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Abstract

Immature nervous systems are initially overpopulated with neurons. A crucial step of remodeling that
removes inappropriate connections is required and performed predominantly by phagocytic glial cells.
The Drosophila chemokine-like Orion tags axons to be eliminated. Could the way Orion is presented by
neurons be the critical factor in modulating subsequent intracellular glial responses? Here we propose a
model in which the mode of Orion presentation (soluble, GAG-bound, PS-bound, or EV-associated) might
function as a switch in phagocytic signaling during neural remodeling.
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Abbreviations: MBs: Mushroom Bodies; APF: After Puparium Formation; MARCM: Mosaic Analysis
with a Repressible Cell Marker; vCrz*: Ventral Corazonin-Expressing; PDF: Pigment Dispersing Factor;
dda: Dendrites of class IV Dendritic Arborization; GAG: Glycosaminoglycan; ECM: Extracellular Matrix; PS:
Phosphatidylserine; PM: Plasma Membrane; EVs: Extracellular Vesicles; VNC: Ventral Nerve Cord

Definitions

Chemokines: Family of chemoattractant cytokines, characterized by a CC, CXC, or CX3C motif, promoting
the directional migration of cells within different tissues. Mammalian CX3CL1 (also known as fractalkine)
is involved in neuron-glia communication.

Orion:a Drosophila CX3C chemokine-like protein required for axon debris elimination during development
and injury.

Mushroom bodies: Structures in the brain of arthropods involved in olfactory learning and memory.

Phosphatidylserine: Phospholipid representing a neuronal ‘eat-me’signal enabling phagocyte-mediated
synapse pruning.

Glycosaminoglycans: Long, linear polysaccharides consisting of repeating disaccharide units which are
essential components of the extracellular matrix and regulators of ligand-receptor complexes.

Extracellular vesicles: Lipid-bilayer composed vesicles released by cells and considered as mobile
platforms capable to transfer functional proteins, facilitating cell to cell communication.

Glial infiltration: Glial penetration of compacted structures (e.g., MB bundles).

Glial phagocytosis: Glial engulfment and degradation of debris.

This article is originally published by ProBiologists, and is freely available at probiologists.com
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Introduction

Nervous systems are initially overpopulated with neurons and
over wired. This is followed by a key period of remodeling within
which a subset of inappropriate connections is removed to optimize
adult functions. Neuronal elimination is also required after nervous
system injury. In both cases, the clearance of resulting debris is
performed predominantly by phagocytic glial cells [1-8] although
other phagocytic cells such as epithelial cells can be involved in this
mechanism [9]. Therefore, the selection of specific connections for
elimination seems to involve an essential communication between
neurons and glia [3]. The nervous system uses a diversity of
molecules to identify engulfment targets. This includes chemokine
signaling (CXCL12, CX3CL1, CCL2 and CXCL16) that is essential
in guiding immune and glial responses during tissue remodeling
and injury [10] and promotes the directional migration of cells in
many systems. One of them, the Drosophila chemokine-like Orion,
identified in our laboratory [11] has a major function in the fruit
fly nervous system remodeling during development and injury
[12,13]. However, major gaps exist concerning the way Orion, and
chemokines in general, mediates communication between neurons
and phagocytic cells. Phagocytosis involves several critical steps such
as engulfment and digestion of the resulting material. In Drosophila
mushroom bodies (MBs) neuronal remodeling, an additional step of
axon-bundle infiltration is required since astrocyte-like glia (the sole
infiltrating glial cells currently reported in MBs) surrounding MBs
penetrate Y axon bundles to initiate phagocytosis. Furthermore,
it is important to point out that infiltration and phagocytosis are
concomitant mechanisms that are difficult to dissociate because
infiltrating glia gradually phagocytose neuronal debris. Orion
represents a long-time missing ligand for glia and epithelial
phagocytic cells in Drosophila and has emerged as a key regulator of
glial infiltration into axon bundles and phagocytosis. Interestingly,
a major role of actin in astrocytic infiltration has been recently
reported in MB neuronal remodeling [14] but little is known
about other molecular players in this mechanism. While the Orion
role in recruiting glial extensions is established, the mechanisms
determining the specificity of downstream signaling pathways in glia
infiltration and phagocytosis remain unclear.

In immune systems, the mode of chemokine presentation:
whether matrix-tethered, has
profound consequences on receptor clustering, internalization,

soluble, membrane-bound, or
and downstream signaling [15]. Such differences can influence cell
behavior, migration guidance or effector functions.

‘This raises the intriguing question: could the way Orion is
presented be the critical factor in modulating receptor engagement
and subsequent intracellular glial responses leading either to MB
axon bundle infiltration or phagocytosis? To follow up to this
question we will focus on the different sources of Orion currently
reported, the Orion presentation mode associated with them, as
well as the related cell signaling responses in phagocytes. Finally,
we will comment about the dual role of Orion in infiltration and
phagocytosis.

