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ARTICLE INFO ABSTRACT

Keywords: Metabolites and compounds derived from gut-associated bacteria can modulate numerous physiological pro-
Drosophila cesses in the host, including immunity and behavior. Using a model of oral bacterial infection, we previously
Gut-brain axis demonstrated that gut-derived peptidoglycan (PGN), an essential constituent of the bacterial cell envelope, in-
E?g(’glycan fluences female fruit fly egg-laying behavior by activating the NF-kB cascade in a subset of brain neurons. These

findings underscore PGN as a potential mediator of communication between gut bacteria and the brain in
Drosophila, prompting further investigation into its impact on all brain cells. Through high-resolution mass
spectrometry, we now show that PGN fragments produced by gut bacteria can rapidly reach the central nervous
system. In Addition, by employing a combination of whole-genome transcriptome analyses, comprehensive
genetic assays, and reporter gene systems, we reveal that gut bacterial infection triggers a PGN dose-dependent
NF-kB immune response in perineurial glia, forming the continuous outer cell layer of the blood-brain barrier.
Furthermore, we demonstrate that persistent PGN-dependent NF-kB activation in perineurial glial cells correlates
with a reduction in lifespan and early neurological decline. Overall, our findings establish gut-derived PGN as a
critical mediator of the gut-immune-brain axis in Drosophila.

1. Introduction

Organisms with an open digestive system have in common the
colonization of the gastrointestinal tract by various species of micro-
organisms, of which bacteria make up the largest proportion, along
with yeasts and viruses (McFall-Ngai et al., 2013; Proctor et al., 2019).
This community of micro-organisms, known as the gut microbiota, feeds
on nutrients generated by the host’s diet and is influenced by host-
specific factors, including the gut environment and food preferences
(Moszak et al., 2020). In turn, gut micro-organisms intricately interact
with the host by producing and releasing microbiota-derived products
and metabolites that impact on many physiological processes, including
metabolism, immune responses, and even the functioning of the host
brain (Agus et al., 2021; Morais et al., 2021; Nagpal and Cryan, 2021).
These interactions play a pivotal role in maintaining the homeostasis
and therefore the health of the organism (Fan and Pedersen, 2021;
Kamareddine et al., 2020).

Among the products derived from the microbiota that ensure
communication with the host, microbe- and pathogen-associated

* Corresponding authors.

molecular patterns (MAMPs/PAMPs) represent conserved molecules
that play an important role in modulating the host immune response,
helping to maintain a balance between tolerance and defense against
pathogens (Janeway and Medzhitov, 2002; Kawai and Akira, 2009). One
of these MAMPs is peptidoglycan (PGN), also known as murein, an
essential structural component of the cell wall of most bacteria (Schleifer
and Kandler, 1972; Wolf and Underhill, 2018). Made up of long disac-
charide chains that are linked by peptide bridges, PGN forms a mesh-like
layer outside the bacterial plasma membrane (Vollmer et al., 2008). In
eukaryotes, circulating fragments of PGN released during bacterial
growth or cell death, known as muropeptides, are detected by several
families of Pattern Recognition Receptors (PRRs) either intracellularly
or at the cell membrane (Irazoki et al., 2019; Park and Uehara, 2008).
These include Nucleotide-binding Oligomerisation Domain (NOD) pro-
teins in vertebrates, as well as PGN-Binding Proteins (PGRPs) in both
vertebrates and invertebrates (Girardin and Philpott, 2004; Myllymaki
et al.,, 2014; Neyen et al., 2012). In response to PGN fragments, PRR
activate evolutionary conserved intracellular signaling cascades trig-
gering the nuclear factor-kappa B (NF-kB) family of transcriptional
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regulators, an integral component of the innate immune response
responsible for both inflammation and antimicrobial activity (Liu et al.,
2017; Myllymaki et al., 2014).

The interactions between PGN fragments produced by intestinal
bacteria and the NOD and PGRP receptors expressed by enteric cells are
essential to simultaneously eliminate pathogenic gut bacteria while
preserving innocuous commensal ones (Biswas and Kobayashi, 2013;
Bosco-Drayon et al., 2012; Onuma et al., 2023; Vance et al., 2009).
Although, in this case, the interaction between PGN and its dedicated
receptors is short-range, it has been demonstrated that by activating its
receptors in distant tissues and organs, gut-derived PGN is able to con-
trol from a distance biological processes such as the immune response,
hematopoiesis and metabolism (Clarke et al., 2010; Sorbara and Phil-
pott, 2011). Studies conducted in humans and various animal models
indicate that the influence of PGN and its derived muropeptides extends
to the central nervous system (CNS). Pioneering investigations have
identified the presence of PGN within human astrocytes, potentially
serving as a catalyst for brain inflammation in conditions such as mul-
tiple sclerosis and autoimmune encephalomyelitis (Branton et al., 2016;
Laman et al., 2020; Visser et al., 2005). In mice, detection of PGN
derived from the commensal gut microbiota by PGN-sensing molecules
expressed in neurons and astrocytes modulates brain development and
social behavior (Arentsen et al., 2017). Furthermore, research has
demonstrated that PGN fragments can cross the murine placenta, stim-
ulating the proliferation of neurons in the fetal cortex in a TLR2-
dependent manner (Humann et al., 2016). Recent findings also indi-
cate that orally administered Muramyl Dipeptide (MDP) reaches the
mouse brain and directly stimulates GABAergic hypothalamic neurons
expressing NOD2, thereby modulating feeding behavior, nesting
behavior, and body temperature (Gabanyi et al., 2022). Additionally,
investigations conducted in our laboratory using the fruit fly Drosophila
melanogaster, primarily through genetic strategies, have demonstrated
that injection of PGN into the body cavity modulates oviposition
behavior, leading to a reduction in the number of eggs laid by the flies.
This change in behavior appears to be a direct consequence of the
activation of the evolutionarily conserved Immune Deficiency/NF-xB
(IMD/NF-kB) signaling cascade within a subset of octopaminergic neu-
rons (Kurz et al., 2017; Masuzzo et al., 2019). Our results strongly
suggest that PGN, when present in the hemolymph, a fluid analogous to
the blood in vertebrates, has the potential to come into contact with
neural cells and can cross the blood-brain barrier to influence the
functions of the fly brain. In this study, we extend our investigation into
the role of PGN released by intestinal bacteria as a regulator of gut
bacteria-brain interactions in Drosophila. We employ spectrometric ap-
proaches to directly investigate the dynamics of dissemination of
immunogenic PGN fragments from the gut to host tissues using a bac-
terial gut infection model. Additionally, we integrate comprehensive
transcriptomic and genetic approaches to characterize the consequences
of the presence of muropeptides in the CNS.

2. Results

2.1. E.cc'® releases higher levels of immunogenic muropeptides than E.
MC4100

The phytopathogen Erwinia carotovora carotovora 15 (E.cc'®) is a
naturally occurring Gram-negative bacterium associated with
Drosophila, derived from the environment, and extensively utilized to
investigate host-bacteria interactions in the fruit fly (Basset et al., 2003;
Corby-Harris et al., 2007). It has been reported that, when present in the
adult intestinal tract, E.cc'® has the ability to activate PGN-dependent
innate immune signaling locally and in distant tissues such as the fat
body and Malpighian tubules, which are functional equivalents to the
mammalian liver and kidneys, respectively, without damaging the
integrity of the intestine. (Basset et al., 2000; Buchon et al., 2009;
Zugasti et al., 2020). All other bacterial species tested to date appeared
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to lack this feature. It is conceivable that the nature and/or the rate of
PGN fragments released by E.cc’®> would explain this rather unique
property. To test this hypothesis, we compared the ability of E.cc!® and
Escherichia coli MC4100 (E.CMC4100), another Gram-negative bacterium
sharing comparable growth properties with E.cc’® (Fig. 1a), in releasing
immunogenic monomeric PGN fragments into the surrounding envi-
ronment. Although E.cM¢#1% s not naturally associated with Drosophila,
it can be hosted by the fly and is commonly used to study host-bacteria
interactions (Younes et al., 2020). The levels of various monomeric PGN
fragments containing y-D-glutamyl-meso-diaminopimelic acid (iE-DAP)
and muramyl dipeptide (MDP), which are the minimal motifs recog-
nized respectively by the intracellular immune receptors NOD1 and
NOD2 in mammals (Girardin et al., 2003b, 2003a), along with their
anhydro derivatives (Irazoki et al., 2019) (Fig. 1b, c), were quantified in
the culture medium of exponentially growing E.cc’® and E.cM¢#1% using
liquid chromatography-mass spectrometry (LC-MS). While MDP and
muramyl tripeptide (GM3) were not found in bacterial supernatants, the
muramyl di-, tetra- and pentapeptides (GM2, GM4 and GM5) were
identified. Although present at low concentrations, GM2 and GM5
appeared to be ostensibly released to a greater extent by E.cM#1% while
GM4 was more abundantly produced by E.cc® (Fig. 1d). On the other
hand, anhydromuropeptides were found to be released more abundantly
by both E.cc!® and E.cM% in comparison to muropeptides, with
significantly higher levels observed in the culture medium of E.cc'®
compared to E.cM#1% (Rig. 1e). Among the anhydromuropeptides, the
most abundant was the anhydro-murotetrapeptide (GanhM4), also
known as Tracheal cytotoxin (TCT), which has been previously identi-
fied as the minimal motif required for activating IMD/NF-kB signaling in
flies (Chang et al., 2006; Kaneko et al., 2004; Lim et al., 2006) (Fig. 1e).
These findings demonstrate that E.cc!® and E.cM“% preferentially
release GanhM4 capable of activating the IMD/NF-kB pathway, with E.
cc!® exhibiting higher levels of release.

