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MACROPHAGE

A specialized type of white blood
cell that can engulf foreign
particles and microorganisms.

GRAM NEGATIVE

Bacteria that cannot be coloured
with Gram’s stain and generally
have an lipopolysaccharide-
containing outer membrane.
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EMERGING GENETIC MODEL FOR
THE STUDY OF INNATE IMMUNITY
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In contemporary language, pathogens represent a real
and present danger. Although both plants and animals
are protected by physical barriers that block the entry of
many potential pathogens, they have to be able to recog-
nize when microorganisms have breached these barri-
ers, and to respond rapidly to infection by deploying a
range of defensive strategies. These functions are
assumed by the innate immune system, which identifies,
contains and kills invading pathogens.

By the late nineteenth and early twentieth century,
important advances had been made in the study of
innate immunity in invertebrates; for example, it had
been shown that insects have macropHace-like cells that
are able to engulf microorganisms, and that they also
produce a range of antimicrobial substances (reviewed
in ReF. 1). Subsequently, however, these seemingly primi-
tive mechanisms were largely neglected for many years.
This was partly owing to the discovery that mammals, as
well as having an innate immune system, possess an
adaptive immune system that is characterized by an
exquisite specificity. In contrast to innate immunity,
which represents a first line of defence against infection,
the adaptive immune system responds slowly to a new
pathogen; however, it has a‘memory’ that allows the
host to resist a second infection by the same pathogen
more effectively, which opened the possibility of vacci-
nation against certain pathogens — as had been shown
as early as 1796 by Jenner. So, immunologists tended to
focus on the adaptive defence mechanisms of mice and

Invaluable insights into how animals, humans included, defend themselves against infection have
been provided by more than a decade of genetic studies that have used fruitflies. In the past few
years, attention has also turned to another simple animal model, the nematode worm
Caenorhabditis elegans. What exactly have we learned from the work in Drosophila? And will
research with C. elegans teach us anything new about our response to pathogen attack?

men, with their multiple specialized cell types and enor-
mous repertoires of antibodies that can discriminate
‘self” molecules from potentially pathogenic ‘non-self” It
was only comparatively recently that attention was again
turned to invertebrate immunity. This was, in part, a
result of the realization that, even in vertebrates, the
innate immune mechanisms are extremely important
— they can often successfully block infections at an
early stage, and if not, they influence the subsequent
adaptive immune response?®.

The important role of the mammalian innate
immune response in the reaction of the host against
pathogens is underscored by the deleterious conse-
quences of several different mutations that impinge on
its proper functions*s. Mice that are mutant at the
Bceg/Ity/Lsh locus, which encodes the natural-resistance-
associated macrophage protein (Nramp) — renamed as
solute carrier family 11a member 1 (Slc11lal) — are as
much as 1,000 times more susceptible to infection by a
diverse range of pathogens, including Mycobacteria,
Salmonella and Leishmania, than are wild-type mice.
Similarly, Lps-mutant mice that are resistant to the toxic
effects of bacterial lipopolysaccharide (LPS), are hyper-
sensitive to cram-NecaTIVE bacteria in general. It was 15
years after a description of the Lsh mutant was pub-
lished that the corresponding gene was cloned®, and for
Lps, 20 years elapsed between it being linked to a chro-
mosome and being cloned’. Although mouse models
have an important role in studies of innate immunity®,
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these examples illustrate one of the drawbacks of study-
ing innate immunity in mice. With the advent of the
complete mouse genome sequence and the develop-
ment of better mapping approaches, the situation has
improved to such an extent that forward genetic screens
for immunologically relevant traits have been under-
taken using mice (see for example rRers 8,9), although
these approaches still require a substantial investment of
time and effort.

We know that vital cellular and organismal functions
are based on molecular mechanisms that have been
remarkably conserved across hundreds of millions of
years of evolution. Indeed, given the findings of the past
five years, it is now clear that the study of innate immu-
nity in invertebrates can aid our understanding of how
mammals defend themselves against infection'®*2, There
is, therefore, every reason to study innate immunity in
species that are amenable to genetic analysis. Several
important insights into conserved aspects of innate
immunity have been derived from research on anti-
microbal defence in a diverse range of invertebrate
species, including mussels, shrimps, moths and horseshoe
crabs, often through biochemical approaches (see, for
example, ReFs 13,14). However, this review concentrates
mainly on research that uses the nematode worm
Caenorhabditis elegans and presents it in the context of
more established studies of Drosophila melanogaster.
Although it has been known for more than 30 years that
D. melanogaster has an inducible immune system, until as
recently as 1999 there had been no published reports on
C. elegans defences against pathogens. Several different
approaches are now being used to answer the question of
how C. elegans responds to infection. These studies have
been motivated by the conviction that, despite its simplic-
ity, C. elegans must possess an innate immune system
that, at least in part, resembles that of higher organisms.
Also, although D. melanogaster is a good model, it is far
from certain that it will be the best system for studying all
aspects of host defences. Finally, the worm possesses prac-
tical attributes such as short lifespan and self fertilization
that, for example, facilitate high throughput investiga-
tions and allow a two-sided approach to the study of
host—pathogen interactions'>Y’,

