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Abstract

Nuclear Factor-xB (NF-xB)/Rel transcription factors form an integral part of innate immune
defenses and are conserved throughout the animal kingdom. Studying the function, mechanism of
activation and regulation of these factors is crucial for understanding host responses to microbial
infections. The fruit fly Drosophila melanogaster has proved to be a valuable model system to
study these evolutionarily conserved NF-xB mediated immune responses. Drosophila combats
pathogens through humoral and cellular immune responses. These humoral responses are well
characterized and are marked by the robust production of a battery of anti-microbial peptides. Two
NF-xB signaling pathways, the Toll and the IMD pathways, are responsible for the induction of
these antimicrobial peptides. Signal transduction in these pathways is strikingly similar to that in
mammalian TLR pathways. In this chapter, we discuss in detail the molecular mechanisms of
microbial recognition, signal transduction and NF-xB regulation, in both the Toll and the IMD
pathways. Similarities and differences relative to their mammalian counterparts are discussed, and
recent advances in our understanding of the intricate regulatory networks in these NF-xB signaling
pathways are also highlighted.

1 Introduction

Nuclear Factor-kappaB/Rel proteins are an evolutionarily conserved class of transcription
factors that play crucial roles in regulating many animal physiological processes such as,
cell survival, proliferation, and most importantly, immune responses. In general, NF-xB/Rel
proteins are found inactive in the cytoplasm associated with their inhibitory proteins or
domains (1xBs), and various challenges trigger the degradation or cleavage of these 1xBs
thereby allowing the NF-xB transcription factor to translocate into the nucleus. NF-xB
transcription factors play a central role in the induction of many cytokines and immune
effector genes that initiate robust pro-inflammatory responses. Owing to the conserved
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structure and function of NF-xB/Rel proteins across the animal kingdom, various model
systems have been extensively used to probe the molecular mechanisms of NF-«B activation
and its role in inflammation, infection and disease.

Over the past 20 years, Drosophila melanogaster has been a favored model system for the
study of NF-xB regulation and function in developmental biology and in immunity. The NF-
kB factor Dorsal, and the Toll pathway which activates it, were first discovered in
Drosophila because of their central role in establishing the dorsoventral pattern in the
developing embryo (Nusslein-Volhard et al. 1987; Steward 1987). Moreover, the three
Drosophila NF-xB factors, Dorsal, Dorsal-related immunity factor (DIF) and Relish, are the
master regulators of the insect humoral immune response, which is characterized by the
rapid and robust production of a battery of potent antimicrobial peptides (AMPS). These
AMPs, along with other cellular defense strategies such as clotting, melanization,
phagocytosis and encapsulation, effectively eliminate many microbes. The Drosophila NF-
xB/Rel signaling modules display a striking degree of conservation with mammals, and this
has made Drosophila a valuable experimental model for studying these critical NF-xB
innate immune responses against both insect and human pathogens (Mansfield et al. 2003;
Apidianakis et al. 2005; Scully and Bidochka 2006; Vonkavaara et al. 2008).

This review focuses on the role of NF-xB/Rel transcription factors in the immune defenses
of Drosophila, highlighting both similarities and differences in the corresponding
mammalian systems, and also, how studies in the Drosophila model system contribute to our
understanding of these signaling networks in mammals.

2 Microbial Recognition and Humoral Responses

2.1 Anti-microbial Peptides

The Drosophila humoral immune system responds to microbial challenge by triggering the
expression of anti-microbial peptide genes through NF-xB signaling pathways. In fact, NF-
xB/Rel proteins control the transcription of almost one half of the immune responsive genes,
including the collection of cationic AMPs (De Gregorio et al. 2001, 2002). As a result of
infection-induced NF-xB activation, AMPs that are undetectable in the hemolymph (blood)
of unchallenged flies are rapidly elevated to concentrations up to 100 uM (Hoffmann and
Reichhart 2002). As best we know, the regulation of AMP production occurs at the level of
gene expression. AMP genes are direct targets of NF-«B activation and their transcription is
induced to very high levels rapidly after infection. Although the bulk of AMP production
occurs in the insect fat body (similar to the mammalian liver), AMP genes are also
expressed in circulating phagocytic hemocytes and local epithelial tissues, particularly, the
gut and the trachea (Ferrandon et al. 1998; Tzou et al. 2000; Liehl et al. 2006). Two NF-xB
signaling pathways control AMP gene expression—the Toll and the IMD pathways. These
pathways are activated by microbial cell walls and/or other virulence determinants by
circulating, cell surface, and/or cytosolic receptors. Each pathway responds to distinct
microbial components and induces the expression of somewhat overlapping subsets of AMP
and other immune responsive genes. For example, the antifungals Drosomycin and
Metchnikowin are strongly induced by the systemic Toll pathway, while the IMD pathway
induces antibacterial peptides such as Diptericin (Lemaitre et al. 1997; Tzou et al. 2002). On
the other hand, some AMP genes such as Cecropin and Attacin are co-operatively regulated
by both the pathways (Manfruelli et al. 1999). Details on these regulatory events are
discussed in more detail below.

2.2 Peptidoglycan Recognition and Immune Activation

Similar to the mammalian innate immune responses, microbial cell walls are one of the most
potent agonists of insect humoral immunity. Bacterial infections trigger either the Toll or the
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IMD pathway, depending on the structure of their peptidoglycan (PGN) cell wall. PGN is a
polymeric glycopeptide that forms the cell wall of most bacteria. PGN contains long glycan
chains usually composed of alternating residues of N-acetyl glucosamine (NAG) and N-
acetylmuramic acid (NAM), with short stem-peptides of alternating .- and o-amino acids
attached to the lactyl group of NAM. The third position in the stem peptide is highly
variable with a meso-diaminopimelic acid (DAP) in most Gram-negatives and various
Bacilli spp. and -lysine (lys) in many other Gram-positive microbes (Schleifer and Kandler
1972). These stem peptides are often cross-linked to each other by short peptide bridges to
create a rigid cell wall structure. The Toll signaling pathway is most robustly triggered by
Lys-type peptidoglycan, while the IMD pathway is activated by DAP-type peptidoglycan
(Leulier et al. 2003; Kaneko et al. 2004). The distinction is not completely black and white,
and bacterial species with DAP-type PGN also activate Toll signaling, albeit more weakly
(Leulier et al. 2003; Leone et al. 2008).

Activation of both Toll and IMD pathways by bacterial PGNs requires peptidoglycan
recognition proteins (PGRPs). PGRP was initially identified in lepid-opterans as a protein
capable of binding PGN (Yoshida et al. 1996; Kang et al. 1998; Ochiai and Ashida 1999).
This was followed by the discovery of 13 PGRP genes (encoding 17 distinct proteins) in
Drosophila, classified as short proteins (SA, SB1, SB2, SC1A, SC1B, SC2 and SD) and
long proteins (LA, LB, LC, LD, LE and LF) (Werner et al. 2000). While the short proteins
include a signal sequence and are secreted soluble proteins, the long PGRPs lack a signal
sequence. Some long-form PGRPs encode a transmembrane domain and are cell surface
receptors, e.g. PGRP-LC, while others are cytoplasmic, e.g. PGRP-LE. The PGRP domain is
highly conserved from insects to mammals, whereas the other regions show very little
similarity (Werner et al. 2000). The PGRP domain is structurally related to a class of PGN-
digesting enzymes known as type 2 amidases (e.g. T7 lysozyme), which hydrolyzes the
bond between the lactyl group in NAM and c-alanine in the stem-peptide of PGN (Mellroth
et al. 2003). In fact, approximately one-half of the Drosophila PGRPs are type 2 amidases
that degrade PGN and reduce its ability to stimulate immune responses (detailed in Sect.
6.1), while the other PGRPs lack key catalytic residue(s) and function as PGN receptors. In
particular, PGRP-SA and PGRP-SD are two soluble PGN receptors that function in the Toll
pathway (Michel et al. 2001; Bischoff et al. 2004), while PGRP-LC and PGRP-LE
recognize DAP-type PGN and trigger the IMD pathway (Choe et al. 2002; Gottar et al.
2002; Takehana et al. 2004; Kaneko et al. 2006).

2.2.1 Activation of the Toll Pathway—In the Toll pathway, PGN recognition involves
two circulating receptor proteins, PGRP-SA and PGRP-SD. Recognition of some Lys-type
PGN (e.g. M. luteus) specifically requires PGRP-SA (Michel et al. 2001; Gottar et al. 2002),
while other PGNs (e.g. S. aureus) may be detected by either PGRP-SA or PGRP-SD
(Bischoff et al. 2004). PGRP-SA binds Lys-type PGN and the crystal structure of PGRP-SA
complexed with a Lys-type muropeptide has been solved (Chang et al. 2004; Reiser et al.
2004). However, the precise biochemical mechanisms that underlie the differential
recognition of various Lys-type PGNs by PGRP-SA and/or PGRP-SD are not completely
understood. In particular, the exact function of PGRP-SD remains a mystery, as genetic
studies link it to Lys-type PGN recognition, while structural studies indicate that it binds
DAP-type PGN (Leone et al. 2008). In fact, PGRP-SD has been shown to be responsible for
the weak Toll activation triggered by DAP-type PGN (Leone et al. 2008).