2.2. GanhM4 is detected in the gut, the hemolymph and the fat body of E.
cc?® and E.cMC*1% fed adulr flies

Using the same methodology, we quantified the presence of GanhM4
and its cleaved derivative, the peptide stem AEmDapA, in flies raised on
antibiotics and transferred onto a medium contamined with E.cc® or E.
MCEHO0 Indeed, in order to mitigate the potential adverse effects
resulting from excessive or prolonged activation of the NF-xB pathway,
flies, similar to mammals, possess various mechanisms that dampen the
level of immunogenic PGN fragments. One of these mechanisms involves
the pivotal role played by PGN-cleaving amidases (Buchon et al., 2013).
Through the hydrolysis of the amide bond connecting MurNAc to the Ala
residue of the stem peptide, catalytic PGRPs, such as PGRP-LB, PGRP-
SC1/2, and PGRP-SB1/2, convert the active GanhM4 into the inactive
AEmDapA (Bischoff et al., 2006; Charroux et al., 2018; Mellroth and
Steiner, 2006; Zaidman-Rémy et al., 2011, 2006) (Fig. Sla). This
enzymatic process ultimately reduces the intensity of NF-kB activation
in response to a PGN source (Paredes et al., 2011). Within 30 min
following ingestion of either E.cc!® or E.cM¢#1%, a significant presence of
AEmDapA was detected in extracts from wild-type flies, and its levels
remained elevated even 2 h post-infection (Fig. S1b, ¢). When experi-
ments were conducted in PGRP-LB mutants (PGRP-LB*) both GanhM4
and AEmDapA were detected at the 30 min and 2 h time points post-
infection (Fig. Slc). These findings indicate that ligands of the IMD/
NF-kB pathway rapidly translocate into the body cavity following
ingestion of either E.cc'® or E.cM“*1% and undergo rapid processing by
endogenous amidases.

It is postulated that muropeptides released by gut bacteria traverse
the intestinal epithelium to access the hemolymph, analogous to verte-
brate blood, which bathes most tissues and organs (Gendrin et al., 2009).
Therefore, we conducted an analysis of the local and distant distribution
of GanhM4 and AEmDapA in isolated gut and fat body tissues, as well as
in the hemolymph. In wild type animals, shortly after oral ingestion of E.
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Fig. 1. Characterization of muropeptide release by Erwinia caratovora caratovora 15 and Escherichia coli MC4100. (a) Growth curves of Erwinia caratovora caratovora
(E.cc'®) and Escherichia coli (E.c) strains MC41 00, MC1061, and MG1655. (b) Schematic representation of peptidoglycan (PGN) polymer and basic structure of
peptidoglycan motifs recognized by NOD1/2 and PGRP-LC pattern recognition receptors (PRRs). Abbreviations: L-Ala: L-alanine; D-Glu: D-glutamic acid; D-Ala: D-
alanine; mDAP: meso-diaminopimelic acid; NAM: N-acetylmuramic acid; NAG: N-acetylglucosamine. (¢) Schematic drawing illustrating the structure of monomeric
muropeptides and anhydromuropeptides. (d-e) Quantification of monomeric muropeptides (MDP, GM2, GM3, GM4, GM5) (d) and anhydromuropeptides (GanhM2,
GanhM3, GanhM4, GanhMS5) (e) released by E.cc!® and E.cM¢#1% as determined by liquid chromatography-mass spectrometry (LC-MS). Ratios of each muropeptide
to the external standard (ES) are presented on the Y-axis. Comparisons between selected conditions in (d) and (e) are shown (unpaired t-test, ns = not significant,

*##kp < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.1).

<

cc!® or E.cM¢#1% GanhM4 was predominantly detected in its hydrolyzed
form within guts and fat body tissues, with organs from E.cc’® infected
flies showing higher levels of the peptide stem compared to E.cM¢#1% fed
flies (Fig. 2a, b and Fig. S1d, e). As expected, in PGRP-LB mutant flies,
the ratio of transformed to untransformed GanhM4 was higher than in
wild-type flies (Fig. 2a, b). In clear contrast, gut-derived GanhM4 was
predominantly detected in its immunogenic form within the hemolymph
of both wild type and PGRP-LB? flies infected with E.cc'® or E.cM¢*%0
(Fig. 2¢). Together, our results suggest that in the early stages of infec-
tion, immunogenic PGN fragments rapidly disseminate from the gut
lumen to the hemolymph while being internalized and hydrolyzed in
surrounding organs. In addition, these findings provide compelling ev-
idence that active ligands of the IMD/NF-kB pathway have the ability to
infiltrate tissues in proportion to the quantity released by the bacterial
strain present in the gut. Consistently, there was a marked elevation in
the intensity of IMD/NF-kB activation, as measured by the expression
levels of the target antimicrobial peptide gene Diptericin-B (DptB),
observed in enterocytes and fat body cells of flies infected with E.cc'® in
comparison to those infected with E.cM¢#*1% (Fig. S2a, b). This pattern
was evident in both wild-type and PGRP-LB mutant flies (Fig. S2a, b).
Overall, these results show that gut-derived GanhM4 from either E.cc!®
or E.cMc190 eljcits a local and systemic activation of the IMD pathway.
In addition, they suggest that the high immunogenicity of E.cc!® is
directly linked to its ability to release larger quantities of muropeptides,
especially GanhM4, able to cross the intestinal epithelium and come into
contact with organs and tissues bathed in hemolymph.

2.3. GanhM4 is detected within the brains of E.cc!® fed flies where it
activates NF-xB signaling

Given the fact that the nervous system of flies floats in the hemo-
lymph (Limmer et al., 2014), and that previous genetic evidence sug-
gests that PGN-derived muropeptides have the potential to influence fly
behavior by interacting with neurons (Kurz et al., 2017; Masuzzo et al.,
2019), our investigation focused on detecting the presence of GanhM4
and AEmDapA in the brain’s direct environment and in isolated brains of
flies orally infected with either E.cc® or E.cM#1%, Utilizing LC-MS, we
effectively detected the presence of GanhM4 within intact heads
(Fig. 3a), as well as in the tissues surrounding the brain (mainly
comprising the trachea and fat body attached to the head capsule)
(Fig. 3b), and isolated brains of E.cc'®-fed flies while no detection was
observed within the brains of E.cM®#%.infected flies (Fig. 3c and data
not shown). These findings demonstrate that gut-derived GanhM4,
present in the hemolymph, has the capacity to interact with brain sur-
face, and enter cells, potentially triggering activation of the IMD/NF-xB
pathway. Therefore, we investigated the immunogenicity of gut-born
GanhM4 on the brain tissue by analyzing the transcription of DptB at
4 and 16 h post-oral infection with E.cc’® and E.cM¢#1%, Our results
revealed that the presence of E.cc’® in the intestinal tract rapidly pro-
vokes the expression of DptB in the brain, with this expression
continuing to increase over time (Fig. 3d). Although the level of
expression was noticeably lower compared to the one observed after E.
cc!® infection, E.cM“1% oral infection also triggered a swift induction of
DptB (Fig. 3d). As anticipated, in the absence of PGRP-LB to modulate
the biological activity of GanhM4, the transcription of DptB was strongly
enhanced following both E. cc!® and E.cMCH00 jpfections (Fig. 3d). These
results provide evidence that gut-derived GanhM4 induces a systemic,
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dose-dependent expression of an antimicrobial peptide (AMP)
controlled by the IMD/NF-xB pathway in the brain. The capacity of
GanhM4 to directly induce cell-autonomous expression of DptB in the
CNS was corroborated through ex vivo incubation experiments. Both
purified PGN and GanhM4 were capable of dose-dependently activating
DptB transcription in isolated brains (Fig. 3e). Taken together, these
findings suggest a model in which muropeptides derived from enteric
bacteria, notably GanhM4, exit the gut, reach the brain microenviron-
ment, and subsequently regulate gene expression in the brain.