Lessons from Drosophila

One starting point for the investigation of innate immu-
nity in C. elegans has been to look for orthologues of
genes that are known to function in host defence in
Drosophila. This is relatively straightforward as the
C. elegans genome is now essentially completely
sequenced (A. Coulson, personal communication) and
well annotated (see WormBase in online links box). If
nematodes and insects are more closely related to each
other than either is to humans'® — which is still debated*®
— the results seem surprising. In both Drosophila?’ and
vertebrates?, nitric oxide contributes to the induction of
innate immune responses. However, C. elegans lacks a
homologue of the inducible synthase that is necessary
for the production of nitric oxide. In Drosophila,
wounding leads to the activation of prophenoloxidases
and the production of a plug of melanin at the wound

site. This arises through the action of a proteolytic cas-
cade that is similar to those that are involved in blood-
clotting reactions in other arthropods?2, But the genes
that are necessary for mounting such a response are
absent from the worm genome?. In Drosophila, the rele-
vant proteolytic cascade is under the negative control of
Serpin27A — a member of a family of protease
inhibitors. The level of Serpin27A is regulated by the
Toll pathway?% (FiG. 1), which, in turn, is negatively
controlled by a serpin?. There are 9 serpin genes in
C. elegans, compared to 30 in Drosophila, but it is unclear
at present whether any or all of them have a role in host
defences (G. Silverman, personal communication).

The Toll pathway. The Toll pathway was first described
in the context of the specification of dorsoventral
polarity in the Drosophila embryo (reviewed in ReF.27).
Elements of this signalling cascade also contribute to
the innate immune responses of the fly (FiG. 1). The best-
characterized function of the Toll pathway in Drosophila
innate immunity is its control of the production of anti-
microbial peptides (AMPs) that are secreted into the
haemolymph — the fly equivalent of blood. The path-
way is triggered by infection with fungi or Gram-positive
bacteria and results in upregulation of the expression of
the specific AMP genes — including drosomycin and
cecropin A1 — through the action of Rel/nuclear factor
KB (NF-kB)-like transcription factors (FIG. 1A). Various
mutants in the Toll pathway have reduced levels of AMP
expression after infection by fungi or Gram-positive bac-
teria, and are killed more rapidly by these pathogens?2,
As illustrated in FiG. 1A, analogous signalling pathways
that involve a family of Toll-like receptors (TLRs) in
mammals are responsible for the innate response to
diverse pathogens (reviewed in Rer.30). In contrast to Toll,
the TLRs are believed to function directly in the specific
recognition of so-called pathogen-associated molecular
patterns (PAMPs). These are invariant components of
microorganisms, such as the LPS of Gram-negative bac-
teria. In mammals, most of the TLRs have been assigned
a function in defence against infection®. Although the
Drosophila genome encodes eight extra Toll-family
members, it is unclear whether any of them have arole in
innate immune signalling®-%, For example, although one
of these TLRs —18-wheeler — had been proposed to be
important for the antibacterial response of Drosophila,
this now seems not to be the case®.

Surprisingly, the Toll pathway seems not to be con-
served in C. elegans. Although sequence comparisons
show that the worm possesses homologues of certain
component of the Toll/TLR pathways, there are some
important absences in a putative nematode TLR cascade.
Most strikingly, there is no obvious NF-kB homologue®
(FIG.1A). As it is relatively simple to knock out genes in
C. elegans using random mutagenesis followed by a poly-
merase chain reaction (PCR) screen®2 (see Michael R.
Koelle’s laboratory in online links box), mutants for sev-
eral genes of a putative Toll/TLR pathway have been
generated®. In contrast to Toll in Drosophila— or, for
example, Tlr4 in mice’ —the single C. elegans TLR gene
tol-1, has not yet been shown to have a direct role in
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Figure 1 | The Toll and Imd pathways. A | A simplified Toll signalling pathway in Drosophila (a) compared to the mammalian Toll-
like receptor 4 (TLR4) pathway (b). Homologues of some, but not all, of these proteins can be found in Caenorhabditis elegans (c).
B | A simplified Imd signalling pathway in Drosophila (a) compared to the mammalian tumour necrosis factor (TNF) pathway (b).
Activation of the Drosophila Toll and Imd pathways leads to the nuclear import of Relish (Rel)-type transcription factors. Although the
two pathways are often presented as being distinct, in reality, the situation is more complex (BOX 1), with, for example, cross-
stimulation of the Toll and Imd pathways by certain pathogens, linked to promiscuous activation of peptidoglycan recognition
protein-short-A (PGRP-SA) and peptidoglycan-recognition protein long-C (PGRP-LC)*?® (J. Royet, personal communication).

