Toll-related receptors and the control of antimicrobial
peptide expression in Drosophila

Servane Tauszig, Emmanuelle Jouanguy, Jules A. Hoffmann, and Jean-Luc Imler*

UPR9022 du Centre National de la Recherche Scientifique, Institut de Biologie Moléculaire et Cellulaire, F-67084 Strasbourg, France

Edited by Margaret G. Kidwell, University of Arizona, Tucson, AZ, and approved June 27, 2000 (received for review March 23, 2000)

Insects defend themselves against infectious microorganisms by
synthesizing potent antimicrobial peptides. Drosophila has ap-
peared in recent years as a favorable model to study this innate
host defense. A genetic analysis of the regulation of the antifungal
peptide drosomycin has demonstrated a key role for the trans-
membrane receptor Toll, which prompted the search for mamma-
lian homologs. Two of these, Toll-like receptor (TLR)2 and TLR4,
recently were shown to play a critical role in innate immunity
against bacteria. Here we describe six additional Toll-related genes
(Toll-3 to Toll-8) in Drosophila in addition to 18-wheeler. Two of
these genes, Toll-3 and Toll-4, are expressed at a low level. Toll-6,
-7, and -8, on the other hand, are expressed at high levels during
embryogenesis and molting, suggesting that, like Toll and 78w,
they perform developmental functions. Finally, Toll-5 is expressed
only in larvae and adults. By using chimeric constructs, we have
tested the capacity of the signaling Toll/IL-1R homology domains
of these receptors to activate antimicrobial peptide promoters and
found that only Toll and Toll-5 can activate the drosomycin pro-
moter in transfected cells, thus demonstrating specificity at the
level of the Toll/IL-1R homology domain. In contrast, none of these
constructs activated antibacterial peptide promoters, suggesting
that Toll-related receptors are not involved in the regulation of
antibacterial peptide expression. This result was independently
confirmed by the demonstration that a dominant-negative version
of the kinase Pelle can block induction of drosomycin by the
cytokine Spaetzle, but does not affect induction of the antibacte-
rial peptide attacin by lipopolysaccharide.

he insect host defense involves synthesis of antimicrobial

peptides by the fat body and secretion into the hemolymph
(1). Seven distinct antimicrobial peptides (plus isoforms) have
been described in Drosophila. Interestingly, they appear to have
distinct target specificities, and induction of the expression of the
various peptides was found to depend on the type of challenging
infectious agent. Fungal infection, for instance, results in a strong
induction of the antifungal peptide drosomycin, whereas the
antibacterial peptides drosocin and diptericin are only weakly
induced (2). Conversely, a challenge with Gram-negative bac-
teria strongly induces the antibacterial peptide genes, but has a
less marked effect on drosomycin expression (2). These data
indicate that Drosophila can discriminate between various
groups of microorganisms and mount a somewhat adapted
response. A genetic analysis further revealed that the expression
of the antifungal and antibacterial peptides was controlled by
distinct intracellular signaling cascades, albeit with some
crosstalk between these cascades. Indeed, the spaetzle/Toll/
tube /pelle/cactus gene cassette controls the expression of the
antifungal peptide drosomycin (3). Spaetzle codes for a secreted
protein of the cysteine-knot family of growth factors, which is
activated by proteolytic cleavage (4, 5). Processed Spaetzle is
thought to bind to and activate the transmembrane receptor Toll,
although direct interaction between the two proteins has not
been reported to date. Toll activation then is transduced through
the adapter molecule Tube and the Ser/Thr kinase Pelle, and
this leads to the phosphorylation and subsequent degradation of
the inhibitor Cactus (6). Cactus degradation frees Dif (a member
of the Rel family of transcription factors), which translocates to
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the nucleus where it is thought to bind to and activate the
drosomycin promoter (7-9). The same genetic analysis revealed
that expression of the antibacterial peptides drosocin and dip-
tericin is independent of Toll.