2.4. Oral infection with E.cc'® modulates the brain transcriptome in a
GanhM4 dose dependent manner

To obtain a comprehensive and detailed understanding of the genes
whose expression is modulated in the brain in response enteric infection,
we conducted a transcriptomic analysis using RNA sequencing. This
gene expression profiling was conducted 16 h after oral infection in both
wild-type and PGRP-LB flies to determine the contribution of GanhM4
to transcriptional regulation of genes. We chose E.cc!® to perform oral
infection as our findings demonstrate that GanhM4 derived from this
bacteria can be detected within the brain and robustly induces DptB
expression compared to E.cM¢#1%, Using + 1.5-fold and a p- value 0.05
as cut-off parameters, we identified 245 transcripts showing increased
expression following infection (Fig. 4a and Supplemental Data 1) and 63
transcripts showing reduced expression in the wild-type genetic back-
ground (Fig. S3a and Supplemental Data 2). Subsequently, we carried
out Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses on the upregulated transcripts to identify functional
classes of genes whose expression is induced upon infection. The
exploration of the GO terms primarily revealed genes linked with im-
mune functions such as “innate immune response” and “response to
bacterium” while KEGG pathway analyses showed an enrichment in Toll
and IMD signaling (Fig. 4c and e). In contrast, GO term and KEGG
pathway analyses of the downregulated genes showed no specific
enrichment of any particular biological functions or pathways
(Fig. S3b). Using identical cut-off parameters, we observed a substantial
upregulation of 1370 genes following infection (Fig. 4b and Supple-
mental Data 3), along with the downregulation of 439 genes in PGRP-
LB flies fed with E.cc'® (Fig. S3c¢ and Supplemental Data 4). The GO
terms associated with these genes showed a strong enrichment of im-
mune response-related genes, similar to what was observed in the wild-
type genetic background (Fig. 4d). Additionally, KEGG pathway ana-
lyses revealed a notable enrichment of the Toll and IMD pathways, along
with metabolic pathways, in the mutant context (Fig. 4f). Conversely, as
with infected wild-type flies, GO term and KEGG pathway analyses of
down-regulated genes in PGRP-LB mutant flies did not reveal significant
enrichment of specific biological functions or pathways (Fig. S3d, e).

Remarkably, a subset of 147 genes commonly upregulated in both
wild-type and PGRP-LB mutant can be divided into two distinct clusters
(Fig. 4g-h). Cluster 1 includes genes whose expression is amplified
further in PGRP-LB?, demonstrating that increased GanhM4 levels not
only broaden the number of upregulated genes but also boost the
expression of genes that are already upregulated in the wild-type
context. Cluster 2 consists of genes that exhibit comparable upregula-
tion levels in both scenarios, suggesting these genes may operate inde-
pendently of GanhM4 levels. Further examination of the GO terms
associated with Cluster 1 genes and the enriched pathways within this
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Fig. 2. Tissue-specific quantification of GanhM4 and AEmDapA in E.cc’® and E.cM¢#1% orally infected flies. (a-c) LC-MS quantification of GanhM4 and the peptide
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Fig. 3. Detection of GanhM4 and its peptide stem derivative in brains of orally infected flies and activation of the IMD/NF-kB pathway. (a-c) Representative LC-MS
analysis of GanhM4 and the peptide stem AEmDapA, including the NOD2 agonist murabutide as an external standard, in heads (a), tissues surrounding the brain
(trachea and fat body attached to the head cuticle) (b), and isolated brains (c) of wild-type flies at 120 min post-oral infection with E. cc!®. Each sample consisted of 20
dissected heads, head capsules, or brains. (d) Quantitative RT-PCR analysis of the expression of the IMD/NF-«B target gene DptB in dissected brains of wild-type and
PGRP-LB mutant flies under control conditions and at 4 and 16 h post-oral infection with E.cc’® or E.c“#19, (e) Quantitative RT-PCR analysis of the expression of
DptB in dissected brains of wild-type flies after 16 h of ex-vivo culture with increasing concentrations of E.c purified PGN or highly purified E.cc’> GanhM4. Com-

parisons between selected conditions in (d) and (e) are shown (unpaired t-test, ns = not significant, *

**p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.1).

cluster affirms the predominance of immune response-related genes and
the Toll and IMD pathways (Fig. 4i-j). In contrast, for Cluster 2 genes, the
associated GO terms are limited to the abiotic process “response to cold”
and “response to bacterium” (Fig. 4k). Overall, our transcriptomic an-
alyses indicate that oral infection with E.cc’® mediated GanhM4 dose-
dependent changes in the physiology of the brain with essentially an
increase of defense and immune functions.

2.5. Gut derived GanhM4 triggers immune and stress signaling pathways
in the brain

To gain deeper insights into the regulatory networks governing the
brain’s response to oral infection with E.cc’®, we examined the tran-
scriptional upregulation of signaling components identified in the
RNAseq analysis. As expected, given the Gram-negative nature of the E.
cc!® bacterium, there was a substantial enrichment of the IMD/NF-xB
associated target genes among the most strongly induced genes high-
lighting a key role of this signaling pathway in regulating the brain
immune response (Fig. 5). These genes include numerous effectors such
as AMP genes (notably the Diptericin, Cecropin, and Attacin genes) (Fig. 5
and Fig. S4a), which directly inhibit pathogen proliferation, and PGRP
encoding genes, which have the ability to bind to peptidoglycan frag-
ments and its derivative GanhM4 (Myllymaki et al., 2014) (Fig. 5 and
Fig. S4b). The binding activity of the PGRPs identified in our analysis can
either facilitate PGN degradation (PGRP-LB, PGRP-SC1b/2, PGRP-SB1/2
(Paredes et al., 2011)) or prevent the spontaneous activation of the IMD
pathway (PGRP-LF (Maillet et al., 2008)) thereby curtailing the immune
response, or eventually trigger IMD pathway activation (PGRP-LC
(Gottar et al., 2002) and PGRP-SD (latsenko et al., 2016)), augmenting
the immune defense (Fig. 5 and Fig. S4b, c¢). The significant presence of
these PGRP-related genes, some of which are predicted orthologs of the
PGLYRP mammalian peptidoglycan sensing genes (Fig. 5), underscores
the importance of PGN recognition and processing in the brain’s
response to gut-associated E.cc’® infection. Furthermore, the NF-xB
transcription factor relish (rel) (Dushay et al., 1996), a key positive
regulator of the IMD pathway effectors as well as pirk (Kleino et al.,
2008), a cytoplasmic negative regulator that modulates IMD pathway
activity to the severity of infection, were also found to be upregulated
(Fig. 5 and Fig. S4c). Remarkably, the transcription of all AMP and PGRP
genes was significantly enhanced in the PGRP-LB mutant, providing
further evidence of a GanhM4 dose-dependent regulation of IMD/NF-«B-
associated genes (Fig. 5 and Fig. S4a-c).

