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Abstract

The common fruit fly Drosophila melanogaster is a powerful model for studying signaling pathway regulation. Conserved
signaling pathways underlying physiological processes signify evolutionary relationship between organisms and the nature of the
mechanisms they control. This study explores the cross-talk between the well-characterized nuclear factor kappa B (NF-«kB)
innate immune signaling pathways and transforming growth factor beta (TGF-{3) signaling pathway in response to parasitic
nematode infection in Drosophila. To understand the link between signaling pathways, we followed on our previous studies by
performing a transcript-level analysis of different TGF-f3 signaling components following infection of immune-compromised
Drosophila adult flies with the nematode parasites Heterorhabditis gerrardi and H. bacteriophora. Our findings demonstrate the
requirement of NF-«B transcription factors for activation of TGF-{3 signaling pathway in Drosophila in the context of parasitic
nematode infection. We observe significant decrease in transcript level of glass bottom boat (gbb) and screw (scw), components
of the bone morphogenic protein (BMP) branch, as well as Activinf3 (actf3) which is a component of the Activin branch of the
TGF-f3 signaling pathway. These results are observed only in H. gerrardi nematode-infected flies compared to uninfected
control. Also, this significant decrease in transcript level is found only for extracellular ligands. Future research examining the
mechanisms regulating the interaction of these signaling pathways could provide further insight into Drosophila anti-nematode
immune function against infection with potent parasitic nematodes.
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Introduction

The common fruit fly, Drosophila melanogaster, is a powerful
organism for modeling the molecular basis of evolutionary
conserved signaling pathways. The genetic similarities be-
tween pathway components provide us with insight into how
basic biological processes of vertebrate organisms’ function
(Buchon et al. 2014; Kimbrell and Beutler, 2001; Lemaitre
and Hoffmann, 2007). The ability to detect microbial
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invasions and activate defense responses has been extensively
studied in Drosophila, highlighting the contribution of this
model system to infection and innate immunity research.
Drosophila is able to discriminate between different path-
ogenic infections and respond by employing diverse immune
signaling pathways. Conserved signaling pathways (immune
deficiency pathway (Imd) and Toll pathway) are activated
through the NF-«B transcription factors Relish, Dorsal, and
the Rel-containing gene Dif (dorsal-related immunity factor)
mainly against Gram-negative bacteria, and Gram-positive
bacteria, and fungi, respectively (Corbo and Levine, 1996;
Ganesan et al., 2011; Kleino and Silverman, 2014; Lemaitre
et al., 1995; Rutschmann et al., 2000; Valanne et al., 2011).
However, Dorsal is activated during embryonic development,
whereas Difis activated during the immune response of adult
flies (Tauszig et al., 2000). In addition, Dif without Dorsal is
sufficient to mediate the induction of a subset of antimicrobial
peptide genes, such as drosomycin and defensin in Drosophila
(Meng et al., 1999). Other conserved signaling pathways,
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namely the Janus kinase/signal transducer and activator
of transcription (JAK/STAT) and c-Jun N-terminal ki-
nase (JNK), also participate in immune responses in
Drosophila (Agaisse et al. 2004; Myllymaki and Rémet,
2014; Ramet et al. 2002). Recent studies have indicated the
involvement of the conserved transforming growth factor
beta (TGF-f3) signaling pathway in response to bacterial
infection and wounding (Clark et al. 2011; Patrnogic et al.
2018a), but also in response to challenge with parasitic nem-
atodes (Castillo et al. 2013; Eleftherianos et al. 2016;
Patrnogic et al. 2018a, 2018b).