The discovery of the key role played by Toll in the Drosophila
host defense led in 1997 to the description of the first mammalian
Toll homolog, now referred to as Toll-like receptor 4 (TLR4)
(10), and was followed over the past 2 years by the description
of several additional homologs (11-13). The most conserved
region between these molecules and Drosophila Toll consists of
a 150-aa intracytoplasmic domain that is also shared by members
of the IL-1R family and the signal transducer MyD88 (11), and
which is named the Toll/IL-1R homology (TIR) domain. In
addition, mammalian TLRs share with Toll extracellular leucine-
rich repeats flanked by characteristic cysteine-rich regions,
whereas ectodomains from IL-1R-related molecules are char-
acterized by three Ig domains. Recent genetic data have impli-
cated two of these receptors, TLR2 and TLR4, in the response
to bacterial infections. Importantly, the #/r4 gene was shown to
be defective in the C3H/HelJ and C57BL:10ScCR strains of mice
(Ips locus), which have impaired response to lipopolysaccharide
(LPS) derived from Gram-negative bacterial cell wall (14, 15).
More recently, TLR2 was shown to play a parallel role in
response to peptidoglycan derived from the Gram-positive bac-
terial cell wall (16). Altogether, these results implicate mamma-
lian Toll homologs in antibacterial immunity and suggest that in
Drosophila Toll homologs or Toll itself may function as signaling
receptors in response to bacterial infection. We have searched
for TIR domain-containing molecules in Drosophila, and we
report here the identification of six Toll-related genes (Toll-3 to
-8) in addition to Toll and its previously described homolog
18-wheeler (18w) (17).

Materials and Methods

Computational Sequence Analysis. Toll-related genes were identi-
fied as genomic or expressed sequence tag clones sequenced by
the Berkeley Drosophila Genome Project (http://www.fruitfly.
org/) by using the BLAST program (18). The TIR domain from Toll,
IL-1R, or MyD88 served as query sequences. A genomic clone
containing partial sequences from Toll-3 had been reported
under the name of MstProx because the gene is adjacent to the
Mst84D locus (19). Similarities between the short genomic tag
STSDm2245, corresponding to Toll-4, and TIR domains had
been noticed by the same authors. Rapid amplification of cDNA
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ends was performed with the Marathon kit (CLONTECH) to
obtain incomplete cDNA sequences. Toll-5 and Toll-8 were both
initially identified as genomic clones sequenced by Berkeley
Drosophila Genome Project and have been recently described
under the names of tehao (GenBank accession no. AF140019)
(20) and Tollo (GenBank accession no. AF204158), respectively.
Toll-6 and Toll-7 were identified as expressed sequence tag
clones (LD08841 and LD03945, respectively) sequenced by the
Berkeley Drosophila Genome Project, and the 5’ end of the ORF
from both genes was identified in genomic clones sequenced by
Celera (Rockville, MD) and cloned by reverse transcription—
PCR (RT-PCR). Sequencing of RT-PCR products revealed that
like Toll, Toll-3 and Toll-5 contain one intron in the coding
sequences, whereas 18w, Toll-6, Toll-7, and Toll-8 do not. Signal
peptides were identified in all Toll-related proteins for which
complete cDNAs were obtained and sequenced by using the
SignalP World Wide Web server (http://www.cbs.dtu.dk/
services/SignalP/). Sequences were aligned by using the
CLUSTAL method in the LASERGENE 99 package (DNAstar,
Madison, WI). LRR motifs as well as C- and N-flanking motifs
were identified by using the PEAM database (http://www.sanger.
ac.uk/Software/Pfam/).

Northern Blot and RT-PCR Analysis. RNA was isolated with Trizol
reagent (GIBCO/BRL) according to the manufacturer’s in-
structions. Poly(A)* RNA was prepared by using oligo(dT)-
coupled beads (Oligotex, Qiagen, Chatsworth, CA), and ana-
lyzed by Northern blot with standard procedures (21). All probes
specifically reacted with the different Toll-related molecules, as
shown by the different sizes of the transcripts. The primers used
for RT-PCR analysis correspond to nucleotides 51-71 and
392-370 of Toll-3 (GenBank accession no. AF247769) and
nucleotides 1527-1545 and 2006-1988 of Toll-4 (GenBank ac-
cession no. AF247768). RT-PCR was performed as described
(22), and the PCR bands were sequenced to ensure that they
correspond to the expected cDNAs.

