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Drosophila are a well-suited model to unravel the fundamental mechanisms that constitute the innate immune

response. NF-kB was originally identified as a DNA-binding activity protein in activated B cells.

innate immunity Drosophila model NF-kB pathways

1. Drosophila melanogaster: A Case Study of the Innate
Immune System

1.1. Introduction

The immune system is composed of tissues, cells and molecules within an organism that collectively aim to detect
agents that are different from the organism’s healthy tissues and organize a response to counteract them and
maintain homeostasis. There are two main types of systems: innate and adaptive. The innate immune system
precedes the adaptive response and presents conserved mechanisms &l It involves a variety of cells and

molecular pathways to mount a fast immune response [ZI21[4],

The innate immune pathways mainly involve three types of proteins: sensors, which are able to detect microbial
patterns or danger signals; adaptors, which are able to transduce the signal downstream of the signaling pathway;
and effectors and regulators, which are crucial to the immune response and its dynamicity. When abnormally
regulated, innate immune responses contribute to the development of pathologies including chronic inflammation,
autoimmune diseases and cancer 28, The notion of intrinsically dynamic regulation proves to be essential in the

understanding of the innate immune system.

1.2. Drosophila: An Ever-Relevant Model

Drosophila are a well-suited model to unravel the fundamental mechanisms that constitute the innate immune
response. They share many molecular pathways underlying the activation of their innate immune systems with
humans [, and studies have demonstrated the relevance of the model in this context [&l. On a similar note, several
studies present Drosophila as a model insect in the field of oncology BIRALLIL2] |5 cancer research, flies have

been crucial to the discovery of genes and pathways that play oncogenic roles [23I14]115]

The flies present cellular local responses 26 and a systemic immune response. Activation of the second type of

response relies on nuclear factor kappa B (NF-kB) pathways. There are two pathways, named immune deficiency
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(IMD) and Toll, with distinct specificities and characteristics 1218l The architecture of the pathways is conserved in

mammals, with a strong similarity between IMD and TNFa pathways and between Toll and TLR pathways.

The simplicity of the Drosophila system in respect to mammals allowed the identification or analysis of processes
and molecules, as exemplified by the Nobel Prize attributed to Jules A. Hoffmann and Bruce A. Beutler in 2011 for
their discovery of the role of Toll receptors in the activation of the innate immune response 22, |t is therefore of

great importance to keep an eye on flies’ NF-kB: it is still moving!

| 2. Overview of the NF-kB Signaling Pathways in Drosophila

NF-kB was originally identified as a DNA-binding activity protein in activated B cells 29, There are two NF-kB
pathways in Drosophila that play a fundamental role in their immune response. The IMD and Toll pathways are
able to recognize three main pathogen families: mostly Gram-negative bacteria for IMD, Gram-positive bacteria
and fungi for Toll (221,

2.1. The IMD Pathway

Microbial-associated molecular patterns (MAMP) of Gram-negative and some Gram-positive bacteria activate the
IMD pathway (Figure 1). Meso-diaminopymelic-type (DAP-type) peptidoglycan is linked to two pattern recognition
receptors (PRR) of the peptidoglycan-recognition protein (PGRP) family, PGRP-LC and PGRP-LE [22,

In Drosophila, at least 13 genes encode 17 PGRPs isoforms through alternative splicing 231,
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Figure 1. The NF-kB IMD pathway in Drosophila. IMD is activated through the recognition of Gram-negative

bacteria-derived meso diaminopymelic-type (DAP-type) peptidoglycan (PGN) and tracheal cytotoxin (TCT) by the
Peptidoglycan recognition (PGRP) domain of Peptidoglycan recognition protein -LC and -LE (PGRP LC, -LE).
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PGRP-LC and -LE death-domains recruit immune deficiency (IMD), FAS-associated death domain (FADD) and
death-related ced-3/Nedd2-like protein (Dredd). A ubiquitin-ligase complex formed by the E3 ubiquitin ligase
Drosophila inhibitor of apoptosis 2 (DIAP2) and the E2 ubiquitin conjugating Ubiquitin conjugating enzyme variant
1A (Uevla), Bendless and Effete activates Dredd by K63-linked poly ubiquitinylation. Activated Dredd cleaves IMD
N-terminal domain, leading to the recruitment of transforming growth factor beta (TGF-f3)-activated kinase 1 (TAK1)
and TAK1-associated binding protein 2 (TAB2). TAK1 is able to activate the inhibitor of NF-kB (IkB) kinase (IKK)
complex formed of IKK and IKKy subunits. Phosphorylated IKK[( is sumoylated by Leswright and phosphorylates
the N-terminal portion of the NF-kB factor Relish to enable its transcriptional activity. Relish is separated from its
IkB-like C-terminal ankyrin repeat region by Dredd through proteolytic cleavage. The NLS-containing N-terminal
portion of Relish (Rel-68) is then imported to the nucleus while the 1kB-like C-terminal portion (Rel-49) remains in
the cytoplasm. Rel68 homodimers bind their cognate kB Response element, the consensus sequence 5'-
GGGGATTYYY-3' (Y: C or T) and activate IMD-pathway target genes with the help of the nuclear protein Akirin,
which needs to be ubiquitinated by the E3-ligase Hyd beforehand. Dotted arrows indicate the activity of key
cleaved proteins of the pathway (IMD, Relish), while continuous arrows are used for the other proteins. Negative

regulators are highlighted in red.

