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ABSTRACT

Background: Neuropathic pain is the most prevalent and incapacitating form of chronic pain.
Understanding its pathogenesis at the cellular and molecular levels is crucial to guide the
development of new therapeutics. A major controversy has been on the roles of Fractalkine
(CX3CL1) signaling between neurons and immune cells in the pathogenesis of neuropathic pain.
In this study, we investigated two distinct pathways of CX3CL1 signaling in the pathogenesis of
neuropathic pain, namely the CX3CR1-dependent pathway and the TGF-p/Smad2/3-dependent
pathway.

Methods: Neuropathic pain-like behavior was induced in mice using the sciatic nerve chronic
constriction injury (CCI) model. Experiments were performed in wild-type, CX3CR1-knockout,
and CX3CL1-transgenic mice to examine distinct CX3CL1 signaling pathways. Microglia and
macrophage activation, CX3CL1 processing, TGF-p/Smad2/3 signaling, and inflammatory
cytokine expression were assessed using molecular and immunohistochemical techniques.
Behavioral assays quantified mechanical allodynia and thermal hyperalgesia, and transcriptomic
analyses evaluated neuroimmune gene expression changes following CCI injury and CX3CL1
signaling manipulations.

Results: CCI of the sciatic nerve led to activation of microglia and macrophages, cleavage and
consumption of full-length CX3CL1, and a decrease in the expression of its downstream TGF-f3
family proteins. Deletion of CX3CR1 in CX3CR1-knockout mice exacerbated CCl-induced
neuroinflammation. Conversely, overexpression of CX3CL1 in CX3CL1-Tg mice significantly
enhanced TGF-f/Smad2/3 signaling, reduced pro-inflammatory cytokines, inhibited microglia

activation, and alleviated CCIl-induced hyperalgesia. Moreover, CX3CL1 overexpression



effectively reversed the CCl-induced differentially expressed genes (DEGS) and neuro-immune
responses.

Conclusions: These findings demonstrate that enhancing CX3CL1 signaling effectively
mitigates neuroinflammation and alleviates neuropathic pain-like behavior, likely through
CX3CL1 signaling between neuronal and immune cells via two distinct pathways: the CX3CR1-
dependent pathway mediated through the CX3CL1 N-terminus, and the TGF-B-dependent

pathway mediated through the CX3CL1 C-terminus.



INTRODUCTION

Neuropathic pain (NP) affects 7-10% of the global population and is the most debilitating
form of pain.! It often results from lesions or disease of the somatosensory nervous systems.?
Given the limited effectiveness of current treatments for NP, elucidating its cellular and
molecular mechanisms is essential for informing the development of novel therapeutic strategies.
Neuro-immune communications through signaling molecules, such as cytokines and
chemokines, play a central role in neuroinflammation that underlies peripheral and central
sensitizations of pain.>* Despite extensive investigation, the role of neuron—microglia crosstalk
mediated by fractalkine (CX3CL1) in the pathogenesis of NP remains highly controversial.>®

CXB3CL1 is constitutively expressed in neurons, predominantly in a membrane-bound
form.®1% Proteolytic ectodomain shedding releases a soluble N-terminal fragment containing the
C-X-X-X-C motif, which binds its exclusive G protein—coupled receptor, CX3CR1.1%12 on
microglia and macrophages.'® We recently demonstrated that the membrane-bound CX3CL1 C-
terminus translocates to the neuronal nucleus and activates TGF-f/Smad2/3 signaling in the
5XFAD mouse model of Alzheimer’s disease,?® although its role in neuropathic pain remains
unknown. Together, the N- and C-terminal domains may differentially regulate neuron—glia
crosstalk and cellular function in a context-dependent manner.** Notably, existing NP studies
have focused exclusively on N-terminal, CX3CR1-dependent mechanisms. Several studies
suggest that CX3CL1/CX3CR1 signaling mediated by the CX3CL1 N-terminus contributes to
NP by promoting microglia activation and neuroinflammation.>6>® However, conflicting
evidence shows that CX3CR1-knockout (KO) mice exhibit worsened allodynia after spared
nerve injury, and that intra-neural CX3CL1 administration delays allodynia development in wild-

type animals.!” Consistently, therapeutic inhibition of this pathway has failed to alleviate NP.



Moreover, growing evidence indicates that CX3CL1/CX3CR1 signaling exerts anti-
inflammatory and neuroprotective effects in neurodegenerative diseases such as Alzheimer’s and
amyotrophic lateral sclerosis.'®1° Together, these findings underscore the unresolved and
context-dependent roles of this pathway in NP pathogenesis.®%

In this study, we investigated the role of CX3CL1 signaling in NP induced by chronic
constriction injury (CCI) of the sciatic nerve in mice, evaluating both N-terminus—mediated
soluble signaling and C-terminus—mediated membrane-bound signaling. We hypothesized that
either inhibition or enhancement of CX3CL1 signaling would regulate neuroinflammation and
NP. To assess the role of CX3CR1-dependent CX3CL1 signaling in NP, we used CX3CR1
knockout (CX3CR1CP/6FP) mice. To examine the effects of enhanced CX3CL1 signaling on NP
and neuroinflammation, we generated a transgenic CX3CL1 mouse model (CX3CL1-Tg) that
overexpresses full-length CX3CL1 (CX3CL1-FL) in neuronal cells of the central and peripheral
nervous systems under the control of a prion promoter.

MATERIALS AND METHODS

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of the Lerner Research Institute in compliance with the guidelines established by the
Public Health Service Guide for the Care and Use of Laboratory Animals.

Animals

CX3CR1 KO mice (CX3CR1CFP/CFP) expressing EGFP in microglia,
macrophages/monocytes, dendritic cells, and NK cells under the control of the endogenous
CX3CRL1 locus were purchased from the Jackson Laboratory. CX3CL1-FL transgenic (CX3CL1-
Tg) mice were generated in our labs as previously described?!. Specifically, the transgenic

construct includes a neuronally driven CX3CL1 overexpression cassette fused with an HA



epitope tag, enabling detection of transgene expression. The HA tag is selectively expressed in
neurons in parallel with CX3CL1 overexpression and is not present in endogenous protein.
Accordingly, HA immunoreactivity was used as a surrogate marker to identify cells
overexpressing CX3CL1 in our immunohistochemistry experiments. All the mice were bred onto
the C57BL6/J background (6 to 8 backcrosses). CX3CR1%7* and CX3CL1-Tg/CX3CR1¢F"*
mice were generated by crossing CX3CR1FPCFP and CX3CL1-Tg mice and by subsequent
intercrossing of heterozygous F1 animals in our lab. The mice were group-housed (4-5/cage) in
standard cages in a colony room maintained on a 12-hour reversed light/dark cycle. All mice had
continuous access to food and water throughout the study. Mice were handled and adapted to the
testing environment for 1 week before the initiation of the experiments.

