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Activation of

Toll-Mediated Antifungal
Defense in Serpin-Deficient
Drosophila
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The antifungal defense of Drosophila is controlled by the spaetzle/Toll/cactus
gene cassette. Here, a loss-of-function mutation in the gene encoding a blood
serine protease inhibitor, Spn43Ac, was shown to lead to constitutive expres-
sion of the antifungal peptide drosomycin, and this effect was mediated by the
spaetzle and Toll gene products. Spaetzle was cleaved by proteolytic enzymes
to its active ligand form shortly after immune challenge, and cleaved Spaetzle
was constitutively present in Spn43Ac-deficient flies. Hence, Spn43Ac nega-
tively regulates the Toll signaling pathway, and Toll does not function as a
pattern recognition receptor in the Drosophila host defense.

Genetic analysis has established that the Toll
signaling cascade controls the antifungal host
defense of flies (/). In particular, Toll medi-
ates the expression of the antifungal peptide
drosomycin in the fat body cells by way of
Rel-Cactus complexes, which are structurally
and functionally equivalent to the vertebrate
NF-kB-IkB complexes (1, 2). Toll (T1) was
initially identified as a gene that controls
dorsoventral patterning in the Drosophila
embryo (3). The 77 gene encodes a transmem-
brane receptor with extracellular leucine-rich
repeats and an intracellular domain exhibiting
marked similarities with the cytoplasmic do-
main of the interleukin-1 receptor (4, 5). A
proteolytically cleaved form of the spaetzie
(spz) gene product is thought to be the extra-
cellular ligand of Toll both in embryonic
development and in the immune response (7,
5). In the embryo, a proteolytic cascade, involv-
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ing the Gastrulation defective, Snake, and Eas-
ter proteases, cleaves Spaetzle, a cysteine-knot
growth factor, cytokine-like polypeptide (3).
The genes encoding these three proteases are
dispensable for induction of a Toll-mediated
immune response (/). A human homolog of
Toll was recently cloned and shown to activate
signal transduction by way of NF-kB, leading
to the production of pro-inflammatory cyto-
kines (6). Studies performed with human cell
lines suggest that a lipopolysaccharide (LPS)-
binding and signaling receptor complex is as-
sembled at the cell membrane where human
Toll, in association with the MD-2 protein (7),
interacts with LPS bound to the peripheral
membrane protein CD14 (8—10). The LPS sig-
nal is probably transduced across the membrane
by Toll, as mutations in this gene in mice lead
to an LPS-unresponsive state (/7).

Here, we have addressed the activation of
the Toll receptor during the immune response
of Drosophila. For this, we have used flies
carrying  ethylmethane sulfonate—induced
mutations in the necrotic (nec) locus (12).
The locus, which maps at position 43A, gen-
erates three transcripts encoding putative
serine protease inhibitors of the serpin family
(13). The nec mutants exhibit brown spots
along the body and the leg joints, correspond-
ing to necrotic areas in the epidermis. This
mutant phenotype is rescued by a single
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transgenic copy of one of the serpin genes,
Spn43A4c (13).

Because the absence of a functional
Spn43Ac serpin may affect proteolytic cas-
cades involved in the host defense of Dro-

REPORTS

sophila, we examined the level of expression
of the antimicrobial peptide genes in nec
mutants. All genes were induced 6 hours after
challenge in wild-type (WT) flies; however,
in nec mutants the gene encoding drosomycin
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rp49 [mw o sophila adults (27). (A) Expression of drosomycin, diptericin,
cecropin A1, metchnikowin genes, and rp49 loading control in