Lys-type PGN recognition also requires a third protein known as Gram-negative-binding
protein (GNBP1). GNBP1 was originally identified in silkworms, as a protein that binds
Gram-negative PGN/f-(1,3)-glucan (Yoshida et al. 1986). Conversely, later studies showed
that GNBP1 is required for the recognition of Lys-type PGN and is dispensable for the
activation of the IMD pathway by DAP-type PGN (Gobert et al. 2003; Pili-Floury et al.
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2004). While GNBP1 and the above mentioned receptors, PGRP-SA and PGRP-SD, may
form one large complex upon PGN recognition (Filipe et al. 2005; Wang et al. 20064, b), the
precise mechanistic function of GNBP1 is controversial. Some reports conclude that GNBP1
hydrolyzes Lys-type PGN into muropeptide dimers, for optimal recognition by PGRP-SA
(Filipe et al. 2005; Wang et al. 20064, b), while other groups report no such activity
associated with GNBP1 (Park et al. 2007; Buchon et al. 2009). Instead, these groups
conclude that GNBP1 may be critical for activating downstream signaling events (more
details below). Thus, many Gram-positive bacteria are sensed by their Lys-type PGN cell
wall by the proteins, PGRP-SA/PGRP-SD and GNBP1.

In addition to bacterial PGN, fungal cell walls are also potent activators of the Toll pathway
(Gottar et al. 2006). A receptor known as GNBP3 recognizes -(1,3)-glucans from the
fungal cell wall, and robustly triggers the Toll pathway (Gottar et al. 2006). Moreover,
GNBP3 mutant flies (hades) exhibit greatly reduced Drosomycin expression and reduced
survival following Candida albicans infection (Gottar et al. 2006). Intriguingly, some fungi
(e.g. Geotrichum candidum) also seem to activate the IMD pathway, through unknown
mechanisms (Hedengren-Olcott et al. 2004). S-glucan recognition by GNBP3 and PGN
recognition by PGRP-SA/SD/GNBP1 both feed into the Toll pathway via the same protease,
Modular Serine Protease (Buchon et al. 2009).

The Modular Serine Protease (ModSP) was first discovered in biochemical analyses of the
Toll pathway in the mealworm beetle, Tenebrio molitor (Kim et al. 2008). In this system,
ModSP binds the PGRP-SA/GNBP1 complex following PGN recognition and triggers a
serine protease cascade upon association with these receptors (Park et al. 2007; Kim et al.
2008). Likewise, in the Drosophila system, genetic experiments with a ModSP mutant
demonstrate its central role in the Toll pathway activation by Lys-type PGN and g-glucans.
Genetic experiments suggest that Drosophila ModSP also functions immediately
downstream of both PGRP-SA/GNBP1 and GNBP3 (Buchon et al. 2009). Recruitment of
ModSP to the PGN-receptor complex has been proposed to activate its proteolytic activity.
Subsequently, ModSP initiates a cascade that proceeds through the sequential activation of
CLIP domain containing serine proteases Grass and Spétzle processing enzyme (SPE)
(Kambris et al. 2006; EI Chamy et al. 2008). A third CLIP domain serine protease, Spirit, as
well as some non-catalytic serine protease homologs (SPHs)—spheroide and sphinx1/2—
may also function in this pathway. However, the role of these genes in the Toll pathway was
discovered by RNAi-based approaches, and has not yet been confirmed by biochemistry or
conventional genetics (Kambris et al. 2006). In any case, this proteolytic cascade culminates
in the activation of SPE which directly cleaves pro-Spéatzle and releases the active Toll
ligand, Spatzle (Jang et al. 2006). Pro-Spétzle is a disulfide-linked dimer and upon
processing the C-terminal 106 residue fragment binds Toll, induces receptor
homodimerization, and activates intracellular signaling (Mizuguchi et al. 1998; Weber et al.
2003; Hu et al. 2004).

In addition to microbial cell walls, the Toll pathway can also be triggered by virulence
factors, such as proteases released by some bacteria or fungi (Gottar et al. 2006; EI Chamy
et al. 2008). Entomopathogenic microbes often produce proteases to digest the insect cuticle
(St Leger et al. 1992), and flies have evolved a mechanism to ‘guard’ against this signature
of virulent infection. For example, both the PR1 protease of entomopathogenic fungi M.
anisopliae and the subtilisin protease from B. subtilis can trigger the Toll pathway
independent of the PGRP and GNBP-mediated cell wall-recognition pathways (Gottar et al.
2006; EI Chamy et al. 2008). Instead, these virulent proteases appear to cleave and activate a
host-encoded serine protease known as Persephone (Gottar et al. 2006). Persephone, in turn,
converges on the same SPE utilized in the PGRP/GNBP pathways. However, this virulence
protease-Persephone pathway is independent of ModSP and Grass (El Chamy et al. 2008;
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Buchon et al. 2009) (Refer to Fig. 1 for a model of how these microbial recognition
pathways converge on Toll activation).

2.2.2 Activation of the IMD Pathway—Detection of DAP-type PGN by two long form
PGRPs, PGRP-LC and PGRP-LE triggers the IMD pathway (Choe et al. 2002; Gottar et al.
2002; Ramet et al. 2002; Takehana et al. 2002, 2004; Leulier et al. 2003; Kaneko et al.
2006). DAP-type PGN forms the cell wall of most Gram-negative bacteria as well as some
Gram positive bacteria (e.g. Bacilli spp.) (Schleifer and Kandler 1972). Double mutants,
lacking both PGRP-LC and LE, are unable to induce AMPs in response to Gram-negative
bacteria and are highly susceptible to these infections (Takehana et al. 2004). PGRP-LC is a
type 2 transmembrane receptor, with an extracellular PGRP domain that is critical for
recognizing extracellular bacteria, while PGRP-LE lacks a transmembrane domain and
functions as an intracellular receptor for DAP-type PGN (Kaneko et al. 2006; Yano et al.
2008). Interestingly, PGRP-LC encodes for three receptors via alternate splicing, known as
PGRP-LCx, PGRP-LCy and PGRP-LCa (Werner et al. 2003). Each of these receptors has a
unique extracellular domain fused to the identical intracellular signaling domain. Although
the function of PGRP-LCy remains unclear, the other PGRP-LC splice forms have
prominent roles in activating the IMD pathway. PGRP-LCx alone is sufficient to respond to
polymeric PGN (as isolated from E. coli), whereas both PGRP-LCx and PGRP-LCa are
required to recognize a monomeric PGN fragment known as TCT (Werner et al. 2003;
Kaneko et al. 2004). In fact, TCT causes heterodimerization of PGRP-LCx and PGRP-LCa
(Whalen and Steward 1993; Chang et al. 2005, 2006; Mellroth et al. 2005).

Additionally, small monomeric PGN fragments like TCT that enter cells are recognized by
the cytosolic receptor PGRP-LE. TCT induces the formation of head-to-tail homo-oligomers
of PGRP-LE (Lim et al. 2006). It is unclear how TCT gains access into the cytosol where it
can be recognized by PGRP-LE. It has been hypothesized that a transmembrane transporter
may aid in the entry of TCT into the cytoplasm, however, no such protein has been
identified. PGRP-LE is also triggered by cytosolic bacteria with DAP-type PGN, like
Listeria monocytogenes (Yano et al. 2008). While both PGRP-LC and PGRP-LE are potent
activators of the IMD pathway, PGRP-LE can also trigger an autophagic response through a
Relish (NF-xB)-independent pathway that is critical to protect the animal against
intracellular pathogens like Listeria (Yano et al. 2008). Interestingly, a cleaved, PGRP-
domain only form of PGRP-LE can be found extracellularly, where it aids the recognition of
DAP-type PGN by the transmembrane receptor PGRP-LC (Kaneko et al. 2006). However, it
is unclear how this cleaved form of PGRP-LE reaches the extracellular milieu. With either
PGRP-LC or PGRP-LE, recognition of DAP-type PGN triggers the IMD signaling pathway,
which in turn leads to the activation of the NF-xB precursor protein Relish (detailed later in
the review).

As in Drosophila, mammalian innate immune signaling pathways respond to many immune
stimuli, including microbial components, endogenous danger signals and pro-inflammatory
cytokines, and converge on the activation of NF-xB. The receptors involved include Toll-
like receptors (TLRs), NOD-like Receptors (NLRs), RIG-I-like Receptors (RLRs), and
cytokine receptors (i.e. TNFR and IL-1R). These receptors are found in many different
subcellular niches, including the cell surface, cytosol, or endosomal compartments. They
recognize a variety of microbial signatures from bacterial, fungal, viral and parasitic
pathogens and trigger overlapping signaling pathways that all lead to the activation of NF-
xB and downstream responses.