The TGF-f3 pathway in Drosophila includes fewer signal-
ing components than in vertebrate counterparts, and it consists
of the bone morphogenic protein (BMP) and the Activin path-
way, which are characterized by extracellular ligands binding
to type I and type II receptors, intracellular transducers, and
nuclear readout genes (Peterson and O’Connor, 2014; Raftery
and Sutherland, 1999). The extracellular ligands of the BMP
pathway include decapentaplegic (dpp), glass bottom boat
(gbb) and screw (scw), while the extracellular ligands of the
Activin pathway include Activinf3 (act3), dawdle (daw), mav-
erick (mav), and myoglianin (myo). Type I receptors include
saxophone (sax) and thick veins (tkv) in the BMP pathway,
and baboon (babo) in the Activin pathway, whereas type II
receptors include punt (put) or wishful thinking (wit).
Receptor binding leads to signal transduction, and in
Drosophila, this is mediated by Mothers against dpp (Mad)
in the BMP pathway, and intracellular protein Smad on X
(smox) in the Activin pathway (Shi and Massagué, 2003; Zi
et al. 2012). In addition, Mad activation can be achieved via
signaling through receptor babo (Gesualdi and Haerry, 2007).

The TGF-{3 signaling pathway is involved in inflammation
and tissue repair in mammals (Li et al. 2006). In particular,
TGF-f3 is predominantly considered an immunosuppressive
cytokine because the lack of TGF-f3 signaling is linked to
increased proliferation and effector function of immune cells
(Wan and Flavell, 2008). However, previous evidence indi-
cates that TGF-f3 signaling also stimulates diverse immune
processes including the proliferation of mouse CD8¥, the pro-
duction of TNF-o by both CD4* and CD8" cells, the death of
T cells, the induction of IL-17-producing cells, the differenti-
ation of Th-17 cells, the development and survival of CD1d-
dependent natural killer T cells, and CD8" T cells, and it fur-
ther possesses anti-apoptotic properties (Johnston et al. 2015).
Previous research has shown that it also modulates the
Drosophila immune response following wounding through
NF-kB regulation of dpp. More specifically, dpp is activated
through wounding and it represses the activation of antimicro-
bial peptides (Clark et al. 2011).

Previous studies have established that insect parasitic
nematodes, particularly from the genus Heterorhabditis,
are able to infect and kill Drosophila larvae and adult
flies (Arefin et al., 2015; Castillo et al., 2012; Dobes et al.,
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2012; Hallem et al., 2007; Hyrsl et al., 2011; Kucerova et al.,
2016; Pefia et al., 2015). Infection with these nematode para-
sites leads to transcriptional changes in Toll and Imd immune
signaling as well as in the conserved TGF-f3 signaling path-
way in Drosophila (Arefin et al., 2014; Castillo et al., 2013;
Hallem et al., 2007). More recently, we have extended these
findings to reveal a novel role for the TGF-3 signaling
branches in the fly anti-nematode immune response. We have
shown that inactivation of daw or dpp regulates the survival of
Drosophila flies to infection by Heterorhabditis nematodes
and their mutualistic bacteria, whereas inactivation of daw
reduces the persistence of the parasites in the mutant flies
(Eleftherianos et al. 2016). In addition, inactivation of Mad
or dpp promotes fly survival and increases antimicrobial
peptide gene expression levels upon sterile injury or
nematode infection, respectively, but not upon bacterial
challenge (Patrnogic et al. 2018a). Furthermore, extracel-
lular ligand scw and type I receptor sax in the BMP pathway as
well as the type I receptor babo in the Activin pathway are
substantially upregulated following H. gerrardi infection,
which leads to upregulation of the intracellular component
Mad (Patrnogic et al. 2018b).

