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Abstract

The interplay between neural cells and immune cells is a determinant factor for microenvironment
restoration following nerve injury. Nerve-resident immune cells respond microenvironment signals
and switch to pro-inflammatory or pro-regenerative phenotype. These phenotypes have different
effects on axon regeneration. Early-phase neuroinflammation clears debris and remodels a permissive
microenvironment for nerve repair. However, persistent and overactive inflammation is destructive and
detrimental to regeneration. Despite all this information, our understanding of neuroimmune interplay in
traumatic and diabetic neuropathies remains poor. Early studies on neuroimmune interplay focused on
tissue defenses, in which nerve ending modulates the immune function in peripheral tissues, maximizing
the sensing and defensing abilities to environmental aggressions. With the identification of cellular and
molecular profile of injured nerves, the interaction between immune cells and other nerve-resident cells,
e.g., Schwann cells and vessel cells, becomes clearer. In our recently published studies, we identified key
proteins that impacts the regeneration of injured nerves by proteomic sequencing. We also identified
that mast cells play key roles in DPN progression by single-cell RNA sequencing. These discoveries were
further verified in transgenic mice. This commentary summarizes the neuroimmune interplay in diabetic
peripheral neuropathy and traumatic peripheral nerve injury, and the potential treatment via blockade of
neuroimmune axis.
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Commentary

Dysregulation of neuroimmune interplay is a common feature of many neurodegenerative
diseases [1,2]. Upon injury, glial cells respond to insults with excessive activation and produce both
beneficial and detrimental factors [3,4]. Immune cells in nerve tissue detect pathological signals
and adapt their inflammatory phenotype accordingly [5,6]. Dysregulated neuroimmune interplay
maintains nerve-resident macrophages in a constantly reactive state and thus induces sustained
neuroinflammation, which enhances neuronal damage [7]. Nonetheless, the molecular regulators of
neuroimmune crosstalk in peripheral nerve tissue are less explored.

Building on our recent work [8], this commentary presents new findings and insights on the
molecular components that mediate the dysregulated neuroimmune crosstalk in the context of
traumatic nerve injury (TPNI) and diabetic peripheral neuropathy (DPN). Identifying key molecular
components of neuroimmune interplay is critical for developing targeted therapeutic strategies for
both acute and chronic neuropathies. For example, nerve scaffolds or nerve-wrapping membrane
loaded with specific neutralizing antibodies and immune modulating agents can be a promising

treatment for TPNI and DPN.
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Schwann Cell-Macrophage Crosstalk
Sustained Neuroinflammation Following TPNI

Driving

Following neurotrauma, peripheral nerves initiate a self-
destruction program called Wallerian degeneration. During
Wallerian degeneration, Schwann cells and axotomized neurons
produce chemokine C-C motif ligand 2 (CCL2) which drives the
accumulation of circulating macrophages to the injury site and distal
nerves [9]. Schwann cells shift their phenotype to a dedifferentiated
stage to initiate regeneration program. Dedifferentiated Schwann
cells produce pro-regenerative signals and growth suppressors to
reshape the nerve microenvironment. The early immune response
is dominated by pro-inflammatory macrophages, characterized by
the expression of tumor necrotic factor-a (TNF-a) and iNOS,
phenotypically programmed for myelin debris clearance [10].
However, during regeneration stage proinflammatory macrophages
are replaced by pro-regenerative macrophages, characterized by the
expression of CD206, Arginase-1 (Arg-1) and Ym1 (classic markers
for M2-like macrophages) [11]. Delayed phenotypic transition
of macrophages can cause retardation of axon regrowth [17], as
depicted in Figure 1.

In our research, we performed a proteomic sequencing analysis
of murine sciatic nerves, identifying Schwann cell secreted frizzled-
related protein 1 (sFRP1) as the most upregulated protein following
TPNI identified via proteomic sequencing [8]. Genetic deletion of
sFRP1 robustly alleviated posttraumatic neuroinflammation and
accelerated axon regeneration. We then focused on the crosstalk
of macrophage and Schwann cells due to their strong association
with neuroinflammation. To identify the binding protein of sFRP1,
we incubated macrophage-derived total proteins with His-labeled
sFRP1 and performed immunoprecipitation-mass spectrometry (IP-
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MS) analysis. As revealed by IP-MS results, heat shock protein 90
(HSP90) was listed as the potential interaction partner of sFRP1.
Thereafter, we performed IP experiment to assess the direct binding
of sFRP1 to HSP90 using an HSP90 IP antibody, followed by
immunoblotting validation of sFRP1 in macrophage lysates. HSP90
has been reported to bind to inflammasomes as a cofactor, causing
the abnormal activation of these inflammasomes in macrophages
[12,13]. Furtheranalysis proved that HSP90 knockdown significantly
reversed the proinflammatory phenotype of macrophages caused by
sFRP1 treatment and induced a pro-resolving phenotype. These
findings suggest that the sFRP1-HSP90 axis plays a critical role
in Schwann cell-macrophage crosstalk, potentially exacerbating
neuroinflammation and axon degeneration in regenerated nerves
(Figure 2). Consistent with our study, sFRP1 fosters dysfunctional
astrocyte-microglia crosstalk in the brain and thus exacerbates the
progression of neurodegenerative diseases [1]. Further research
is needed to explore distinct proteins modulating neuroimmune
interplay at different time points following neurotrauma.