We also observed the moderate induction of several Toll pathway-
related genes in our dataset, particularly in PGRP-LB mutants (Fig. 5).
This includes spatzle (spz) (Lemaitre et al., 1996), a ligand for Toll,
PGRP-SA (Michel et al., 2001), a gene encoding a secreted protein that
mediates Toll pathway activation during bacterial infection, and target
genes encoding secreted immune-induced peptides such as GNBPI,
Drsll, Drsl6, IM4, IM14, and most members of the Bomanin gene family
(BomS1-5, BomBc1-3 and BomT1-3) (Clemmons et al., 2015) (Fig. 5). In
Drosophila, the Toll pathway is conventionally associated with defense
against Gram-positive bacteria and fungi (Michel et al., 2001). While the
abundance of Toll pathway genes is intriguing, considering that E.cc’® is
a Gram-negative bacterium, these results confirm previous observations
showing that Gram-negative peptidoglycans are able to activate the Toll
pathway in certain contexts (Leulier et al., 2003). The presence of Toll
pathway genes in the PGRP-LB mutant, where GanhM4 levels are
elevated, raises the possibility that an overabundance of GanhM4 could
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trigger a broad-based immune response activating multiple defense
pathways, including Toll and IMD pathways.

In addition, a number of genes encoding components of the Janus
kinase (JAK)-signal transducer and activator of transcription (STAT)
pathway, which is considered a key pathway regulating the immune
response along with IMD/NF-kB and Toll signaling (Myllymaki and
Réamet, 2014), were also found to be induced in wild type dissected
brains (Fig. 5). This notably includes two of its ligands: unpaired-2 (upd-
2), a structural and functional ortholog of the primary human adipokine
LEPTIN, and unpaired-3 (upd3), as well as the fly GATA4 ortholog pannier
(pnr), and three members of the Turandot gene family encoding stress-
induced humoral factors (TotA, TotC, and TotM) (Agaisse et al., 2003)
(Fig. 5 and Fig. S4d). With the exception of pnr and TotC, all additional
signaling components associated with the JAK/STAT pathway showed
an enhancement in expression in the PGRP-LB mutant (Fig. 5). These
results suggest that, in addition to the IMD/NF-kB and Toll pathways,
the presence of E.cc!” in the intestinal tract results in a GanhM4-dose
dependent activation of the evolutionary conserved JAK/STAT
signaling pathway in the brain.

To validate the RNA seq data analysis, we examined the expression of
a representative subset of E.cc’®>-induced genes in both wild-type and
PGRP-LB” brains using RT-qPCR. The gene selection included ten AMP
genes (Attacin-A, —B, and —C, Cecropin-Al, —A2, and —C, CG45045,
Dipt-B, GNBP-like3, and Metchnikowin), six PGRP genes (PGPR-LB, —SB1,
—SC2, —SD, —LF, and -SA), and three Turandot genes (TotA, TotC, and
TotM) (Fig. 6). Additionally, to extend our analysis and assess the
contribution of the IMD pathway, we measured the transcript levels of
the selected genes in E.cc!°-fed flies carrying a loss-of-function mutation
of Fadd (Fadd), an adapter protein functioning downstream of IMD
(Leulier et al., 2002) (Fig. 6a—c). Our results confirmed that all AMP and
PGRP genes tested, including the Toll activator PGRP-SA, were tran-
scriptionally up-regulated upon intestinal infection (Fig. 6a, b). More-
over, this induction was enhanced in PGRP-LB mutants and greatly
reduced in Fadd mutants (Fig. 6a, b). In contrast, the transcription of
TotA, TotC, and TotM was clearly enhanced in PGRP-LB* but not
inhibited in Fadd” flies, suggesting that GanhM4 modulates the level of
transcription of JAK/STAT associated genes in an IMD-independent
manner (Fig. 6¢).

To definitively establish whether the higher gene inducibility
observed in PGRP-LB® flies was directly dependent on circulating
GanhM4 levels, we further compared the transcript levels of our gene
selection in wild-type controls and in flies in which the secreted form of
PGRP-LB (PGRP-LBRC (Charroux et al., 2018)) was ectopically expressed
in the fat body and consequently in the surrounding hemolymph. Our
results established that, with the exception of AttA and PGRP-SB1, the
increased level of PGRP-LBRC was associated with reduced inducibility
of all selected AMP, PGRP, and Turandot genes (Fig. 6d—f).

Collectively, the view of gene expression profiling reveals that oral
ingestion of E.cc!® primarily triggers the IMD/NF-kB signaling pathway,
while also leading to activation of the Toll and JAK/STAT immune
pathways. Furthermore, it identifies gut-derived GanhM4 as a critical
modulator of the brain’s innate immune response.

2.6. GanhM4 drives gene expression of IMD/NF-«kB target genes in glial
cells and neurons

The primary activation of the IMD/NF-«B signaling pathway in the
CNS upon ingestion of E.cc!® suggests that brain cells can detect and
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Fig. 4. Comparative transcriptomic analysis of fly brain response to oral infection with E.cc’®. (a-b) Volcano plots illustrating the proportion of differentially
expressed genes in isolated brains of wild-type (a) and PGRP-LB mutant flies (b) at 16 h post-oral infection with E.cc’®. Genes within the blue squares were selected
based on a + 1.5-fold change and a p-value of 0.05 as cut-off parameters. (c-f) Functional analysis using DAVID GO terms (blue bar plots) and KEGG pathway
enrichment (red bar plots) for up-regulated genes in dissected brains of infected wild-type (c and e) and PGRP-LB mutant flies (d and f). (g) Venn diagram displaying
genes commonly up-regulated in the brains of wild-type and PGRP-LB mutant flies orally exposed to E.cc’®. (h) Clustering heatmap demonstrating the classification of
genes commonly up-regulated in the brains of infected wild-type and PGRP-LB mutant flies. (i-k) Functional analysis utilizing DAVID GO terms (I, k) and KEGG
pathway enrichment (j) for genes in clusters I and II (h). KEGG pathway analysis for genes in cluster II did not reveal significant enrichment of specific biological
fAunctions or pathways. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

respond to gut-derived GanhM4. Like mammals, the fly brain consists
primarily of glial cells and neurons. To identify in which cell subtype the
NF-kB signaling is activated in response to circulating GanhM4, we
initially examined the inducibility of ten AMPs after inhibiting IMD
pathway activation via RNAi-mediated silencing of Fadd in either glial
cells or neurons. A significant decrease in the transcription of all AMPs
occurred upon blocking IMD pathway activation in glial cells; however,
RNAi-mediated knockdown of Fadd in neurons also affected the
expression of several AMPs, including AttD and Mtk, albeit to a lesser
extent (Fig. 7a). To further assess the competence of glial cells and
neurons to trigger AMPs expression in response to IMD activation, AMP
expression levels were analyzed after constitutively activating IMD/NF-
kB signaling by overexpressing IMD in each cell type (Georgel et al.,
2001). Remarkably, only the activation of the IMD cascade in glial cells
induced the expression of AMPs, not in neurons (Figure S5). These re-
sults suggest that during infection, while the activation of the IMD
pathway in neurons might impact the expression of antimicrobial pep-
tides, this primarily relies on the activation of the IMD cascade in glial
cells. The inducibility of six PGRP genes after silencing Fadd in glial cells
and neurons was also analyzed. A clear decrease in the transcription of
PGRP-LF, —SA, —SB1, and -SC2 was observed when inactivating the
IMD/NF-«B pathway in glial cells (Fig. 7b). Exceptions include PGRP-SD,
whose expression is significantly inhibited after Fadd silencing in glial
cells, but to a lesser extent when IMD activation is blocked in neurons;
and PGRP-LB, which shows clear inhibition after silencing Fadd in
neurons but not in glial cells (Fig. 7b). Altogether, these results support
the notion that gut-derived GanhM4 can stimulate gene expression in
the CNS by activating the IMD/NF-kB signaling pathway in both glial
cells and neurons.