In this study, we aimed to elucidate whether immune-
related NF-«kB transcription factors are playing a role in the
activation of TGF-f3 signaling in response to parasitic nema-
tode infection with H. gerrardi and H. bacteriophora. The
main difference between the two nematode parasites is that
they harbor distinct species of Photorhabdus mutualistic bac-
teria in their gut; H. gerrardi nematodes carry P. asymbiotica,
whereas H. bacteriophora nematodes contain P. luminescens
(Waterfield et al., 2009). For this, we examined changes in
transcript levels of TGF-3 extracellular and intracellular sig-
naling components in immune defective mutant flies. Our
results reveal the requirement of immune related NF-kB tran-
scription factors to activate TGF-3 signaling pathway in
nematode-infected flies. This requirement is parasite-specific,
as we only observe changes in transcript levels after infection
with H. gerrardi, but not H. bacteriophora. Strikingly, these
changes occur at the level of extracellular ligands, in both
branches of TGF-f3 signaling, BMP (gbb, scw) and Activin
(Actf). Further studies using other insect or human parasitic
nematode species could uncover the specificity of this activa-
tion requirement, as well as expose the molecular basis of
certain mechanisms underlying host-parasite interactions.

Materials and methods
Fly stocks
Fly stocks were raised on standard cornmeal-soy—based food

(Cat. No. 101-NV, Meidi laboratories) with few granules of
dry baker’s yeast, at 25 °C at 12:12 light:dark photoperiod,
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60% humidity. Fly lines Dif’, Rel?’ (Hedengren et al., 1999),
and Dif cn bw;Rel*’’/TM6¢, Sh1 were obtained from Dr. Jean-
Marc Reichhart’s lab (National Center for Scientific Research,
Strasbourg, France). Fly line used as background control in
experiments was cn bw that was obtained as gift from Dr.
Louisa Wu’s lab (University of Maryland, College Park,
USA). Both male and female adult flies aged 5-7 days old
were used in infection experiments.

Nematode stocks

Entomopathogenic nematodes used in the experiments
were Heterorhabditis gerrardi and Heterorhabditis
bacteriophora TTO01, amplified in the fourth instar lar-
vae of the wax moth, Galleria mellonella, using the
water trap technique (White 1927). Heterorhabditis in-
fective juveniles (IJs) used in all infection experiments
were 1-5 weeks old.

Infection

Infection of D. melanogaster adult flies with the infective
juveniles of entomopathogenic nematodes H. gerrardi and
H. bacteriophora was performed in the following way: 1Js
were washed in sterile water and diluted to the final
density that was previously adjusted to approximately
1000 worms/fly for H. gerrardi and 500 worms/fly for
H. bacteriophora. Nematode suspension in water
(250 pl) was added to vials containing four filter papers
(Whatman Grade 1, 20 mm). Additional 250 pl of 1%
sucrose was added to vials to provide nutrients for the
flies. For uninfected controls, 250 pl of water was
added to vials with 250 ul of 1% sucrose.

Flies were anesthetized, and a mix of five males and fe-
males was added into each vial. The plug was pushed down to
limit the movement and increase the probability of infection.
Vials were placed in the incubator at 25 °C. Survival was
quantified twice per day and additional 50 pul of 1% sucrose
were added each time.

Transcriptional expression analysis

To analyze the transcriptional regulation of TGF-[3 genes up-
on infection with entomopathogenic nematodes, flies were
infected as previously described and based on survival curves
previously obtained, collected at 48, 96, and 120 h following
nematode infection. Total RNA was extracted from at least
five adult flies per replicate using TRIzol Reagent (Ambion,
Life Technologies). Reverse transcription was performed
using iScript™ cDNA Synthesis Kit (BIO-RAD). iTag™
Universal SYBR® Green Supermix (Bio-Rad) was used for
quantitative RT-PCR using CFX96™ Real-Time System,
C1000™ Thermal Cycler with following conditions: 95 °C

for 2 min, 40 cycles of 95 °C for 15 s and 61 °C for 30 s,
95 °C for 15's, 65 °C for 5 s, and 95 °C for 5 s. CFX Manager
3.1 (Bio-Rad) was used for data analysis. Primers used to
quantify mRNA levels are listed in Table 1.

Statistical analysis

For data plotting and statistical analyses, we used GraphPad
Prism (v8.0.2). Three independent survival experiments were
performed, and the results were analyzed statistically using
Log-rank (Mantel-Cox). Experiments for transcriptional anal-
ysis were repeated three times and unpaired ¢ test was used for
statistics.