Different Sources of Orion in Neuronal Remodeling

Orion is expressed by Y neurons early in pupae, and by epithelial
cells, fat body, trachea, several types of glial cells, and other structures
at larval stages [11,12]. All these cells represent putative sources
of Orion and might participate in neuronal remodeling. Orion

contains a signal peptide sequence allowing to engage a protein
secretion pathway. We showed that in Drosophila MBs Orion
secretion by Y neurons are compulsory for pruning [11]. Thus,
in an orion’” context, supplying Orion in y axons restore adult y
axon remodeling phenotypes (including axon fragmentation and
debris clearance). This pruning restauration lets to suppose a 6 h
after puparium formation (APF) MB axon-bundle glia infiltration
rescue. Furthermore, orion™ mosaic analysis with a repressible cell
marker (MARCM)-induced single clones are perfectly pruned. This
indicates that the role of Orion is non axon autonomous (but y
axon-bundle autonomous). Therefore, one can suggest that Orion
secreted by closely positioned orion*" axons is able to act on orion™
axon remodeling. Consequently, Orion secreted by axons could also
be a source of Orion for neighbors y axons. However, providing
Orion in glia does not restore axon pruning mutant phenotypes,
suggesting that Orion is required specifically in neurons. Why
does an external source of Orion fail to rescue the y axon mutant
pruning phenotype? Even though we do not have the precise answer
to this question, one could speculate that since y axon bundles are
composed of about three hundred compacted axons, glia-secreted
Orion is unable to appropriately access it most probably due to MBs
bundle spatial constraints.

Ventral corazonin-expressing (vCrz*) neurons and pigment
dispersing factor (PDF)-Tri neurons, die by apoptosis during
Drosophila metamorphosis [16] and early after fly eclosion [17,18]
respectively. Intriguingly, intrinsic neuronal expression of Orion in
these neurons is not sufficient to rescue orion” pruning phenotypes.
Only a general expression of Orion in all neurons [13] or even in
glia (our unpublished results) rescues these phenotypes. Thus, in
paradigms involving remodeling of spatially open systems in which
phagocyte infiltration is not required (opposite to compacted MB
bundles), different sources of Orion might be possible such as
surrounding neurons, glia, or epithelial cells (see below). Interestingly,
in the case of the dendrites of class IV dendritic arborization (dda)
neuron remodeling, providing Orion in the fat body is sufficient to
rescue dda laser-induced uncleared debris at larval stages in an orion”
context [12]. Unexpectedly, the absence of Orion in dda neurons
does not affect dda remodeling in this paradigm, in accordance with
the low amount of Orion found in these neurons. The major source
of Orion either for dda developmental pruning or for dda debris
elimination after injury is still to be elucidated, but most probably,
hemolymph fluid-circulating Orion secreted from several sources is
the one required in this system. Overall, potential sources of Orion
and associated glia infiltration requirements are represented in

Figure 1.
Orion Presentation to Glia

Orion displays three putative glycosaminoglycan (GAG)
binding sites [11]. One of them, named GAG3 domain, located
close to the C-terminal end of this protein, seems to have a major
function in MB pruning. Accordingly, Orion is presented to glial
cells via GAGs to induce MB remodeling. Are Orion-GAG binding
sites only required for MB glia infiltration, for glia phagocytosis or
both? Overall, GAGs have a key function in ligand signaling (as
for Wnt and Hedgehog) as they are required either for cell-to-cell
morphogen diffusion or to concentrate and cluster ligands at the cell
surface [19,20]. GAGs might allow Orion monomers clustering as
observed in MB-bundle 3D rendering [11]. Since GAGs are often
present at the extracellular matrix (ECM) [21], Orion might bind
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Figure 1. Putative Orion sources and glia infiltration requirements. (Created with Biorender.com).

ECM GAGs to pave the way for glial process infiltration. In this case,
an additional molecule, potentially phosphatidylserine (PS), must
be required to tag axons for elimination (see below). Orion could
also associate to axon membrane-linked proteoglycans, composed
by a core protein and long GAG chains, which might display not
only a signal for infiltration, but also a required phagocytic tag.
Unfortunately, the precise cellular location of Orion-binding GAGs
has not been elucidated either in MBs or in other remodeling
paradigms and they may represent a key component to reveal new
related signaling pathways. One interesting experiment to mimic
Orion binding to plasma membrane (PM)-associated GAGs would
be to express a PM-tethered Orion in orion” MB axons and assess
whether this Orion presentation form is sufficient to induce both
glia infiltration and phagocytosis. Whether Orion as a soluble free
protein has a function in neuronal remodeling by itself is currently
unknown.