Red crosses indicate the degradation of Cactus/inhibitor of nuclear factor kB (IkB). CD, cluster of differentiation; Dif, dorsal-related
immunity factor; DREDD, death-related cell death abnormality-3 (ced-3)/Nedd2-like; FADD, Fas-associated death domain protein;
Ird, immune response deficient; IMD, immune deficiency; IRAK, interleukin 1 receptor associated kinase; IRD, immune response
deficient; MEKK, mitogen-activated protein kinase kinase; MOM, more of MS; MyD, myleoid differentiation primary response gene;
NF, nuclear factor; PIK, Pelle/IRAK homologue; RIP, receptor interacting protein; TAK, TGFp activitated kinase; TOL, Toll homologue;
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TRAF, TNF receptor associated factor; TRF, TRAF homologue.

resistance to either fungal or bacterial pathogens®=’.
However, adult worms have a tendency to avoid the
pathogenic bacterium Serratia marcescens and tol-1 is
necessary for this behaviour3, In the adult worm, the
domain of tol-1 expression is almost entirely restricted to
the nervous system, and includes a group of putative
sensory neurons. This observation led to the prediction
that the protein TOL-1 could be part of a mechanism
that allows wormes to discriminate between bacteria, and
might, therefore, be directly involved in the response of
worms to S. marcescens®.

The Imd pathway. In Drosophila, Gram-negative bacte-
rial PAMPs trigger a distinct signalling cascade called
the immune deficiency (Imd) pathway3* that is analo-
gous to the mammalian tumour-necrosis-factor (TNF)
signalling pathway (reviewed in Rer.30). One of the out-
comes of the activation of this pathway is the upregula-
tion of the expression of specific AMP genes, through
the action of the NF-kB family member Relish (FIG. 1B).
Given the absence of relevant homologues, the existence
of a C. elegans Imd pathway seems highly unlikely. For
example, as well as the already mentioned absence of an
NF-kB homologue, there are no obvious homologues

of peptidoglycan recognition protein (PGRP)-LC*-
and the TNF receptor of mammals, or Imd and its
mammalian counterpart (F1G. 1B). There is a nematode
homologue of tak1/TAK-1 (transforming growth fac-
tor-B (TGF-P)-activated kinase), which is an important
component in the cascade, but its known function is
not related to innate immunity* (see later for further
discussion).

The apparent absence of equivalents of the Toll and
Imd pathways in C. elegans is surprising given their
importance in Drosophila. If both pathways are inacti-
vated genetically — for example, as is the case in
imd; Toll double mutants — no AMPs are produced and
flies are hypersusceptible to both fungal and bacterial
infection*. Recently, the importance of the AMPs was
formally demonstrated, as it was shown that the expres-
sion of a single AMP could, in some cases, restore a
wild-type level of resistance against infection to the oth-
erwise hyper-susceptible mutants®. C. elegans has been
shown to express several antimicrobial peptides that are
related to the Ascaris suum antibacterial factor (ASABF)
peptides of A. suum?*#7, but whether they have arole in
inducible defence mechanisms against infection is, at
present, an open question.
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MELANIZATION

A reaction of invertebrates to
infection that leads to the
production of antimicrobial
phenol derivatives and that can
involve the encapsulation of a
potential pathogen in a melanin
envelope.

The immune response of flies involves not just the
upregulation of AMP expression, it also affects the
expression of many proteins — Drosophila immune-
induced molecules (DIMs)* — with confirmed or
putative roles in defence. Two microarray studies have
shown that there are several hundred Drosophila
immune-regulated genes (DIRGs)**. More recently, a
further microarray analysis by De Gregorio et al.5!
confirmed the important regulatory roles of the Toll
and Imd pathways. By analysing the response of Relish;
Toll and Relish;Spaetzle double mutants they showed
that the infection-associated induction or repression
of two-thirds of 283 DIRGs that were examined
required one or both of the pathways®.. It is too early
to tell whether innate defences in C. elegans will have
such restricted foundations, as the first molecular
descriptions of its immune system have only recently
been published.

Worm immunity: genetic approaches
The natural environment of C. elegans is the soil,
which is full of potential pathogens and parasites.
Even if C. elegans has apparently lost NF-kB-based
inducible defences, it would be expected to be able to
defend itself. One approach to address the question of
the kind of innate immunity that C. elegans possesses
involves genetic screens. The types of genetic screen
that are possible in C. elegans have been recently
described by Jorgensen and Mango®. Relatively
few mutations give rise to dominant phenotypesin
C. elegans, so screens for visible phenotypes are gener-
ally carried out on the second generation (F,) after a
mutagenesis. As worms are self-fertilizing hermaphro-
dites, mutagenized individuals are simply allowed to
reproduce. One-quarter of the F, progeny will be
homozygous for a given mutation and can be screened,
in this case, for mutants with an altered susceptibility
to infection.

A priori, a promising screen would find mutant
worms with an enhanced susceptibility to pathogens

Box 1 | Imd/Toll crosstalk and complexity

Both the Toll and Imd pathways (FIG. 1) can be
simultaneously activated by a sterile injury, such as
pricking with a clean needle, and are involved in
MELANIZATION. Furthermore, certain Drosophila
immune-induced molecules (DIMs)*, including Relish
(Rel) itself*, are under the control of the Toll and Imd
pathways, and the various Rel-type transcription factors
can heterodimerize to give combinations that
differentially regulate target-gene expression'®. The
response of a fly to infection will, therefore, partly
involve a balance between the activation of these two
complementary pathways'®. Toll also seems to act in
more than one Dorsal- and Dif-independent manner,
adding extra branches to the signalling cascades that are
activated on infection. For example, it can control the
activity of a JAK/STAT-mediated response’® (8ox 2). To
further complicate matters, the observed mechanisms
change during development and are tissue specific!%-1%,

(an Esp phenotype), as they would be predicted to
have compromised defences. A generally applicable,
but relatively laborious, approach would be to conduct
aclonal F, screen, in which the post-infection survival
of a small sample (for example, about a dozen) of the
250-300 F, progeny of a large number of individual F,
animals is followed. If one-quarter of the dozen F,
worms were hypersusceptible to infection, it would
indicate that the F1 parent had been heterozygous for a
potentially interesting mutation. As most of the F, sib-
lings would not have been infected, homozygous
worms could be easily isolated by one or two rounds of
selection in the following generations, by identifying
individuals that give 100% Esp progeny.