Results

The requirement for NF-kB transcription factors
to activate TGF-B signaling is parasite-specific

Using transcriptional analysis, we investigated whether the
immune-related NF-kB transcriptional factors are necessary
for the activation of the BMP and Activin TGF-f3 signaling
pathways, following infection with the parasitic nematodes
H. gerrardi and H. bacteriophora in D. melanogaster adult
flies. We first analyzed the changes in expression of the extra-
cellular ligands in both BMP and the Activin signaling path-
ways at specific time points following nematode infection
(Fig. 1). The time points were chosen based on survival curves
(Fig. 3) and demonstrate early, mid, and late time point during
the course of the infection. We show here only expression at
48 h post infection, as later time points did not reveal any
significant differences (Figs. S1 and S2). We did not observe
any significant differences in gene transcript levels of extra-
cellular ligands between the two nematode infections.
However, only H. gerrardi leads to observable changes, spe-
cifically in expression of extracellular ligands gbb (Fig. 1b),
scw (Fig. 1c), and Act3 (Fig. 1d). We found significantly low-
er transcript levels of ghb in Dif mutant flies following
H. gerrardi infection. This implies NF-kB transcriptional re-
quirement for activation of the BMP pathway following this
specific type of infection. Similarly, we found significantly
lower transcript levels of extracellular ligand scw in Dif;rel
double mutants, implying the requirement of this ligand for
regulating both immune pathways. Interestingly, in our previ-
ous studies, we observed significantly higher levels of extra-
cellular ligand scw, in wild-type background D. melanogaster
larvae specifically following infection with H. gerrardi nem-
atodes (Patrnogic et al. 2018b). Another study performed in
D. melanogaster larvae has shown that a mitochondrial per-
turbation leads to increased Act3 expression in the larval mus-
cle via the NF-kB signaling cascade (Song et al. 2017). This
suggests that blocking the NF-«kB signaling cascade would
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Table 1 List of primers and

sequences used in quantitative Gene name Forward primer (5'-3") Reverse primer (5'-3')

RT-PCR experiments
p49 GATGACCATCCGCCCAGCA CGGACCGACAGCTGCTTGGC
drosomycin GACTTGTTCGCCCTCTTCG CTTGCACACACGACGACAG
diptericin GCTGCGCAATCGCTTCTACT TGGTGGAGTTGGGCTTCATG
actf3 CCATTCAAAGGCAGCAGGTG AGCGGGTTGTGGAAATGACT
babo CGCTCCATCTGGTGTAACGA TCTGGTCCTTCGTCTTTGGC
daw CGAGGAGGACGATGTACCGAT GTGCTGCCTCTTGTGGATGA
dpp TGGCGACTTTTCAAACGATTGT CAGCGGAATATGAGCGGCAA
gbb GGGACTCGGAATGGTTCTGC CGTTGTCTATGTAAATCCCCGAC
mad GACGAAGAGGAGAAGTGGGC TAGATCACATGCGGCAGACC
mav GTGATTTCAGCCCGTCAACAC TTCAGCGTTCCGTGTCCAAT
myo ATGCTGCGGTTGGAGAAAATA CGTGACATATCGAGTTACACGG
sax ACCCACACCTGCCAGAATG CTTCCCCGTATTGCGTTTACT
Smox CGCCTATCAACAGCAACAGC TGCCCACACTAAGCACACTC
scw GCATCCTGGGCTCTGTGAAT ACCGCAGCGTATCTGTCAAA

decrease the expression of Act(3. Indeed, here, we observed a
significant decrease in Act(3 expression in both Dif, and
Dif:rel immune mutants. However, this is specifically in
response to infection with H. gerrardi. Taken together,
these results suggest a potential regulation of TGF-f3
signaling pathway via NF-kB signaling pathways; how-
ever, this effect is specific to infection with the parasitic
nematode H. gerrardi.