CClI was performed as reported in our previous publications, with minor modifications
specific to mice.?? Briefly, under anesthesia, the right sciatic nerve was exposed by making a
skin incision and cutting through the connective tissue between the gluteus superficialis and
biceps femoris muscles. Three chromic gut ligatures were tied loosely around the sciatic nerve at
1 mm intervals to just occlude but not arrest epineural blood flow. The incision was closed with
staples in the skin. The animal was then allowed to recover from surgery 24 hours before
mechanical pain hypersensitivity testing. All behavioral testing procedures were conducted
between 08:00 and 13:00 h. Both male and female mice were used in balanced numbers.
Mechanical and Thermal Sensitivity Testing

All behavioral measurements were performed in the Behavior Core Facility by
experienced experimenters blinded to the experimental procedure between 10 am and 4 pm. The
sensitivity to noxious stimulation was determined by measuring the paw withdrawal thresholds

(PWTSs) in response to mechanical stimulation and paw withdrawal latency (PWL) in response to
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thermal stimulation to the hind paws. The mice were handled and habituated to the behavioral
testing environment to minimize stress. For mechanical testing, animals were placed in
individual 8 x 8 X 18 cm plastic boxes on an elevated metal wire mesh floor and allowed to
acclimate for at least 30 min before the test. Mechanical sensitivity was tested using von Frey
sensory evaluator filaments (Stoelting, Wood Dale, IL, USA) that were applied to the plantar
surface of the hind paws in ascending order of force (0.008 — 6 grams) until the filament bent and
was held there for ~3 seconds or until an acute paw withdrawal response took place. Upon a paw
withdrawal response, the filaments were applied in descending order, beginning with the next
thinner filament until there was no withdrawal response. The threshold was the thinnest filament
to evoke a paw withdrawal response. The procedure was repeated three times at 5-minute
intervals to avoid sensitization, and the withdrawal thresholds were averaged and recorded
(mean = SD).

For thermal testing, mice were habituated individually in polyvinyl boxes (10 x 10 x 10
cm) placed on glass heated to 25°C for at least 30 min prior to behavioral assessment using the
Hargreaves Test (Plantar Analgesia Meter, IITC, CA, USA). The radiant heat light source
(intensity 15%) was focused on the plantar surface of each hind paw, and the time taken for the
mouse to withdraw the paw was recorded, with a cut-off of 20 s to prevent tissue damage. The
mean time to withdrawal was determined from the average of 3 tests, separated by at least 1 min.
RT-PCR

Total RNA was isolated from the fresh sciatic nerve, DRG, and spinal cord tissues using
the RNeasy Plus Universal Mini kit (73404; Qiagen) according to the manufacturer’s
instructions. The concentration of RNA was measured using a Nanodrop-1000 (Nanodrop

Technologies, Wilmington, DE, USA), and sample purity was evaluated by determining the
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absorbance ratio at 260 and 280 nm, which was between 1.9 and 2.1. Complementary DNA was
synthesized from total RNA using a High-Capacity cDNA Reverse Transcription kit (4368814;
Applied Biosystems) and Simpliamp Thermal Cycler (Thermo Fisher Scientific) according to the
manufacturer’s cycling parameters. The expression of reported genes of TNF-a, IL-18, IL-6,
CX3CL1, and CX3CR1 was analyzed using TagMan Gene Expression Assays (Thermo Fisher).
[-actin was used as an endogenous control in the reaction. Delta Ct values were used to
determine relative expression changes (2 2CT) and were presented as fold change (FC).
Western blotting

Total protein was extracted from freshly dissected mouse tissue in RIPA lysis buffer
(Thermo Fisher) supplemented with 1X Halt protease and phosphatase inhibitor cocktails
(Thermo Fisher). Equal amounts of protein (30 or 50 pg) were resolved on an Invitrogen Nu-
PAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific) and transferred onto an Invitrogen
nitrocellulose membrane (Thermo Fisher Scientific). At least four mice from each genotype
group were used for Western blot analysis. Membranes were blocked in 5% non-fat dry milk in
tris-buffered saline with Tween-20 (TBST) for 1 hour at room temperature followed by
incubating membrane overnight at 4°C in the following primary antibodies: Fractalkine (C-20)
(Catalog # sc-7225, RRID: AB_2087136), HA (catalog # 11867423001, Roche; RRID: AB_
390918), TGF-B1 (catalog # 21898-1-AP, RRID: AB_2811115), TGF-B2 (catalog # sc-374659,
RRID: AB_10988781), TGF-B3 (catalog # sc-166833, RRID: AB_2303246), p-Smad?2 (catalog #
3104; RRID: AB_390732), p-Smad3 (catalog # 9520; RRID: AB_2193207), Smad2/3 (catalog #
8685; RRID: AB_10889933), B-actin (catalog # A5441; Sigma-Aldrich; RRID: AB_476744).
HRP-conjugated secondary antibodies were used and visualized using enhanced

chemiluminescence (Thermo Fisher Scientific). Chemiluminescence bands were detected with
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Clarity Western ECL substrate (Bio-Rad Laboratories, Hercules, CA) and imaged using a Bio-
Rad ChemiDocMP and analyzed and quantified using Image J software (ver. 5).
Cytokine/Chemokine multiplex assay

The lumbar segments of the spinal cord were dissected from WT and CX3CR1¢F/GFP
mice. Tissues were homogenized in a lysis buffer containing protease and phosphatase inhibitors.
Tissue homogenates were mixed at 4 °C for 20 min before centrifugation at 11,000 rpm at 4 °C
for 20 min. The supernatant was isolated from the pellet before a second centrifugation to obtain
a completely clear supernatant. Protein concentrations were determined by BCA Protein Assay
(Pierce). All the samples were analyzed using Mouse Cytokine Array/Chemokine Array 31-Plex
(MD31) (EVE Technologies, Calgary, AB, Canada) according to the manufacturer’s protocols.
Immunohistochemical staining

Immunohistochemical staining experiments were performed using standard methods.
Briefly, mice were sacrificed by intracardiac perfusion with ice-cold PBS, followed by 4% PFA
solution under deep anesthesia (Phenobarbital Sodium). The lumbar segment of the spinal cord
(L4-6), the DRGs, and the sciatic nerve of both sides were rapidly dissected and post-fixed in 4%
PFA for 24 hours and immersed in 30% sucrose for 48 hours at 4°C. Afterward, 10-um-thick
tissues of the DRG and the sciatic nerve were cut on a cryostat machine (Leica Microsystems)
and mounted on the slides. 30-um-thick coronal sections of the spinal cord were cut and kept in
cryostorage buffer at —20 °C. Sections were permeabilized with 0.3% Triton X-100 for 30 min.
After being rinsed in PBS three times to remove detergent, the sections were heated by
microwave in 0.05 M citrate-buffered saline, pH 6.0, for 5 min, blocked with 5% normal goat

serum, and incubated with individual primary antibodies at a 1:500 dilution (HA). After washing
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with PBS three times, sections were incubated with secondary antibodies conjugated with
Invitrogen Alexa Fluor 568 (Thermo Fisher Scientific).
Quantification of immunoreactivity

Quantification of the percentage area occupied by immunoreactivity of CX3CR1" cells in
the dorsal horn (number per unit area) was performed in a blinded fashion on serial sections of
each mouse. Briefly, serial 20x pictures of the superficial area of the lumbar spinal cord dorsal
horn were captured by confocal microscopy and used for quantification. Digitized images were
analyzed with Image-Pro 7 software. A thresholding procedure was established to determine the
proportion of immunoreactive areas within each fixed field of view. These parameters were then
held constant for each set of images obtained at equal objectives and light intensities. The data
represent the mean immunoreactivity area in the spinal cord dorsal horn.
RNA sequencing (RNA-Seq) analysis