Construction of Reporter Plasmids and Expression Vectors. Reporter
constructs are based on the pGL3 vector (Promega) and were
constructed by using standard methods (21). The diptericin (23),
drosomycin (24), drosocin (25), defensin (26), and cecropin (27)
promoters have been described. The attacin promoter (J.-L.IL.,
unpublished results) was inserted in pGL3 as a 2.4-kb fragment
(GenBank accession no. AE003813; nucleotides 149,339-
146,924).

All expression vectors are based on pPAC (actin 5C promoter
and polyadenylation signal) (28). The Toll*'RR allele was con-
structed by PCR exactly as described (29), except that the Toll
signal peptide was replaced by the preprotrypsin leader fused to
the Flag epitope derived from the expression vector pFLAG-
CMYV-1 (Eastman Kodak). The unique BamHI site created at the
deletion site was used to fuse the extracytoplasmic domain of
TollIARR to the transmembrane and intracytoplasmic domains of
18w (GenBank accession no. S76155; nucleotides 3296-5417);
Toll-3 (GenBank accession no. AF247769; nucleotides 1778—
2359); Toll-4 (GenBank accession no. AF247768; nucleotides
1818-2432); Toll-5 (GenBank accession no. AF247767; nucle-
otides 1768-2388); Toll-6 (GenBank accession no. AF247766;
nucleotides 3118-4545); Toll-7 (GenBank accession no.
AF247765; nucleotides 3094-4340); or Toll-8 (GenBank acces-
sion no. AF247764; nucleotides 2941-4041). The dominant-
negative Pelle construct was created by deletion of the catalytic
domain and was a gift of R. Medzhitov (Yale University, New
Haven, CT). The modified spaetzle cDNA in which sequences
coding for the signal peptide are fused to the sequences encoding
the carboxyl terminus 106 aa of the protein was a gift of K.
Anderson (Sloan-Kettering Institute, New York) (30). All PCR
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fragments were sequenced. Details about the constructions can
be obtained on request.

Transfection Assays and Western Blot Analysis. S2 cells were pur-
chased from Invitrogen and grown to 80% confluence at 25°C in
Schneider’s medium (Sigma) supplemented with 10% FCS/10°
units/liter penicillin/100 mg/liter streptomycin. Cells were trans-
fected in 6-cm diameter dishes by the calcium phosphate pre-
cipitation technique with 0.1 ug of reporter plasmid, 0.1 ug of
B-galactosidase expression vector pACH110 (31), and 1 pg of
expression vector. After 48 h, cells were lysed in reporter lysis
buffer and luciferase activity was measured in a luminometer
(BCL Book, Promega) immediately after addition of the sub-
strate (luciferin, Promega). B-galactosidase activity in the cell
lysates was measured by using O-nitrophenyl-p-D-galactoside as
substrate, and the values were used to normalize variability in the
efficiency of transfection. LPS (E. coli serotype 055:B5; Sigma)
was added onto cells at 10 png/ml for 16 h. For Western blot
analysis of protein expression, cells were washed in PBS and
resuspended in Laemmli buffer, and proteins were separated by
7.5% denaturing SDS/PAGE. After migration, proteins were
electroblotted onto a nitrocellulose filter. The membrane was
probed with the monoclonal FLAG-M2 antibody (Sigma) in
Tris-buffered saline-Tween 0.05% (21). The second antibody
was a donkey anti-mouse horseradish peroxidase conjugate
(Dako), and the chimeric proteins were detected with enhanced
chemiluminescence, as recommended by the manufacturer (Am-
ersham Pharmacia).

Results

A Family of Toll Receptors in Drosophila. We have searched for
Toll-related receptors in the genome of Drosophila melanogaster.
Because the TIR domain is the most conserved region between
Toll and its mammalian homologs, and it is shared by other
molecules critical for the control of innate immunity such as
MyD88 and the IL-1 and IL-18 receptors, we have looked for
gene sequences encoding TIR domains in the Drosophila ge-
nome by using the BLAST program (18). This search revealed the
existence of six genes encoding receptors containing a TIR
domain, in addition to Toll and 18w. We will refer to the proteins
encoded by these genes as Toll-3 to -8. Alignment of the TIR
domains of the Drosophila molecules with the mammalian type
I IL-1R, the human Toll homolog TLR4 and MyDS88 shows a
high degree of conservation throughout a stretch of ~150 aa,
with many identical residues in all sequences (Fig. 14). The eight
Drosophila Toll-related proteins share higher similarity between
them than with any mammalian TLR, suggesting that these two
groups of proteins have evolved independently (11, 20). The
Drosophila Tolls fall into several subsets, as illustrated in Fig. 1B.
With regard to the TIR domains, Toll-3 and Toll-4 share 79%
identity, Toll and Toll-5 have 60% identity, as is also the case
for 18W and Toll-7. Toll-6 is less related to the other seven
Drosophila Tolls.