In the adult Drosophila brain, glial cells can be classified into five cell
types that perform functions similar to those of astrocytes, oligoden-
drocytes, and microglial cells, the principal glial subtypes in the
mammalian CNS (Yildirim et al., 2019) (Table 1). The perineurial and
subperineurial glial cells are located at the outer surface of the nervous
system, forming the outer and inner layers of the blood-brain barrier
(BBB), which separates the nervous system from the hemolymph (Stork
et al., 2008). On the other hand, astrocyte-like, ensheathing, and cortex
glia are found within the central nervous system, contributing to neural
development and functioning (Kremer et al., 2017). To gain insights into
the glial cell type(s) dependent on functional NF-kB for gene transcrip-
tion in response to E.cc’® oral infection, we selectively silenced Fadd via
RNAI in each glial cell subtype and assessed the expression of DptB using
qRT-PCR. Our results showed that the up-regulation of DptB was
significantly inhibited only when the IMD pathway was inactivated in
perineurial cells (Fig. 7c). To explore whether this result applied to more
IMD/NF-«B targets, we further analyzed the expression of nine addi-
tional AMP and six PGRP genes. We observed a significant reduction in
the transcription of all AMP genes as well as PGRP-SB1, —SC2, and -SD
after knocking down Fadd in perineurial cells (Fig. 7d, e). However,
reducing immune signaling in perineurial cells did not affect the
expression of PGRP-LF or PGRP-SA, suggesting that these genes are
controlled through the activation of the IMD/NF-kB pathway in another
glial cell subtype (Fig. 7e). Furthermore, in line with our previous
findings demonstrating the dependence of IMD/NF-kB activation in
neurons (Kurz et al., 2017; Masuzzo et al., 2019), the induction of PGRP-
LB was also not affected following Fadd silencing in perineurial cells
(Fig. 7e). Our comprehensive results demonstrate that in the brain,
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sensing of gut-derived GanhM4 leads to the activation of IMD/NF-xB
signaling pathways in both neurons and different glial cell subtypes,
thereby inducing the expression of distinct immune effectors. In
particular, the production of AMP peptide genes, a key aspect of host
defense, appears to rely on the activation of the IMD/NF-kB signaling
pathway in perineurial glial cells. To further ascertain the identity of
cells responsible for AMP expression in the brain in response to gut-
derived GanhM4, we analyzed the expression profile of different AMP-
GFP reporter transgenes. Remarkably, E.cc!® oral infection exclusively
increased DptB expression in the outermost cell layer of the central
nervous system, overlapping with perineurial cell markers (Fig. 8,
Figure S6 and Figure S7). Similar results were obtained using Attacin-A-
GFP and Metchnikowin-GFP reporters (Figure S7 and figure S8),
conclusively identifying these cells as the primary contributors to AMP
production in the brain upon detection of circulating GanhM4. Alto-
gether our findings support a direct dialogue between enteric bacteria
and the brain in Drosophila and establish GanhM4 as a pivotal modulator
of brain immunity through glial and neuronal NF-kB signaling cascades.

2.7. Chronic IMD/NF-kB signaling in perineurial glia is associated with
neurological decline

Genetic mutations resulting in the constitutive activation of the IMD/
NF-xB pathway in the CNS shorten flies’ lifespan and correlate with
neurological decline, as evidenced by early locomotor defects and
neurodegeneration (Kounatidis et al., 2017). Given that persistent
colonization of the gastrointestinal tract with E.cc'® induces sustained
PGN-dependent systemic activation of the IMD/NF-kB pathway and
premature death (Zugasti et al., 2020), we investigated whether enteric
infection could remotely trigger phenotypes associated with neurolog-
ical decline. To assess locomotor capacities, we conducted climbing
assays, utilizing the natural tendency of flies to move against gravity
when agitated, a behavior known as negative geotaxis (Ali et al., 2011).
Additionally, we employed a histological approach to quantify neuronal
degeneration by measuring the number of vacuoles appearing in the fly
brain upon chronic oral infection. Our results demonstrate that both
chronically infected wild type and PGRP-LB® flies displayed an early age
reduction in locomotor activity compared to non-infected flies, with a
locomotion-based behavior decline exacerbated in PGRP-LB mutants
(Fig. 9a). Remarkably, this infection-dependent reduction in climbing
performance was completely suppressed in flies carrying a null mutation
in the caspase-8 homolog Dredd, a component of the IMD pathway
required for innate immune signaling (Meinander et al., 2012). Along-
side locomotor defects, the brains of wild type E.cc!®-infected flies
exhibited more vacuoles compared to those of uninfected flies, a
phenotype exacerbated in PGRP-LB mutants and fully rescued in Dredd-
null flies (Fig. 9¢, d). Together, these results confirm that chronic E.cc!®
enteric infection is accompanied by neurological decline dependent on
the amount of circulating GanhM4 and the intensity of activation of the
IMD/NF-«B pathway.

Besides activating immune signaling in enterocytes and fat body
cells, we found that, in the brain, Ecc’®-derived GanhM4 also triggers
immune signaling in perineurial glial cells. Consequently, we explored
whether inducing the IMD/NF-kB cascade in these brain cells resulted in
phenotypes associated with neurological decline. Our findings demon-
strate that constant immune signaling in perineurial glia via IMD over-
expression significantly reduced fly lifespan and age-dependent
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Predicted ortholog(s)

Gene name _Fold change
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Gene description/function
Antimicrobial peptide

IMD pathway regulator
Transcription factor
Stress peptide

Enzyme
Petidoglycan transporter
Cytokine
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Secreted peptide

Fig. 5. Selection of genes up-regulated in the brain following E.cc'” oral infection. Genes are listed with their name, fold change (compared to unchallenged wild-
type flies), p-values, functions, and associated pathways in both wild-type and PGRP-LB mutant flies. Genes marked with an asterisk (*) had their expression profiles
confirmed through quantitative RT-PCR analysis using independent brain samples. The Drosophila RNAi Screening Center Integrative Ortholog Prediction Tool
(DIOPT) (Hu et al., 2011) was used to determine human and mouse orthologs of fly genes (highest confidence predictions are indicated in bold).
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Glial subtypes in the central nervous system: functions and orthologous populations in Mammals and Drosophila.

CNS Glia subtypes Major functions

Mammalian glial cell Drosophila glial cell

Microglia eImmune defense and response
eSurveillance of the CNS microenvironment
eNeuroprotection and tissue repair
eModulation of synaptic activity
eRegulation of neuroinflammation
ePhagocytosis of cellular debris and pathogens
eStructural support for CNS architecture
eRegulation of extracellular environment
eMetabolic support for neurons
eNeurotransmitter recycling and synthesis
eNeuroprotection

eModulation of synaptic function
eMyelination of axons

eAxonal support and protection
eRegulation of ion homeostasis
eNeurotransmitter uptake

eSynaptic pruning and plasticity

Astrocytes

Oligodendrocytes

Blood Brain Barrier
©CNS protection from harmful substances and pathogens
eControl of ion, nutrient, and neurotransmitter levels

eRegulation of molecular exchange between blood and brain tissue

Microglia Astrocyte-like, Ensheating glia, Cortex glia
Astrocytes Astrocyte-like

Oligodendrocytes Ensheating glia

Astrocytes Perineurialglia, Subperineurialglia

climbing ability compared to control flies or those with IMD overex-
pressed in gut and fat body cells (Fig. 9e, f). Additionally, we found that
continuous NF-kB signaling in perineurial cells resulted in increased
vacuolization of the brain compared to control flies (Fig. 9g, h).
Collectively, these findings highlight the significance of gut-derived
GanhM4 and IMD/NF-«B signaling in perineurial glia as a major deter-
minant of Drosophila lifespan and early neurological decline.

3. Discussion

This comprehensive analysis of the dynamics of PGN fragments
dissemination from the intestinal lumen to the systemic circulation,
coupled with its transcriptomic impact on the central nervous system,
highlights the essential role of monomeric muropeptides as critical
mediators of the gut-brain axis. In this context, gut-derived muropep-
tides function in Drosophila in a manner similar to their role in mouse
models, transmitting signals from the intestinal tract to the host CNS
(Gabanyi et al., 2022; Tosoni et al., 2019; Wheeler et al., 2023).

Our data clearly demonstrate that GanhM4, produced within the gut
by two Gram negative bacterial species, undergoes translocation to the
hemolymph, where detection occurs within minutes following oral
infection. This rapid translocation of GanhM4 from the gut to the he-
molymph raises intriguing questions about the mechanisms at play.
Several hypotheses, which are not mutually exclusive, might be
considered. Firstly, similar to gut bacteria-derived lipopolysaccharide
(LPS), another potent stimulator of vertebrates and invertebrates innate
immunity derived from the membrane of gram-negative bacteria
(Sampath, 2018), monomeric muropeptides could cross the intestinal
mucosa by inducing intestinal tight junction permeability in enterocytes
or exploiting intercellular gaps between junctions (Guo et al., 2015,
2013). In addition, given that enterocytes possess the capability to
internalize peptidoglycan fragments, they could potentially be trans-
ported via transcytosis and subsequently released into the hemolymph
(Bu et al., 2010; Joshi et al., 2023). Ultimately, it would also be
important to explore whether members of the SLC46 family, an evolu-
tionary conserved group of peptidoglycan transporters, contribute
actively to the transport of immunogenic muropeptides in this process
(Bharadwaj et al., 2023; Paik et al., 2017).

