysis by factor I which converts C3b to iC3b (Fig. 4). iC3b cannot form
a complex with factor B and so does not promote further complement activation.

Other particles or cells which are not host may bind host soluble regulatory
proteins such as factor H or C4 binding protein (C4bp) and these down-regulate
complement activation on the particle surface. This ensures that C3 convertase
formation and amplification of C3b fixation is inhibited. In addition, factor H
competes with factor B to bind to C3b deposited on surfaces. It has been shown
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Fig. 4 Decay acceleration, and cofactor activities of factor H and proteolytic activity of factor I.
Factor H can dissociate Bb from C3bBb (C3 convertase). This is called “decay-accelerating activ-
ity” of factor H. Factor H also has a cofactor activity for inactivation of C3b by factor I. When
factor H binds to C3b, C3b is cleaved by factor I. Other proteins which are expressed on host cell
surfaces have similar activities to factor H. These include membrane cofactor protein (MCP/
CD46), complement receptor type 1 (CR1/CD35) and decay accelerating factor (DAF/CD55).
C4bp acts on the classical and lectin pathway C3 convertase, C4b2a, in the same way as Factor H
acts on C3bBb

that sites located on factor H interact both with C3b and with polyanions or
charge clusters commonly found on the surface of non-activators. Therefore, the
interaction of factor H with sites both on a surface and with C3b increases the
apparent avidity of factor H for bound C3b (Carreno et al. 1989). Many patho-
genic micro-organisms (and other organisms such as multicellular parasites) have
evolved mechanisms to bind host Factor H or C4bp to their surface; and this is
widely considered to act as a protection against complement attack (Horstmann
et al. 1988; Diaz et al. 1997; Hellwage et al. 2001; Schneider et al. 2006). Thus
a particle will activate the alternative pathway if:

1. It has surface OH or NH, groups to accept covalent binding of randomly-
generated C3b and:

2. It does not have surface complement regulatory proteins (CR1, DAF, MCP) as
host cells do and:

3. It does not have surface charge clusters or other binding sites which permit bind-
ing of the soluble host complement regulator, Factor H.

Therefore the alternative pathway is regulated by the random fixation of C3b and
the presence or absence of complement regulatory proteins or regulatory protein
binding sites on potential target surfaces.

Once the alternative pathway has been activated, the C5 convertase (C3bBbC3b) of
this pathway is formed by the binding of an activated C3b to the surface bound C3bBb
on an activator (Fig. 2). Once CS5 convertase is formed, the late stages of complement
activation lead to the assembly of the MAC, as described for the classical pathway.
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1.4 Regulation of the Complement System

Because activation of each pathway in the complement system involves a high
degree of amplification, regulation is required to control proteins that operate at
various steps of the pathways. This prevents depletion of complement components
and also damage to host cells. Different complement regulators, both fluid phase
and membrane-bound, are present to regulate the complement system.

1.4.1 Regulation of Active Serine Proteases

All enzymes participating in the major steps involved with activation and control of
the complement pathway belong to the family of mammalian serine proteases.
These include Clr, Cls, MASPs, C2, factor B, factor D and factor I, which all have
very high substrate specificity. The classical pathway Clr and Cls and the lectin
pathway enzymes MASP1 and MASP2 are inhibited by a serpin, named C1-inhibi-
tor (Cl-inh), which is abundant in blood plasma (Sim et al. 1979; Ambrus et al.
2002; Presanis et al. 2004). C1-inh is a substrate analogue and forms a covalent 1:1
enzyme—substrate complex with these enzymes. The same serpin, Cl-inh, is also
the main physiological regulator of the coagulation proteases, Factors XIla, XIa
and kallikrein.

The proteases Factor D and Factor I circulate in active form and do not have an
endogenous inhibitor. Control of these enzymes comes from the fact that their sub-
strates are transiently formed complexes: Factor D cleaves Factor B only when it is
bound to C3b. Factor I attacks C3b or C4b only when they are bound to a regulatory
protein, such as Factor H, CR1, MCP, C4bp.