The activated receptors PGRP-LC or -LE will interact with the protein adaptor IMD. The cleaved N-terminal of IMD
exposes an Inhibitor of Apoptosis 2 (IAP2) binding motif (IBM). That will lead to the recruitment of a tetrameric
protein complex composed of DIAP2, Ubiquitin-conjugating variant 1la enzyme (Uevla), Bendless and Effete
complex 241, The role of this complex is to add Lysine 63 (K63)-linked ubiquitin chains on cleaved IMD, leading to
recruitment of the Mitogen-associated protein (MAP) kinase kinase kinase (MAPKKK), Transforming growth factor
B (TGF-B)-activated kinase 1 (TAK1) and TAK1-associated binding protein 2 (TAB2) [22. This complex activates the
Inhibitor of NF-kB Kinase (IKK). Composed notably of the catalytic subunit IKKB (or immune-response deficient 5—
Ird5) and the regulatory subunit IKKy (or Kenny-Key), the IKK complex mediates the phosphorylation and
proteolytic cleavage of the NF-kB factor Relish. Relish presents a C-terminal Inhibitor of NF-kB (IkB)-like domain

that will remain in the cytoplasm following the cleavage and a N-terminal domain that will translocate from the
cytoplasm to the nucleus [261271[28]129](30]

In the nucleus, Relish proteins form homodimers that control the expression of hundreds of target genes, affecting
various immune functions such as microbial recognition, melanization or production of reactive oxygen species 31
(321331 Some of these genes code for anti-microbial peptides (AMPs), small secreted peptides that play a central
role in the defense against micro-organisms 4. Among the Relish NF-kB target genes, negative regulators are
expressed to fine-tune the activation and shutdown of the IMD pathway (Figure 1). Those regulatory proteins can
be found at different levels of the pathway: during the DAP-type PGN recognition, at the IMD-IKK signaling
platform, for Relish cleavage and activity in the nucleus [B238I37I38] For instance, Pickle is a nuclear IkB that
interacts with the NF-kB protein Relish, selectively repressing Relish homodimers. Loss of Pickle results in over-
expression of Relish target genes. Host resistance to pathogenic bacteria improved in the short term, but chronic

inactivation of Pickle shortened the lifespan 22!,

2.2. The Toll Pathway
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The Toll pathway is activated upon the sensing of fungi, Gram-positive bacteria and some Gram-negative bacteria.
The transmembrane receptor Toll is activated by an extracellular proteolytic signaling cascade in two ways:
circulating PRR recognizes Lys-type peptidoglycan (Lys-PGN) from Gram-positive bacteria or B-glucans from fungi
(491 proteases produced by fungi, Gram-positive bacteria and some Gram-negative bacteria are sensed by the

proteolytically activable serine protease Persephone (Psh), initiating the “danger-signal” pathway [41142]43]

The extracellular signaling cascade leads to activation of Spatzle (Spz) and its binding to Toll. This initiates the
internalization of the receptor and recruitment of the adaptor protein Myeloid differentiation primary response gene
88 (MyD88) through their common TIR domains (441451461471 MyD88 recruits a secondary adaptor, Tube, through
its death domain (DD), leading to the formation of a tripartite complex with Pelle, a kinase homolog to the
mammalian Interleukin-1 receptor associated kinase 1 (IRAK1). Pelle phosphorylates the Ankyrin-repeats
containing IkB-like protein Cactus [“6l47]148I49150] The subsequent degradation of Cactus by the proteasome
releases the NF-kB factors Dorsal or Dorsal-related immunity factor (DIF). They translocate to the nucleus and
exert their DNA-binding activity BLI525E3I4] Nine Toll-related receptors (Toll-1 to -9) have been identified, with Toll
(also called Toll-1) being the main receptor for NF-kB-dependent AMPs synthesis 2], The principal Toll AMPs are
the anti-Gram-positive bacterial Defensin and the antifungal Drosomycins and Metchnikowin B8EZ. Upon activation
of both IMD and Toll pathways, formation of heterodimers of Relish and DIF or Dorsal leads to both IMD and Toll

pathway target gene expression 28!,

Toll pathway activation must also be controlled to prevent putative harmful activations. Only one negative regulator
has been identified up until now: Pellino, which regulates Myd88 protein stability 59, While this work is in
contradiction with a previous study that showed Pellino’s requirement for Toll signaling (89, this protein is part of the
only feedback regulatory loop described in the Toll pathway that prevents excessive activation. Hoping that further
work will help characterize better the regulation of the NF-kB factor DIF activity and the differences with the

regulation of Relish.