NF-kB transcriptional factors induce changes only
in extracellular ligands

Similarly, we examined changes in the transcript levels of
genes encoding the intracellular components of the two
branches of TGF-f3 signaling. In our previous studies, we
have observed transcriptional upregulation of the intracellular
components sax and mad following H. gerrardi infection,
albeit in larvae, and following wounding in adult flies
(Patrnogic et al., 2018a, 2018b). However, no significant
changes in gene expression were observed between the two
nematode infections performed in this study, nor between
background controls and immune pathway mutants within
each type of nematode infection (Figs. 2, S3, and S4). This
could suggest that the requirement for NF-kB transcriptional
factors to activate the TGF-{3 signaling pathway is at the level
of extracellular ligands.

NF-kB immune signaling pathways promote survival
against parasitic nematodes

Since D. melanogaster loss-of-function immune pathway mu-
tants are more susceptible to infections when challenged with
different pathogens (Lemaitre et al. 1995; Rutschmann et al.
2002), we investigated the survival rate of immune pathway
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mutant adult flies following infection with either species of
Heterorhabditis nematodes. Indeed, we observe significant
decrease in survival rate in the immune pathway mutants
following these infections (Fig. 3). More specifically,
Dif (Fig. 3a), rel (Fig. 3b), and Dif;rel double mutants
(Fig. 3c) are more susceptible to infection with H. gerrardi
compared to wild-type background controls. Similarly, rel
(Fig. 3e) and Dif;rel double mutants (Fig. 3f) show increased
susceptibility to infection with H. bacteriophora compared to
wild-type background control. This infection however does
not lead to significant decrease in survival rate in Dif mutants
(Fig. 3d) when compared to background controls, although we
do observe susceptibility to it. In addition, we looked at the
expression of antimicrobial peptides following these parasitic
infections. As expected, there is no significant increase in the
expression of antimicrobial peptides, namely diptericin and
drosomycin, that are used as readouts for these pathways
(Fig. 4). In a previous study, significant induction in antimi-
crobial peptide gene expression was observed following in-
fection with H. bacteriophora nematodes (Hallem et al.
2007). However, this study was performed with Drosophila

Fig. 1 Gene transcript levels of extracellular TGF-3 signaling compo- P>
nents in immune pathway mutants. Transcript levels of dpp, gbb, scw
extracellular ligands in the BMP pathway (a, b, ¢) and act3, mav, myo,
daw in the Activin pathway (d, e, f, g) following infection with the
parasitic nematodes Heterorhabditis gerrardi or H. bacteriophora.
Drosophila melanogaster adult flies were infected with H. gerrardi or
H. bacteriophora infective juveniles, and mRNA expression of various
TGF-3 pathway components was quantified by real-time RT-PCR 48 h
following infection. Gene transcript levels are normalized to non-infected
controls at the corresponding hour. Graphs represent the mean + SD of at
least two independent experiments. Statistical significance was deter-
mined using unpaired ¢ test comparing the background control line to
the corresponding immune pathway mutant. *p < 0.05



Immunogenetics (2019) 71:501-510

505

gbb relative fold change o dpp relative fold change o

scw relative fold change ©

—_

20

15

10

50

40

30

20

10

BMP pathway
I i & i 11l
cn bw RelF20  Dif;Rel

ii 2 - iﬁi

cn bw Dif! RelF20  Dif:Rel

d

cn bw RelF20  Dif;Rel

B H. gerrardi
Bl H. bacteriophora

actp relative fold change Q-

myo relative fold change —» mav relative fold change ®

daw relative fold change @

2.0

1.5

1.0

0.5

0.0

15

10

—_

Activin pathway

il

ch bw Relf20  Dif:Rel
I i ‘ il ) i

cn bw if! RelE20  Dif;,Rel
. k ﬁ . ﬁ ﬁ

cn bw ﬁ RelE20  Dif;Rel
.1 i ! i T

cn bw RelE20  Dif;Rel

@ Springer



506

Immunogenetics (2019) 71:501-510

BMP pathway

10 W H. gerrardi

M H. bacteriophora

sax relative fold change @
o)}

4

2 iﬁ .