The Drosophila NF-xB pathways display some striking similarities, as well as some notable
differences, compared to these mammalian pathways. The paradigm for recognition of
pathogens in the Drosophila Toll pathway is quite different from that exhibited by the
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mammalian TLRs. While mammalian TLRs are directly involved in detecting microbial
derived products, such as LPS, lipopeptides, flagellin and nucleic acids, Drosophila Toll is a
cytokine receptor that responds to microbial challenge indirectly. The key microbe detectors
in the Drosophila Toll pathway are PGRP-SA, PGRP-SD and the GNBPs, which are not
homologous to the TLRs. In case of the IMD pathway, PGRP-LC functions analogously to
the TLRs as a cell surface receptor, and PGRP-LE is more similar to the cytosolic NOD
receptor, although no molecular homology exists between TLRs or NLRs and the
Drosophila PGRPs.

In the next section, we discuss in detail the more similar aspects of Drosophila NF-xB
systems with that of mammals intracellular signal transduction and the mechanism of NF-«xB
activation in the Toll and the IMD pathways. These pathways show a remarkable degree of
similarity to the MyD88-dependent and the MyD88-independent TLR pathways in
mammals, respectively.

3 Intracellular Signaling in the Toll and IMD Pathways

Activation of the Toll or IMD pathways by any of the mechanisms outlined above leads to
robust activation of Drosophila NF-xB/Rel family transcription factors. Recognition of
DAP-type PGN through the IMD pathway triggers the activation of Relish. Activation of
Toll, by Lys-type PGN, fungal cell walls or virulence-associated proteases, leads to the
activation of either of the two p65-like factors—DIF or Dorsal. Each of these pathways uses
distinct set of intracellular signaling components to drive NF-«B activation.

3.1 Toll Pathway

Activation Drosophila of Toll leads to the formation of a receptor proximal signaling
complex containing the adaptor proteins MyD88, Tube and the kinase Pelle. Toll signals
through its intracellular TIR domain, similar to the mammalian TLRs and IL-1R. Toll
interacts with Drosophila MyD88 (homolog of mammalian MyD88) through a homotypic
TIR interaction (Tauszig-Delamasure et al. 2002). MyD88 also has a death domain (DD)
through which it assembles a heterotrimeric complex containing Tube and Pelle (homolog of
the IRAK kinases in mammals) (Horng and Medzhitov 2001; Sun et al. 2002). Both Tube
and Pelle also contain DDs. Tube associates with MyD88 through a homotypic DD
interaction on one surface, while simultaneously recruiting Pelle, through another homotypic
DD interaction, on the opposite surface (Schiffmann et al. 1999; Sun et al. 2002). Assembly
of this signaling complex appears to be sufficient to activate the Toll pathway as over-
expression of the MyD88 TIR domain triggers expression of the Toll pathway target gene
Drosomycin (Tauszig-Delamasure et al. 2002). Recruitment of the kinase Pelle to this
complex triggers its auto-phosphorylation and activation (Sun et al. 2004).

Activation of the kinase Pelle triggers the phosphorylation and degradation of Cactus.
Cactus is the 1xB-like protein which sequesters Dorsal and DIF in the cytoplasm. It is
unclear whether Pelle directly phosphorylates Cactus or if other intermediate kinase(s) are
involved. Although one study reported that Pelle phosphorylates Cactus in vitro (Grosshans
et al. 1994), it remains unclear if Pelle phosphorylates the critical serine residues on Cactus
which are known to be important for Toll signaling (see below for more detail) (Fernandez
et al. 2001), or if Pelle-mediated phosphorylation of Cactus occurs in vivo. Experiments in
which Pelle was forcibly anchored to the plasma membrane demonstrated that localization
of this kinase to the membrane is sufficient to activate Toll signaling and this signaling
requires kinase activity (Galindo et al. 1995). Thus, Pelle localization to the Toll receptor,
via the MyD88 and Tube interaction network, is likely the critical event driving the
activation of Pelle, the subsequent degradation of Cactus, and the nuclear translocation of
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DIF or Dorsal (Galindo et al. 1995; Reach et al. 1996; Edwards et al. 1997; Towb et al.
1998).

3.2 IMD Pathway

Intracellular signaling in the IMD pathway is also likely to involve a receptor—proximal
multi-protein complex. In this pathway, PGRP-LC and PGRP-LE detect DAP-type PGN
through their C-terminal PGN-binding PGRP domain and transduce signal through their
extended N-terminal domains (Choe et al. 2005; Kaneko et al. 2006). Although PGRP-LC
and LE are very similar in their PGRP domain, only a short stretch of about 20 amino acids
is common to their N-terminal domains. In both receptors, deletion or mutation within this
conserved domain abrogates signaling (Kaneko et al. 2006). This conserved domain has
some weak similarity to the RHIM domain found in RIP1 and TRIF, signaling proteins that
function in the mammalian TLR3 signaling pathway (Meylan et al. 2004). The molecular
mechanism by which the RHIM-like domains in PGRP-LC and -LE regulate signaling is
unclear. It may be involved in the dimerization of the entire N-terminal signaling domain,
which has been reported to occur when PGRP-LC is over-expressed, and/or may interact
with an unidentified factor (Choe et al. 2005). One factor that does bind both PGRP-LC and
PGRP-LE is IMD, a death domain-containing protein (Georgel et al. 2001; Choe et al. 2005;
Kaneko et al. 2006; Aggarwal et al. 2008). In the case of PGRP-LE, IMD binding requires
the RHIM-like domain and this is a possible explanation for the function of the PGRP-LE
RHIM-like motif. However, the association between IMD and PGRP-LC maps to another
distinct region, which is not essential for signaling (Kaneko et al. 2006). Together, these
data suggest that the RHIM-like domain of PGRP-LC has a function beyond IMD
recruitment and that direct IMD recruitment to these receptors may not always be necessary
for signaling. Regardless of the mechanism, IMD associates with these receptors and, in
turn, is likely to recruit the Drosophila FADD homolog via a homotypic death domain
interaction (Naitza et al. 2002). FADD, is then known to interact with the apical caspase
DREDD (homolog of mammalian caspase-8) via a homotypic interaction between the death
effector domain (DED) in these proteins (Hu and Yang 2000; Leulier et al. 2002). It will be
interesting to learn whether recruitment of DREDD to the receptor—-IMD-FADD complex is
sufficient for its activation.

DREDD is critical for the initiation of downstream signaling events in the IMD pathway
(Leulier et al. 2000; Stoven et al. 2003). In response to PGN stimulation, IMD is cleaved in
a DREDD-dependent manner at a caspase cleavage site in the N-terminal region (LEKD3%)
(Paquette et al. 2010). Immediately following this cleavage site is a consensus IAP-binding
motif (IBM, 3LAAPV). Both the caspase site and the IBM are highly conserved in multiple
species of Drosophila as well as the Anopheles gambiae mosquito (Paquette et al. 2010).
DREDD-mediated cleavage of IMD exposes the IBM, allowing IMD to associate with the
Drosophila inhibitor of apoptosis 2 protein (DIAP2). The BIR1 and BIR2 domains of
DIAP2 are responsible for interacting with the IBM of cleaved IMD, similar to the IBM-
BIR interactions observed in the regulation of caspase-mediated programmed cell death (Shi
2002). Further in vivo evidence demonstrating the important role for the IBM-mediated
association is provided by the imd? allele. This strong hypomorphic allele carries the
relatively conserved substitution of Ala3! to Val, disrupting the IBM and markedly
interfering with the association between cleaved-IMD and DIAP2 (Paquette et al. 2010).