1.4.2 Control of C3 and C5 Convertases

The C3 and CS5 convertases are controlled in three ways. First, the convertases are
unstable and decay (i.e. C2a dissociates from C4b, and Bb from C3b) with a half-
life of less than 5 min (McAleer and Sim 1993). C2a and Bb, dissociated from C4b
and C3b, do not re-bind and are not active as proteases when dissociated. Second,
a group of regulatory proteins bind to the C4b2a or C3bBb complexes and accel-
erate their decay. Proteins with decay-accelerating activity include the soluble
proteins factor H, C4b-binding protein (C4bp) and the membrane proteins
complement receptor type 1 (CR1) and decay-accelerating factor (DAF). Third,
once C2a or Bb have dissociated, the remaining C4b or C3b, in complex with the
same regulatory proteins, are inactivated by the protease factor I (Fig. 4). This
activity of the regulatory proteins is called “cofactor” activity, as they act as cofac-
tors for Factor I. The regulatory protein C4bp acts only as a cofactor for C4b cleavage
by factor I, and Factor H acts only in C3b breakdown. CRI and MCP, however, act
for both C3b and C4b.
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This group of regulatory proteins, although they have confusing and non-
standardised nomenclature, are all close homologues and are encoded in a gene
cluster, called the regulation of complement activation (RCA) locus on human
chromosome 1 (Rodriguez de Cordoba et al. 1985; Heine-Suner et al. 1997; Fig. 3).
The RCA locus contains genes for the complement regulators Factor H, C4bp,
MCP, DAF, a group of proteins of unknown function related to Factor H, called
FHRI1-5 (Diaz-Guillen et al. 1999) and the complement receptors 1 (CR1) and 2
(CR2). CR1 is both a receptor and a regulatory protein. The structure of these pro-
teins is discussed briefly in Section 3.

Properdin is the only positive regulatory protein and acts only on the alternative
pathway (Fearon and Austen 1975). Properdin binds to C3b in the activated C3bBb
complex and stabilises the complex, thus increasing the life of the C3 and C5
convertases.

1.4.3 Regulation of the Membrane Attack Complex

A number of proteins (soluble and membrane bound) have regulatory roles on the
lytic activity of the MAC (McAleer and Sim 1993). There are two soluble inhibi-
tory proteins, S-protein (vitronectin) and SP40, 40 (clusterin). S-protein can bind to
the C5b-7 complex, diminishing its binding to membranes. A cell-surface protein
called CD59 has an inhibitory role on the MAC by binding to the C5b-8 complex,
thereby preventing C9 interaction to form the MAC.

1.5 Complement Receptors

When Clq, MBL or the ficolins bind to targets they themselves act as opsonins and,
in addition, they trigger complement activation resulting in the deposition of C3b,
also an opsonin. Most molecules of C3b deposited on targets are gradually broken
down (over a time-course of minutes to hours) to iC3b, a more effective opsonin.
Eventually target-bound iC3b is more slowly degraded by proteases to a fragment
called C3dg, which acts as an adjuvant. To interact with cells, these molecules
require receptors.

A common receptor for Clq, MBL and another group of proteins related to
MBL (the collectins) was described in 1990 (Malhotra et al. 1990) and identified
later as calreticulin (Sim et al. 1998). However, calreticulin had been characterised
mainly as an intracellular protein; and it took some further research to demonstrate
how calreticulin functioned as part of a cell-surface receptor. It was shown by
Henson and colleagues (Ogden et al. 2001; Vandivier et al. 2002) that calreticulin
binds to the cell-surface receptor CD91 and acts as an adaptor to bind the collagen-
ous region of C1q, MBL and other proteins with similar collagenous structures (the
collectins SP-A and SP-D, and probably also the ficolins) to the cell surface via
CD91. Phagocytic uptake of apoptotic cells, mediated by MBL or Clq binding
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Fig. 5 A summary of C3 receptor functions. RBC Red blood cells

followed by interaction with the Calreticulin-CD91 complex was demonstrated
(Vandivier et al. 2002).

CDOI1 has a limited cellular distribution, while C1q receptor activity is very
widespread, occurring on most cell types except red blood cells. On cells which do
not express CD91, HLA class I heavy chain (Arosa et al. 1999), or possibly CD59
(Ghiran et al. 2003) may act as calreticulin-binding proteins, allowing particles
coated with C1q or MBL to adhere to the cells.

Receptors for fragments of C3 (C3b, iC3b, C3dg) are relatively well characterised
and are summarised in Fig. 5. Recently, a new C3b and iC3b receptor on phagocytic
cells was described, named CRIg (Ig indicating that it is a member of the immu-
noglobulin superfamily; Helmy et al. 2006).

2 The Structure of Complement Proteins

Complement proteins are nearly all multi-domain glycoproteins and can be classi-
fied in several structurally related groups (Fig. 3). These glycoproteins are well
characterised and the details of their sequence, gene localisation and orthologues in
other species can be found readily from the Expert Protein Analysis System
(ExPASy) proteomics server of the Swiss Institute of Bioinformatics (SIB; http://
expasy.org/) and its links (Gasteiger et al. 2003).