2.3. Regarding Both Pathways

A difference between the two pathways is the timing of activation: the IMD pathway is rapidly activated within
minutes in cell cultures and AMP gene expression culminates around 6 h post stimulation, whereas the Toll
pathway takes longer to get activated, with a peak of gene expression around 24 h post stimulation. There is no

clue if this is due to differences in the mode of activation of the pathways or something else.

Recent work in various laboratories provides a more comprehensive view of the IMD pathway, its regulation and

the dynamic control of gene expression by its NF-kB factor, Relish.

| 3. Regulation of NF-kB Relish Target Genes Expression

The study of the molecular cascade of the IMD pathway in Drosophila led to the identification of the nuclear protein

Akirin by researchers' laboratory. This evolutionarily conserved player in the NF-kB pathway is required for IMD
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target gene expression by the Relish transcription factor (Figure 2). Its knock-down in flies leads to a high

susceptibility to infections due to the lack of expression of most AMPs [61],
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Figure 2. Fine-tuning characterizes NF-kB IMD pathway expression. Following the stimulation of the IMD
pathway, a non-identified epigenetic-related protein will deposit an acetyl group on the lysine 4 of histone 3
(H3K4Ac), nearby genes mostly coding for effectors (anti-microbial peptides). After being K63 ubiquitinilated by the
E3-ligase Hyd, the conserved nuclear protein Akirin orchestrates a NF-kB transcriptional selectivity through the
recruitment of the Osa-containing-SWI/SNF-like Brahma complex (BAP). The N-terminal portion of Relish (Rel-68)
will then be recruited to the Akirin complex formed, which will lead to the expression of mostly effector genes of the
pathway (anti-microbial peptides). In the case that the H3K4Ac mark is not deposited, Akirin will not be recruited.
Rel68 will still bind to the consensus sequence and activate the expression of a second subset of genes,
comprised of mostly negative regulators and some anti-microbial peptides. In brief, Akirin is a NF-kB co-factor
acting as a molecular selector, required for the activation of a specific subset of Relish-dependent genes that
correlates with the presence of H3K4Ac epigenetic marks. Akirin specifies the choice between subsets of NF-kB

target genes, allowing Drosophila to modulate its innate immune response.

3.1. First Discovery of Akirin in Innate Immunity

Akirin was identified by a genome-wide RNAi screening as a positive regulator of the IMD pathway (1. Knock-

down of Akirin in Drosophila Schneider 2 (S2) cells reduced the induction of specific IMD pathway regulated
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antimicrobial peptides, like AttacinA, by 90%. Subsequent epistatic analysis using S2 cells indicated that Akirin acts
downstream of or at the level of Relish. Akirin encodes a putative 201 amino acid protein with no recognizable
domains but with a clear nuclear localization signal (NLS). This small nuclear protein is highly conserved in
metazoan species and consists of one copy in insects and worms and two in vertebrates (except for birds), but
none in plants, yeast or bacteria. Complete knockouts of Drosophila Akirin and mouse Akirin 2 led to early

embryonic lethality at an early or middle stage, but it was not the case in Akirinl KO mice 62,

Both Drosophila Akirin and mammalian Akirin2 are required for the innate immune response. Since Akirins have no
obvious DNA binding domain, it was proposed that Akirin could be a cofactor that regulates or fine-tunes NF-kB

transcriptional activity by interacting with chromatin remodeling factors and/or the transcriptional machine [61162](63]

3.2. Akirin Fine-Tune the NF-kB Response in Drosophila and Mammals

After stimulation, Akirin is K63-polyubiquitinalyted through the activity of the Hyd E3 ubiquitin ligase 841 This leads
to its binding to Relish, but how this ubiquitination is triggered is unknown. An interesting feature is that Akirin is
only required for the activation of a subset of Relish target genes 83, Indeed, most of Relish-regulated AMP genes
are dependent on Akirin, whereas most regulators (including Pirk, PGRP-LB and PGRP-LF) are only dependent on
Relish. Some AMP genes are, however, independent of Akirin. Researchers have shown that Akirin-independent
gene expression is detected as soon as one hour post-stimulation in cell culture, whereas Akirin-dependent gene

expression is only detected at two to three hours.