Mast Cell-Neuron
Progression

Crosstalk Underlying DPN

'The pathogenic mechanism of DPN remains poorly understood,
for which few therapeutic strategies have been developed. Increasing
evidence supports a role of neuroinflammation in the pathogenesis
of DPN. Diabetes-associated immune imbalance causes successive
damage in neural structure and function [14]. Low-grade
inflammation maintained by aberrant immune cell infiltration
characterizes a pivotal aspect of DPN pathology [15]. Therefore,
in search of more effective therapeutics for DPN, it becomes
paramount to understand the neuroimmune interplay underlying
DPN pathogenesis.
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Figure 1. Macrophage-mediated microenvironment immune rebalance and imbalance in peripheral nerve regeneration.
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Figure 2. Schwann cell-secreted sFRP1 dictates macrophage proinflammatory phenotype by binding with HSP90.
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Current research on neuroimmune crosstalk in peripheral
nerve system mainly focuses on macrophages [16,17]. One research
reported the pathogenesis of chemotherapy-induced peripheral
neuropathy induced by neutrophil extracellular traps (NET) [18].
Indeed, NET plays an important role in causing the inflammation
and injury [19,20]. The reversible CD8* T cell-neuron crosstalk was
also reported to be critical driver for aging-dependent regenerative
decline following TPNI [21].

reported how other immune cells affect the homeostasis of nerve

Relatively few studies have

microenvironment.

Mast cells are innate immune cells, and their state is largely
controlled by local microenvironment [22]. Once activated, mast
cells rapidly degranulate, releasing large amounts of preformed
mediators into local microenvironment, including proteases,
inflammatory cytokines, and chemokines [23]. However, it
remains unclear whether mast cells act as active participants or
just dispensable bystanders in PNS diseases. In our recent research,
we proposed that dysregulated mast cell-neuron crosstalk causes
successive and irreversible damage to axons during DPN progression
[24]. We recruited DPN patients undergoing amputation surgeries
for diabetic foot ulcer. Diabetic foot ulcer is the commonest major
end-point of diabetic complications and most frequent precursor
to amputation [25,26]. Neuropathy in lower limbs is one of the
main etiological factors in foot ulceration [27]. Therefore, neural
pathological changes are most pronounced and typical in tibial and
sural nerves. To delineate the cellular identities of neuroimmune
interaction during DPN progression, we performed single cell-
sequencing analysis on tibial nerves isolated from DPN and TPNI
patients. We found robustly increased mast cell population, marked
by TPSABI, CMAI and KIT expression, in DPN nerves, compared
with the TPNI counterparts. In comparison, only few of mast cells
were observed in TPNI nerves. To further understand mast cell
heterogeneity at the transcriptional level, we reanalyzed mast cell
sequencing data and noted that mast cells were categorized into 7
heterogenous subclusters. Based on the subclustering outcome, we
identified 2 distinct clusters with a unique transcriptional profile that
emerged only in DPN nerves. One cluster was marked by HMGB1
and HMGB?2, and the other cluster was marked by CCL5 and IL32.
GO enrichment analysis indicated that leukocyte activities, mast
cell degranulation, prostaglandin metabolism and oxidative stress
were significantly enriched in mast cells during DPN progression.
KEGG enrichment analysis further revealed that DPN mast cells
were significantly enriched in TNF-a signaling, MAPKI signaling,
and NF-kB signaling.

Mast cells are classically related to allergic responses but also
contribute to several inflammatory diseases such as conjunctivitis,
multiple sclerosis, rheumatoid arthritis, and aortic aneurysm [28—
32]. In irritant dermatitis responses, cutaneous mast cells amplify
skin inflammation through the release of granules containing
multiple inflammatory meditators [33]. A few studies also reported
mast cells as the pathological factor in the onset and progression
of diabetes and related complications [34-37]. A previous study
reported that increase in mast cell numbers and degranulation level
correlated significantly with tubular interstitial injury [35]. Topical
application of mast cell stabilizers alleviated the local inflammation
in diabetic wound and improved wound healing [36]. Another
research reported that infiltrated mast cells are the trigger of small
vessel disease and diastolic dysfunction in diabetic mice [37]. High
numbers of mast cells infiltrate in the white adipose tissue of type 2