Examination of the full amino acid sequence of the mamma-
lian and insect TIR-containing proteins reveals that they all
contain a putative transmembrane domain and an extracellular
domain composed of leucine-rich repeats (LRRs), flanked by
characteristic cysteine-rich motifs (32). However, the arrange-
ment of these Cys motifs differ between mammalian and
Drosophila Tolls (Fig. 1C). Whereas the mammalian TLRs
described to date only contain a membrane-proximal cysteine-
rich flanking motif at the C-terminal end of the LRRs, Dro-
sophila Tolls contain C- and N-flanking cysteine-rich motifs. The
extracellular regions of Drosophila Toll-related molecules are
less conserved than the TIR domains, and the arrangement of
the C- and N-flanking motifs is different, suggesting that some
of these receptors may activate common targets in response to
different signals.
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The Drosophila Toll family. (A) Alignment of the TIR domains from Drosophila Toll-related molecules and human TLR4, IL-1 receptor type | (IL-1RI), and

MyD88. Sequences were aligned by using the cLusTAL method. Conserved residues are shaded in black. Residues affected in the loss-of-function r444, rB1, and
rB2 alleles of Toll are indicated by arrowheads (46). The black dot points to the position of the Pro residue critical for TLR4 signaling. (B) Phylogenetic relationship
between Drosophila Toll molecules based on the alignment shown in A and generated by the neighbor-joining method. The scale beneath the tree measures
the distance between the sequences. The chromosomal localization of the Toll-related genes is indicated (Right). (C) Schematic representation of domain
organization of Drosophila Toll-related molecules and human TLR4. The receptors are grouped according to conservation of their TIR domains. The leucine-rich
repeats are indicated by small rectangles, whereas cysteine-rich carboxyl-flanking motifs and cysteine-rich amino-flanking motifs are represented by half-circles.
Black dots indicate polyglutamine stretches. Incomplete sequences of Toll-3 and Toll-4 are indicated by dashed lines.

Finally, the TIRs of Toll, 18W, and Toll-6, -7, -8 are followed
by a C-terminal extension. These extensions do not present any
obvious motif that could hint to a function, with the exception
of polyglutamine stretches in 18W, Toll-7, and Toll-8. In the
other Tolls (Toll-3 to Toll-5), a stop codon is present a few
residues after the TIR domain, as in mammalian TLRs and
members of the IL-1R family.

Differential Expression of Toll-Related Molecules in Drosophila. We
next examined the expression of all Toll family genes during
Drosophila development and in immune-challenged larvae and
adults. Toll-6 to Toll-8 were found to be expressed at high levels
in embryos, but also in pupae and at a lower level in larvae and
adults (Fig. 24). Toll and 18w are also expressed at high levels
in embryos and pupae. In apparent contradiction to the previous
report of Williams et al. (33), but in agreement with the initial
papers of Eldon et al. (17) and Chiang and Beachy (34), we
observed a single transcript of 5.6 kb for 78w at all developmental
stages. For Toll-6, two transcripts (8.6 and 6.4 kb) were detected
of which only the larger was present in pupae, larvae, and adults.
For Toll-7, a major transcript (6.4 kb) was observed in embryos,
larvae, and pupae and an additional transcript was present in
adult males (5.2 kb). Toll-5 was expressed in larvae and adults,
but not in the early embryo or pupae, in contrast to the other Toll
genes. Finally, no signals could be observed in Northern blots for
Toll-3 and Toll-4. Expression of these two genes could, however,
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be detected by RT-PCR, indicating that these genes are ex-
pressed at low levels or in a limited number of cells (Fig. 2B).
In immune-challenged larvae and adults, we observed that
Toll expression was noticeably up-regulated (2- to 5-fold), as
shown (3). In contrast to Toll, the expression of all of the other
Toll-related genes, including 78w, was only modestly up-
regulated in larvae (1.5- to 2-fold) and no up-regulation was
detectable in adults. LPS has been reported to induce the
expression of the genes encoding the antimicrobial peptides in
the macrophage-like Schneider and 1(2)mbn cell lines (see ref. 22
for references), indicating that these cells express functional LPS
receptors. We therefore examined expression of Toll-related
genes in these cell lines. As illustrated in Fig. 2, Northern blot
analysis reveals that S2 cells express Toll, 18w, and Toll-8. Similar
results were observed with 1(2)mbn cells (data not shown).