DIAP2, similar to other IAP proteins, also includes a C-terminal RING domain, which is
also critical for the IMD signaling pathway (Huh et al. 2007). In fact, DIAP2 lacking a
functional RING domain fails to support IMD signaling and the RING domain is essential
for the robust ubiquitination of IMD that is observed following its cleavage and association
with DIAP2. IMD is conjugated with K63-polyubiquitin chains, similar to what is observed
with the mammalian RIP1 and TRAF6 proteins in TNFR and IL-1R signaling, respectively
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(Ea et al. 2006; Lamothe et al. 2007). IMD ubiquitination involves two distinct E2 ubiquitin-
ligase enzymes, which appear to act in a partially redundant manner (Zhou et al. 2005;
Paquette et al. 2010). Uev1la, Bendless (Ubc13) form a well-established K63-chain
generating enzyme complex (Hofmann and Pickart 1999; Windheim et al. 2008). Effete
(Ubc5) has recently been shown to generate K63-chains, but can also generate other types of
polyubiquitin (including K48 and linear ubiquitin chains) depending on the context
(Kirkpatrick et al. 2006; Jin et al. 2008; Bianchi and Meier 2009). IMD fails to be
ubiquitinated only when both Bendless/Uev1a and Effete ubiquitin conjugation enzymes are
knocked down (Paquette et al. 2010). It is not yet clear what types of polyubiquitin chains
Effete generates in the IMD signaling pathway. Polyubiquitinated IMD has been proposed to
act as a scaffold for recruiting the downstream kinases TAK1 and IKK, via ubiquitin binding
domains found in their partners TAB 2 and IKKy, respectively, similar to mammalian NF-
kB signaling (Kanayama et al. 2004; Zhuang et al. 2006; Bianchi and Meier 2009; lwai and
Tokunaga 2009). Once recruited and activated, TAK1 activates IKK, which in turn
phosphorylates the NF-xB precursor protein Relish (Vidal et al. 2001; Silverman et al. 2003;
Stoven et al. 2003; Erturk-Hasdemir et al. 2009). Relish is also cleaved, likely by the
caspase DREDD, resulting in the uncoupling of the C-terminal IxB-like domain from the N-
terminal NF-xB module, thereby allowing the N-terminal Rel Homology Domain (RHD) to
translocate into the nucleus, while the C-terminal domain remains in the cytoplasm (Stoven
et al. 2003). Although Relish phosphorylation is dispensable for its cleavage, it appears to
enhance the activity of Relish as a transcription factor in the nucleus (Erturk-Hasdemir et al.
2009). In a separate arm of the pathway, TAK1 also activates the JINK kinase, which in turn
triggers the phosphorylation and nuclear translocation of the AP-1 transcription factor (refer
to Fig. 2 for IMD pathway model).

Toll and IMD signaling pathways culminate in the activation of the Drosophila NF-xB
transcription factors Dorsal, DIF and Relish. Since the structure and function of these NF-xB
members are very similar to mammals, a quick glance at the NF-xB factors in general, will
enable us to appreciate the similarities in the regulation of NF-xB proteins in these systems.

4 NF-kB Proteins

The NF-«B/Rel family of transcription factors are master regulators of host immune
responses in mammals as well as in Drosophila. In mammals, this family includes the Rel
proteins (RelA (p65), RelB, c-Rel) and NF-«B precursor proteins (NF-xB1 (p105) and NF-
kB2 (p100)). In Drosophila, the NF-xB/Rel family includes two p65-like factors—dorsal
and DIF, and one NF-«B precursor protein, Relish. NF-xB proteins are subdivided into four
classes based on their structure and evolutionary divergence (Huguet et al. 1997; Liang et al.
2004). Class I includes c-Rel, RelA (p65) and RelB. The class | proteins contain a conserved
300 residue N-terminal RHD which includes a nuclear localization signal (NLS) and
mediates their interaction with DNA, IxB inhibitory proteins, and other Rel proteins. 1xB
proteins contain ankyrin repeats through which they associate with the RHDs and mask their
NLS, sequestering them in the cytosol of unstimulated cells. In addition, class | NF-«xB
factors contain a C-terminal transactivating domain. In the classical NF-«B pathway, pro-
inflammatory stimuli (e.g.: LPS) trigger the activation of IKKg, which in turn
phosphorylates IxBa on serines 32 and 36 (Brown et al. 1995; Traenckner et al. 1995).
Phosphorylated 1xBo is then recognized by the -TrCP-SCF ubiquitin ligase complex, K48-
ubiquitinated, and degraded by the proteasome, thereby releasing NF-«B to translocate into
the nucleus. Class | NF-«xB factors form homo- or heterodimers, with p65-p50 heterodimers
being the most common and well studied. While many of these dimers are transcriptionally
active, some dimers, such as p50 or p52 homodimers, can be repressive (Ghosh et al. 1998).
Drosophila Dorsal and DIF also belong to class I, and exhibit about 40% identity within the
RHD of the mammalian Rel proteins in this group (Steward 1987; Meng et al. 1999;
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Minakhina and Steward 2006). The mechanism of their regulation is very similar to
mammals, as discussed above and below.

In contrast to regulation of class | NF-xB members by IxB proteins, class II members are
auto-regulated by their own inhibitory domains. For example, NF-xB1 and NF-xB2 (p105,
p100) harbor inhibitory ankyrin repeats in their C-terminus, in addition to the N-terminal
RHD domain. NF-xB1 and NF-xB2 are activated by phosphorylation, ubiquitination and
partial proteasomal degradation of the ankyrin repeats. This processing results in the
removal of the inhibitory C-terminal ankyrin repeats, to reveal the active subunits, p50 and
p52, respectively (Perkins 2007). It should be noted that activation of p100 follows a non-
canonical pathway that is independent of IKKf and instead involves activation of IKKa.
IKKa in turn phosphorylates p100 and marks it for controlled degradation (Senftleben et al.
2001). Proteasomal processing of p105 is thought to occur constitutively, by a co
translational mechanism (Lin et al. 1998). Although Drosophila Relish is structurally similar
to NF-xB1 and NF-xB2, phylogenetic analysis suggest it should be placed in a separate
class, class Il1, because it may have evolved from an earlier ancestor of both the class | and
class Il factors (Huguet et al. 1997). Consistent with this molecular evolutionary analysis,
Relish regulation is distinct from that of NF-xB1 and NF-xB2. It is not activated by partial
proteasomal degradation, but instead is endoproteolytically cleaved by a caspase to uncouple
the inhibitory C-terminal 1xB-like ankyrin repeats from the N-terminal RHD. Both cleavage
products appear to be relatively stable; the N-terminal RHD translocates to the nucleus to
activate target genes while the C-terminal 1xB-like domain remains in the cytosol (Stoven et
al. 2003; Erturk-Hasdemir et al. 2009).

Class 1V, is occupied by the related NF-AT family of transcription factors. Although NF-AT
proteins are structurally and phylogenetically related to the NF-«B RHD domain, and
function in the immune response, the mechanism of activation is distinct and their most well
studied functions are in the adaptive immune response (Huguet et al. 1997). Therefore, they
will not be discussed further here, but more information can be found in these reviews (Rao
et al. 1997; Serfling et al. 2004).

4.1 Dorsal and DIF

Drosophila Dorsal was the first identified NF-«B protein in Drosophila, due to its role in
early embryonic patterning. In particular, dorsal was identified as one of the 12 maternal
effect genes that drive the expression of zygotic genes required for the normal development
of the dorso-ventral pattern in the developing embryo. Loss of function mutation in 11 of
these genes, results in dorsalized embryos, while loss of function of the 12th gene, cactus,
results in a ventralized embryo (Anderson and Nusslein-Volhard 1984; Roth et al. 1989;
Schupbach and Wieschaus 1989). Together, these genes identified the Toll pathway. During
embryogenesis, developmental cues activate Toll signaling on the ventral side, leading to
Cactus degradation and creating a gradient of nuclear Dorsal (Roth et al. 1989; Steward
1989). Dorsal, in turn, drives the transcription of key genes, required for creating the body
axis, like twist and snail (Jiang et al. 1991; Pan et al. 1991; Thisse et al. 1991; Ip et al.
1992). Although dorsal and the Toll pathway were initially identified for their role during
development, the identification of xB-binding motifs in the promoter/enhancer regions of
several AMP genes suggested that humoral response may also be regulated by NF-«xB
factors (Engstrom et al. 1993; Georgel et al. 1993; Kappler et al. 1993).

Subsequently, two other Drosophila NF-xB factors, DIF and Relish, were discovered (Ip et
al. 1993; Dushay et al. 1996). Rapidly thereafter, Relish was linked to Gram-negative
response through the IMD signaling pathway (Hedengren et al. 1999), while Toll-mediated
humoral responses were shown to be DIF and/or Dorsal dependent (Ip et al. 1993;
Manfruelli et al. 1999; Meng et al. 1999; Rutschmann et al. 20003, b). In larvae, DIF and
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Dorsal function in a redundant fashion to control AMP gene expression (humoral immunity)
and promote blood cell survival (cellular immunity) (Ip et al. 1993; Manfruelli et al. 1999;
Matova and Anderson 2006, 2010). However, in adults, humoral responses are primarily
controlled by DIF (Rutschmann et al. 200043, b).