There is an important consideration that needs to
be taken into account for such screens in worms. It is
known that the age of a worm has an important influ-
ence on its susceptibility to pathogens®. For example,
worms of the last larval stage (L4) are much more
susceptible than adults to the toxic effects of the
Pseudomonas aeruginosa strain PA14 (Rer.53). By con-
trast, whereas pre-L4 worms are resistant to infection
with the S. marcescens strain Db11, after the L4-stage,
worms become progressively more susceptible®.
Equally, adult worms are killed more rapidly by PA14
infection, as opposed to intoxication, than are L4
worms®. Therefore, any screen that uses post-infection
survival as the basis of selection needs to start with
worms of the same age. Tightly synchronized popula-
tions can be generated relatively easily — treating
gravid hermaphrodites with an alkaline bleach solution
kills the adults but releases their eggs, which can be left
to hatch. Also, in the absence of food the larvae arrest
their development. As soon as food is given to the lar-
vae they resume their normal development synchro-
nously. In this way, large populations of worms of the
same age can be obtained. C. elegans eggs are also resis-
tant to many pathogens and can be recovered from
infected cadavers to give rise to viable progeny. So, it
is possible to conduct direct F, screens for worms that
die more rapidly when in contact with a pathogen.
Obviously, this approach will only work if the pathogen
in question does not render worms sterile or kill them
before they are fertile. Among the well-characterized
pathogens of C. elegans, the P. aeruginosa strain PA14 is
ideally suited to this approach, and has been used in
such a screen®.

A screen for enhanced susceptibility. Kim and col-
leagues directly screened an estimated 14,000 haploid
mutagenized genomes and isolated 10 Esp mutants that
were more susceptible to PA14 infection. Whereas
under the screen conditions, wild-type worms that
were infected with PA14 started to die after 34 hours,
the Esp mutants died after as little as 16 hours. One
important barrier for any potential pathogen, such as
PA14, which normally colonizes the nematode intes-
tine, is the grinder — a chitinous structure in the ter-
minal bulb of the pharynx®. Indeed, in 1 of the 10 Esp
mutants, which was not studied further, the function of
the grinder was compromised. Kim et al. focused on
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RNA INTERFERENCE

(RNAI). The specific
inactivation of gene expression
by a double-stranded RNA
molecule.
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Figure 2 | Mitogen-activated protein kinase (MAPK) signalling pathways in Caenorabditis elegans are involved in
multiple processes. JKK, JNK kinase homologue; JNK, c-Jun N-terminal kinase; LET, lethal; LIN, abnormal cell ineage; LIT, loss of
intestine; MEK, MAP kinase kinase or Erk Kinase; MOM, more of MS; MPK, MAP kinase homologue; NSY, neuronal symmetry;
PMK, P38 MAP kinase family; POP, posterior pharynx defect; SEK, SAPK/ERK kinase; TCF, T-cell factor; UNC, uncoordinated.

the two most susceptible mutants — esp-2 and esp-8.
Importantly, they showed that although these two
mutants were also hypersusceptible to a second patho-
gen, Enterococcus faecalis, they had a lifespan that was
comparable to that of wild-type worms if cultivated on
the standard worm diet of Eschericia coli.
High-resolution single-nucleotide polymorphism
(SNP) mapping, the sequencing of candidate genes and
transformation rescue were used to clone esp-2 and
esp-8 (REr.56). They were shown to correspond to two
known genes, sek-1 and nsy-1, respectively, and to
therefore be part of a mitogen-activated protein kinase
(MAPK) signalling cascade. In species ranging from
yeast to mammals, these cascades act downstream of
receptors or sensors that transduce extracellular stim-
uli, and transform these signals into the appropriate
intracellular response. Three main signalling cascades
have been defined: the p38 mitogen-activated protein
kinase (p38 MAPK), the extracellular-signal-regulated
protein kinase (ERK) and the JUN kinase (JNK) sig-
nalling pathways. Each cascade consists of three classes
of protein kinase: MAPK, MAPK kinase (MAPKK
or MAP2K) and MAPK kinase kinase (MAPKKK or
MAP3K). So, esp-2/sek-1 and esp-8/nsy-1 encode a
MAP2K and a MAP3K, respectively®®. These kinases
had previously been shown to act downstream of the
Ca?*/calmodulin-dependent protein kinase 11 UNC-43
(FIG. 2) to control the asymmetric expression of an
olfactory receptor gene in one of a pair of sensory neu-
rons®"%8, Although, in this seemingly esoteric and
potentially nematode-specific context, the downstream
MAPK target has yet to be identified, Kim et al. were
able to show by rna inTErrerence (RNAI) of the two

C. elegans p38 homologues pmk-1 and pmk-2 that sek-1
and nsy-1 act in a pmk-1-dependent manner to mediate
resistance to P. aeruginosa infection®. They also showed
that this resistance does not involve unc-43.