unchallenged (—) and 6-hours immune-challenged (+) WT

(Or R) and mutant (nec) flies. (B) The constitutive expression
of drosomyecin in unchallenged nec mutants (lane 1) is abolished by introducing the Spn43Ac (lane
2), but not the Spn43Aa (lane 3), transgene into this mutant background (28). Flies were as follows:
lane 1: nec’/nec?; P{w™ UAS-Spn43Ac™}/+; lane 2: nec'/nec? P{w™ pda-GAL4}/P{w"* UAS-
Spn43Ac*}); lane 3: nec'/nec?; Plw " pda-GAL4}/P{w" UAS-Spn43Aa™}. (C) The constitutive ex-
pression of drosomycin in unchallenged nec mutants is abolished in Toll and spaetzle loss-of-
function, but not in snake and gastrulation defective, mutants. Diptericin expression is induced only
by immune challenge and is independent of the above mutations. The levels of drosomycin
induction by bacterial challenge in Tl and spz  flies are markedly reduced but not abolished, in
agreement with previous findings (7). Phospholmager (Becton Dickinson) quantification of several
independent Northern blots, corrected for rp 49 loading controls, show that in nec;Tl~ double
mutants, the level of immune induction of drosomycin by bacterial challenge was between 10 and
23% that of WT values. Mutant flies were as follows: nec: nec’/nec?, nec; spz : nec’/nec?;
spz™7/spz™7, nec; Tl : nec '/nec?; TI"®32/TI°CRE (29°C), nec; snk™: nec’/nec?; snk°"3/snk®"3; gd~,
nec: gd®/gd®; nec’/nec?. (D) The expression of the serpin gene Spn43Ac is up-regulated by 6-hours
immune challenge (+) in WT flies (Or R) and in imd mutants, but not in Toll loss-of-function (71~)
mutants. In Toll gain-of-function mutants (71°), expression of Spn43Ac was five times higher than
in WT, as determined by phosphoimaging, taking into account the correction for the rp49 loading
control. Flies were as follows: Tl : TI"™32/TI99RE (29°C); TI°: TI'°?/+; imd: imd/imd.
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was strongly expressed in the absence of
immune challenge (Fig. 1A). The expression
was further enhanced by immune challenge.
The gene encoding the peptide metchni-
kowin, which has both antibacterial and an-
tifungal activities (/4), also exhibited consti-
tutive expression in nec mutants, although the
response was less marked than for drosomy-
cin. In contrast, we observed no constitutive
expression of the genes encoding diptericin
and cecropin Al, whose expression is either
independent of the Toll signaling pathway or
requires a signal from an additional pathway,
depending on the immune deficiency (imd)
gene (1).

Overexpression of the Spn434c gene in
nec flies abolished the constitutive expression
of drosomycin, whereas overexpression of a
different serpin gene from the same cluster,
Spn434a, had no effect on this phenotype
(Fig. 1B). In a 7/ or spz loss-of-function
background, the nec-mediated constitutive
expression of drosomycin was abolished (Fig.
1C), indicating that Spn43Ac acts upstream
of spz and 7I. However, when the nec muta-
tion was combined with gastrulation defec-
tive (gd) or snake (snk) loss-of-function mu-
tations, constitutive expression of drosomy-
cin was still observed (Fig. 1C), confirming
that these proteases are not necessary for
the Toll-controlled antifungal response.
Furthermore, the constitutive expression of
drosomycin was not affected when the nec
mutation was in an imd mutant background
(15), suggesting that the imd-mediated ex-
pression of the antibacterial peptide genes
(1) is independent of the proteolytic cas-
cade controlled by Spn43Ac.

The expression of the 77 gene and that of the
downstream genes in the signaling cascade is
up-regulated by immune challenge (/). We
similarly found that the transcription of the
Spn43Ac gene is up-regulated by immune chal-
lenge (Fig. 1D). This up-regulation is not ob-
served in a 77 loss-of-function background.
Conversely, 77 gain-of-function mutants exhibit
a constitutive expression of Spn434c. In imd
mutants, the up-regulation of Spn434c by im-
mune challenge is similar to that in wild-type
flies. Thus, Spn43Ac is an immune-responsive
gene, and its expression is under the positive
control of the Toll pathway. This could repre-
sent a negative feedback mechanism to shut
down the activation of Toll by inhibiting the
upstream proteolytic cascade.