One interesting hypothesis would be that a moderate or short-time induction of the pathway would only activate, in
an Akirin-independent process, a few AMPs to fight infection and most of the regulators of the pathway to maintain
the homeostatic state, whereas a strong or prolonged infection would lead to the full Akirin-dependent activation of
the pathway, efficient immune response and its subsequent resolution. This would protect against unnecessary
activation by commensal or weak infections easily handled by epithelial and phagocytic immune responses. In this
model, Akirin-independent genes would be easier and therefore quicker to activate than Akirin-dependent genes.
This points to a different epigenetic state of these two classes of genes and a specific function of Akirin to allow

activation of less prone-to-activation genes.

As in Drosophila, mammalian Akirin-2 acts downstream of the TLR, TNFR and IL-1R signaling pathways 2. A
conditional knockout of akirin-2 in macrophages compromised the immune response of mice against Listeria
monocytogenes intra-peritoneal infections in vivo. Interestingly, mAkirin-2 is required for the regulation of only a
subset of LPS and IL-1 inducible genes with mainly pro-inflammatory activity. Moreover, like in Drosophila, mAkirin-
2 bridges the NF-kB factor and the chromatin remodeling SWI/SNF complex. It also appeared to participate in the
innate immune response through its interaction with the nuclear IKB protein IkB, an atypical member of the IkB

protein family (621,

It was suggested that IkB{ may influence the regulation of histone modification through selective H3K4 tri-

methylation of TLR-induced promoters 8. An increasing number of studies report that IkBZ regulates the activity of
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the canonical NF-kB p50 transcription 26869 As there is no homolog of IkBZ in Drosophila, another cofactor
could be implicated and remains to be identified. Other studies show a NF-kB-dependent immune function of
Akirins against Gram-negative bacterial infections or more generally, an indispensable role for the expression of
innate immune defense genes 7971l These results argue for a conserved role of Akirins to partly regulate the

innate immune response of metazoans.

3.3. Mechanism of NF-kB Selective Response

Devoid of known predicted functional domains in their sequence, Akirins might gather chromatin-remodeling
complexes with sequence-specific targeting transcription factors 22 (Figure 2). Using a genome-wide approach,
researchers' laboratory showed that the conserved nuclear protein Akirin is a NF-kB co-factor required for the
activation of a subset of Relish-dependent genes, characterized by the presence of the H3K4ac epigenetic mark
(631 This mark is not present on the promoters of the other genes activated by Relish. A large-scale unbiased
proteomic analysis revealed that Akirin orchestrates NF-kB transcriptional selectivity through the recruitment of the
Brahma-associated protein (BAP) SWI/SNF chromatin-remodeling complex. These findings, conserved
from Drosophila 8 to mammals €2, link chromatin remodeling to epigenetic control of NF-kB target gene
selectivity. Removing Akirin or SWI/SNF leads to an impaired expression of several AMP-coding genes, affecting

the innate immune response of Drosophila against Gram-negative bacteria and worsening survival after infection
[65]

Another group also found a diminution of IMD pathway activation after inhibition of BAP complex genes in cells but,
surprisingly, an increase in several IMD genes in vivo 2. Researchers cannot explain this discrepancy at the
moment. Moreover, Akirin has also been shown to bridge the SWI/SNF chromatin remodeling complex to target
genes during muscle development, where Akirin is also necessary for the function of the transcription factor Twist
(74l Several epigenetic-related proteins have been identified to physically interact with core members of the IMD
pathway 7. Among them, DMAP1, a member of the Tip60-p400 histone acetyltransferase complex, is necessary
for optimal expression of IMD target genes and physically interacts with Relish and with components of the BAP

SWI/SNF remodeling complex 28, [ts relation to Akirin is under investigation.

Another insight into the pivotal function of chromatin regulation during inflammation lies in the role of a distinct
SWI/SNF chromatin remodeling complex, the Poly-Bromo associated Brahma (PBAP) complex, as a negative
regulator of IMD signaling in the gut 2. Bap 180, a component specific of the PBAP complex, was shown to
directly interact with the IMD transcription factor Relish and to be recruited to the promoter regions of antimicrobial
peptides regulated by the IMD pathway. Flies mutant for Bap180 show increased susceptibility to infections by
Gram-negative bacteria as a result of elevated expression of pro-inflammatory IMD-target genes/anti-microbial

peptides in the gut rather than elevated bacterial load 2,

Whether other epigenetic marks, in addition to H3K4ac, contribute to coordinate Drosophila innate immune
response is still a pending question. Moreover, the precise histone-modifying enzymes involved in the deposition of

epigenetic marks in Drosophila remain to be identified. Similarly, whether other chromatin remodeling complexes,
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in addition to the SWI/SNF complexes, participate in a chromatin remodeling ballet to regulate the expression of

immune genes in a dynamic manner remains to be explored.

Of note, mAKkirin2 has recently been shown to be required for nuclear entry of proteasomes and turnover of some

nuclear factors to control their short-lived activity 8. Whether this function is independent of its chromatin

regulation function remains to be explored.
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