The knockdown of pmk-1 function by RNAi also
rendered C. elegans more susceptible to infection with
a different Gram-negative pathogen — Salmonella
typhimurium. Salmonella infection is known to trigger
programmed cell death or apoptosis in C. elegans®®.
Analysis of freely available worm mutants (see the
Caenorhabditis Genetics Center in online links box),
which had been isolated in many previous screens
that have helped to delineate apoptotic pathways®’,
showed that apoptosis contributes to the resistance of
C. elegans to Salmonella infection. It has now been
established that the involvement of an apoptotic path-
way in this type of resistance depends on sek-1, nsy-1
and pmk-1 (REF. 37).

Curiously, although P. aeruginosa activates the p38
MAPK pathway, it has been reported not to provoke
apoptosis®, which indicates that there might be differ-
ent possible outcomes following activation of the
pathway by different pathogens. This might simply
reflect the fact that P. aeruginosa kills worms much
faster than S. typhimurium®.62, A definitive answer
might be obtained by looking at apoptosis in worms
that have been infected with attenuated strains of
P. aeruginosa. Such strains already exist. This example
illustrates one of the advantages of using the worm as a
model for the study of innate immunity — it can be
used in conjunction with large-scale genetic screens
of the pathogen to identify the factors that contribute
to virulence.
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DAUER

An alternative larval stage that
is able to survive adverse
conditions.

SIGNALOSOME
A protein complex that is
involved in signal transduction.

Screens for avirulent bacterial mutants. Screens for avir-
ulent bacterial mutants generally involve the production
of a bank of mutant bacterial clones that can be tested
individually to identify those with reduced virulence —
in other words, those that support the growth and sur-
vival of worms for longer than the parental strain. Such
screens are technically highly feasible!>*7, because not
only can pathogenic bacteria be used as the sole food
source for the worms, but worms can also be grown in
24- or 96-well plates, which makes large-scale screens
possible. Screens for bacterial virulence factors were
first performed using PA14 (reviewed in ReF.63), but
have also been reported for E. faecalis®, Burkholderia
pseudomallei &, Yersinia pseudotuberculosis® and, most
recently, S. marcescens®*. As worms can be grown in
liquid culture, with robotized handling (see Marseille-
Génopole post-genomics centre in online links box),
high-throughput screens can now be envisaged for any
of the bacteria on the ever-growing list of known
pathogens of C. elegans'®7,

By screening several Salmonella mutants that had
been isolated on the basis of their reduced virulence,
Aballay et al. showed that intact LPS in the bacterial
outer membrane is important not only to establish a
permanent intestinal infection but also to trigger apop-
tosis¥. Together with the finding that the p38 MAPK
pathway is required for Salmonella-induced apoptosis,
these results raise the possibility that there is a linear cas-
cade that links LPS recognition to apoptosis in C. elegans.
However, Aballay et al. showed that C. elegans TOL-1,
which is by analogy with other TLRs a candidate LPS
receptor, does not act upstream of the MAPK-dependant
cell-death pathway, which reduces the probability that it
acts as a PAMP receptor. They also failed to show directly
that LPS could trigger the p38 MAPK pathway, which
indicated that the simultaneous activation of a second
—as yet unidentified — signalling pathway might be
necessary for its activation.

Resistance to infection and stress in C. elegans
This putative second MAPK activation pathway could
be part of a more general stress response, as the
sek-1-nsy-1-pmk-1 pathway also regulates the stress
response of nematodes to arsenic (K. Matsumoto, per-
sonal communication). If true, this would indicate that
C. elegans possesses a MAPK-based integrated stress-
signalling network, as seems to be the case in plants and
insects (Box 2), for which pathogen response is only one
of its functions.

At present, the best-characterized stress-resistance
pathway in C. elegans involves DAF-2 (pauer formation
defective), an insulin/insulin-like growth factor receptor
homologue that is conserved in higher organisms (see,
for example, ReFs 68, 69). daf-2 mutants have an increased
resistance to heat, ultraviolet light, hypoxia™ and heavy
metals™. The increased resistance requires the activity
of DAF-16, a forkhead transcription factor, because
daf-16;daf-2 double mutants are not stress resistant (see
for example Rer. 70). scl-1 has been identified as one tar-
get of daf-16. It encodes a putative secretory protein
with an SCP domain (see Protein Families Database of

Alignments and HMMs (Pfam) entry PF00188) —
hence the name scl-1 (SCP-like). As would be expected,
the expression of scl-1 is upregulated by various types of
stress, including heat and starvation, and its inactivation
by RNAI abolishes the increased stress resistance of
daf-2 mutants’. Recently, it has been found that daf-2
mutants are also highly resistant to bacterial pathogens,
particularly those that are Gram-positive, and that this
resistance depends on daf-16 (D. Garsin and F. M.
Ausubel, personal communication). Together, these
results reinforce the common sense notion that resis-
tance to infection is, in part, a consequence of general
mechanisms that protect an organism from stress, prob-
ably by acting at the level of cell viability. The recent
description of a link between amino-acid sufficiency
and resistance to oxidative stress provides a clear prece-
dent for such a mechanism™. The control of daf-16
activity is complex™, and it is possible that DAF-16 is a
direct substrate for a p38 MAPK, especially as there are
several consensus phosphorylation sites for p38 MAPK
in the DAF-16 sequence, which are conserved in its
mammalian homologues Forkhead box 1 (FoxO1),
FoxO3 and FoxO4.