To function as a negative regulator of the
Toll pathway upstream of Spaetzle and
Toll, Spn43Ac should be present in the
hemolymph of adult flies. Indeed, immuno-
blotting with an antiserum directed against
recombinant Spn43Ac revealed a band of
~60 kD in the blood of WT flies. This band
was absent from the hemolymph of flies
deficient for the Spn43A4c gene (Fig. 2A).
The size of the mature Spn43Ac protein
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predicted from the cDNA sequence (/3) is
smaller (52 kD) than the size of the immu-
noreactive protein, possibly reflecting post-
translational modifications (because ser-
pins are generally glycoproteins) (/6). Af-
ter immune challenge, a band of ~50 kD
was observed (Fig. 2A), which may corre-
spond to the Spn43Ac serpin that had un-
dergone cleavage by activated protease or
proteases.

During dorsoventral patterning of the em-
bryo, the 382-residue Spaetzle protein is
cleaved to a 106-residue COOH-terminal ac-
tive ligand form (77, 18). Experiments on the
putative proteolytic cleavage of Spaetzle in
the host defense have not been reported so
far, and we therefore analyzed protein ex-
tracts from naive and immune-challenged
flies by protein immunoblotting, using two
polyclonal antisera directed against recombi-
nant COOH-terminal Spaetzle (/8). In ex-
tracts of embryos these antisera recognize the
full-length Spaetzle protein and a smaller
COOH-terminal fragment of 16 to 18 kD
(Fig. 2B). In experiments with unchallenged
flies, a band corresponding to a protein of 40
to 45 kD was detected in denatured extracts
(Fig. 2B). It was also present in extracts of
hemolymph (/9). One hour after immune
challenge, the 40- to 45-kD band had disap-
peared, whereas an immune-reactive doublet
of ~16 to 18 kD was apparent (Fig. 2B),
which we assume to correspond to the pro-
cessed form of Spaetzle protein. The Spaetzle
protein has glycosylation sites, which may
account for slightly larger molecular sizes
than predicted from the cDNA sequences.
The 16- to 18-kD doublet was detected in
unchallenged nec flies, together with the 40-
to 45-kD protein corresponding to uncleaved
Spaetzle. This result is in agreement with our
working hypothesis that in nec mutants the
absence of the functional serpin leads to the
constitutive cleavage of Spaetzle. Finally, the
strong signal of the 40- to 45-kD form of
Spaetzle together with that of the 16- to
18-kD form in nec mutants confirms at the
protein level that the expression of the spz
gene is regulated by a positive-feedback loop.

Our data indicate that in the absence of
a functional product of the Spn43A4c serpin
gene in the blood of adult flies, the Spaetzle
protein is spontaneously cleaved, leading to
constitutive activation of the Toll signaling
pathway. This phenotype can be rescued,
either by a functional Spn43A4c transgene or
by a spz- or Tl-deficient background. It is
not known whether the protease, which
cleaves Spaetzle, is a direct target of the
serpin.

Conceptually, the activation of Spaetzle
by blood protease zymogens is similar to the
coagulation cascade in the horseshoe crab,
which can be activated by binding of LPS to
an upstream multidomain recognition protein
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(20). Several serpins, which fall into the same
class as Spn43Ac, can specifically inhibit the
proteases of the coagulation cascade.

Our results, and the parallels with the
horseshoe crab coagulation cascade, imply
that non-self recognition is an upstream
event. Toll does not qualify as a bona fide
pattern recognition receptor in Drosophila, in
contrast to what has been proposed for Toll-
like receptors in mammals (9, 10). The actual
pattern recognition receptor, which initiates
the cascade leading to the cleavage of
Spaetzle and activation of Toll, remains to be
identified.