Induction of Antimicrobial Peptides by Toll-Related Receptors. Ge-
netic studies have shown that in a Toll gain-of-function mutant,
the gene encoding drosomycin is expressed constitutively
whereas expression of the antibacterial peptide genes is not
affected (3). Deletion of the leucine-rich repeats of the Toll
ectodomain results in a constitutively active receptor (TollALRR)
(29). We have transfected S2 cells with an expression vector
encoding Toll*MRR and observed a strong (more than 100-fold)
activation of the drosomycin promoter (Fig. 3C), resulting in a
5- to 10-fold higher level of expression of luciferase than after

Tauszig et al.



Toll-4

Fig.2. Northernblotand RT-PCR analysis of Toll-related gene expression. (A)
Poly(A)* RNA extracted from embryos (Emb.), third-instar larvae [L(3)], pupae
(P, 0-2 or 2-4 days), adult male or female Drosophila, and the cell line S2 were
submitted to Northern blot analysis and hybridized to probes derived from
Toll, 18w, and Toll-3 to Toll-8 gene sequences. No signal could be observed for
the Toll-3 and Toll-4 probes. A probe recognizing RNA coding for ribosomal
protein 49 (rp49) was used to ensure that comparable amounts of RNA were
loaded in all lanes. uc, unchallenged; p.i., postinfection with a mixture of
Gram-negative and Gram-positive bacteria; and d, days. (B) RT-PCR analysis of
Toll-3 and Toll-4 expression. Primers specific for the Toll-3 gene were designed
to flank a 104-bp intron sequence in the genomic DNA, resulting in the
amplification of a 342-bp c¢cDNA (c)-derived fragment (arrow) or a 446-bp
genomic DNA (g)-derived fragment (*). Primers for the Toll-4 gene were
designed to amplify a 480-bp intronless fragment. In this case, RT was omitted
in a control reaction to ensure that the amplified band is derived from RNA.
cDNA was prepared from mRNA derived from pupae (To//-3) or third-instar
larvae (Toll-4). L, 100-bp ladder.

transfection with a wild-type Toll construct (data not shown).
Significantly in these experiments, transfection of Toll*IRR did
not activate expression of diptericin, defensin, and cecropin, and
only weakly activated the drosocin and attacin promoters (Fig.
3C). To investigate whether the various Toll family members can
activate antimicrobial peptide gene expression, we have con-
structed recombinant chimerae in which the truncated ectodo-
main from Toll*IRR was fused to the transmembrane and
intracytoplasmic domains of 18W and Toll-3 to -8 (Fig. 34). A
Flag epitope was inserted immediately after the signal peptide to
monitor expression of the recombinant proteins. As shown in
Fig. 3B, the dominant 7o/l allele and the 18w, Toll-6, Toll-7, and
Toll-8 chimeric alleles were efficiently expressed whereas only
weak expression of Toll-5, and no expression of the Toll-3 or
Toll-4 chimerae was detected. Interestingly, the chimerae that
were poorly or not expressed correspond to those Toll proteins
that lack a C-terminal extension after the TIR domain (Fig. 1C).