Following translocation from the gut lumen to the hemolymph, our
results support the existence of direct sensing of PGN fragments by brain
cells. Firstly, LC-MS analysis demonstrated the presence of active mur-
opeptides within brain tissue following oral infection with E.cc’.
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Moreover, elevated levels of circulating muropeptides, resulting from
the functional inactivation of the peptidoglycan-degrading enzyme
PGRP-LB, exert a profound impact on the brain’s transcriptional
response to gut bacterial infection. Furthermore, the functional inacti-
vation of circulating PGN through the ectopic expression of the secreted
isoform of PGRP-LB leads to a substantial reduction in the tran-
scriptomic impact of intestinal infection on the brain. Finally, direct
incubation of the brain with PGN fragments or purified GanhM4 induces
a rapid and significant changes in gene expression, further reinforcing
the notion of a direct PGN-brain interaction. Although these data sup-
port a direct sensing between circulating muropeptides and immune
receptors on brain cells, it remains plausible that other immune-
responsive cell types, such as Drosophila blood cells called hemocytes,
which are recruited to the brain following infection, may influence this
response (Sanchez Bosch et al., 2019; Winkler et al., 2021). These im-
mune cells have the potential to achieve this by synthesizing proteins
that modulate the levels of circulating active PGN (e.g., amidases
(Chakrabarti and Visweswariah, 2020; Paredes et al., 2011)) or facilitate
the activation of the IMD pathway (e.g., PGRP-SD (Chakrabarti and
Visweswariah, 2020; Iatsenko et al., 2016)).

Our findings also uncovered that, despite releasing lower quantities
of monomeric muropeptides than E.cc!”, GanhM4 derived from E.
MCE4100 3150 possesses the capacity to initiate substantial local and sys-
temic immune responses, including the rapid transcriptional induction
of AMP genes within the nervous system. Although muropeptides
derived from E.cM“1% are undetectable in the brain, they activate AMP
transcription in this tissue. This suggests that even low levels of GanhM4
at the brain-circulation interface are sufficient to trigger NF-xB activa-
tion. It is noteworthy that prior studies have illustrated how the acti-
vation of innate immunity in Drosophila neural cells is detrimental to the
fly brain. Indeed, mutations in dnrl (defense repressor 1), a negative
regulator of the IMD/NF-kB pathway, or direct bacterial injection into
the brain, lead to NF-kB-dependent neurodegeneration due to the
neurotoxic effects of AMPs (Cao et al., 2013). Mutations in intracellular
negative regulators of the IMD/NF-kB pathway predisposed flies to toxic
levels of AMPs, resulting in early locomotor defects, extensive neuro-
degeneration, and reduced lifespan, a phenotype that could be rescued
by suppressing immune activation in glial cells (Kounatidis et al., 2017).
In our investigation, we identified perineurial glial cells as the principal
contributors to AMP production in response to circulating muropep-
tides, indicating that gut-derived muropeptides trigger a localized
inflammation of the BBB that correlates with neurological decline.
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Fig. 8. E.cc'’ ingestion induces expression of Diptericin B in the outer-cellular layer of the blood-brain barrier. (a-1) Representative single confocal images of brains
from unchallenged (a-c and g-i) and E.cc!® orally infected (d-f and j-1) transgenic flies expressing the membrane bound reporter UAS-mcd8RFP under the control of
the perineurial glial driver PNG®* (a and d) or the subperineurial glial driver SPG°®* (g and j) along with the Diptericin-GFP inducible antimicrobial reporter (b, e, h
and k). In all cases, TO-PRO-3 dye was used to counterstain the chromatin in nuclei. All three markers are shown in the merged image (c, f, i and 1). (a’-1’) Enlarged

image of the optic lobe from respective boxed regions (a-1).

Considering the crucial evolutionary conserved role of the BBB in safe-
guarding the function of the CNS by regulating the exchange of ions,
nutrients, and signaling molecules between the circulatory system and
the nervous system (Featherstone, 2011; Graciela Delgado et al., 2018;
Volkenhoff et al., 2015; Weiler et al., 2017), our results raise pertinent
questions about the impact of circulating muropeptides and activation of
the immune system on the homeostasis of the BBB and brain physiology.

In prior studies, we established that circulating PGN fragments can
modulate the activity of a subset of octopaminergic neurons indepen-
dently of antimicrobial peptides, which are traditionally recognized as
the primary transcriptional targets of the IMD/NF-kB pathway. While
our transcriptomic analysis revealed the modulation of the expression of
classical immune effectors and regulator genes associated with the IMD,
Toll, and JAK/STAT signaling pathways, and are commonly observed in
immunocompetent tissues or cells such as the fat body and enterocytes
in response to bacterial infection (Buchon et al., 2009; Irving et al.,
2001), it did not identify unique molecular signatures specific to CNS
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cells, particularly neurons. The apparent minimal impact of gut bacterial
infection on gene transcription in neurons raises consideration of at least
two potential explanations. Firstly, it is conceivable that muropeptides
present in the hemolymph are incapable of crossing the perineurial and
subperineurial glial cells forming the two cell layers of the BBB (Schir-
meier and Klambt, 2015), thus failing to reach neurons. Alternatively,
PGN fragments may enter into the brain, but not all internal neural cells
may have the competence to respond to muropeptides by modulating
gene expression. We are inclined to favor the latter hypothesis for
several reasons. First, we have previously demonstrated that the inac-
tivation of the cytosolic PRR PGRP-LE within a subset of octopaminergic
neurons is sufficient to disrupt the influence of circulating PGN on
oviposition behavior, implying that these neurons are accessible to PGN
(Kurz et al., 2017). Second, our present findings indicate that at least
PGRP-LB mRNA induction is dependent on the activation of the IMD/
NF-xB pathway in neurons but not in glial cells. Thus, it is conceivable
that only a limited subset of neurons possesses the capability to sense
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Fig. 9. Chronic E.cc’® intestinal infection and IMD/NF-kB signaling in perineurial cells correlate with neurological decline. (a-b) Negative geotaxis assay performed
in wild-type flies and Dredd”>® mutant flies (a), or PGRP-LB* and Dredd”>®;; PGRP-LB* mutant flies (b) at specified days, under control conditions and E.cc!” infection.
At day zero of the experiments, flies are aged 4-6 days. (c) Representative 5 pm Epon sections (left) and magnified views of the boxed regions (right) from the
midbrain of flies of specified genotypes at the indicated days post-oral infection (p.i.). Yellow stars highlight vacuoles (neurodegenration). (d) Quantification of
vacuole number observed in the brains of wild-type, Dredd”®, PGRP-LB*, and Dredd”>®;; PGRP-LB* flies at the indicated days under control conditions and post
infection. Comparisons between selected conditions are shown (unpaired t-test, ns = not significant, and *p < 0.1). (e) Survival of control flies (UAS-IMD) and flies
overexpressing IMD in enterocytes (Mex®?* > UAS-IMD), fat body cells (R4°3* > UAS-IMD) and perineurial glial cells (PNG®¥* > UAS-IMD). The difference between
control flies and those overexpressing IMD is significant (p < 0.001 respectively; one-sided log rank test). (f) Negative geotaxis assay performed in control flies and
those overexpressing IMD at specified days. (g) Representative 5 pm Epon sections (left) and magnified views of the boxed regions (right) from the midbrain of UAS-
IMD and PNG®“ > UAS-IMD flies at day 15. (h) Quantification of vacuole number observed in the brains of UAS-IMD and PNG%* > UAS-IMD flies at day 15

(unpaired t-test, *p < 0.1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and respond to muropeptides by activating gene transcription, and such
responses might be diluted in a comprehensive transcriptional analysis,
like the one conducted in our study. In this regard, techniques such as in
situ hybridization would offer the potential to precisely map the internal
neurons expressing immune genes (Long et al., 2017). This would not
only shed light on the neurons involved but also provide valuable in-
sights into the spatial and cellular distribution of immune responses
within the brain.