Like p50/p65 in mammals, Dorsal and DIF are regulated by the 1xB protein Cactus (Geisler
etal. 1992). Cactus is the only identified 1xB protein in Drosophila and has six ankyrin
repeats. In unstimulated cells, Dorsal exists in a complex with Cactus in the cytoplasm
mediated by an interaction between the RHD of Dorsal and the ankyrin repeats of Cactus
(Govind et al. 1992; Kidd 1992; Isoda and Nusslein-Volhard 1994; Tatei and Levine 1995).
Toll activation results in the phosphorylation, K48-ubiquitination and degradation of Cactus,
thereby releasing Dorsal which leads to its translocation into the nucleus (Belvin et al. 1995;
Bergmann et al. 1996; Govind et al. 1996; Reach et al. 1996; Wu and Anderson 1998;
Fernandez et al. 2001; Sun et al. 2004). The kinase that phosphorylates Cactus remains
unclear. As mentioned earlier, Pelle may directly phosphorylate Cactus or other unidentified
kinases may function here. Although Drosophila IKKg has been shown to phosphorylate
Cactus in vitro (Kim et al. 2000), neither IKKS (ird5) nor IKKy (kenny) are required for Toll
signaling in vivo (Rutschmann et al. 2000a, b; Silverman et al. 2000; Lu et al. 2001). Studies
to identify the regulatory region in Cactus required for its signal-dependent degradation
implicated serines at positions 74, 78 and 116 (Belvin et al. 1995; Bergmann et al. 1996;
Reach et al. 1996; Fernandez et al. 2001). These residues are found in two motifs that are
both similar to the phosphorylation sites at serine 32 and 36 of IxBa. However, regulation of
Cactus degradation has been speculated to be much more complicated than 1xBa, since
mammalian 1xkBa has only three serines N-terminal of the ankyrin repeats while Cactus has
36 serines in this region. Moreover, these mechanisms should also allow for graded
degradation of Cactus, as observed during dorsal-ventral patterning, while IxBa does not
exhibit such a phenomenon (Fernandez et al. 2001). As mentioned above, S-TrCP, an F-box
protein was originally found to be important for the K48-ubiquitination and degradation of
phosphorylated IxBa in mammalian cells (Spencer et al. 1999; Winston et al. 1999).
Similarly, Drosophila mutants deficient in Slimb (Drosophila homolog of g-TrCP), exhibit
reduced expression of Dorsal target genes, twist and snail, suggesting that this is a shared
mechanism of Cactus degradation in Drosophila and mammals (Spencer et al. 1999). One
study indicated that Cactus degradation may not be sufficient to facilitate the robust nuclear
translocation of Dorsal in embryos (Bergmann et al. 1996), and other studies suggest that
Dorsal must also be phosphorylated for optimal nuclear localization (Whalen and Steward
1993; Gillespie and Wasserman 1994; Drier et al. 1999, 2000). Though both Dorsal and DIF
are controlled by the Toll pathway, many of the above described specifics of signal-
dependent activation of Dorsal have not been examined in detail for DIF. Once in the
nucleus, DIF, and to a lesser degree Dorsal, activate a robust set of immune responsive
genes (Lemaitre et al. 1996; De Gregorio et al. 2001; 2002; Irving et al. 2001).

Relish, a NF-xB precursor protein similar to p100 and p105, is activated by endoproteolytic
cleavage at aspartate 545, within a caspase target site (LQHD) (Stoven et al. 2000; 2003;
Cornwell and Kirkpatrick 2001). Relish is thought to be cleaved directly by the caspase
DREDD for a number of reasons. DREDD directly interacts with Relish (Stoven et al.
2003), and Relish cleavage is completely abrogated in DREDD mutants (Stoven et al. 2003).
Immunoprecipitated DREDD cleaves recombinant Relish in vitro (Erturk-Hasdemir et al.
2009). Moreover, RNAi knockdown of the other known Drosophila caspases have been
reported to have no effect on Relish processing (Stoven et al. 2003; Erturk-Hasdemir et al.
2009). Following processing, the cleaved N-terminal portion of Relish which contains the
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DNA binding RHD domain translocates into the nucleus, while the C-terminal portion
remains in the cytoplasm.

In addition to cleavage, Relish is also regulated by signal-induced phosphorylation. In
particular, the Relish N-terminus is phosphorylated at two adjacent serines, 528 and 529, by
the Drosophila IKK complex (Erturk-Hasdemir et al. 2009). This phosphorylation of Relish
does not play a role in its cleavage, as evident from the normal cleavage observed in the
non-phosphorylatable SS528/529AA Relish mutant. Instead, phosphorylation of Relish
facilitates the recruitment of RNA polymerase |1 to the transcription start site of the AMP
gene Diptericin (Erturk-Hasdemir et al. 2009).

Although IKK induced phosphorylation of Relish is not required for its cleavage, the IKK
complex has a critical, non-catalytic role in Relish cleavage. Relish cleavage is abolished in
ird5 (IKKg) or kenny (IKKy) null mutants, but is rescued by expression of a kinase-dead
IKKS (Stoven et al. 2003; Erturk-Hasdemir et al. 2009). The mechanism by which the IKK
complex functions non-catalytically to support Relish cleavage is unclear. One possible
explanation may lie in the connection between IKK and the very C-terminal 107 amino
acids of Relish. This domain is C-terminal to the 1xB-like ankyrin repeats (Fig. 3), and is
required for both phosphorylation and cleavage of Relish (Stoven et al. 2003). However,
mutation of all serines and threonines in this region did not interfere with Relish
phosphorylation and cleavage, indicating that this region is not a target for IKK catalytic
activity (Erturk-Hasdemir et al. 2009). On the other hand, this C-terminal 107 amino acid
region is responsible for the interaction between Relish and IKKg, suggesting that a lack of
association between these two proteins prevents both signaling and cleavage.

In addition to the caspase target site, the IKK phosphorylation sites and the IKK interaction
site, other regions in Relish also modulate its activity. Relish contains a PEST domain near
its C-terminus (Fig. 3), similar to mammalian p105. Although the p105 PEST domain
contains IKK phosphorylation sites and is important for its proteasomal degradation, the
Relish PEST domain is not involved in signal-induced cleavage or activation. On the other
hand, PEST deleted Relish seems to exhibit enhanced nuclear localization and target gene
expression (Stoven et al. 2003). A similar phenotype is also observed with deletion of a
serine rich stretch in the Relish N-terminus (Fig. 3). Therefore, these two domains have been
proposed to negatively regulate the nuclear translocation of Relish (Stoven et al. 2003).
However, the specific mechanism involved in this regulation is not clear.

Cleavage of Relish results in a 68 kDa N-terminal fragment which includes the RHD
domain and a 49 kDa C-terminal fragment containing the ankyrin repeat domain. Over
expression of the N-terminal 69 kDa portion is sufficient to induce the expression of some
AMP genes, but does not recapitulate the response seen with fully activated Relish,
consistent with the notion that Relish must be phosphorylated for its full activity. However,
the expression of the C-terminal ankyrin repeat domain separately, doesn’t hinder the
activation of Relish (Wiklund et al. 2009), unlike the inhibitory effect exerted on NF-xB
activation when 1xBa is overexpressed in mammalian cells.

4.3 Transcriptional Regulation of NF-kB Targets

Once inside the nucleus, Dorsal, DIF and Relish bind to their corresponding B sites in the
promoter/enhancer region of AMP and other target genes. Mammalian NF-«B/Rel factors
bind a similar kB consensus motif [GGG(G/A)NN(T/C)(T/C)CC] (Baeuerle 1991).
However, the exact composition of Rel protein dimers and associated co-activators bound to
particular elements depends on the specific sequence of the xB site, as well as on other
nearby transcription factors (Gross et al. 1996; Leung et al. 2004). One elegant study in the
Drosophila immune response combined expression profiling of wild type, relish, or spz, or
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relish, spz animals and bioinformatic analysis of promoter sequences to identify Relish- and/
or DIF-responsive B sites (Busse et al. 2007). In particular, DIF prefers a sequence with
three Gs followed by 4-5 AT-rich nucleotides [GGGAAA(A/T/G)(C/T)CC] while Relish
prefers 4 Gs followed by a shorter AT-rich stretch [GGGGATT(T/C)(T/C)(T/C)]. Some
sites were also found to bind both Relish and DIF, e.g. perfect palindromes
[GGGAATTCCC] (Busse et al. 2007). The nature of the «B-sites found upstream of
individual AMP genes (and other immune responsive genes) determines whether each gene
will respond to Toll or IMD signaling (or both). For example, Tanji et al. 2007 reported that
Drosomycin has two «B sites, one of which preferentially responds to Toll/DIF while the
other also responds to IMD/Relish signaling. Optimal Drosomycin induction involves
activation of both pathways and signaling through both «B sites. Similar complexity is found
at other AMP genes, too; Attacin-A has two separate B sites, one for DIF and one for
Relish binding, and mutation of the DIF site renders it completely IMD pathway dependent
(Busse et al. 2007). The enhancer region of Metchnikowin contains one «B site, which
allows the binding of both DIF and Relish, in addition to two other Relish-specific sites
(Levashina et al. 1998; Senger et al. 2004; Busse et al. 2007) (Fig. 3).