Therefore, we propose at least two manners of Orion presentation
to glia in MBs: Orion non associated to PM able to travel at least
from one axon to another and Orion bound to GAG-exposing axons
or to GAG-containing ECM.

In the dda laser injury paradigm, it was shown that Orion
bridges PS-exposing neurons and the phagocytic receptor Draper
leading to phagocytosis [12]. Here dda neurons display Orion via PS
to phagocytic epithelial cells. Interestingly, presenting a PM-tethered
Orion, in which Orion is coupled to the transmembrane domain
CD2 (Orion-CD?2), to phagocytic epithelial cells was sufficient to
induce dda elimination in the absence of PS in a wild type orion
context. In the absence of wild type Orion in this paradigm, one
can wonder whether phagocytic digestion would occur normally
in “Orion-CD2-eating” phagocytic epithelial cells and whether the
fate and viability of these cells would be altered. Therefore, for dda

neuron elimination, we propose the requirement of soluble Orion

travelling in hemolymph fluids surrounding dda neurons that could
bind to dda-exposed PS to tag dendrites to be phagocytosed by
epidermal cells.

Whether or not GAGs are required in the dda paradigm or
whether PS is required for MB pruning is still unknown. Do GAGs
and PS have a redundant role in presenting Orion to phagocytes
during neuronal remodeling? In a recent model, it was proposed
that chemokine-presenting apoptotic blebs guide phagocytes toward
apoptotic cells for their elimination [22]. This model proposes that
chemokines interact with the surface of apoptotic blebs via both
GAGs and membrane exposed PS. In fact, a gradient of presumably
GAG-binding chemokines is first exposed on apoptotic blebs and
guides phagocytes toward apoptotic cells. The authors also found
that cells undergoing apoptosis iz vivo then switch chemokine-
tethering mechanisms, down-regulating cell surface GAGs and
up-regulating PS. Importantly, unlike GAG-bound chemokines,
PS-bound chemokines retain their ability to activate phagocytic
receptors, providing key differences between the two molecules.
Therefore, they propose that as tissue apoptotic level rises because
of injury or infection, PS may be increasingly favored over GAGs
as a mediator of phagocytosis. Thus, this model is also noteworthy
to consider in MBs even though PS has not been reported yet in
this paradigm. Interestingly, the presence of blebs was also reported
during metamorphosis along single y axon clones using the
MARCM technique [23], which raises the question: are GAGs and
PS acting sequentially in these y axon blebs at pruning to present
Orion to phagocytic astrocytes, as in apoptotic blebs? A conceivable
experiment would be to deplete GAGs in MB and determine if it can
be compensated by PS.

Remarkably, in two independent works, one iz vitro in S2
drosophila cell cultures [24] and a second one iz vivo using Drosophila
larval hemolymph [25] it was reported that Orion associates with
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extracellular vesicles (EVs). These cellular compartments circulating
in biological fluids have different sizes and cellular origins (apoptotic
bodies, micro vesicles or blebs and exosomes) [26] and represent
an interesting system to transport and amplify protein effects
[27]. Furthermore, it was shown that EVs stimulate phagocytosis
in vitro [28] and that they opsonize apoptotic debris via PS [29].
Whether EV-associated Orion is required for neuronal remodeling
is not documented. However, EVs as mobile Orion presentation
platforms could potentially amplify infiltration and/or phagocytosis.
Consequently, they should also be considered when studying Orion
presentation to phagocytes. Overall, proposed presentation forms of
Orion to phagocytes are represented in Figure 2.

It could also be interesting to determine how Orion is
presented in neurons that die by apoptosis and might require Orion
presentation in both soma and neurites, such as the vCrz* and the
PDE-Tri neurons.

Orion Receptor Activation

Orion is presented by neurons to several types of phagocytic
targets such as astrocyte-like glia, cortex glia, ensheathing glia, and
epidermal cells [11-13]. In particular, the presence of glial extensions
is quite specific to astrocytes. Thus, Orion may induce infiltration
likely when pruning is mediated by astrocytes, and phagocytosis in
other targets (without excluding astrocytes). Whether Orion signals
via the same receptor for infiltration and phagocytosis in astrocytes
is not known, but it is noteworthy to point out that a same receptor
can induce different signaling pathways [30].

The draper (drpr) gene (MEGF10 homologue in vertebrates and
receptor of Clq [31]), the most studied phagocytic receptor [32],
is a known receptor for Orion in dda neurons [12] and maybe also
in MBs. Drpr behaves as a multifunctional protein referred to as a
“hydra” [33] as it participates in all stages of corpse clearance: damage
detection, corpse engulfment, and corpse processing in phagocytes.