Genetic aberrations and deficiencies of
mammalian serpin genes have been correlat-
ed with clinical syndromes, such as pulmo-
nary emphysema, angioedema, and coagu-
lopathies, as a result of inappropriate inhibi-
tion of their respective target proteases (27).
Our demonstration that a serpin functions in
the regulation of the Drosophila immune re-
sponse highlights the similarities between in-
nate immunity in insects and mammals and
reinforces the idea of a common ancestry of
this system (8).
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ferase (GST) fused to the Spn43Ac gene product
was produced with the use of a GST-Spn43Ac
expression vector as follows: A Sac | (filled in)-Xho
| 1200-bp fragment of Spn43Ac cDNA was sub-
cloned into the Sma | and Xho | sites of the
pGEX2T expression vector (Pharmacia). The GST-
Spn43Ac fusion protein was expressed in Esche-
richia coli strain LE 392 and purified according to
Pharmacia standard procedures on a glutathione
Sepharose 4B column. Antibodies were obtained by
inoculating the recombinant protein (100 to 200
g for each innoculation) into a rabbit according to
standard methods. Hemolymph was extracted
from flies with a Nanoject apparatus (Drummond
Scientific) and recovered in phosphate-buffered sa-
line. Hemolymph extract (5 p.g) was loaded on a
10% SDS-polyacrylamide gel. After SDS—polyacryl-
amide gel electrophoresis, proteins were blotted
onto Hybond ECL nitrocellulose membranes (Am-
ersham). Blots were incubated overnight at 4°C
with a 1/5000 dilution of antiserum to GST-
Spn43Ac. After washing with tris-buffered saline,
the blots were incubated for 1 hour at 37°C with a
1/5000 dilution of horseradish peroxidase—conju-
gated donkey antibody to rabbit immunoglobulin
G (Amersham). The blots were developed with the
use of an ECL system (Amersham).

Immune challenge was performed by pricking adult
flies with a fine needle dipped into a concentrated
culture of E. coli and Micrococcus luteus as described
in (7); see also (22). Northern blotting experiments
were performed as in (7); for (A) to (C), total RNA
was extracted from whole flies; for (D), polyadenyl-
ated RNA was prepared as in (7). The cDNA probes
used were as follows: drosomycin, diptericin, cecropin
A1, rp 49, as described in (7); metchnikowin, as in
(74); Spn43Ac, an Eco RI fragment of ~750 base pairs
(bp) corresponding to the 3’ region of Spn43Ac cDNA
(13). '

Rescue experiments were based on the GAL4/UAS
system (23). Using the Eco RI site, filled in by the
DNA polymerase Klenow fragment, and the Xho | site
of the pUAST transformation vector, we inserted an
~1600-bp fragment corresponding to the Spn43Ac
coding sequence 3’ to the GAL4 UAS control element.
In a similar cloning experiment, the Eco Rl site, filled
in by the DNA polymerase Klenow fragment, and the
Xba | site of the pUAST transformation vector were
used to insert the Spn43Aa coding sequence 3’ to the
GAL4/UAS control element. Transformant flies were
obtained by microinjection (24) with a w recipient
strain. Three and seven different transformant lines
were obtained, respectively, for the P{w* UAS-
Spn43Ac™} and P{w™ UAS-Spn43Aa™} transgenes.
Lines 933 and 932 carrying, respectively, Piw™* UAS-
Spn43Ac*} and Piw™ UAS-Spn43Aa*} transgenes on
chromosome 3 were used in all experiments. The
nec’/nec? allele combination was chosen for rescue.
A third-chromosome daughterless-GAL4 transgene
[GAL492G32 (25)] was used as a ubiquitous driver line.
Both serpins and GAL493G32 transgenes were crossed
into the nec’/CyO and nec?/CyO backgrounds. The
resulting stocks were crossed with each other to yield
a heteroallelic nec combination.

Protein extracts from embryos and whole flies were
prepared as in (77). Extracts (40 p.g) were separated
by electrophoresis on a 12.5% SDS-polyacrylamide
gel, and immunoblotting was performed as in (26).
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