The proteases of the complement system are all serine proteases, with specificity
for cleavage on the carboxyl side of arginyl or lysyl residues (Sim and Tsiftsoglou
2004). Their serine protease (SP) domains are homologous to trypsin, but unlike



10 The Complement System in Innate Immunity 231

trypsin they have specificity for a very restricted group of protein substrates and
generally have a low catalytic efficiency (compared with trypsin or even with spe-
cific proteases like thrombin or plasmin). Several of the complement proteases are
likely to have arisen by duplication events, either at the gene level or as a result of
larger-scale duplication. Clr, Cls and the MASPs are close homologues or para-
logues. Clr and Cls are linked genes on human chromosome 12p13. MASP1 and
MASP3 (alternative splicing products from a single gene) are encoded on 3q27,
while MASP2 is on 1p36. Similarly, C2 of the classical pathway and Factor B of
the alternative pathway are encoded by adjacent genes on 6p21 and are close homo-
logues. Factor I, however, has an unique sequence of domains which is not found
in any other human protein.

The regulation of complement activation (RCA) proteins are all encoded in the
RCA gene cluster on human chromosome 1q32. Each of these proteins is composed
mainly or entirely of CCP domains, each about 60 amino acids long (Fig. 3). Nearly
all CCP domains are encoded by single exons, With long relatively repetitive
stretches of exons of similar sequence, it is not surprising that there may be consid-
erable gene rearrangement in this region such that, between human and mouse,
there are differences in the numbers of functional genes and pseudogenes and in the
size of the gene products (Sim et al. 1993a, b; Hourcade et al. 2000).

The proteins involved in MAC formation (C6, 7, 8, 9) have related structures
(Fig. 3), including a domain type also present in the protein perforin, which is
found in granules of cytolytic T lymphocytes and, like the MAC, induces cell lysis.
C6 and C7 are encoded on linked genes on human chromosome 5p13, with C9 on
5pl4. C8 is made up of @, B chains, which are homologous to each other, and a vy
chain which is unrelated in structure to the o, B chains. The C8A and C8B genes
are on chromosome 1p32, while the C8G gene is on 9q34.

The C3, C4, C5 family of proteins (Fig. 3) are related in structure to the major
plasma protease inhibitor, a2 Macroglobulin (02M; Sim and Sim 1981). Each of
these is encoded as a single polypeptide chain of about 180-190kDa, but C3 and
CS5 are cleaved into two chains before secretion, C4 into three chains and o.2M, in
contrast, oligomerises in most, but not all mammals to form a tetramer. Each of
these except C5 contains an internal thiolester, formed between the Cys and Gln
residues in a sequence: Gly-Cys-X-Glu-Gln. Exposure of the thiolester on proteo-
lytic activation allows C3 and C4 to form a covalent bond, by transesterification,
with hydroxyl or amino groups on complement-activating surfaces. 02M can form
covalent bonds with the proteases which it inhibits, although this is not essential for
inhibition. C5 lacks the thiolester as the Cys and Gln in the sequence above are
replaced by Ser and Ala, respectively. A thiolester is a rare post-synthetic modifica-
tion in proteins; and there has been great interest in detecting thiolester proteins or
“TEPs” in non-mammalian species as an indication of whether the species expresses
C3- or C4-like proteins (i.e. has a complement system) . Among human proteins,
the only other TEP is CD109, a cell-surface protein (Lin et al. 2002). Within this
group of complement proteins, a gene duplication has formed two isotypes of C4,
C4A and C4B, encoded on human chromosome 6p21, which differ in only a few
amino acid residues, but have subtle functional differences.



232 K.R. Mayilyan et al.

Activation of C3, C4 and CS5 leads to release of similar bioactive peptides, called
anaphylotoxins (C3a, C4a, C5a; all about 10kDa), which have vasoactive proper-
ties. C5a is a also a chemotactic factor for neutrophils.

The collagen-containing complement proteins, C1q, MBL and the ficolins (not
shown in Fig. 3), also show evidence of gene duplication. C1q has three homolo-
gous but not identical polypeptides, A, B and C, encoded by closely linked genes
on human chromosome 1p36. There are two MBLs in many mammalian species,
encoded by distinct genes. However in human, one gene is a pseudogene, so only
one MBL is expressed. The MBL gene is on human chromosome 10ql1. Among
the ficolins, the genes for M and 1-ficolin are on chromosome 9q34, but the H-
ficolin gene is close to the C1q genes at 1p36.