RNA-Seq analysis was performed through the Genewiz Company, blinded to the
experimental conditions. Briefly, total RNA (tRNA) samples were quantified using a Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA), and RNA integrity was checked using
Agilent TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA). More than five hundred
nanograms of tRNA per sample were used to construct sequencing libraries (n=1 mouse/sample)
using the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs Inc.,
Ipswich, MA, USA). The sequencing libraries were validated on the Agilent TapeStation and
quantified by using the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as by
guantitative PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing libraries were
clustered and loaded on the Illumina HiSeq instrument (4000 or equivalent). The samples were

sequenced using a 2x150bp Paired-End (PE) configuration. Image analysis and base calling were

14



conducted by HiSeq Control Software (HCS). Raw sequence data (bcl files) generated from
IHlumina HiSeq were converted into fastq files and de-multiplexed using Illumina's bcl2 fastq
2.17 software. After investigating the quality of the raw data, the sequence read was trimmed to
remove possible adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36.
The trimmed reads were mapped to the Mus musculus reference genome available on
ENSEMBL using the STAR aligner v.2.5.2b. BAM files were generated because of this step.
Unique gene hit counts were calculated by using Feature Counts from the Subread package
v.1.5.2. Unique reads that fall within exon regions were counted. After the extraction of gene hit
counts, the gene hit counts table was used for downstream differential expression analysis.
Comparisons of gene expression between the groups of samples were performed using DESeq2.
The Wald test was used to generate p-values and Log2 fold changes. Genes with adjusted p-
values < 0.05 and absolute log2 fold changes > 1 were called differentially expressed genes for
each comparison. Genes with differential expressions between groups were then included in
Gene Ontology (GO) and Ingenuity Pathway Analysis (IPA) to infer their functional roles and
relationships. GO analysis for enriched GO biological processes in each set of differentially
enriched genes identified by DESeq2 was performed using GSEA (Gene Set Enrichment
Analysis) [PMID: 16199517, 12808457]. The International Union of Basic and Clinical
Pharmacology database (http://www.guidetopharmacology.org) was used to assign categories to
gene products.
Quantification and Statistical Analysis

The paw withdrawal threshold (PWT) to mechanical stimulation and paw withdrawal
latency (PWL) to thermal stimulation were expressed as mean + SD. Based upon having 90%

power to detect differences of 2 SD or more between groups at an overall 0.05 significance level,

15



the calculated sample size for each group is 14. To allow comparisons between male and female
animals with sufficient sample sizes, we used 20 animals (10 male and 10 female) in each of the
four groups. A randomization process was employed to ensure unbiased allocation of mice to the
4 different groups. Computer-generated random numbers (Excel) were utilized for this purpose.

Immunoreactivity was expressed as mean + SD. Quantifications were performed from at
least three independent experiments and in a blinded fashion. Student T-tests were used for
comparisons between the two groups. One-way or two-way repeated-measures analysis of
variance (ANOVA) for multiple comparisons, followed by paired comparisons with Bonferroni
corrections. ANOVA was followed by Tukey’s multiple comparison tests for
immunohistochemistry analysis. GraphPad Prism was used for all the analyses. P<0.05 was
considered statistically significant.

The assumption of normality was formally evaluated prior to statistical testing using the
Kolmogorov—Smirnov normality test. We used the Wilcoxon/Mann-Whitney Test to compare
groups when the data did not follow a normal distribution.

RESULTS
Chronic constriction injury activated CX3CR1* immune cells and decreased CX3CL1-FL
and TGF-p family proteins

CCI of the sciatic nerve activated microglia in the CNS and monocytes/macrophages in
the PNS. Replacing one (or both) Cx3cr1 alleles with GFP enables specific visualization of
microglia, monocytes, and dendritic cells in the nervous system.?®?* CX3CR1 expression was
increased in microglia in the spinal cord and macrophages in the DRG and sciatic nerve in
heterozygous CX3CR1-GFP knock-in mice (CX3CR1°F*) (Fig. 1). This microglial activation

was evident by Day 3 post-CCl, peaking between Days 7 and 14 and persisting to Day 28 (Fig.
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1A-B), as indicated by increased GFP fluorescence intensity and elevated CX3CR1 transcription
levels in the spinal cord and the sciatic nerve (Fig. S1, https://links.lww.com/ALN/E655).
Simultaneously, CX3CL1-FL and TGF-B proteins decreased across the spinal cord, DRG, and
sciatic nerve. Notably, CX3CL1-FL levels were lowest in the spinal cord by Days 7—14 post-
CCI, recovering partially after Day 21 (Fig. 1C-D), driven by increased proteolytic cleavage
rather than reduced transcription (Fig. S1, https://links.lww.com/ALN/E655). RNA-Seq
analysis of the sciatic nerve at post-CCI Day 28 highlighted elevated proteolytic enzyme
expressions (Cathepsins, ADAM 10, ADAM 17, and MMP 9) (Fig. S2,
https://links.lww.com/ALN/E655), supporting enhanced CX3CL1 cleavage to release the
soluble N-terminus and the membrane-bound C-terminus in neuronal cells. This reduction in
TGF-p signaling proteins suggests compromise of their neuroprotective and anti-inflammatory
effects.

CX3CL1-FL and TGF-B family protein expressions were distinct between the spinal cord
and the DRG/sciatic nerve (Fig. 1E-G). These proteins showed significant reductions on both
sides of the spinal cord during peak microglial activation, occurring between post-CCI Days 7—
14. In contrast, their expression was decreased only on the ipsilateral side of the sciatic nerve and
DRG. Notably, CX3CL1 and CX3CRL1 expression levels were significantly higher in the spinal
cord compared to the DRG and the sciatic nerve in WT mice (Fig. S1,
https://links.lww.com/ALN/E655), consistent with robust neuron-microglia communication
within the spinal cord following CCI. The weak CX3CL1-fl bands in the DRG and sciatic nerve
(Fig. 1E) reflect a limited amount of tissue available from single DRG or sciatic nerve samples.
Direct comparisons between genotype groups revealed increased expression of CX3CL1 and

TGF-B in the spinal cord of CX3CL1 knockout animals compared to wild-type controls (two-
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way ANOVA). This pattern was observed in both sham and CCI conditions across the ipsilateral
and contralateral spinal cord tissues (Fig 2F-G).
Deletion of CX3CR1 exacerbated chronic constriction injury-induced neuroinflammation

CCl-induced microglial activation was enhanced and prolonged in CX3CR1 knockout
(KO) (CX3CR1CEFP/CFPy mice, compared to CX3CR1CF”* mice (Fig. 2A-B). GFP intensity of the
lumbar spinal cord was significantly higher, particularly on the ipsilateral side, in
CX3CR1CFPGFP mice, compared to CX3CR1F* mice at post-CCl Days 7 through 28 (Fig. 2B).
Similarly, activation of macrophages/monocytes (CX3CRL1" cells in the DRG and the sciatic
nerve) was enhanced and prolonged in CX3CR1 KO mice, compared to CX3CR1%* mice (data
not shown). In addition, proinflammatory cytokine/chemokine (IL-1p, IL-1a, IFN-y, and MIP-1)
and anti-inflammatory cytokines (e.g., IL-10) were increased by many folds in CX3CR1 KO
mice (Fig. S3, https://links.lww.com/ALN/E655). Thus, CCI led to exacerbated
neuroinflammation in the CNS and PNS in CX3CR1 KO mice.