The data presented in Fig. 3C show that only the Toll-5
chimeric protein efficiently induced the drosomycin promoter.
In contrast, neither the 18W nor the Toll-6 to Toll-8 chimerae
were able to induce drosomycin, despite the fact that they
contain a conserved TIR domain and are expressed at high
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Fig. 3. Induction of antimicrobial peptide promoters by chimeric Toll recep-

tors. (A) Schematic representation of the chimeric molecules. The constructs
are based on a constitutively active version of Toll in which all LRR motifs have
been deleted. The truncated ectodomain of Toll (black rectangle) is fused to
the transmembrane and intracytoplasmic domains of the Toll-related mole-
cules. EC, ectodomain; TM, transmembrane domain; CTE, C-terminal exten-
sion. (B) Expression of the chimeric proteins in transfected cells. Protein
extracts prepared from S2 cells transfected by expression vectors either empty
(Vector) or expressing TollALRR (Toll) or the various chimerae (18W, Toll-3 to -8)
were submitted to Western blot analysis with an anti-FLAG mAb. Expected
sizes for the various molecules are as follows: Toll, 50 kDa; 18W, 63 kDa; Toll-3,
40 kDa; Toll-4, 41 kDa; Toll-5, 41 kDa; Toll-6, 69 kDa; Toll-7, 63 kDa; and Toll-8,
57 kDa. (C) Induction of antimicrobial peptide promoters in transfected cells.
S2 cells were cotransfected with 1 ug of expression vector either empty or
expressing TolIALRR (Toll) or the various chimerae (18W, Toll-5to -8) and 0.1 ug
of reporter plasmid encoding luciferase under the control of the diptericin
(Dipt), drosocin (Droc), defensin (Def), cecropin (Cec), attacin (Att), or droso-
mycin (Drom) promoters. Transfections were repeated twice in S2 cells and
1(2)mbn cells with identical results. A representative experiment is shown.

levels. Significantly, none of the chimeric proteins induced
expression of the antibacterial peptide genes, although they all
can be induced by treatment with LPS. Similar results were
obtained when the chimeric Tolls were transfected into 1(2)mbn
cells (data not shown).

The Toll Pathway Mediates Response to the Cytokine Spaetzle but Not
to LPS in Drosophila S2 Cells. Genetic evidence in Drosophila larvae
and adults indicates that Toll is activated by a processed form of
the secreted protein Spaetzle. This is intriguing in light of the
genetic data in mice showing that the Toll homolog TLR4 is
activated by LPS. We have addressed here the well-defined S2
cell line of Drosophila to compare possible inductions of anti-
microbial peptide genes by Spaetzle and LPS. As illustrated in
Fig.44, the processed form of Spaetzle markedly induced ex-
pression of drosomycin, but only minimally that of a selected
antibacterial peptide, attacin. Conversely, LPS had a strong
effect on attacin expression, but poorly induced the drosomycin
reporter gene. Interestingly, when dominant-negative constructs
of the Toll pathway (Toll deleted of its intracytoplasmic domain:
TollAIC; and Pelle deleted of its kinase domain: PelleDN) were
cotransfected, only the Spaetzle-induced expression of droso-
mycin was affected (Fig. 4B), whereas attacin induction by LPS
was not modified (Fig. 4C), indicating that the Toll pathway
selectively controls the antifungal response in Drosophila cell
lines and is not involved in LPS response. Coexpression of
PelleDN also completely abolished induction of the drosomycin
promoter by Toll-5, indicating that Toll-5 and Toll use similar
signaling components (Fig. 4D).
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Fig.4 Activation of antimicrobial peptide promoters by Spaetzle and LPS in
S2 cells. (A) S2 cells were cotransfected with 1 g of either an empty expression
vector or a vector expressing the carboxyl-terminal 106 aa of Spaetzle (Spz) (4,
30) and 0.1 ug of reporter constructs expressing luciferase under the control
of the drosomycin (Drom) or attacin (Att) promoters. Cells transfected with
the empty expression vector were either left untreated or exposed to LPS (10
png/ml) for 16 h before harvesting and determination of luciferase activity in
cell extracts. (B) S2 cells were cotransfected with 0.1 ug of drosomycin-
luciferase reporter construct and 0.5 pug of expression vector encoding the
C106 processed form of Spaetzle (Spz) together with 0.5 ug of expression
vector empty or encoding a truncated Toll version deleted of its intracyto-
plasmic domain (TollAIC) or a mutant Pelle version deleted of its kinase
domain (PelleDN). (C) S2 cells were cotransfected with 0.1 pg of attacin-
luciferase reporter construct and 1 ug of expression vector empty or encoding
TollAIC or PelleDN. Twenty-four hours after transfection, cells were either left
untreated or exposed to LPS (10 ug/ml) for 16 h before harvesting and
determination of luciferase activity in cell extracts. (D) S2 cells were cotrans-
fected with 0.1 ug of drosomycin-luciferase reporter plasmid and 0.5 ug of
expression vector encoding the TollARR-Toll5 chimeric protein together with
0.5 ng of expression vector either empty or encoding PelleDN. All transfec-
tions were done in triplicate, and results represent means =+ SD.