While DIF and Dorsal were believed to predominantly form homodimers, studies by Han
and Ip (1999) indicated that DIF, Dorsal and Relish may form heterodimers and
cooperatively regulate the expression of certain AMPs (Gross et al. 1996; Han and Ip 1999).
For example, expression of Drosomycin, a Toll-dependent gene is greatly enhanced by the
co-expression of Relish and DIF. Moreover, Relish was found to interact with both DIF and
Dorsal under overexpressed conditions (Han and Ip 1999). This idea is further supported by
the recent evidence that synergistic activation of both Toll and IMD pathways is important
for Drosomycin expression (Tanji et al. 2007). Consistent with this idea, a novel Dif/Relish
heterodimer binding sequence, GGGA(A/T)TC(C/A)C, distinct from that of Dif or Relish
homodimers was identified by Senger et al. 2004. Interestingly, the —147 B site
GGGGAACTAC in the enhancer region of Drosomycin closely resembles this DIF/Relish
site (Senger et al. 2004). As in mammals, permutation of different homo/heterodimers of
Drosophila Rel proteins may expand the regulatory potential of these proteins and further
experimental data are needed to clarify these possibilities.

Optimal expression of AMP genes relies not only on the Rel-binding sites, but also depends
on other regulatory regions in their promoter/enhancers (Uvell and Engstrom 2003; Senger
et al. 2004). GATA sites (consensus: (no G) GATAA (no A) (no T)) have been found in
close proximity to Rel binding sites and oriented in the same direction as the Rel sites in
almost one-third of the immune responsive genes in Drosophila (Senger et al. 2004).
Inversion of this orientation upstream of Metchnikowin or CecropinAl genes reduces their
expression (Kadalayil et al. 1997; Senger et al. 2004). The authors propose that this peculiar
orientation might provide a platform for the appropriate interaction between the GATA-
binding transcription factor Serpent and the Rel proteins. Moreover, it may also allow the
cooperative assembly of other factors required for transcription (Petersen et al. 1999; Senger
et al. 2004).

Another distinct regulatory region found in many AMP genes is the ‘R1 motif’. The R1
element was best studied in the CecropinA gene where it is found in addition to xB and
GATA sites. B and R1 sites independently regulate CecA expression through different
transcription factors. Similar to xB, R1 binding activity is induced by immune challenge and
R1 sites are essential for the proper expression of CecA, although, it is not clear how these
R1 factors are regulated in response to immune challenge. R1 motif is also found in the
upstream regions of other AMPs such as Defensin, Drosomycin and Metchnikowin (Uvell
and Engstrom 2003). Many AMP genes also harbor binding sites for the JINK pathway
transcription factor AP-1. Their functions remain controversial, but most likely they act as
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repressors of the NF-xB-mediated Drosophila humoral response, as discussed below (Kim et
al. 2005; 2007).

5 Co-activators of Drosophila Rel Proteins

Rel transcription factors in Drosophila function in concert with co-activator proteins to drive
the transcription of their target genes. DIF interacts with the co-activator dTRAP8O0, to
induce transcription of target genes such as Drosomycin. dTRAP80 is a component of the
multi-protein transcriptional Mediator co-activator complex (Park et al. 2003). In mammals,
the co-activator protein called CREB-binding protein (CBP) assists NF-«B in the expression
of certain immune effectors like IL-6 and IFNS (Merika et al. 1998; Vanden Berghe et al.
1999; Qin et al. 2005). Similarly, maternally expressed Drosophila CBP (dCBP) is essential
for the expression of the dorsal target gene, twist, during larval development. Dorsal
interacts directly with dCBP through its RHD domain (Akimaru et al. 1997). The role of
dCBP in the immune response has not been thoroughly examined. Another regulator of
Dorsal and DIF dependent transcription is Deformed epidermal autoregulatory factor
1(DEAF1) (Reed et al. 2008; Kuttenkeuler et al. 2010). Many AMP genes such as
Drosomycin and Metchnikowin have Deafl-binding sites (“TTCGGNT”) in their upstream
regions and mutating these sites reduces their signal-dependent expression. Moreover, its
strict nuclear localization and epistatic analysis have indicated that it might function together
with DIF and Dorsal to drive AMP gene expression. Although it does not seem to influence
Relish dependent transcription, Deafl regulation is not completely clear (Kuttenkeuler et al.
2010). Another possible co-activator family, involved in the immune response is the “POU”
domain proteins Pdm1, Pdm2 and Dfr, which were identified as potential regulators of DIF-
mediated CecropinA expression (Junell et al. 2007).

Akirins are a conserved class of proteins that modulate NF-xB activation in both Drosophila
and mammalian innate immune pathways. Akirin has been proposed to be a co-activator of
Relish, since knockdown of Akirin decreases Diptericin expression and epistatic analysis
has placed it at the level of or downstream of Relish in the IMD pathway. Its strict nuclear
localization further adds support to this hypothesis (Goto et al. 2008). Akirin does not
contain any known DNA-binding domains and a direct interaction between Relish and
Akirin was not detected. Mammals express two nuclear Akirin proteins. Although, the
function of Akirinl remains unclear, with no obvious phenotypes, the Akirin2 knockout is
embryonic lethal. Fibroblasts from these knockout embryos showed defects in the
production of an NF-«xB-dependent cytokine, IL-6 in response to TNF, IL-1 and LPS,
suggesting a function similar to Drosophila Akirin (Goto et al. 2008).

Another possible co-activator, known as Helicase89B, is critical for Rel protein-dependent
transcription of both Toll and IMD target anti-microbial genes in Drosophila larvae.
Curiously, Helicase89B does not appear to be critical for immune responses in the adult fly
(YYagi and Ip 2005). Helicase89B is a SNF-like ATPase, most similar to yeast Motlp. Like
Motlp, Hel89B was also reported to interact with TATA-binding protein (TBP) and thus,
may function as an adaptor protein that links the Rel protein with the basal transcription
complex. However, no direct interaction was observed between Hel89B and Rel proteins so
its exact function requires further clarification (Yagi and Ip 2005).

6 Negative Regulators of the Toll and IMD Pathways

6.1 Catalytic PGRPs

While non-catalytic PGRPs such as PGRP-SA/SD, LC/LE function as PGN-binding
receptors and activate the Toll and the IMD pathways, the catalytically active PGRPs
negatively regulate the IMD pathway by degrading microbial PGN (Bischoff et al. 2006;
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Zaidman-Remy et al. 2006). As mentioned earlier, these PGRPs are type 2 amidases that
cleave the amide bond separating the L-Ala in the stem peptide from the glycan backbone of
PGN, greatly diminishing its immunostimulatory activity. In Drosophila, PGRP-LB, PGRP-
SB1, PGRP-SCla/b are known PGN processing amidases. Also, PGRP-SB2, and PGRP-
SC2 are predicted to have amidase activity, based on the presence of a complete catalytic
site (Werner et al. 2000; Kim et al. 2003; Mellroth et al. 2003; Bischoff et al. 2006; Mellroth
and Steiner 2006; Zaidman-Remy et al. 2006). In addition, genetic studies using RNAi to
knockdown either PGRP-LB or PGRP-SC1/2 in vivo firmly established that these amidases
are important to down-modulate the IMD pathway, both systemically and in the gut
(Bischoff et al. 2006; Zaidman-Remy et al. 2006).

Distinct from the type 2 amidase activity discussed above, PGRP-SA was shown to possess
an L,D-carboxypeptidase activity, which enables it to specifically cleave DAP-type PGN. It
was proposed that this activity functions as an “editor’ allowing PGRP-SA to signal Toll
activation following binding of lysine-type PGN while binding to DAP-type PGN would
instead, lead to the digestion of the PGN without signaling (Chang et al. 2004). However,
this model is yet to be tested.

The four human PGRPs (also known as PGLYRPs) also function in host defense.
PGLYRP-2 is a catalytic amidase and likely functions by down-modulating PGN-induced
innate immune response in mammals, much like the catalytic Drosophila PGRPs (Royet and
Dziarski 2007). On the other hand, the three non-catalytic mouse PGRPs, PGLYRPL1, 3, and
4, do not appear to function as PGN receptors, as observed in the Drosophila system.
Instead, these PGN-binding proteins appear to be directly bactericidal and, for example,
contribute to microbial killing by DNA NETS released by activated neutrophils (Cho et al.
2005; Royet and Dziarski 2007).

6.2 Negative Regulators of Toll Signaling

Necrotic (nec) is a member of the SERine Protease INhibitor (serpin) family. nec mutants
display constitutive activation of Toll and spontaneous Drosomycin expression and
melanization (Levashina et al. 1999; Ligoxygakis et al. 2002). In fact, the previously
mentioned protease-recognition system featuring Persephone (psh) was identified in a screen
for suppressors of the necrotic (nec) phenotype (Ligoxygakis et al. 2002). Toll activation
leads to the cleavage of Nec, removing its N-terminal polyglutamine extension. In vitro,
cleaved Nec is still an active serpin, in some cases displaying increased activity. Thus, this
feed back mechanism may regulate the protease pathways that control Spéatzle processing
(Pelte et al. 2006).