diabetes and produce inflammatory factors which exacerbate glucose
intolerance [34]. These findings demonstrate that tissue-resident
mast cells could be key components of chronic inflammation in the
local tissue of diabetic individuals. Consistent with these studies, our
research observed increased mast cells infiltration and degranulation,
accompanied by neuroinflammation and axon damage, in peripheral
nerves of diabetic patients [24]. Dysregulated mast cells damage the
mitochondrial respiration of neurons and suppress axon regrowth
via paracrine signaling mechanisms [24]. Genetic clearance of mast
cells in murine DPN model effectively halted the progression of
neuropathy and neuroinflammation [24]. These findings broaden
the understanding of neuroimmune interplay underlying chronic
peripheral neuropathy.

Susceptibility of Peripheral Nerves to Immune Insults

As described above, peripheral nervous system is susceptible to
immune insults which cause acute and chronic neuroinflammation.
A peripheral nerve consists of 3 compartments, endoneurium,
perineurium and epineurium. Like the blood-brain barrier in central
nervous system, peripheral nerves contain a blood-nerve barrier
composed of endothelial cells, pericytes, and basal laminae [38].
As depicted in Figure 3, blood-nerve barrier in peripheral nerves
is leakier and more permeable compared to the blood-brain barrier,
due to the lack of astrocytes [39]. Determined by such anatomy,
peripheral nerves are susceptible to the extravasation of circulating
immune cells upon nerve injury [40]. The increased endoneurial
microvascular permeability reflects an adaptive reorganization of
capillary structure and function in response to altered conditions of
nerve microenvironment [41]. This permeability increase is induced
by breakdown of endothelial cells or damage of mural cels enveloping
the blood endothelium [42]. Multipotent stem cell transplantation,
exosomes, and proangiogenic cytokines can effectively promote
angiogenesis and enhance the formation of tight junctions in
endothelial cells and mural cells [43—45]. Therefore, reconstruction
of blood-nerve barrier stabilizes the neuroimmune interplay which
maintains the internal homeostasis of peripheral nerves.

Despite multiple studies revealing the importance of immune
homeostasis, there are still questions to be addressed: (1) Due to
the significant variation in immune cell types resided in nerves
among different neuropathies, researchers need to investigate
the optimal immune-modulating targets for clinical translation.
Inhibition of these targets can yield the greatest nerve-protective
results and better safety profiles. (2) Food and Drug Administration
(FDA)-approved immunotherapies for central nervous system
diseases have expanded over the past few decades [46]. However,
the mechanism of action may vary when shifting from central
nervous system diseases to peripheral neuropathies. For example,
sphingosine-1-phosphate receptor (SIPR) modulators were proved
to be effective in patients with relapsing multiple sclerosis [46], and
have superior effects in murine axonal and Schwann cell regeneration
[47]. However, the pro-regenerative effect of pharmacological SIPR
stimulation is compromised in human nerves [48]. In the future,
it will be crucial to balance risks with the anticipated efficacy
of immune-modulating therapies when selecting treatments.
(3) It remains to be verified whether the key proteins regulating
neuroimmune interplay vary at various stages during the progression
of neuropathy. Strategies such as longitudinal proteomics or time-
resolved single-cell analysis will facilitate the development of period-
based therapeutics.
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Figure 3. Components of blood-brain barrier and blood-nerve barrier.

Conclusions

In summary, our findings highlight the importance of
within  peripheral
nerves and identifying dysregulated cytokines that exacerbate
Neuroinflammation, the inflammatory
response in the peripheral nervous system following injury, is
often described as a “double-edged sword”, as it can produce both
beneficial and detrimental effects. This understanding sheds light
on cell-specific mechanisms underlying traumatic and diabetic
peripheral neuropathies and offer potential targets for therapy.

understanding  neuroimmune  crosstalk

neuroinflammation.

Compared with systemic administration of drugs, local
administration can directly deliver high concentration of therapeutic
agents to the nerve tissue, improving drug delivery efficiency and
avoiding systemic complications. In recent years, with the increasing
knowledge in tissue engineering, a number of neural-supporting
scaffolds are applied in enhancing nerve repair. In this context,
nerve scaffold represents an effective strategy for targeted delivery
of therapeutic agents to nerve injury site. For TPNI, nerve conduits
loaded with sFRP1 antibody can be a potential strategy to block
sFRP1-HSP90 axis, thereby relieving persistent and overactive
neuroinflammation. For DPN, nerve-wrapping membrane loaded
with mast cell-stabilizing agents, such as disodium cromoglycate
(DSCG),
homeostasis in DPN nerves. However, current challenges for the
clinical translation are complicated nerve physiological environment

can be an effective strategy to rebalance immune

and uncontrollable drug releasing processes. These challenges
necessitate more precise definition of nerve pathophysiological and
recovery process.
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