0 e 0l -

cn bw Dif! RelF20  Dif:Rel
b
o 15
(=]
c
©
L
o
- 10
L
Q
2
5 5
g
k)
]
cnh bw Dif! RelF20  Dif;Rel

Fig. 2 Gene transcript levels of various intracellular TGF-f3 signaling
components in immune pathway mutants. Transcript levels of sax and
mad intracellular components in the BMP pathway (a, b) and babo and
smox in the Activin pathway (¢, d) following infection with the parasitic
nematodes Heterorhabditis gerrardi or H. bacteriophora. Drosophila
melanogaster adult flies were infected with H. gerrardi or

larvae instead of adult flies and examined an earlier time point
of infection. It is also important to stress that immune re-
sponses are highly variable in larvae because of the fluctuating
concentrations of ecdysone (the steroid hormone that triggers
metamorphosis) (Fellous and Lazzaro, 2010). In addition,
the 1J stage of entomopathogenic nematodes is the only
stage that is capable of infecting insects (Dillman et al.,
2012); therefore, we have standardized our experiments
by using specific age IJs for infections. Taken together,
these results suggest that the expression of immune-
related genes through the activation of NF-kB signaling
pathways might promote the survival of D. melanogaster
adult flies following infection with the nematode parasites
H. gerrardi and H. bacteriophora; however, lack of immune
signaling activation leads to increased fly sensitivity to
parasitic nematode infection.

Discussion
Previous studies have demonstrated the importance of

Drosophila as model to study conserved signaling pathways
and their implication in the immune response against
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microbial infections. Following on our previous transcript
analysis studies of TGF-f3 signaling pathway activated in re-
sponse to parasitic nematodes, here, we investigated a require-
ment of NF-kB transcriptional factors to activate the TGF-[3
signaling pathway. In the current study, we have examined the
transcript-level changes of TGF-f3 signaling components in
NF-«kB immune signaling pathway mutants following infec-
tion with the potent parasitic nematodes, H. gerrardi and
H. bacteriophora.

Our results demonstrate that the requirement for NF-kB
transcriptional factors to activate the TGF-f3 signaling is par-
asite-specific. The nematode parasites used in this study are
H. gerrardi and H. bacteriophora, which form a mutualistic
relationship with their respective gut bacteria, Photorhabdus
asymbiotica and P. luminescens. Photorhabdus bacteria are
Gram-negative insect pathogens that produce a wide variety
of toxins and virulence factors in order to infect their hosts
efficiently. Following nematode infection, the bacterial cells
are released into the fly body cavity where they are able to
multiply rapidly, colonize different tissues, and kill the host
(Ciche 2007; Waterfield et al. 2009). The parasite-specific
response that we observe might stem from the difference in
the pathogenicity between the mutualistic bacteria residing in



Immunogenetics (2019) 71:501-510

507

H. gerrardi

Y]

100

©
2
<
»
« 50
[=
@
o
[
o

0

0 40 80 120
Time in hours
b 100 ———
©
2
<
?
g 01 . cn bw
o — Relf%
& cn bw
— Reff20 ™ o
0
0 40 80 120
Time in hours
¢ 1001
©
2
e
a
« 50
c
8 — DifRel
e - cn bw
— DifRel | ™™
0

0 40 80 120
Time in hours

Fig. 3 Survival of immune pathway mutants following infection with the
parasitic nematodes Heterorhabditis gerrardi (a, b, ¢) or H. bacteriophora
(d, e, f). Drosophila melanogaster adult flies were infected with H. gerrardi
or H. bacteriophora, and survival was monitored twice per day. Graphs
represent at least three independent experiments. Statistical significance

the gut of their nematode vectors, and their interaction with the
Drosophila immune response.