Discussion

The Drosophila Toll Gene Family. We describe here a family of
transmembrane molecules related to Toll. This family comprises
eight members. In the human, six TLRs have been reported to
date and the estimate is that the mammalian genome encodes
about 20 different Toll-like receptors (10-13). Several plant
disease-resistance genes presenting sequence similarities to Toll
also have been cloned. Interestingly, some of these genes are
found in complex loci containing arrays of related genes, a
situation that is thought to favor meiotic instability and gener-
ation of new alleles with novel binding specificity for pathogen-
derived ligands (ref. 35 and references therein). In Drosophila,
the eight Toll genes are disseminated on chromosomes 2 and 3
(with the exception of /8w and Toll-7, which both map to 56E-F,
and Toll-6 and Toll-8, which map to 71C-D), which is evocative
of the situation observed for mammalian TLRs that are dis-
persed on several chromosomes (11).

Analysis of the Drosophila genome did not show the presence
of homologs of IL-1R, but revealed a gene encoding a putative
MyD88-related gene (gene CG2078 in Flybase Gadfly; http://
flybase.bio.indiana.edu:82/). In contrast, the Caenorhabditis
elegans genome appears to encode one Toll-related gene but no
IL-1R- or MyD88-related molecules (36). Because MyD88 plays
a critical role in IL-1, IL-18, and LPS signal transduction, it will
be interesting to see whether this gene is involved in the
Drosophila immune response and interacts with any of the
Toll-related receptors described here. A Pro residue has been
shown to play a critical role in TLR4 and TLR2 signaling in
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mammalian cells. Mutant molecules in which this Pro residue has
been changed to a His are unable to trigger NF-«B activation (15,
37). Interestingly, whereas most mammalian Toll and IL-1R-
related receptors harbor a Pro at this position, only 18W in
Drosophila presents this conserved Pro. Another difference
between Drosophila Toll-related proteins and their mammalian
counterparts is the presence of an intracytoplasmic C-terminal
extension after the TIR domain. Interestingly, we observed a
clear correlation between the presence of these sequences and
the level of expression of the chimeric Toll constructs (Fig. 3B),
suggesting that these sequences may be necessary for the stability
of the proteins.

Function of Toll-Related Receptors in Drosophila. Toll and 18w were
first described for their developmental functions. Toll plays a
critical role in the dorsoventral axis formation of the Drosophila
embryo by activating the Rel protein Dorsal (38). Later in
development, Toll is expressed in a complex spatial and temporal
pattern in many tissues (39), and most of Toll =/~ zygotes die as
first or second instar larvae. Like zygotic Toll, 18w is expressed
in many tissues, often in cells undergoing extensive migration
(17, 34), and about 90% of 18w mutant larvae die as second or
third instar larvae, without any obvious major defect. The high
level of expression of Toll-6 to -8 in embryo and pupae suggests
that the proteins they encode also may be involved in develop-
ment, and like Toll and 18w, function as adhesion molecules (17,
40). Alternatively, these transmembrane proteins may be acti-
vated by a secreted factor, such as, for example, a Spaetzle-
related molecule.