4. Materials and methods
4.1. Drosophila melanogaster strains and maintenance

The following Drosophila melanogaster strains were utilized in this
study. The w18 strain (BL #6326) served as the reference control wild-
type strain. PGRP-LB (Paredes et al., 2011) and Fadd mutant flies were
generously provided by B. Lemaitre. The reference pan-glial repoGal4
(BL#7415) and pan-neuronal elav®al4 (BL#8760) drivers were obtained
from the Bloomington Drosophila Stock Center. Gal4 enhancers for
different subtypes of glial cells, namely NP6293 (perineurial glia,
PNG®  DGRC#103-953), NP6520 (ensheathing glia, EG%%
DGRC#105-240), NP2222 (cortex glia, CGGaM, DGRC#112-830), and
NP3233 (astrocyte-like glia, AGGaM, DGRC#103-953), were generated
by the NP consortium and obtained from the KYOTO Stock Center. The
RC54CO07 strain (subperineurial glia, SPNGaM, Bl#50472) was generated
by the Rubin Laboratory at Janelia Farm, and the 9-137%%4 enhancer,
driving expression in both layers of the BBB, was provided by Roland
Bainton (DeSalvo et al., 2014). The Fat Body R4%24 driver (BL#33832)
was obtained from the Bloomington Drosophila Stock Center. The
enterocyte driver Mex%2l4 (Phillips and Thomas, 2006) and the UAS-IMD
strain (Georgel et al., 2001) were kindly provided by Yixian Zheng and
Francois Leulier, respectively. The UAS-PGRP-LBRC strain was described
elsewhere (Charroux et al., 2018). The membrane-bound reporter UAS-
mcd8RFP (BL#27398) is from the Bloomington Drosophila Stock Center.
The Inducible Attacin-A-GFP, Metchnikowin-GFP and Diptericin-B-GFP
antimicrobial reporter flies were obtained from B. Lemaitre (Tzou et al.,
2000).

Flies were reared at 25 °C on a yeast/cornmeal medium in incubators
controlled for a 12 h light/12 h dark cycle. For the preparation of 1 L of
food, 8.2 g of agar (VWR, cat. #20768.361), 80 g of cornmeal flour
(Westhove, Farigel maize H1), and 80 g of yeast extract (VWR, cat.
#24979.413) were cooked for 10 min in boiling water. After the food
had cooled down, 5.2 g of Methylparaben sodium salt (MERCK, cat
#106756) and 4 ml of 99 % propionic acid (CARLOERBA, cat. #409553)
were added. For antibiotic (ATB) treatment, the standard medium was
supplemented with Ampicillin, Kanamycin, Tetracycline, and Erythro-
mycin at final concentrations of 50 pg/ml.

4.2. Bacterial oral infection of adult flies

The bacterial strains utilized in this study included Erwinia carotovora
carotovora 15 2141 (E. ccl® ) and Escherichia coli (E.c) MC4100, MC1061,
and MG1655. E.cc!® was cultured in Luria-Bertani medium (LB) at 30 °C,
while E.c strains were cultured at 37 °C overnight. Subsequently,

893

bacterial cultures were centrifuged at 2500 g for 20 min at room tem-
perature. The bacterial cells were then serially diluted in LB medium,
and their concentrations were determined by measuring optical density
(OD) at 600 nm.

For the purpose of oral infection and subsequent analysis, 4-6 days
old female flies were reared at 25 °C in the presence of ATB in their food.
Twenty-four hours prior to infection, female flies were transferred to
vials without antibiotics and then placed in fly vials containing food
contaminated with either E.cc!® or E.cM#1%, The bacterial food solution
was prepared by mixing a pellet of an overnight bacterial culture (OD =
200) with a 5 % sucrose solution (50/50 ratio). This mixture was applied
to a filter disk, covering the entire agar surface of the fly vial.

4.3. Hemolymph collection from adult flies

To obtain hemolymph samples, unchallenged and orally infected
flies with E.c¥*1% or E.cc'® (n = 60 per sample) were anesthetized using
CO2, and their heads were excised using a razor blade. The decapitated
fly bodies were then rapidly transferred into perforated 0.5 ml Eppen-
dorf tubes and placed inside a 1.5 ml Eppendorf collection tube. He-
molymph was then extracted via centrifugation for 5 min at 5000 rpm at
4 °C. The collection tubes containing the hemolymph were immediately
frozen in liquid nitrogen and subsequently stored at —80 °C until further
analysis.

4.4. Ex-Vivo brain cultures

Brains (n = 20 per sample) from 4-6 days old female flies were
dissected in cold phosphate-buffered saline (PBS) and rapidly trans-
ferred to Schneider insect cell-culture medium (Sigma) complemented
with 5 % fetal bovine serum (FBS) and supplemented with penicillin
(5000 units/ml), and streptomycin (5 mg/ml). Ex-vivo cultures were
then incubated at 25 °C for 16 h, with or without peptidoglycan purified
from E. coli (InvivoGen, #14C14-MM, CA, USA), or GanhM4 purified
from E.cc!®, before RNA extraction.

4.5. Quantitative Real-Time PCR

RNA from whole female flies (n = 5 per sample) and dissected guts,
fat bodies, and brains (n = 20 per sample) was extracted using the
RNeasy Mini Kit (QIAGEN, cat. #74106). Quantitative real-time PCR,
TagMan, and SYBR Green analyses were performed as previously
described (Charroux et al., 2018). The mRNA levels detected were
normalized to control rp49 mRNA values. Normalized data were used to
quantify the relative levels of a given mRNA based on cycling threshold
analysis (ACt). Results are presented as the average and standard devi-
ation of a minimum of three independent experiments. Statistical ana-
lyses were conducted using unpaired t-tests within Prism (GraphPad
Software).

4.6. qRT-PCR primers

Primers used for QRT-PCR are listed in the table below:
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Gene Forward primer Reverse primer
49 TGCTAAGCTGTCGCACAAATGG TGCGCTTGTTCGATCCGTAAC
AttA CCCGGAGTGAAGGATG GTTGCTGTGCGTCAAG
AttB AGCAACTTCCCAGGAATCGG GTAGTAGCACGATTGGGCGA
AttC TGCCCGATTGGACCTAAGC GCGTATGGGTTTTGGTCAGTTC
AttD GTCACTAGGGTTCCTCAG GCCGAAATCGGACTTG
CecAl AAGCTGGGTGGCTGAAGAAA TGTTGAGCGATTCCCAGTCC
CecA2 TGGCCATCACCATTGGACAA CCTGTTGAGCGATTCCCAGT
CecC GCATTGGACAATCGGAAGCC TGCGCAATTCCCAGTCCTT
CG45045 GCTGCCTGCAAAAATCACGA GCATAGGGATTCGAAGGCGG
DptB GCTGCGCAATCGCTTCTACT TGGTGGAGTGGGCTTCATG
GNBP-like3 TGCGCAATTCCCAGTCCTT GTTCCGGTTGCGATAAGTCCA
Listericin AACAGTACCTGGTGCTTGCC ATCATCGATTCCCGGCTGTG
Mtk GATGCAACTTAATCTTGGAGCG TTAATAAATTTGGACCCGGTCTTGGTTGG
PGRP-LB TGATCGGAGATTGGAGAACC TAGGCAGGGTCAATGTAGCC
PGRP-LF GGATGCGAACAAGAGGATGT GGATGCGAACAAGAGGATGT
PGRP-SA ACGGGCATAGCCTTTATCGG TAATCCTCGCTCAGCTCACC
PGRP-SB1 TCAACGGCAATTAGTTTTGTGGC CTGCTGCGTGGTTCAATCTG
PGRP-SC2 CCACACCGCTGGAAACTACT CCGCCGATCAGGAAGTTGTA
PGRP-SD GACAGCATGGAAACTCCCTTG GTTTTGCAGATTTTGCATGTGC
TotA TTCCGACGAAGATCGTGAGG CTGGGTGCTATTGATTTTGGAGT
TotC GCCTCCATTTCTCTACTATGCC TCCCTTTCCTCGTCAGAATAGC
TotM TCACAGAAAAACAGCGCCTAT ATCGTAGAAAGTGACCAGGCT

4.7. Immunohistochemistry and imaging

Dissected brains from adult flies of the specified genotypes were
fixed on ice for 10 min in 4 % paraformaldehyde and subsequently
rinsed for 10 min with cold PBS. Following fixation, brains were incu-
bated for 1 h at room temperature with agitation in blocking buffer (1X
PBS /2.5 % BSA /0.3 % Triton X-100). For immunostaining, brains were
incubated overnight at 4 °C with primary antibodies: anti-GFP (Aves
Labs., catalogue No. GFP-1020, 1:1000 dilution) in combination with
anti-RFP (ChromoTek, catalogue No. 5F8, 1:1000 dilution), or anti-elav
(DSHB, catalogue No. 7E8A10, 1:50 dilution). Subsequently, brains
were washed three times for 10 min at room temperature in blocking
buffer. Next, brains were incubated for 2 h with secondary antibodies:
Alexa Fluor 488 (Jackson ImmunoResearch, No. 703 545 155, 1:500
dilution) and Cyanine3 (Jackson ImmunoResearch, No. 712 165 153,
1:500 dilution), followed by three washes of 10 min at room tempera-
ture in blocking buffer. Finally, the brains were stained with the TO-
PRO-3 nucleic acid marker in PBS before being mounted in Vecta-
shield fluorescent mounting medium (Vector Laboratories, CA, USA).
Images were captured using an LSM 780 Zeiss confocal microscope.