The Drosophila genome encodes for 29 serpins, including nec, some of which are also
involved in regulating Toll activation and other aspects of the immune response. For
example, Serpin-27A and Serpin-28D are major regulators of melanization (Ligoxygakis et
al. 2002; Scherfer et al. 2008) while Serpin5 was recently linked to controlling Toll (Ahmad
et al. 2009). Serpin-27A also controls the Spatzle processing protease Easter in the dorsal—-
ventral patterning pathway (Hashimoto et al. 2003; Ligoxygakis et al. 2003). Serpin 77Ba
regulates the protease cascade that controls melanization, but seems to function specifically
in the trachea. Interestingly, the up-regulation of tracheal melanization observed in the
Spn77Ba mutant indirectly activates the Toll pathway and Drosomycin expression, through
the Persephone serine protease cascade (Tang et al. 2008).

Cactus and Wnt inhibitor of Dorsal (WntD) are both feedback inhibitors of the intracellular
Toll signaling pathway (Nicolas et al. 1998; Ganguly et al. 2005; Gordon et al. 2005). As
described previously, Cactus sequesters Dorsal in the cytoplasm of unstimulated cells and
prevents its nuclear localization. Cactus is also an early target of DIF/Dorsal transcriptional
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activation. Newly synthesized Cactus can then sequester DIF or Dorsal in the cytoplasm,
down-modulating the response. Similarly, WntD also inhibits Dorsal activation, although the
mechanism is not clearly understood. wntD mutants display elevated levels of nuclear
Dorsal even in unstimulated conditions. Loss of WntD alters the transcriptional profile of
embryonic genes, AMPs and other immune genes in response to infection (Ganguly et al.
2005; Gordon et al. 2005, 2008). For example, Listeria infection causes elevated expression
of certain immune genes in wntD mutants, among which edin (elevated during infection)

and eiger, in particular, have been shown to be necessary to fight the infection efficiently. At
the same time, over-expression of these same proteins can also reduce the survival of flies
(Dionne and Schneider 2008; Gordon et al. 2008), indicating that WntD acts a checkpoint to
ensure controlled activation of immune responses against pathogens. It should be noted that
Drosophilaeiger is a TNF family member. eiger has been shown to play a protective role
particularly against extracellular pathogens, by activating cellular defenses such as
phagocytosis. As mentioned above, when expressed at higher levels, eiger can also
exacerbate the pathology of disease, probably through its ability to promote programmed
cell death, similar to TNF (Schneider et al. 2007; Narasimamurthy 2009). However, eiger
does not seem to be a component of the conventional Toll and IMD pathways, and a link to
Drosophila Rel proteins, if any, is yet to be identified.

6.3 Negative Regulators of IMD Signaling

Rudra/PIMS/Pirk (hereafter Rudra) is a negative feedback regulator of IMD signaling that
was identified as a PGRP-LC interacting protein in a yeast two-hybrid screen. Rudra
interacts with both the PGN receptors of the IMD pathway, PGRP-LC and PGRP-LE, at
least in part, through the conserved RHIM domain that is critical for signaling by both
receptors (Aggarwal et al. 2008). Rudra is induced by PGN stimulation and associates with
both the receptors as well as with the IMD protein, and disrupts the receptor proximal
signaling complex (Aggarwal et al. 2008; Kleino et al. 2008). In addition, Rudra may also
traffic PGRP-LC to the lysosome, for degradation (Lhocine et al. 2008). Rudra not only
prevents the hyper-activation of the IMD pathway in response to pathogens, but also
maintains intestinal homeostasis by preventing the induction of AMPs by commensal
bacteria (Lhocine et al. 2008).

Caudal, a homeobox encoding transcription factor, is another negative regulator of AMP
expression, e.g. Diptericin and Cecropin, that functions in the gut to prevent IMD activation
by commensal bacteria (Ryu et al. 2008). Gut-specific knock-down of caudal perturbs the
balance of gut commensal populations, resulting in the dominance of certain microbes that
are only minor members of the gut microbiota in wildtype animals. The dominance of these
microbes causes an apoptotic pathology in the Drosophila midgut epithelium. This
phenomenon is seen in conventionally reared flies, but not in germ free flies which are
devoid of gut commensal flora (Ryu et al. 2008). Caudal also regulates constitutive, NF-xB-
independent expression of Drosomycin and Cecropin in certain local epithelial tissues such
as salivary glands, through Caudal binding sites in their promoter regions (Ryu et al. 2004).

Caspar is another negative regulator of the IMD pathway. Caspar is homologous to human
Fas associated factor (FAF1) protein, which inhibits NF-«B activation by various
inflammatory signals such as TNF, LPS, IL-15. FAF1 is thought to function by interacting
with p65/RelA and retaining p65 in cytoplasm (Park et al. 2004a, b). Caspar-deficient flies
produce Diptericin in the absence of immune challenge and are more resistant to bacterial
infections (Kim et al. 2006). Epistasis experiments with over-expressed Caspar and IMD
signaling components suggested that Caspar functions by inhibiting DREDD (Kim et al.
2006). Further, Caspar contains a DED interaction domain, similar to FAF1, and this may
mediate its interaction with the DED domain of Drosophila DREDD. Caspar also contains
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ubiquitin-associated (UAS) domains and ubiquitin-like domains, but whether any of these
domains regulate IMD signaling awaits experimental data.

Several reports suggest that IMD pathway may also be regulated by the ubiquitin—
proteasome pathway. RNAI knockdown of Defense repressor protein (DNR1), both in vitro
and in vivo results in constitutive Diptericin expression even in non-immune challenged
conditions (Foley and O’Farrell 2004; Guntermann et al. 2009). Although its exact role in
the IMD pathway is not clear, DNR1 contains a conserved RING domain, characteristic of
ubiquitin E3 ligases, suggesting that DNR1 may mediate ubiquitination of some IMD
pathway component (Foley and O’Farrell 2004). In fact, a recent report showed that DNR1
RING domain could target DREDD for proteasomal degradation (Guntermann et al. 2009).
Another finding that suggests a role for ubiquitin-/proteasome-mediated degradation in the
down-modulation of the IMD pathway is that flies deficient in SCF ubiquitin-ligase
components Slimb and dcullinl exhibit spontaneous Relish dependent Diptericin expression.
This indicates that K48-ubiquitination and proteasomal degradation of certain signaling
components may be involved in tuning down the signal (Khush et al. 2002). How, or if,
DNR1 and the SCF function together is unknown.

Removal of K63-ubiquitin linkages associated with IMD is another mechanism by which the
IMD pathway is regulated. As described above, following PGN stimulation, IMD is K63
ubiquitinated in a DREDD- and DIAP2-dependent manner. dUSP36, a de-ubiquitinase
(DUB), targets this ubiquitination event to down-regulate Diptericin expression in response
to PGN. USP36 removes K63-polyubiquitin chains from IMD and then appears to increase
the addition of K48-ubiquitin chains and degradation of IMD (Thevenon et al. 2009). The
E3 ligase for K48-ubiquitination of IMD is not yet identified, but DNR1 or Slimb are both
candidates. This is reminiscent of RIP1 regulation by A20 in mammalian cells. A20 exhibits
both similar K63 de-ubiquitinating and a separate K48 ubiquitin ligase activity, and is often
referred to as an ‘ubiquitin editor’ (Wertz et al. 2004). In mammals, in addition to A20,
several other DUBs such as CYLD, DUBA, and Caezanne down-regulate NF-xB activation
by removing K63 ubiquitin linkage in key signaling proteins such as RIP1, TRAF6 and
IKKy (Evans et al. 2001; Kayagaki et al. 2007; Enesa et al. 2008; Friedman et al. 2008). In
this context, it would be interesting to know whether IKKy also gets ubiquitinated in the
IMD pathway. Interestingly, Drosophila also expresses a homolog of CYLD, with
deubiquitinase activity, and among its other functions, Drosophila CYLD has also been
implicated in anti-bacterial responses (Tsichritzis et al. 2007; Xue et al. 2007). These studies
show a strong conservation of negative regulatory mechanisms in NF-xB pathways from
flies to mammals.

The two branches of the IMD signaling cascade, leading to JNK and Relish activation, have
been shown to down-regulate each other (Park et al. 20044, b). Certain genes induced by
Relish can target TAK1 for degradation and thus, reduce the activation of the JINK pathway
(Park et al. 20044, b). A specific example is Plenty of SH3s (POSH), which is up-regulated
by Relish. POSH, in turn, regulates the duration of JINK and Relish activation, downstream
of TAK1 in the IMD pathway. POSH is a RING finger containing E3 ligase. On one hand, it
is important for the timely initiation of JNK and Relish dependent transcription, while on the
other hand, it triggers the proteasomal degradation of TAK1 by the E3 ligase activity of its
RING domain (Tsuda et al. 2005). Thus, POSH seems to play two contradictory roles in
IMD signaling by regulating the amount of activated TAK1. JNK signaling also inhibits
Relish-mediated transcription. In particular, the Drosophila AP-1 and STAT proteins (Jra
and STATO92E), along with a HMG protein Dspl1 form a repressome complex on the Attacin-
A promoter replacing Relish, thereby inhibiting Relish-dependent transcription. This
repressome was reported to function by recruiting a histone deacetylase dHDAC1 and
altering the chromatin structure of the Relish target promoter region (Kim et al. 2005, 2007).
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Although many Relish target genes contain AP-1 sites, this regulatory antagonism, between
AP-1/STAT and Relish, has not yet been examined in detail at other AMP gene promoters.
A similar negative regulatory mechanism has been observed with the CREB family
transcription factor ATF3 in mammals. ATF3, induced by TLR4 signaling, inhibits LPS
induced NF-«B transcription of certain cytokines such as IL-6 and IL-12 in a negative
feedback loop. Similar to the Drosophila AP-1/STAT proteins, ATF3 also functions by
associating with HDACL and altering the chromatin acetylation status (Gilchrist et al. 2006).