CX3CLI1-FL protein levels in the spinal cord were approximately threefold higher in
CX3CR1 KO mice than in WT and CX3CR1¢™"* mice (Fig. 2C-D), indicating accumulation of
CX3CL1-FL in the absence of CX3CR1. TGF-B family proteins were also significantly
increased in CX3CR1 KO mice compared to WT mice (Fig. 2E-G), consistent with increased C-
terminus signaling consequent to proteolytic cleavage of CX3CL1-fl. Following CCI, CX3CL1-
FL and TGF- family protein levels were significantly reduced bilaterally in the spinal cord
compared with sham controls in both WT and CX3CR1 KO mice (Fig. 2E-G). In WT mice, CCI
reduced CX3CL1-FL and TGF-f family protein levels on the ipsilateral side relative to the

contralateral side. In contrast, CX3CR1 KO mice showed increased ipsilateral levels, consistent
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with injury-induced accumulation of CX3CL1-FL and TGF- family proteins in the absence of
CX3CR1-mediated signaling.

Neuronal CX3CL1 overexpression enhanced TGF-$/Smad2/3 signaling and reduced
neuroinflammation

We generated a novel transgenic mouse model (CX3CL1-Tg), in which full-length
CX3CL1 is overexpressed in neurons under the control of a prion promoter, enabling
investigation of its role in neuroinflammation and NP. CX3CL1-Tg mice were crossed with
CX3CR1°FPGFP mice to generate CX3CL1-Tg/CX3CR1%™* mice, allowing targeted
investigation of CX3CL1 signaling effects on microglia and macrophages (CX3CR1* cells). At
post-CClI Day 7, these mice showed markedly reduced microglial activation on the ipsilateral
side of the spinal cord compared to CX3CR1%™* and CX3CR1 KO (CX3CR1C%P/CFP) mice,
where microglial activation was most pronounced (Fig. 3A-B).

At post-CCl day 7, CCl significantly reduced CX3CL1, TGF-p, and Smad family protein
levels in the ipsilateral spinal cord, DRG, and sciatic nerve of CX3CR1%™* mice (Fig. 3C-E). In
contrast, CX3CL1-Tg mice showed more than a twofold increase in CX3CL1-FL, TGF-f, and
Smad proteins in the DRG neurons and the sciatic nerve, consistent with our previous
reports.?? These increases were less pronounced in the spinal cord, suggesting more robust
proteolytic cleavage of CX3CL1-FL in this region (Fig. 3D-E). Given that Smad2/3
phosphorylation and nuclear translocation are essential for TGF- receptor signaling,?-% these
results underscore the neuroprotective and anti-inflammatory effects of enhanced CX3CL1-

TGF-B/Smad signaling in attenuating NP.
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Neuronal overexpression of CX3CL1 markedly attenuated the proinflammatory cytokine
response induced by CCI. In WT and CX3CR1 KO mice, CCI triggered a robust upregulation of
TNF-a, IL-1B, and IL-6 levels in the spinal cord and ipsilateral sciatic nerve, with TNF-a and IL-
6 increasing by several hundredfold and IL-1p by several thousandfold (Fig. 4A-B). CX3CR1
KO mice exhibited elevated expression of proinflammatory cytokines in the spinal cord and
sciatic nerve compared with WT mice, likely to reflect loss of CX3CR1-mediated scavenging
and down-regulation of inflammatory signaling. This inflammatory surge peaked between 1 and
7 days post-injury and persisted for more than 8 weeks. Similar, albeit less pronounced, changes
were observed in the DRG (data not shown). In contrast, CX3CL1-Tg mice exhibited more than
a 70% reduction in cytokine expression within the first two weeks and greater than a 90%
reduction thereafter. The duration of the inflammatory response was shortened to approximately
4 weeks in CX3CL1-Tg mice from more than 8 weeks in WT mice.
Neuronal CX3CL1 overexpression alleviated chronic constriction injury-induced
neuropathic pain-like behaviors and elevated the expression of TGF-p family proteins in
the sciatic nerve

Baseline paw withdrawal thresholds (PWTSs), assessing mechanical allodynia using von
Frey filaments, and paw withdrawal latencies (PWLs), assessing thermal hyperalgesia using the
Hargreaves method, did not differ significantly among WT, CX3CR1CF"* and CX3CL1-Tg
mice, indicating that neuronal overexpression of CX3CL1-FL does not alter nociceptive
sensitivity under physiological conditions (data not shown). Following CCI, mechanical and
thermal pain thresholds were significantly elevated in CX3CL1-Tg mice compared with WT
controls at all post-injury time points, with the greatest effect observed from post-CCI day 14

through day 56 (Fig. 5A-D). These effects were consistent in both male and female mice, with
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no evidence of sex-dependent differences in the analgesic effects of CX3CL1-mediated
signaling.

In CX3CL1-Tg mice, CCI induced a marked reduction in CX3CL1-FL protein levels in
the sciatic nerve immediately after injury (post-CCl day 1). This reduction persisted for
approximately two weeks and gradually recovered over the subsequent two weeks (Fig. 5SE-F).
The early decline is most likely attributable to increased proteolytic cleavage and consumption of
CX3CL1-FL, as evidenced by a concomitant increase in the CX3CL1 C-terminus at post-CCl
day 1. The later recovery phase appears to be driven primarily by increased production of
CX3CL1-FL. Notably, proteolytic cleavage and consumption of CX3CL1-FL remained elevated
during the recovery phase, as indicated by sustained increases in the C-terminus, most
prominently from week 3 post-CCl onward. In parallel, TGF-B family protein levels increased
following a similar temporal pattern. Importantly, enhanced CX3CL1 signaling through the C-
terminus—TGF-3 pathway coincided with the onset and maintenance of the analgesic effects
observed in CX3CL1-Tg mice (Fig. 5A-D). Also, activation of TGF--Smad2/3 signaling may
ameliorate pain and cartilage degradation of osteoarthritis.?® Collectively, these findings suggest
that augmented CX3CL1 signaling attenuates NP likely through both CX3CR1-dependent
mechanisms and CX3CR1-independent, TGF-B—mediated pathways. The latter appears to be
mediated by coordinated signaling involving the membrane-bound CX3CL1 C-terminus, TGF-p,
Smad?2/3, and Hedgehog pathways, leading to suppression of neuroinflammation and
improvement of neuronal function, particularly during the late phase of NP. These processes are
likely localized to sciatic nerve fibers and their DRG cell bodies, consistent with our previous
findings that neurons express CX3CL1-FL, the CX3CL1 C-terminus, and TGF- proteins in

CX3CL1-Tg mice.?252
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Neuronal CX3CL1 overexpression significantly normalized chronic constriction injury-
induced differentially expressed genes (DEGS) involved in immune and neuronal functions.