3 Complement Across Species

The complement system of humans has been extensively explored by functional
analysis, exploration of disease-related complement abnormalities, protein and
nucleic acid sequencing, and determination of three-dimensional structures of pro-
teins. Mouse complement research has been stimulated by extensive work on
knock-out strains lacking various complement proteins. Few other vertebrate spe-
cies have been examined in detail, but from genomic sequencing and some protein
purification and functional studies, it is clear that mammals (e.g. chimpanzee, dog,
horse, sheep, guinea-pig, pig, cattle) birds (mainly chicken) and bony fish (exten-
sive work on carp, trout, etc.) have complement systems very similar to mouse and
human. There is a striking feature of bony fish complement, namely that several
complement components are encoded by multiple genes. In carp, all the members
of the thioester-containing protein family are present in multiple isotypes, differing
in the primary structures at various functional sites. Three factor B/C2-like gene
products identified in carp have distinct expression pattern (sites and inducibility;
Nakao et al. 2003).

There has been less work on amphibians and reptiles (mainly Xenopus species
and cobras) but these are also thought to have similar complement systems, with all
three activation pathways. Details of complement component orthologues in other
species can be found by exploring the HomoloGene search function of NCBI
(http://www.ncbi.nlm.nih.gov/Database/index.html); and the evolution of comple-
ment systems has been reviewed in detail (Dodds and Law 1998; Dodds 2002;
Fuyjita et al. 2004; Nonaka and Kimura 2006; Dodds and Matsushita 2007).

In cartilaginous fish, there is quite extensive work on two species of shark,
Triakis scyllium and Ginglymostoma cirratum. These appear to have classical and
alternative pathways and lytic activities; and the lectin pathway is also likely to be
present, since a MASP-like protease has been identified (Smith 1998). Jawless fish
(agnathans, including hagfish, lamprey) have no immunoglobulin-like proteins and
no other features of mammalian adaptive immunity. However, as summarised by
Dodds and Matsushita (2007), lampreys have a C3/C4-like TEP, a MASP, a C2 or
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Factor B-like protease, and proteins which appear related to Cl1q and MBL. They
have no complement-like lytic mechanism. The C1qg-like protein has only one type
of polypeptide chain (not A, B, C as in higher vertebrates; Matsushita et al. 2004).

Among the cephalochordates and urochordates, Amphioxus and two ascidians
(Halocynthia roretzi, Ciona intestinalis) have been studied, largely by M. Nonaka,
T. Fujita, M. Matsushita and colleagues (for summaries, see Fujita et al. 2004;
Nonaka and Kimura 2006; Dodds and Matsushita 2007). In Amphioxus, cDNA
sequencing indicates the presence of MASP-like and C3/C4-like molecules. In the
ascidians, more extensive DNA sequencing and functional studies indicate that
H. roretzi has a complement system activated by a pathway most resembling the
mammalian lectin pathway. It has a C3/C4-like protein which is opsonic and a receptor
for this opsonin which is an integrin, like CR3 and CR4. Target recognition appears
to be by a glucose-binding lectin, or by four ficolin-like molecules, all of which
bind a MASP-like protease. C. intestinalis has been the subject of extensive
genome sequencing (Azumi et al. 2003) and contains two C1qg-like sequences, nine
ficolin-like, nine MBL-like, three MASP-like, two C3/C4-like, three C2/Factor B-
like and ten sequences possibly related to MAC proteins (C6, 7, 8, 9). It also has 15
integrin-like sequences and more than 100 CCP-containing proteins (possibly
related to the RCA cluster proteins of mammals).

Among the rest of the animal kingdom, data are limited (for a summary, see
Dodds et al. 2007) . C3/C4-like and C2/Factor B-like proteins have been found in
echinoderms (sea urchins). Among arthropods, the horseshoe crab Limulus
polyphemus has a TEP which is like a2M, but does not act like C3/C4. Two insects,
the mosquito and the fruitfly have TEPs, but these do not resemble C3/C4 or o:2M.
However, another horseshoe crab, Carcinoscorpius rotundicanda, does have a C3/
C4-like TEP and a C2/Factor B-like protein: no functional information is available
yet on these proteins. Finally, among the coelenterates there are data on two cni-
daria A C3/C4-like TEP has been found by DNA sequencing in a coral, Swiftia
excreta, and also in the sea anemone Nematostella vectensis. The latter also has a
C2/FB-like gene. These findings suggest that the origin of complement-like activity
is near to the development of multicellular organisms.
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