Other MAP3K pathways in worm defence?

As mentioned previously, Takl is important in
Drosophila for the Imd signalling pathway. It encodes a
MAP3K and its mammalian homologue acts upstream
of both INK and p38 MAPK (reviewed in REF. 75), as
well as the 1kB kinase (IKK) sicnaLosoMe (FIG. 1A). The
nematode homologue of TAK1 is MOM-4, which
transduces anterior/posterior polarity signals through
a MAPK-like signalling mechanism’ and acts, in
cooperation with the WNT pathway, in endoderm for-
mation during embryonic development’”® —probably
downstream of a Ca?*/calmodulin-dependent protein
kinase™. At present, there is no evidence to indicate that
it has arole in stress resistance or innate immunity, in
contrast with certain other of the nematode MAPK
pathway genes (FIG. 2). For example, worms with muta-
tions in the mek-1 gene, which encodes a homologue of
the mammalian MAP2K MKK? (an activator of INK),
are hypersensitive to heavy metals®, as are jnk-1 mutants
themselves® (FIG.2).

TGF-B pathway is important in worm defence

The screen for C. elegans mutants that are hyper-
susceptible to PA14 showed that a TGF-f3 signalling
pathway also contributes to worm defences against infec-
tion®, This is particularly interesting in the context of
recent microarray-based experiments in which several
nematode genes that were robustly upregulated follow-
ing infection with S. marcescens were identified. These
included genes that encode lysozymes and lectins that
are known to be important for defence against patho-
gens in other species®. Among these, a small fraction
had been shown to be under the positive control of the
TGF--related gene dbl-1 (Rer. 84) — previously known
as cet-1 (ReF. 85) — but not the gene F46F2.3, which was
erroneously included among these genes in the original
publication. This fraction includes lys-8, a gene that
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growth.
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The concerted movement of
epidermal cells that encloses the
embryo during early
development.

HAEMOCYTES
Specialized blood cells that are
important for defence.

encodes a lysozyme and would be predicted to have a
direct antibacterial activity. Consistent with this, dbl-1
mutants are more susceptible than wild-type worms to
infection with S. marcescens® and P. aeruginosa®.
During the infection of C. elegans by S. marcescens
and P. aeruginosa, and by most other known pathogens®,
the bacteria are confined to the intestine. We have pro-
posed® that the defence proteins that are expressed pre-
dominantly in the intestinal epithelium are secreted into
the intestinal lumen, perhaps through an exocytotic
mechanism that is analogous to the export of secretory
lysosomes from cytotoxic T-lymphocytes. It is interest-
ing to note that dbl-1 mutants are shorter lived than

wild-type worms if grown on live, but not dead, E. coli.
This indicates that eliminating part of the antibacterial
arsenal of the worms reveals a latent pathogenicity of
E. coli®. Indeed, old worms often succumb to E. coli
infection®, probably as a result of an age-related decline
in antimicrobial defences (reviewed in REF. 16).

Itis interesting to speculate on how the nematode
TGF-3 pathways might be connected to defence mecha-
nisms. The DBL-1 pathway is one of several nematode
TGF-Bsignalling cascades (FIG.3). They are activated by
soluble factors that, together with the Toll ligand
Spaetzle, have a cystine knot structure®”®, In many
species, TGF-B-like ligands are synthesized as precursors

Box 2 | MAPK pathways and stress responses in plants and insects

In vertebrates, cellular stress and inflammatory cytokines commonly activate JUN kinases (JNKs) and p38 mitogen-
activated protein kinases (MAPKSs), whereas extracellular-signal-regulated protein kinases (ERKSs) often mediate cell
proliferation in response to growth factors. This broad functional classification does not necessarily hold in other
organisms. For example, all known plant MAPK genes — there are 23 in Arabidopsis thaliana'® — belong to the ERK
subfamily*'. As well as certain plant-specific roles (such as auxin signalling), MAPK cascades in plants have important
roles in the signal-transduction pathways that underlie cell-cycle regulation, in stress responses and in defence against
infection (reviewed in REFS 109,110). Plants possess relatively complex defence systems that link the specific recognition of
an invading microbe with intra- and inter-plant signalling. This can lead to the production of antimicrobial compounds
and/or the apoptosis of the cells that surround the infection site, which prevents the pathogen from spreading (reviewed
in REF. 111). For example, in A. thaliana, recognition by FLS2 (flagellin sensing) of bacterial flagellin — a pathogen-
associated molecular pattern (PAMP) that also activates mammalian Toll-like receptor 5 (TLR5)*? — triggers a complete
MAPK signalling cascade (consisting of the MAP3K AtMEKKZ, the redundant MAP2Ks AtMKK4 and AtMKKS5, and the
MAPKs AtMPK3 and AtMPK®6) and leads to the activation of the transcription factors WKRY22 and WKRY29 (REF. 113).
WRKY proteins are specific to flowering plants and are known to activate the transcription of many defence-related
genes. Activation of the AIMEKK(1 cascade confers resistance to both fungal and bacterial pathogens, which indicates a
convergence of signals that is initiated by the different microbes''®. As several of the MAPKs that are involved in plant
defence —including AtMPK3 and AtMPK6 — are also activated in response to wounding, extreme temperature and/or
high doses of ultraviolet radiation'®'°, MAPK-based anti-pathogen-defence signalling might be part of a larger
integrated stress-signalling network%,