CClI induced distinct differentially expressed genes (DEGS) in the injured sciatic nerve of
both WT and CX3CL1-Tg mice. RNA sequencing was performed at post-CCl day 28, a time
point chosen because robust and sustained analgesic effects were observed in CX3CL1-Tg mice
from day 3 through day 56 and beyond (Fig. 5). The injured sciatic nerve was selected for
transcriptomic analysis to maximize specificity to CCI and to focus on molecular changes
occurring directly at the site of injury. While analysis of the sciatic nerve enables focused
assessment of injury-site molecular changes relevant to NP, we recognize that this tissue
comprises multiple cell types, including axons, Schwann cells, and infiltrating immune cells,
which contribute to the overall transcriptomic profile. Because bulk RNA-sequencing was
performed, the observed gene expression changes reflect composite signals from heterogeneous
cell populations and cannot be attributed specifically to neuronal CX3CL1.

High data quality and reproducibility across the four experimental groups were confirmed
by principal component analysis (PCA) and sample correlation analysis (Fig. 6A). In WT mice,
CCl induced 5,882 DEGs (FDR-false discovery rate < 0.05, |log, fold change| > 1) in the injured
sciatic nerve compared with controls (Fig. 6B—C), of which 3,224 (52.5%) were upregulated and
2,658 (47.5%) were downregulated. Downregulated DEGs were significantly enriched in
pathways related to synaptic transmission, synaptic organization, axonal outgrowth, and neuronal
function (Fig. 6E). In contrast, upregulated DEGs showed significant enrichment in immune-
related biological processes, including cytokine- and chemokine-mediated signaling and immune
cell activation, as revealed by Gene Ontology analysis (Fig. 6E). These upregulated genes

included key intracellular signaling molecules implicated in NP, such as Src family kinases,
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phosphatidylinositide 3-kinase (PI3K/Akt), mitogen-activated protein kinase (MAPK/ERK),
nuclear factor-kB (NF-«kB), and cAMP response element—binding protein (CREB). Ingenuity
Pathway Analysis identified IL-1p, IL-10, TNF, IFN-y, IL-6, and IL-17A as dominant upstream
regulators driving the enhanced immune responses (Fig. 6F). Notably, anti-inflammatory
cytokines, including IL-10 and TGF-B1, were also significantly upregulated (Fig. S2,
https://links.lww.com/ALN/E655), indicating a coordinated activation of both proinflammatory
and pro-resolving processes following nerve injury.

CX3CL1 overexpression markedly normalized CCl-induced DEGs and restored signaling
across key biological pathways. Comparison of injured sciatic nerve transcriptomes from WT
and CX3CL1-Tg mice identified 3,181 DEGs (FDR < 0.05, |log, fold change| > 1), of which
1,442 (43.7%) were upregulated, and 1,706 (56.3%) were downregulated following CCI (Fig.
6B, D). Gene Ontology analysis revealed that CX3CL1 overexpression almost completely
reversed the CCl-induced upregulation of immune-related biological processes and partially
restored the downregulated pathways associated with synaptic transmission, synaptic
organization, axonal outgrowth, and neuronal function (Fig. 6G).

CX3CL1 overexpression completely reversed the CCl-induced upregulation of key
upstream cytokines identified in WT mice by Ingenuity Pathway Analysis (Fig. 6H). The
majority of CCl-induced DEGs (2,854 genes) overlapped between WT and CX3CL1-Tg mice
(Fig. 6B, D), confirming their specificity to nerve injury. Importantly, CX3CL1 overexpression
markedly counteracted the inflammatory programs activated by CCI in WT mice. These
included: (1) normalization of major inflammatory signaling pathways, such as TNF-o—NF-«B,
IL-6-JAK-STATS3, PIBK-AKT-mTOR, and IFN-y/IFN-a responses, as demonstrated by Gene

Set Enrichment Analysis (GSEA) (Fig. 7A); (2) suppression of transcriptional upregulation of
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proinflammatory chemokines and receptors, including members of the CCL/CCR and CXC/XCR
families, as well as key upstream cytokines (TNF-a, IL-18, IL-6, IL-18, IFN-y) and their
corresponding immune cell receptors (Fig. 7B; Fig. S3, https://links.lww.com/ALN/E655); and
(3) normalization of transcripts associated with innate immune activation, including TREM
(Triggering Receptors Expressed on Myeloid Cells)1-3, complement component C1q, S100a8,
S100a9, inducible nitric oxide synthase (iNOS), arginase-1 (Argl), the purinergic receptor P2X4,
and toll-like receptors such as TLR4 (Fig. S3, https://links.lww.com/ALN/E655). In parallel
with suppression of proinflammatory mediators, CX3CL1-Tg mice exhibited significant
enhancement of TGF-B, Wnt/B-catenin, and Notch signaling (Fig. S4,
https://links.lww.com/ALN/E655), as well as pathways involved in fatty acid metabolism
(particularly B-oxidation), adipogenesis, and Hedgehog signaling, as revealed by GSEA (Fig.
7A). These pathways are known to promote polarization of proinflammatory M1 macrophages
toward an anti-inflammatory M2 phenotype and to facilitate inflammation resolution and tissue
repair. Consistent with these findings, CX3CL1-Tg mice displayed only modest activation of
innate immune responses and no significant microglial activation in the spinal cord or brain, as
assessed by fluorescence-activated cell sorting (FACS) analysis (Fig. S5,
https://links.lww.com/ALN/EG55).
DISCUSSION

This study provides a mechanistically integrated analysis of CX3CL1-mediated
neuroimmune regulation in NP. Our findings demonstrate that enhancement of neuronal
CX3CL1 signaling suppresses neuroinflammation and NP. These effects are mediated through
two complementary and functionally distinct pathways: a CX3CR1-dependent pathway initiated

by the CX3CL1 N-terminus that directly constrains immune cell activation, and a CX3CR1-
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independent pathway mediated by the membrane-bound CX3CL1 C-terminus that promotes
TGF-B family signaling within neurons. Together, these pathways restore neuroimmune
homeostasis following nerve injury and define CX3CL1 as a critical molecular integrator of
neuroinflammatory and neuroprotective processes (Fig. 8).

Following CClI, we observed rapid and sustained activation of microglia in the spinal
cord and macrophages/monocytes in the DRG and sciatic nerve (Fig. 1A-B). This was
accompanied by a marked reduction in CX3CL1-FL protein levels in the spinal cord (Fig. 1C-F),
which reflects enhanced posttranslational processing rather than transcriptional repression as
CX3CL1 transcript levels remained unchanged (Fig. S1, https://links.lww.com/ALN/E655).
Consistent with this interpretation, CCI induced robust upregulation of multiple proteolytic
enzymes, including cathepsin S (Cat-s), ADAM10, ADAM17, and MMP?9, all of which are
known to cleave CX3CL1-FL (Fig. S2, https://links.lww.com/ALN/E655).23° This cleavage
generates two biologically active products: a soluble N-terminus that signals through CX3CR1
on immune cells?22%3132 and a membrane-retained C-terminus capable of initiating intracellular
signaling within neurons.?®

This injury-induced shift toward accelerated CX3CL1 processing has important
functional consequences. The CX3CL1 N-terminus/CX3CR1 signaling restrains microglial and
macrophage activation, thereby limiting production of proinflammatory cytokines.®*3* In
parallel, the C-terminus promotes transcription of TGF- family genes and activates TGF-
B/Smad2/3 signaling pathways within neurons.?:? In the present study, TGF-B1 protein
expression closely paralleled changes in CX3CL1-FL and CX3CL1 C-terminus following CCI
(Fig. 1C-D, Fig. 5E-F), supporting a mechanistic link between CX3CL1 processing and

activation of neuroprotective TGF-p signaling.?! Together, these findings suggest that nerve
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injury disrupts the CX3CL1-mediated neuroimmune balance by accelerating its cleavage and
altering the relative engagement of its downstream signaling pathways.