4.8. Experimental procedure for RNAseq analysis

The RNAseq analysis encompassed nine samples in total, consisting
of three sample groups: brains from non-infected wild-type flies and
brains from wild-type and PGRP-LB mutant flies orally infected with E.
cc!® for 16 h. Each sample consisted of 20 brains isolated from adult
females aged 4-6 days. RNA was extracted from each sample using the
RNeasy Mini Kit (QIAGEN, cat. #74106). The extracted RNA samples
were then sent to the GenomEast platform, located in Strasbourg,
France, for further analysis. RNA-Seq libraries were generated from 250
ng of total RNA using the TruSeq Stranded mRNA Library Prep Kit and
TruSeq RNA Single Indexes kits A and B (Illumina, San Diego, CA),
following the manufacturer’s instructions. During this process, only
polyA RNAs were sequenced to focus on the mature messenger RNA
fraction. The quality and quantity of the generated cDNA libraries were
assessed using capillary electrophoresis. The sequencing was performed
using Hiseq4000, producing 2x100 base pair reads, with all samples run
in one lane. Image analysis and base calling were performed using RTA
2.7.3 and bcl2fastq 2.17.1.14, converting the raw data from the
sequencer into a format ready for downstream bioinformatic analysis.
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4.9. Bioinformatic analysis of RNAseq data

The RNAseq data were subjected to a series of bioinformatic ana-
lyses. Quality control of the sequenced reads was executed using HTSeq,
with the removal of the first 18 nucleotides of each read. Subsequently,
the reads were aligned to the Drosophila melanogaster reference genome
(dmel6.31, FlyBase) utilizing HISAT2 version 2. Gene expression
quantification was carried out with the featureCounts function from the
Rsubread package. Normalization of read counts and the analysis of
differential gene expression were conducted using the DESeq2 package
via the SARTools pipeline. All high-throughput sequencing data gener-
ated in this study have been deposited in Gene Expression Omnibus
(GEO) and are available under the accession number GSE255079. Raw
data and processed files of the RNA-seq analysis can be found in Sup-
plemental Data 1-4. For functional annotation and pathway enrichment
analyses, DAVID was employed for Gene Ontology (GO) term analysis,
and G:Profiler was used for KEGG pathway analysis. Finally, heatmaps
for visual exploration of gene expression patterns were generated using
the pheatmap package in R.

4.10. LC-HRMS sample preparation

Whole flies and biological specimens (heads, head capsules, brains,
guts, carcasses and hemolymph) were immersed in 500 L of pure water
(Invitrogen) to obtain homogenates through sonication (Bioblock
Vibracell 75043) at 4 °C. Two hundred microliters of each sample were
freeze-dried and resuspended with an aqueous solution of M3K, as an
internal standard, at 0.5 uM before liquid-liquid extraction. The sample
extraction was inspired by the sequential precipitation and delipidation
protocol published by Li et al(Li et al., 2020). A single-phase solvent
system Diisopropyl ether/methanol/water (5:3:1, v/v) and a two-phase
solvent system Diisopropyl ether/methanol/water (5:1:1, v/v) were
applied on homogenates of Drosophila organs. After proteins precipita-
tion, the lower phase from the delipidation step was collected and
lyophilized under vacuum (SpeedVac™, Thermo Fisher Scientific) for
LC-HRMS analysis.

4.11. LC-HRMS analyses

LC-HRMS analyses were performed using an Ultimate 3000 Ultra
High-Performance Chromatography system (UHPLC; Dionex / Thermo
Fisher Scientific) coupled to a Q Exactive Orbitrap mass spectrometer (Q
Exactive Focus; Thermo Fisher Scientific). The extract samples were re-
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dissolved in 50 ul of murabutide (external standard at 100 nM) with 0.1
% Formic acid (FA) and separated on a Hypersil GOLD aQ C18 analytical
column (150 x 2.1 mm, 1.9 pm) with mobile phase A (0.1 % FA) and
mobile phase B (AcN containing 0.1 % FA). After injection of 10 pL of
sample, the elution consisted to a nonlinear two-step gradient from 0 to
80 % of phase over 32 min with a mobile phase flow rate of 200 ul/min.
The column was flushed for 10 min with 80 % of phase B before letting
the system equilibrate for 8 min with 100 % of phase A.

MS analyses were performed in the positive ion mode, and sequential
MS2 experiments were carried out using data-dependent acquisition
method. The MS detection was performed from m/z 120 to 1,800 using a
resolution set at 70,000 at m/z 200 (full width at half-maximum,
FWHM). MS/MS spectra were acquired on a “Top 3” data-dependent
mode using the following parameters: resolution 17,500; Automatic
Gain Control (AGC) 1x10° ions with a maximum ion injection time of 50
ms. A normalized collision energy (NCE) of 25 % was used for the
fragmentation of muropeptides. XCalibur 4.0 software from Thermo
Fisher Scientific was used to control the instrument and for data
processing.

4.12. Lifespan and locomotion assays

To conduct survival assays during chronic infection, 4-6-day-old
flies reared at 25 °C of each indicated genotype were exposed to a fresh
solution of Ecc’® (OD = 200) every 2 days, combined with a 5 % sucrose
solution (50/50). Survival analyses in the absence of infection were
performed in vials containing an LB medium solution and a 5 % sucrose
solution (50/50) in the presence of ATB. The assessment of deceased
flies occurred at a designated time once a day. Each survival assay uti-
lized a minimum of three vials, each containing 25 flies. The experi-
ments were independently replicated at least twice. Statistical analyses
used a one-sided log-rank test within Prism (GraphPad software).

For the locomotor activity assessment, a climbing assay was designed
to quantify spontaneous locomotion driven by Drosophila’s inherent
negative geotactic behavior. This assay was employed to evaluate the
locomotor activity of groups comprising 25 adult flies for each specified
genotype. The motor function response was assessed daily in plastic
rearing vials (2.5 cm in diameter and 9.5 cm in height) by scoring the
vertical climbing distance (<2.5 cm, 2.5-5 cm, or > 5 cm) for a
duration of 20 s at room temperature when flies were gently tapped to
the bottom of the vial. Three independent replicates were averaged for
each condition.

4.13. Brain histology and neurodegeneration assessment

Fly heads were severed and immersed in fixative (2.5 % glutaral-
dehyde and 2.5 % paraformaldehyde in 0.1 M cacodylate Buffer, pH 7.4)
overnight at 4 °C. Subsequently, heads were post-fixed with 1 % osmium
tetroxide in 100 mM cacodylate buffer (pH 7.0) for 2 h at 4 °C before
undergoing dehydration and embedding in Epon. Embedded heads were
sectioned at a thickness of 5 pm and stained with Toluidine blue (0.1 %
in 1 % sodium borate). Imaging of the sections was conducted using a
light microscope under white light. To evaluate neurodegeneration, the
number of vacuoles that had developed in the neuropil of the central
brain was scored in ten consecutive sections per head. Three to five
heads were used for each histological experiment.

5. Data availability
The numerical data and statistical analysis supporting the findings of

this study are available within the supplementary materials (Supple-
mental Data 5-6).
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6. Resource availability
6.1. Lead contacts and materials availability

Further information and requests for resources and reagents reported
in this paper should be directed to and will be fulfilled by the Lead
Contacts, Julien Royet (julien.royet@univ-amu.fr) and Olivier Zugasti
(olivier.zugasti@univ-amu.fr).
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