7 Beyond AMPs

7.1 Anti-viral Immunity

Drosophila mounts potent responses not only against bacterial and fungal pathogens, but
also against viruses. However, it appears that these anti-viral effects may not be mediated by
the AMPs that are induced by the Toll and the IMD pathways. Infection of flies with Cricket
Paralysis virus (CrPV) and Drosophila C virus (DCV) does not induce AMP expression, and
forced expression of single AMPs during the course of infection also does not protect the
host (Sabatier et al. 2003; Dostert et al. 2005; Zambon et al. 2005; Tsai et al. 2008).
However, mutants lacking various components of the IMD pathway are less efficient in
clearing CrPV, indicating that other immune related functions of the IMD pathway, such as
apoptosis may be playing a role (Costa et al. 2009). Similarly, in the case of Drosophila X
virus, Toll pathway mutants were more sensitive (Zambon et al. 2005). The JAK-STAT
pathway, a separate immune response pathway not involving NF-«B factors, is critical to
control other viral infections, e.g. DCV infection (Dostert et al. 2005; Hedges and Johnson
2008). The RNAI pathway is also triggered by the genome and replication intermediates of
viruses and has been shown to have important antiviral effects in insects (Li et al. 2002;
Galiana-Arnoux et al. 2006; Wang et al. 2006a, b; Zambon et al. 2006).

7.2 Adaptive Immunity in Drosophila

Some studies have also indicated that Drosophila immune responses may not be limited to
innate and non-specific mechanisms. Pham et al. (2007), demonstrated that flies, primed
with a sublethal dose of the pathogen S. pnuemoniae are protected life-long, from
subsequent infections by lethal doses of the same microbe, but not by other microbes (Pham
et al. 2007). This indicates that Drosophila immunity also allows for pathogen-specific
responses and the development of immunological ‘memory’. However, the mechanisms
underlying this specificity and adaptation have not yet been characterized. Another finding
that supports the existence of specific immune responses in flies (and mosquitoes) is the
multiple splice isoforms of a gene known as Down’s syndrome cell adhesion molecule
(Dscam). Dscam is an immunoglobulin superfamily protein which can generate up to 18,000
different isoforms in hemocytes (blood cells). Interestingly, these isoforms have been
proposed to mediate pathogen-specific recognition and the expression of various isoforms is
modulated by the presence of different infectious microbes (Watson et al. 2005; Dong et al.
2006).

8 Concluding Remarks

Innate immune NF-«B signaling in Drosophila shares a great deal of similarity with
mammalian systems (Silverman and Maniatis 2001; Girardin et al. 2002). In the broadest
sense, the signal relay culminating in NF-«xB activation follows a similar pattern in both
insects and mammals. Microbial recognition by innate immune receptors is followed by the
formation of receptor proximal signaling complexes, generated primarily by homotypic
interactions between conserved domains in adapter proteins. These receptor complexes
induce regulatory ubiquitination events and activation of kinases, which trigger the
degradation or processing of IxB like inhibitory proteins/domains leading to activation and
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nuclear translocation of NF-«B/Rel transcription factors. In fact, the signaling events in the
Toll and IMD pathways share a striking amount of molecular similarity with the mammalian
MyD88-dependent and MyD88-independent TLR pathways, respectively. Hence, studying
these pathways in detail will likely provide further insights on the molecular mechanisms
involved in the related mammalian signaling pathways.

However, on detailed inspection, some notable differences are evident. While the
mammalian TLRs directly recognize their corresponding micrabial ligands, Drosophila Toll
is a cytokine receptor, with an endogenous ligand, Spétzle, that is processed from its
precursor in response to infection. Another notable difference is that the NF-xB precursor
Relish is activated by endoproteolytic caspase-dependent cleavage, which has not been
observed with mammalian NF-xB precursors, p100 and p105. These differences, in
combination with the overall similarities, make the Drosophila innate immune response, a
fascinating model system for the study of innate immune NF-xB signaling.
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Fig. 1.

Drosophila Toll pathway. Drosophila Toll pathway is a cytokine receptor pathway that
responds indirectly to microbial infection. Distinct circulating receptor proteins recognize
different microbial structures or activities and activate a protease cascade, which culminates
in the processing of Spétzle. Lys-type PGN, from bacterial cell walls, is recognized by
PGRP-SA/PGRP-SD and GNBP1, while GNBP3 detects -(1, 3)-glucan from fungal cell
walls. These upstream recognition events trigger a proteolytic cascade which proceeds
through the serine proteases ModSP and Grass to activate Spéatzle Processing Enzyme (SPE)
which in turn cleaves pro-Spatzle to release the mature Toll ligand, Spatzle. In addition,
virulence-associated proteases, released by pathogens, cleave and activate another pathway
that requires the protease Persephone and converges on the activation of SPE. The
intracellular Toll signaling pathway is very homologous to the mammalian MyD88-
dependent signaling pathway. It signals through an upstream complex containing the adaptor
proteins dMyD88, Tube and the kinase Pelle (an IRAK homolog). Pelle triggers the
phosphorylation, K48-ubiquitination and proteasomal degradation of the 1xB protein,
Cactus, thereby releasing the Drosophila NF-xB/Rel factors DIF/Dorsal to translocate into
the nucleus and transcribe target AMP genes, such as Drosomycin
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Fig. 2.

Drosophila IMD pathway. Recognition of DAP-type PGN by the cell surface receptor
PGRP-LC or the cytosolic receptor PGRP-LE triggers the IMD pathway. DAP-type PGN
forms the cell wall of most Gram-negative bacteria and some Gram-positive bacteria, such
as Bacillus spp. and Listeria. Extracellularly, detection of polymeric and monomeric PGN
(TCT) occurs through homo or heterodimers of PGRP-LC splice forms, as depicted. PGRP-
LE detects intracellular bacteria and stimulates the IMD pathway as well as an autophagic
response. PGRP-LC and PGRP-LE signaling proceeds through IMD, FADD and the caspase
DREDD, which are likely to form a complex on the activated receptor. DREDD-dependent
cleavage of IMD exposes an IAP-binding motif in IMD, through which it binds DIAP2. This
IMD-DIAP2 association leads to robust K63-ubiquitination of cleaved IMD by DIAP2,
Uevla, Bendless (Ubc13) and Effete (Ubc5). These K63-polyubiquitin chains are likely to
serve as a scaffold for the recruitment and activation of the TAK1 kinase complex and the
IKK complex. Once activated, TAK1 in turn activates both IKK and JNK kinase. Relish is
phosphorylated by IKK and cleaved by DREDD to release the fully active N-terminal RHD
for translocation into the nucleus and the transcriptional induction of AMP genes and other
targets. The concurrent activation of JINKK leads to the phosphorylation and nuclear
translocation of AP-1
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Fig. 3.

kB site specificity of Drosophila NF-«B proteins: NF-xB factors, upon activation by the Toll
and IMD pathways, translocate into the nucleus and bind to specific xB sites in the
promoter/enhancer region of immune responsive AMP genes. DIF and Dorsal are activated
by Toll signaling through degradation of the IxB inhibitor protein Cactus, while Relish
activation is triggered by IMD signaling through DREDD-dependent endoproteolytic
cleavage to remove the C-terminal 1xB-like domain and the IKK-mediated phosphorylation
of serines 528 and 529. In this figure, selected AMP genes Drosomycin,Diptericin, AttacinA
and Metchnikowin with their proximal DIF, Dorsal or Relish binding xB sites and Serpent
(Srp) binding GATA sites are represented (Senger et al. 2004; Busse et al. 2007; Tanji et al.
2007). Expression of AttacinA requires both DIF and Relish, and hence contains separate
binding sites for each of them, while Diptericin requires only Relish and has two Relish
specific sites. Drosomycin and Metchnikowin each contain a distinct DIF/Relish site, which
is responsive to both DIF and Relish. It is not clear if this site binds a heterodimer (as
suggested by this figure) or if it functions by binding either homodimer. In addition, the
Metchnikowin enhancer includes separate Relish-specific sites, while Drosomycin has
another DIF/Dorsal-specific site only. Refer to Sect. 4.3 in the text for details on the
consensus xB and GATA sites and the complex regulation involved in the expression of
AMPs
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