Neuron-specific augmentation of CX3CL1 signaling profoundly suppressed
neuroinflammation and NP. CX3CL1 overexpression markedly suppressed microglial activation
in the spinal cord (Fig. 3), reduced transcription of key proinflammatory cytokines (Fig. 4), and
alleviated NP (Fig. 5). The molecular and cellular changes were accompanied by enhanced
activation of TGF-p/Smad2/3 signaling and sustained elevation of TGF-f} family proteins,
particularly in the DRG and sciatic nerve (Fig. 3C-E). The close temporal and spatial
correspondence between CX3CL1 overexpression, suppression of neuroinflammation, and
analgesia effects strongly supports a causal role for CX3CL1 signaling in limiting NP. These
findings align with accumulating evidence that CX3CL1/CX3CR1 signaling maintains microglia
in a homeostatic state and restrains excessive neuroimmune activation.3%-*? However, they stand
in contrast to a prevailing view that CX3CL1 signaling is intrinsically proinflammatory and
pronociceptive.>® Much of this earlier work relied on acute intrathecal administration of
CX3CL1 or pharmacologic blockade of CX3CR1 approaches that do not distinguish between the
distinct dual CX3CL1 signaling pathways. Notably, studies showing that inhibition of spinal
microglial Cat-S reverses NP**#* suggest that Cat-S—CX3CL1 signaling is context-,
compartment-, and fragment-dependent, and that CX3CL1 signaling is not a linear pathway. Cat-
S inhibitors may reduce pain by blocking microglial Cat-S—mediated cleavage of CX3CL1,
thereby preventing excessive release of pro-nociceptive soluble CX3CL1 that sustains microglial
activation and cytokine production.>®#® By contrast, neuronal CX3CL1 overexpression enhances
homeostatic CX3CL1/CX3CR1 signaling and C-terminus-driven TGF-§3 pathways, producing

analgesia through anti-inflammatory and neuroprotective mechanisms. Thus, excessive, acute
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soluble CX3CL1/CX3CR1 activation in reactive microglia promotes nociception, whereas tonic
neuronal CX3CL1 signaling coupled to C-terminus—mediated TGF-f pathways suppresses
neuroinflammation?!:% and produces analgesia (Fig. 5). Failure to recognize this duality likely
explains prior conflicting conclusions and the limited efficacy of CX3CL1/CX3CR1-targeted
therapies.®

Consistent with this revised framework, genetic deletion of CX3CR1 markedly
exacerbated neuroinflammation following CCI (Fig. 2). CX3CR1 KO mice exhibited prolonged
microglial activation in the spinal cord and enhanced macrophage/monocyte activation in the
DRG and sciatic nerve. These changes were accompanied by the accumulation of CX3CL1-FL
and increased expression of TGF-f family proteins, particularly on the ipsilateral side of injury.
These findings suggest that CX3CR1 signaling facilitates efficient utilization and turnover of
CX3CL1-FL, preventing dysregulated accumulation and maladaptive immune responses.t>*2 In
the absence of CX3CR1, CX3CL1-FL accumulates but cannot effectively engage its
immunoregulatory function, resulting in exaggerated and persistent neuroinflammation.*

The CX3CL1-Tg mouse model provides a powerful approach to dissect the functional
consequences of enhanced neuronal CX3CL1 signaling. In this model, selective neuronal
overexpression of CX3CL1 (~3-fold) suppressed microglial activation (Fig. 3), reduced
transcription of TNF-a, IL-1p, and IL-6 (Fig. 4), and enhanced TGF-B/Smad2/3 signaling
following CCI (Fig. 3). Interestingly, although CX3CL1-FL and TGF-f family proteins were
significantly increased in the DRG and sciatic nerve, their levels were not elevated in the spinal
cord (Fig. 3C-E), likely reflecting higher proteolytic activity and rapid CX3CL1-FL cleavage in
the spinal cord. Suppression of proinflammatory cytokines is a key mechanism by which

CX3CL1 signaling mitigates NP. TNF-a, IL-1p, and IL-6 are well-established drivers of central
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and peripheral sensitization.*®” These cytokines potentiate excitatory synaptic transmission,
reduce inhibitory signaling, and lower neuronal firing thresholds in the dorsal horn.3#8-%2 |n WT
and CX3CR1 KO mice, CCI triggered rapid, robust, and sustained increases in these cytokines in
both spinal and peripheral tissues (Fig. 4). In contrast, CX3CL1 overexpression markedly
attenuated these responses in both magnitude and duration, indicating that CX3CL1 signaling
constrains neuroinflammation during both initiation and maintenance phases of NP.

Behaviorally, enhanced CX3CL1 signaling translated into significant attenuation of NP
with dramatic improvement in mechanical allodynia and thermal hyperalgesia (Fig. 5A-D). This
is observed in both male and female mice. The absence of sex dimorphism is notable, given
increasing recognition of sex-specific mechanisms in chronic pain. Microglial signaling has been
proposed to predominate in males, while T cell-mediated mechanisms in females.>*>* The broad
efficacy in this study likely reflects the central role of CX3CL1 in coordinating interactions
among neurons, microglia, and immune cells in both central and peripheral compartments.

Transcriptomic analyses provided further mechanistic insight into the global effects of
CX3CL1 signaling. In WT mice, CCI induced extensive transcriptional reprogramming, with
over 5,800 DEGs. More than half of these DEGs were upregulated and enriched in immune-
related biological processes, including cytokine signaling, chemokine activity, and innate
immune activation through intracellular inflammatory pathways such as PI3K-AKT, MAPK,
and NF-kB signaling. In parallel, a substantial fraction of DEGs were downregulated and
enriched in neuronal and synaptic processes, including synaptic transmission, axonal growth, and
neuronal differentiation. This coordinated activation of immune programs and suppression of
neuronal function is a hallmark of NP.>°8 |n CX3CL1-Tg mice, the magnitude of this

transcriptional response was markedly reduced (Fig. 6). The total number of DEGs following
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CClI was nearly halved, and many immune-related pathways were normalized. Enhanced
CX3CL1 signaling corrected transcription of key cytokines and chemokines and restored
expression of numerous receptors involved in immune activation, including members of the
CCL/CCR and CXC/XCR families. Moreover, CX3CL1 overexpression counteracted activation
of major inflammatory pathways, including NF-«B, IL-6—-JAK-STAT3, PI3K-AKT-mTOR, and
interferon signaling.