These stages involve different cellular pathways such as cytoskeletal
rearrangements and phagosome maturation. Some of the molecular
actors of these pathways have been identified [34,35]. However, if
Drpr is the unique Orion receptor, able to activate Orion-mediated
MBs glia infiltration, debris engulfment and phagocytic digestion:
What makes the transition between each mechanism possible?
Could it just be chronological?

Interestingly, unlike Drpr, Orion is not required in paradigms
like wing and olfactory receptor neuron injury [13]. Thus, Draper
signaling pathways mediated by other ligands must be also
considered.

Is Orion Involved Only in Glia Infiltration in MBs or in
Both Infiltration and Phagocytosis?

Orion is involved in the triggering of glia infiltration in MB
bundles [11]. At 24 h APF, degenerated MB axons are already
fragmented into small parts and astrocyte-like glia surround and
phagocytose them. We showed that in orion™”, even though astrocytes
also surround small axon pieces, they do not eliminate them [11]. At
this developmental stage, since neuronal debris are accessible for glia,
one can assume that infiltration is no longer required. Therefore,
in MB-surrounding astrocytes Orion might also be involved in
phagocytosis, otherwise, debris digestion would take place at this
developmental period in orion™. Alternatively, in MB-surrounding
astrocytes, signaling pathways could sequentially activate infiltration
and phagocytosis and therefore lack of infiltration might lead to
absence of phagocytosis. Thus, based on the current data we cannot
definitively conclude about this issue in MBs, but since Orion is
required for phagocytosis in other systems (see below) and due to the
presence of non-phagocyted axon debris contacting glial extensions
in orion” we propose that Orion directly triggers both infiltration
and phagocytosis in MBs. Consequently, we are unable to dissect
the role of Orion in glia infiltration independently of phagocytosis
in orion™.
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Figure 2. Suggested presentation forms of Orion to phagocytic cells. (Created with Biorender.com).
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Intriguingly, in 6 h APF MB-surrounding astrocytes of wild
type and orion”" Drpr level seems comparable and high [11]. In the
ventral nerve cord (VNC), it was shown that glial transformation
from a larval astrocyte to a phagocyte correlates with increased
Drpr expression level [7]. As, low level of Drpr in astrocytes block
phagocytosis and expression of Drpr leads to phagocytosis, we might
conclude that astrocytes with high level of Drpr, as these surrounding
orion’” MBs are potentially phagocytic. Thus, are orion”~ MB-
surrounding astrocytes unable to infiltrate and phagocytose being
potentially phagocytic?

We also examined the role of Orion in synapse remodeling in
the VNC [13], taking advantage of the fact that astrocyte processes
are already present in this region at larval stages [36] before neuronal
remodeling occurs. Interestingly, we showed that Orion is involved
in the overall transformation of astrocytes into phagocytes. This
was based on morphological characterization of astrocyte-like glia
of orion” 6 h APF pupae that display long processes and a lack of
phagocytic vacuoles as in larval stages. Therefore, these observations
indicate that Orion is required for synapse phagocytosis.

We also explored other neuronal remodeling paradigms,
including vCrz* and PDF-Tri neurons, in which glial infiltration is
not required since glial cells surround vCrz* and PDF-Tri neurites
and cell bodies before pruning. Here we revealed the role of Orion
in phagocytosis not only via astrocytes but also ensheathing and
cortex glia [13]. Therefore, our results suggest that Orion activates
phagocytosis in three different types of glial cells and point to Orion
as an activator not only of glial infiltration but also phagocytosis.
Since these peptidergic neurons die by apoptosis, their cell body
is also cleared by glia. Thus, the vCrz* and PDF-Tri study extends
the role of Orion to neuronal cell body phagocytosis and opens the
question of Orion presentation by cell bodies to phagocytic cells.

Conclusion

In conclusion, the presentation of chemokines represents a critical
step to allow phagocytic migration and initiation of phagocytosis.
Infiltration, when required, appears to be a key step to trigger the
phagocytic response. The chemokine-like Orion represents a crucial
ligand to dissect the mechanisms by which glial cells penetrate axon
bundles and clear cellular debris during development and after
injury.

We hypothesize that the manner Orion is presented to phagocytes
might represent the potential “hidden switch” in phagocytic
signaling pathway activation during neuronal remodeling leading to
infileration and phagocytosis.

Future research will be essential to unravel the distinct but
interconnected processes of glial infiltration and phagocytosis. Key
questions remain, notably how chemokine signaling orchestrates
glial activation, infiltration, and the transition toward effective
phagocytosis. Critical next steps include testing if forced tethering of
Orion to GAGs or PS biases phagocyte responses toward infiltration
or phagocytosis, respectively, and determining if EV-associated
Orion integrates these modalities.
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