Interestingly, repression in transcript levels of different
Drosophila BMP and Activin signaling components was ob-
served only upon infection with the parasitic nematode
H. gerrardi. In addition, as the regulation of TGF-[3 signaling
is achieved in the extracellular space, the cell membrane, and
the intracellular region, we examined transcript levels of
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was determined using log-rank (Mantel-Cox) test comparing infected back-
ground control flies to immune pathway mutants (cn bw vs Dif' *#p =
0.0066; cn bw vs Rel **#p =0.0007; cn bw vs difjrel ****p <0.0001; cn
bw vs rel #*** p <0.0001; cn bw vs difirel *p =0.0467)

TGF-3 gene expressed in different parts of the cell. Our re-
sults demonstrate that the transcriptional changes occur only
at the extracellular level and the only distinct changes in gene
expression are those of the extracellular ligands gbb, scw, and
Actf3. In our previous study, albeit in background control lar-
vae, extracellular ligand scw was induced significantly follow-
ing infection with H. gerrardi nematodes (Patrnogic et al.
2018b). Here, we find a reverse effect, where in mutant flies
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Fig. 4 Transcript levels of antimicrobial peptides following infection
with the parasitic nematodes Heterorhabditis gerrardi or
H. bacteriophora. Drosophila melanogaster adult flies were infected
with H. gerrardi or H. bacteriophora and gene transcript levels of
diptericin (a) and drosomycin (b) were quantified using real-time RT-

with deficient both NF-«kB immune signaling pathways, ex-
pression of scw is reduced. This implies that if NF-kB immune
signaling activity is impaired, it leads to repression of certain
TGF-{3 signaling components. In contrast, functional NF-«xB
immune signaling leads to induction of TGF-f3 signaling
components. Taken together, these findings suggest that
a molecular mechanism can link TGF- and NF-xB
signaling pathways in Drosophila during immune response
to potent nematode parasites.

Expression of the extracellular ligand of the Activin path-
way Act(3 has previously been shown to decrease in larval
muscle cells with perturbed mitochondrial function. Further
investigation revealed that decreases in Act3 expression was
due to blocking of the NF-kB/Rel signaling pathway (Song
et al. 2017). Similarly, we observe reduction in extracellular
ligand Act(3 expression following H. gerrardi nematode infec-
tion in flies lacking functional NF-kB signaling pathway com-
ponents. More specifically, flies lacking transcription factor
Dif (functions in the Toll signaling pathway), as well as flies
lacking both transcription factors Dif and Rel together (affect-
ing both Toll and Imd pathways), demonstrate reduction in
extracellular ligand Act3 expression. Taken together, the cur-
rent results along with previous findings in Drosophila larvae
showing decrease in Act3 expression by preventing activation
of the NF-«kB/Rel signaling pathway suggest that NF-«kB sig-
naling can interfere with the expression of Act(3.

In our previous studies, we established the involvement of
the Drosophila TGF-[3 signaling pathway in the response
against parasitic nematodes. The current study extends our
previous findings by demonstrating parasite-specific require-
ment NF-kB transcriptional factors for the activation of
TGF-{ signaling pathway. Future research could be focusing
on the detailed characterization of the relationship between
these two conserved signaling pathways by elucidating the
epistasis between specific signaling components and explor-
ing the responses to parasitic nematode infection when both
pathways are impaired. In addition, overexpression of TGF-[3
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extracellular ligands in immune pathway—impaired mutant
flies would be a useful tool to understand the role of these
signaling components in the Drosophila anti-nematode re-
sponse. Furthermore, we could look whether infections with
axenic nematodes in order to establish whether nematodes
deficient of their mutualistic bacteria are able to confer a sim-
ilar effect. In addition, infections with other parasite nematode
species might provide more insight in the role of TGF-f3 sig-
naling pathway in anti-nematode responses. Along those
lines, functional immunity studies in the Drosophila model
following infection with different parasitic nematodes could
further reveal whether interaction between these two evolu-
tionary conserved pathways at the signaling level also reflect
changes in innate immune anti-nematode activity.
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