CX3CL1 signaling also broadly suppressed expression of innate immune amplifiers
implicated in NP pathogenesis, including triggering receptors on myeloid cells (TREM1,
TREMZ2, and TREM3), complement component C1q, calprotectin subunits S100A8 and S100A9,
inducible nitric oxide synthase, purinergic receptor P2X4, and toll-like receptors such as TLR4.
These molecules amplify inflammatory signaling and contribute to sustained immune activation
and neuronal sensitization.>* % Their coordinated downregulation in CX3CL1-Tg mice
underscores the capacity of CX3CL1 signaling to exert systems-level control over neuroimmune
activation. In parallel, CX3CL1 overexpression enhanced transcription of genes involved in
TGF-B, Wnt/B-catenin, and Notch signaling, as well as pathways regulating fatty acid
metabolism and oxidative phosphorylation. These changes are consistent with metabolic
reprogramming of macrophages toward anti-inflammatory, tissue-reparative phenotypes.
Increased fatty acid oxidation and oxidative phosphorylation promote the transition from
proinflammatory M1-like states to anti-inflammatory M2-like states, facilitating resolution of
inflammation and tissue repair.’

Several limitations warrant consideration. While our data strongly implicates TGF-
/Smad signaling as a downstream effector of CX3CL1 C-terminal processing, direct

manipulation of this pathway will be required to definitively establish causality. Future studies
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incorporating selective CX3CR1 antagonists and TGF-3 pathway inhibitors will be necessary to
delineate the relative contributions of these pathways to the effects of CX3CL1 overexpression.
In addition, the floor effects inherent to mechanical and thermal assays make it impractical to
compare CX3CR1 KO mice with WT mice to detect more pain severity in CX3CR1 KO mice.
Furthermore, the use of bulk real-time PCR of the spinal cord, DRG, and sciatic nerve and bulk
RNA sequencing of the sciatic nerve is highly sensitive and robust for pathway-level changes
with strong statistical power but is insufficient to dissect molecularly distinct neuronal and non-
neuronal subtypes. Moreover, our findings pertain primarily to stimulus-evoked hypersensitivity.
Future studies incorporating assays of spontaneous pain (e.g., home-cage behavior, conditioned
place preference/aversion, or grimace scales) will be important to more comprehensively define
the role of CX3CL1 overexpression in pain resolution. Finally, although our findings highlight
substantial translational potential, further work will be required to determine whether selective
modulation of CX3CL1 signaling domains can be safely and effectively leveraged in clinical
settings.

Collectively, these findings support a dual-pathway framework in which CX3CL1
orchestrates neuroimmune interactions following nerve injury.* Injury-induced release of danger
signals such as ATP,”2 a-synuclein,” and heat shock proteins’ activate microglia and
macrophages via purinergic® ' and toll-like receptors,’®® triggering inflammatory cascades that
sensitize neurons and sustain pain.”® CX3CL1 signaling counterbalances these processes through
two synergistic mechanisms: suppression of immune cell activation via CX3CR1-dependent
signaling and promotion of TGF-B—mediated neuroprotection and repair via C-terminal
intracellular signaling. The coordinated engagement of these pathways dampens

neuroinflammation, restores neuronal homeostasis, and accelerates the resolution of NP. This
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study identifies CX3CL1 as a key regulator of neuroimmune homeostasis, challenges prevailing
paradigms regarding its role in pain, and suggests that therapeutic strategies selectively targeting
the protective components of CX3CL1 signaling may provide a novel and effective approach for
NP management.
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Figure Legends

Figure 1. Chronic constriction injury activates CX3CR1-positive cells and reduces full-
length CX3CL1 and TGF-p family proteins.

A-B. Confocal microscopy (A) and quantitative data (B) demonstrate a time-dependent increase
in CX3CR1 expression in the sciatic nerve (SN), dorsal root ganglia (DRG), and spinal cord
(SC) following chronic constriction injury (CCI) of the sciatic nerve (scale bar = 30 pum).
Measurements shown in Fig.1B were obtained from independent groups of mice at each time
point; therefore, statistical comparisons were performed using one-way ANOVA.

C-D. Western blot protein expression of full-length CX3CL1 (CX3CL1-FL) and TGF-B family
members in the spinal cord is reduced after CCI, with the greatest decrease observed between
days 7 and 14 post-injury (C). Quantitative analysis from 3 independent experiments (N=3) (D)
shows parallel reductions in CX3CL1-FL and TGF-§ family protein levels. Data are presented as
mean £ SD. * P <0.05, ** P < 0.01 (one-way ANOVA with Tukey post hoc test).

E-F. Western blot analysis reveals reduced CX3CL1-FL and TGF- family protein expression
on the ipsilateral side of the DRG and SN, and bilaterally in the SC, on day 7 post-CClI (E). The
lower CX3CL1-FL signal in DRG and SN reflects limited tissue availability. Quantification (F)
confirms decreased CX3CL1-FL protein levels normalized to B-actin.

Data are presented as mean + SD from 4 independent experiments (N=4). * P < 0.05, ** P <
0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA with Tukey post hoc test). Ipsi,
ipsilateral; Contra, contralateral; Sham, sham control.

Figure 2. Disruption of CX3CL1/CX3CR1 signaling prolongs chronic constriction injury-
induced microglial activation, leading to the accumulation of CX3CL1-FL and TGF-§

family proteins.
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A-B. Confocal microscopy (A) and quantitative analysis (B) demonstrate sustained activation of
microglia (CX3CRL1* cells) in both sides of the spinal cord at days 7 and 28 after chronic
constriction injury (CCI) in CX3CR1CF* and CX3CR1CFP/6"P mice. The white arrow denotes
the ipsilateral dorsal horn (scale bar = 30 um). Quantitative fluorescence intensity data are from
4 independent experiments (N = 4). Data are presented as mean £ SD. * P <0.05, ** P < 0.01,
**** P < (0.0001 (one-way ANOVA with Tukey post hoc test). Ipsi, ipsilateral; Contra,
contralateral; Sham, sham control.

C-D. Western blot analysis shows CX3CL1 full-length (CX3CL1-FL) protein expression in the
spinal cord of wild-type, CX3CR1%"* and CX3CR1%"P/CF" mice (C), with corresponding
quantification (D) of relative CX3CL1-FL levels normalized to B-actin (N = 4). Data are
presented as mean + SD. *** P < 0.001 (one-way ANOVA with Tukey post hoc test).

E-G. Expression of CX3CL1 and TGF- family proteins in the spinal cord on both sides at day
7 after CCI in CX3CR1¢7"* and CX3CR1% /" mice (E). Quantitative analyses from 3
independent experiments (N = 3) show relative protein levels of CX3CL1 (F) and TGF-B family
members (G), normalized to B-actin. Data are presented as mean + SD.** P < 0.01, *** P <
0.001, **** P < 0.0001 (Two-way ANOVA).

Figure 3. CX3CL1 overexpression enhances TGF-B/Smad2/3 signaling and suppresses
chronic constriction injury-induced microglial activation.