Evidence is accumulating for an analogous system in Drosophila melanogaster. Both p38 and JNK MAPKs are activated
by environmental stress in a MAP3K-dependent fashion'*>*". The two p38 MAPKSs (D-p38) might also have a role in fly
immunity, as overexpression of D-p38 downregulates the transcription of two AMP genes — Attacin and Cecropin—in
flies that have been exposed to bacterial*®. For the Drosophila INK (DJNK) pathway, a direct role in triggering part of the
coordinated response to infection seems more certain. This would be one of several characterized functions, as the DINK
pathway has an essential role during embryogenesis and is required for the generation of tissue polarity. It also
participates in the concerted epithelial-cell movements that underlie borsaL cLosurE (reviewed in REF. 119). As for the role
of the INK pathway in immune defences, adding lipopolysaccharide (LPS) to SL2 cells— which resemble embryonic
HaemocyTes — provokes Relish (Rel)-dependent upregulation of AMP genes and Rel-independent but Tak1-dependent
expression of proapoptotic proteins and cytoskeleton components. This response also depends on the INK kinases
(MAP2Ks) Mkk4 and hep, which indicates that there is a bifurcation of the Imd pathway downstream of TAKZ1, with one
branch leading to NF-kB-mediated AMP gene expression and the other to a INK-mediated response'®. This is similar to
the branching of the TLR/IL-1 pathways that is seen in vertebrates (reviewed in REF. 75), with TAK1 being able to
phosphorylate inhibitor of nuclear factor kB (1kB) kinase [3 (IKK[3) and MKKS®, leading to the activation of NF-kB and of
JNK and p38, respectively'®. Interestingly, in flies, in which this dual response has been confirmed genetically in vivo, the
DJINK-dependent response is faster than the response that involves NF-kB%, This might be because the DIJNK pathway is
important for wound healing'®, and damaged tissue needs to be repaired rapidly if the entry of potential pathogens is to
be prevented, especially as Drosophila spends most of its life in rotting fruits, steeped in an unsavoury microbial mulch. As
well as the early DINK-dependent response, there is a distinct later JAK/STAT-controlled pathway. This governs, for
example, the induction of Turandot M (TotM)*®, a gene that is related to the LPS- and stress-inducible gene TotA,
Surprisingly, this infection-induced upregulation of TotM seems to depend on both Toll and Rel, but not on tube and
cactus'®. As blocking tak1 expression by RNA interference (RNAI) reduced the level of induction and repression of all
known LPS-regulated genes'®, there might be an alternative signalling cascade that leads from Toll to Tak1 to Relish, as
well as the canonical Toll pathway. An important role for the MAP3K TAK1 in Drosophila innate immunity has been
directly shown, as tak1 mutants were isolated from a screen for flies that were hypersensitive to Gram-negative bacterial
infection'®, In this study, however, it was suggested that if Tak1 was involved in a DJINK-dependent response, there would
have to be another redundant, as yet unidentified, MAP3K-mediated signal'®. These apparently conflicting results could

reflect different degrees of redundancy in MAP3K pathways in embryonic cells and adult flies.
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Figure 3 | TGF-B ligands and signalling pathways in
Caenorhabditis elegans. Transforming growth-factor-3
(TGF-B) ligands and signalling pathways in Caenorhabditis
elegans are involved in many different processes, including the
control of polyploidy and the morphology of the mail tail.
Specific roles of dbl-1 and daf-7 are discussed in the main text.
The orphan ligand transforming growth factor- (TIG-2) is the
least well characterized. Although tig-2 mutants have been
obtained, they have not yet helped to clarify the function of the
gene (R. Padgett, personal communication). UNC-129 is
involved in axon guidance, but little is known about its
signalling partners or its regulation, apart from the fact that its
expression is controlled by the forkhead transcription factor
UNC-130 (REF. 126), which is also responsible for the
generation of chemosensory neuron diversity in worms?7.
Figure modified with permission from REF. 92. DAF, abnormal
dauer formation; DBL, decapentaplegic/bone morphogenetic
protein-like; SMA, small; UNC, uncoordinated.

that undergo a proteolytic maturation; however, this has
not yet been shown for DBL-1 or any of the other three
C. elegans TGF-3 family members (T1G-2, UNC-129
and DAF-7). Of these ligands, the function of DAF-7
has been well studied®. In conditions of low food avail-
ability and high population density, C. elegans can enter
a quiescent dauer state. This special larval stage is char-
acterized by changes in morphology, behaviour and
physiology that allow extended survival under adverse