In mammals, several molecules containing TIR domains have
been shown to activate immune-inducible genes through the
transcription factor NF-«kB. In Drosophila, Toll activates the Rel
proteins Dorsal during embryonic development and Dif during
immune response in adults (7-9, 38). In addition, inducible
expression of the attacin gene has been shown to be selectively
abrogated in I8w-deficient larvae, suggesting that this Toll-
related receptor also controls activation of Drosophila Rel
proteins (33). By using chimeric constructs, we have found that
only the TIR domains from Toll and Toll-5 can activate the
drosomycin promoter in S2 cells. This demonstrates a specificity
at the level of the TIR domain. Interestingly, drosomycin re-
cently has been shown to be inducible in a Toll-independent
manner in the tracheae of Drosophila (24), suggesting that Toll-5
may be involved in the control of this local immune response. In
contrast to drosomycin, none of the antibacterial peptide gene
promoters could be activated by the chimerae in this transfection
assay. In our opinion, this negative result cannot be attributed to
improper synthesis or folding of the chimeric receptors for the
following reasons: (i) all constructs yielded detectable protein
expression, with the exception of the Toll-3 and Toll-4 chimerae;
(if) the Toll-5 chimera was able to strongly activate the droso-
mycin promoter, although its level of expression was much
weaker than that of the other proteins; and (iii) a chimera in
which the truncated ectodomain from 18W was fused to the
transmembrane and intracytoplasmic domain of Toll was able to
activate the drosomycin promoter (data not shown). Because
attacin induction is severely impaired in /8w loss-of-function
mutants (33), we expected that the attacin gene might be
up-regulated by the chimeric Toll*LRR-18W construct. The
failure to observe any up-regulation is in keeping with the data
obtained with transfections of full-length 18w cDNA or mutant
versions encoding I8WALRR or 18w!% gain-of-function alleles.
These results suggest that /8w may not be sufficient for induction
of attacin in S2 cells. Alternatively, some of the transducers
relaying activation from the plasma membrane to the nucleus
may be absent in the cell lines that we used. Because the attacin
promoter can be efficiently activated in S2 and 1(2)mbn cells by
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LPS treatment, this raises the question of the receptors and
signal transduction pathways activated by LPS in these cells.

LPS Signal Transduction in Drosophila. Although it recently has been
shown that the Rel protein Relish plays a critical role in the
immune inducibility of Drosophila antibacterial peptides (41),
the nature of the receptors triggering antibacterial response at
the plasma membrane remains unknown. Because several mol-
ecules containing TIR domains are known to activate Rel
proteins, and because the mammalian Toll-like receptors, TLR2
and TLR4, are involved in antibacterial response in mice, it is
tempting to speculate that the antibacterial response in Dro-
sophila also involves Toll-related molecules. Expression of three
of these, i.e., Toll, 18w, and Toll-8, can be detected by Northern
blot in the macrophage-like cell lines S2 and 1(2)mbn, which
respond to LPS. We have shown here that overexpression of a
dominant-negative version of Toll blocks induction of the droso-
mycin promoter by Spaetzle, but does not affect attacin promoter
induction by LPS, confirming that Toll functions as a cytokine
receptor and not as a pattern recognition receptor in the
Drosophila host defense. In mammals, TLR4 activates the Ser/
Thr kinase IRAK (/L-1 receptor associated kinase) and trans-
fection experiments in human cells have shown that expression
of dominant-negative forms of this kinase interfere with LPS
signaling (42-44). We have tested the involvement of Pelle,
which appears to be the sole IRAK homolog encoded in the
Drosophila genome, in LPS signal transduction. Again, we
observed that overexpression of a dominant-negative version of
Pelle did not affect induction of the attacin promoter by LPS in
transfected S2 cells, although it abolished induction of the
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drosomycin promoter by Spaetzle. This result extends previous
genetic work indicating that pelle-deficient flies, although show-
ing a dramatically increased susceptibility to fungal infection,
have normal resistance to bacterial infection (3). Altogether,
these data indicate that the Toll signaling pathway is not involved
in LPS signal transduction in Drosophila S2 cells, and suggest
that, unlike in mammals, Toll-related receptors may not be part
of the LPS receptor complex. Genetic screens recently have
allowed the identification of several mutants with a deficient
antibacterial response (ref. 45; and D. Ferrandon, personal
communication). Cloning of the corresponding genes will un-
doubtedly clarify the present picture and eventually lead to the
identification of the receptors involved in host defense against
bacterial infection.

Note Added in Proof. The recent annotation of the Drosophila genome
shows the presence of an additional Toll-related gene that we propose to
name Toll-9 (gene CG5528 in Flybase Gadfly). This gene, which is
located in 77B4-5 on the left arm of the third chromosome, is unusual
in that it has two introns within the sequences coding for the TIR domain.
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