A-B. Microglial activation, assessed by green fluorescent protein (GFP) intensity, is
significantly reduced in CX3CL1-overexpressing mice (CX3CL1;CX3CR1CF* HA-tagged
CX3CL1 detected with anti-HA antibody, red) compared with CX3CR1GFP/+ and
CX3CR1GFP/GFP mice. Representative images of the dorsal horns (A, white arrows) and

quantitative analysis (B) from 3 independent experiments (N = 3) are shown. Data are presented
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as mean £ SD. * P <0.05, ** P <0.01, **** P < 0.0001 (one-way ANOVA with Tukey post hoc
test). Ipsi, ipsilateral; Contra, contralateral; Sham, sham control.

C-E. Protein expression of CX3CL1 and TGF-/Smad2/3 is increased in the sciatic nerve (C),
dorsal root ganglia (D), and spinal cord (E) of CX3CL1-overexpressing mice compared with
CX3CR1®F""* controls at day 7 after chronic constriction injury. Quantitative data normalized to
B-actin are from 4 independent experiments (N = 4). Data are presented as mean + SD. * P <
0.05, ** P < 0.01, **** P < 0.0001 (one-way ANOVA with Tukey post hoc test). Ipsi,
ipsilateral; Contra, contralateral; Sham, sham control.

Figure 4. CX3CL1 overexpression suppresses transcription of proinflammatory cytokines.
Real-time PCR analysis demonstrates a significant and sustained reduction in gene expression of
TNF-a, IL-1B, and IL-6 in the spinal cord (A) and sciatic nerve (B) at multiple time points
following chronic constriction injury (CCI).in CX3CL1-Tg mice compared with
CX3CR1GFP/GFP and wild-type controls. Time-course data and area under the curve analyses
are shown. Data represent mean + SD from 6 independent experiments (N = 6). Two-way
ANOVA was applied to the time-course gene expression data to assess the effects of genotype
and time; area under the curve (AUC) values are presented for descriptive purposes and
visualization only, and no statistical comparisons were performed on AUC. Two-way ANOVA
test with Bonferroni’s correction for multiple comparisons: WT vs CX3CL1-Tg *P<0.05, **
P<0.01, *** P<0.001; CX3CL1-Tg vs. CX3CR1CFP/6FP #p<0.05, # P<0.01, ##P<0.001.

Figure 5. CX3CL1 overexpression attenuates chronic constriction injury-induced
mechanical and thermal hyperalgesia and increases TGF-p family protein expression in the

sciatic nerve.
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A-D. Mechanical allodynia and thermal hyperalgesia, assessed by paw withdrawal threshold
(PWT) using von Frey testing and paw withdrawal latency (PWL) using Hargreaves testing, are
significantly alleviated in CX3CL1-overexpressing (CX3CL1-Tg) mice compared with wild-type
(WT) controls. The effects peak approximately two weeks after CCI and are evident in both male
(A) and female (B) mice (n = 10 per group). When data from both sexes are combined,
significant effects are already evident by day 3 post-CCI (C-D, n = 20). Data are mean £ SD. * P
<0.05, ** P <0.01, ***P<0.001, **** P<0.0001 (repeated measures ANOVA).

E-F. In CX3CL1-Tg mice, full-length CX3CL1 (CX3CL1-FL) expression sharply decreases
during the first two weeks post-CCI and gradually recovers thereafter. In contrast, CX3CL1 C-
terminus levels significantly increase in a biphasic fashion, first peaking at post-CCI day 3 and
second peaking at post-CClI day 21. TGF-B family protein expression rises markedly with a
similar temporal pattern to CX3CL1 C-terminal. Quantitative data normalized to -actin are from
4 independent experiments (N = 4). Data are presented as mean £ SD. * P <0.05, ** P < 0.01,
*** P < 0.001 (one-way ANOVA with Tukey post hoc test).

Figure 6. CX3CL1 overexpression reverses chronic constriction injury-induced
transcriptional reprogramming.

A. Principal component analysis of RNA-seq libraries shows clear separation among
experimental groups: CX3CL1-Tg control (Tg), CX3CL1-Tg-CCI (Tg-CCl), wild-type control
(WT), and WT-CCI.

B. Venn diagram depicts shared and distinct differentially expressed genes (DEGs) associated
with CCI in WT mice (WT-CCI vs WT) and CX3CL1-overexpressing mice (Tg-CCl vs WT-

ccl).
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C-D. Hierarchical clustering heatmaps of DEGs comparing WT control vs WT-CCI (C) and WT
control vs CX3CL1-Tg-CCI (D); upregulated genes are shown in red and downregulated genes
in blue.

E-F. Gene Ontology (GO) enrichment analysis identifies the top 25 biological processes
associated with CCl-induced DEGs in WT mice (false discovery rate < 0.05; fold change > 2 or
< 0.5) (top 10 processes are shown for clarity), with corresponding Ingenuity Pathway Analysis
(IPA) showing activated (orange) and inhibited (blue) pathways.

G-H. GO and IPA analyses in CX3CL1-Tg mice reveal near-complete reversal of CCl-induced
pathway activation, with signaling shifting from activation to inhibition relative to WT-CCI
mice.

Figure 7. CX3CL1 overexpression suppresses chronic constriction injury-induced
inflammatory signaling pathways.

A. Gene set enrichment analysis (GSEA) reveals significant overlap in DEG sets between WT-
CCl and CX3CL1-Tg-CClI groups.

B. Schematic summary illustrating reversal of CCl-induced intracellular inflammatory signaling
by CX3CL1 overexpression. In WT mice, CCI activates toll-like, purinergic,
chemokine/cytokine, and T-cell receptors, leading to activation of TLR, PI3BK-AKT, and RAS—
RAF-MAPK (p38, ERK, JNK) pathways and downstream transcription factors NF-kB and AP-
1, resulting in increased proinflammatory cytokine production. CX3CL1 overexpression inhibits
receptor activation, intracellular signaling cascades, and transcriptional responses, thereby
reducing inflammatory cytokine synthesis. Genes upregulated in WT-CCI relative to WT control
are shown in red, and genes downregulated in CX3CL1-Tg—CCl relative to WT-CCI are shown

in blue.
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Figure 8. A dual-pathway model of CX3CL1-mediated neuroimmune regulation in the
spinal cord in neuropathic pain.

Schematic illustration of CX3CL1 signaling neuroimmune framework following nerve injury. In
wild-type mice, CCI triggers release of danger-associated signals from nociceptors, activating
microglia and peripheral immune cells via purinergic, toll-like, and cytokine/chemokine
receptors. This activation engages intracellular PI3K—AKT and RAS-RAF-MAPK signaling
cascades, leading to NF-xB and AP-1-mediated transcription of proinflammatory cytokines and
subsequent neuronal sensitization. CX3CL1 signaling operates through dual protective pathways:
the soluble N-terminus suppresses microglial activation and cytokine production via CX3CR1,
while the membrane-bound C-terminus promotes TGF-/Smad2/3 and Hedgehog signaling to
reduce neuronal hyperexcitability and enhance neural repair. Coordinated activation of these
pathways attenuates central and peripheral sensitization, limits neuroinflammation, and promotes
resolution of neuropathic pain.

Supplementary digital contents, https:/links.lww.com/ALN/E655
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Figure 6E
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Figure 6F
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Figure 6G
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Figure 7B
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Figure 8A
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