Box 3 | A MAPK- TGF-B link?

conditions. Two extra pathways influence this develop-
mental decision: a cyclic nucleotide pathway and the
DAF-2 insulin-related pathway mentioned previously
(for reviews, see REFS 90,91). If food is available and the
population density is low, DAF-7 is secreted by the
AMPHID SENSORY NEURONS. It binds to the DAF-1/DAF-4
receptor, which causes the subsequent activation of the
SMAD family members DAF-8 and DAF-14, both of
which activate target-gene transcription on transloca-
tion to the nucleus. (reviewed in Rer. 92). Together with
SMA-6 (small), DAF-4 also forms the DBL-1 receptor.
DBL-1 was originally described as a regulator of body
length®. It is produced by several neurons® and hav-
ing bound its receptor SMA-6/DAF-4, which is expressed
on HyropermAL and intestinal epithelium cells, it activates
the Smads encoded by sma-2, sma-3 and sma-4 (ReF. 92)
(FI1G.3). Hypodermal expression of sma-6 is sufficient to
rescue the small size of sma-6 mutants®.

Studies have shown that as well as dbl-1 mutants,
sma-2, sma-3, sma-4 and sma-6 mutants are also hyper-
susceptible to P. aeruginosa infection®, perhaps as a
result of the direct downregulation of antibacterial
genes. Curiously, one of the known downstream targets
of DBL-1—lon-1, a negative regulator of body length
and hypodermal ploidy — encodes a molecule with
sequence similarity to the plant-defence protein PR-1
(REF. 95), which also contains a SCP domain. It is
expressed in the hypodermis and in the intestine®, and
hypodermal expression of lon-1 is necessary and suffi-
cient to restore the normal size to lon-1 mutant ani-
mals®. These results indicate that DBL-1 signalling in
the intestine is not required for body-length regulation
and raises the possibility of a second, direct or indirect,
antimicrobial role for LON-1 in the intestine. If true,
this would indicate that dbl-1-lon-1 pathways might be
used in different tissues for two functions that a priori
seem unrelated — there does not seem to be a general
correlation between body length and longevity®, or to
resistance to P. aeruginosa (M.-W. Tan, personal commu-
nication) or S. marcescens infection (C.L.K., unpublished
observations). Which of these roles is more ancient is,
for the moment, obscure. We speculated previously on a
functional link between MAPK and DAF-2 pathways; it
is possible that the MAPK and dbl-1 pathways might
also be interconnected (Box 3).

Given that both mitogen-activated protein kinase (MAPK) and transforming growth factor- (TGF-3) pathways
contribute to the resistance of Caenorhabditis elegans to Pseudomonas aeruginosa infection, it is reasonable to ask
whether the two pathways might be linked mechanistically. In Drosophila, activation of the MAPK kinase MAP2K TAK1
activates the Drosophila JUN kinase (DIJNK) pathway®:. The Drosophila homologue of TGF-[3 decapentaplegic (dpp)
acts downstream of DJNK during embryonic morphogenesis'??, and is induced following immune challenge**%°. So,
although dpp seems not to be involved during wound healing'?, it might be under the control of DINK and be involved
in the regulation of a subset of Drosophila immune-regulated genes (DIRGSs). Such a possibility is now being tested

(J. Royet, personal communication). Similarly, as far as its function in nematode immune defences is concerned, the
TGF-B-related gene dbl-1 might be directly downstream of a MAPK pathway. Several alternative scenarios, however, can
be envisaged. As an extreme example, dbl-1 could be upstream of the p38 homologue pmk-1, as TGF-f3 can act upstream
of p38 in a SMAD-dependent? or -independent!?* manner. Fortunately, the C. elegans mutants that are required to

delineate the different pathways are available.
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Conclusions

It seems that C. elegans possesses a relatively complex
innate immune system, that is without analogy to the best
known parts of the antimicrobial defences of Drosophila.
Although we have focused on the interaction of C. elegans
with a few Gram-negative bacteria, and thereby illus-
trated some of the specificity that is inherent to inter-
actions of the worms with pathogens, it should not be
forgotten that, in their natural environment, worms are
also confronted by Gram-positive and fungal®®
pathogens (reviewed in Rer. 16). It might be predicted that
they too could elicit specific defence mechanisms. This
has been proposed for Microbacterium nematophilum,
which produces a characteristic swelling of the hypo-
dermal tissue in the perianal area'®. Genetic screens for

bacterial unswollen (bus) mutants are now underway
(J. Hodgkin, personal communication) and might con-
tribute to a better understanding of this disease model.

The investigation of innate immunity in Drosophila
has shown that close parallels exist between insect and
mammalian defences against infection, and aided our
comprehension of the latter. C. elegans is a complemen-
tary model for studying the dialogue between an
organism and its biotic environment. Unravelling the
interconnections of the different host-signalling cas-
cades should contribute to a deeper understanding of
innate immunity and its evolutionary origins. That
future discoveries with C. elegans could be applied pro-
ductively to our understanding of human innate
immunity is a tantalizing prospect.
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