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Abstract 

 

Recently, many clinical trials have challenged the efficacy of current therapeutics for neuropathic pain 

after spinal cord injury (SCI) due to their life-threatening side-effects including addictions. Growing 

evidence suggests that persistent inflammatory responses after primary SCI lead to an imbalance 

between anti-inflammation and pro-inflammation, resulting in pathogenesis and maintenance of 

neuropathic pain. Conversely, a variety of data suggest that inflammation contributes to regeneration. 

Herein, we investigated long-term local immunomodulation using anti-inflammatory cytokine IL-10 or IL-

4-encoding lentivirus delivered from multichannel bridges. Multichannel bridges provide guidance for 

axonal outgrowth and act as delivery vehicles. Anti-inflammatory cytokines were hypothesized to 

modulate the pro-nociceptive inflammatory niche and promote axonal regeneration, leading to 

neuropathic pain attenuation. Gene expression analyses demonstrated that IL-10 and IL-4 decreased 

pro-nociceptive genes expression versus control. Moreover, these factors resulted in an increased 

number of pro-regenerative macrophages and restoration of normal nociceptors expression pattern. 

Furthermore, the combination of bridges with anti-inflammatory cytokines significantly alleviated both 

mechanical and thermal hypersensitivity relative to control and promoted axonal regeneration. 

Collectively, these studies highlight that immunomodulatory strategies target multiple barriers to decrease 

secondary inflammation and attenuate neuropathic pain after SCI. 
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 Spinal cord injury, neuropathic pain, gene delivery, immunoengineering, anti-inflammatory 

cytokine 

   



1. Introduction 

 

Chronic neuropathic pain after spinal cord injury (SCI) severely impairs quality of life for patients with 

paralysis, and remains resistant to traditional pharmacologic approaches [1]. Several studies have 

suggested that opioids may be useful to treat neuropathic pain, yet insufficient data is available to 

establish guidelines [2, 3]. Furthermore, opioid use is associated with addiction concerns, and clinical 

reports have suggested that opioid prescriptions could be harmful to the physical recovery of patients [4, 

5]. Glucocorticoids such as methylprednisolone and dexamethasone were the standard of care for years 

after clinical trials demonstrated improved outcomes for neuropathic pain, suggesting a link to anti-

inflammatory properties [6, 7]. However, these agents are also associated with increased risk of sepsis, 

gastrointestinal bleeding, and thromboembolism [7]. Furthermore, the side effects of glucocorticoid 

administration accumulate over time, attenuating the benefit to be gained for chronic neuropathic pain 

patients [7]. While glucocorticoid administration for treating neuropathic pain is controversial, reducing 

inflammatory responses remains a target for therapeutic intervention.   

Neuroinflammatory responses by resident microglia and recruited-hematogenous macrophages after 

SCI lead to a rapid production of pro-inflammatory cytokines, initiating the host defense to cellular 

damage and pathogens, which are actively controlled by complex regulatory mechanisms [8-10]. Anti-

inflammatory cytokines can regulate inflammatory processes to limit tissue damage, yet after SCI, these 

cytokines are insufficiently expressed to modulate the neuroinflammatory milieu by pro-inflammatory 

cytokines, resulting in excessive transmission of nociceptive signals at almost every level of the 

somatosensory system [11-13]. In addition, neighboring intact axons that are exposed to the inflammatory 

milieu also contribute to the initiation and ongoing neuronal hyperexcitability. However, global 

suppression of inflammation is unlikely to provide long term benefits, since its initial function is to clear 

damaged tissues and trigger wound healing processes [9]. Attempts to interrupt inflammation by ablation 

of macrophages and pro-inflammatory cytokines lead to severely impaired axon growth [14]. Therefore, 

an imbalance between pro-inflammation and anti-inflammation in the neural microenvironment may 

contribute to the transition from the acute to chronic neuropathic pain after SCI [11, 15]. 

Localized sustained delivery and expression of anti-inflammatory cytokines using lentiviral vectors at 

SCI has been reported to modulate the pro-inflammatory niche and promote axonal regrowth and 

remyelination leading to functional recovery after SCI [16, 17]. Furthermore, the presence of anti-

inflammatory factors in SCI influences the numbers and phenotypes of multiple immune cell types, such 

as neutrophils, microglia, and macrophages [16, 17]. In particular, macrophages have been a focus at 

SCI due to their role in clearance of debris and nerve regeneration [8]. While macrophage phenotypes 

are not binary, their phenotypes have been described as being plastic and able to vary from pro-

inflammatory (M1) to pro-regenerative (M2), with plasticity depending on the microenvironment [18]. 

Given the central roles in inflammatory responses and neuronal excitability after injury [11-13], inducing 

long-term local pro-regenerative microenvironments at the injury may influence neuropathic pain.  

Herein, we investigated the impacts of long-term expression of anti-inflammatory cytokines interleukin 

(IL)-10 or IL-4 on the attenuation of neuropathic pain following SCI. IL-10 and IL-4 are reported to have 

anti-nociceptive functions [19-21], and localized expression of these cytokines at the injury was achieved 

through implantation of a poly(lactide co-glycolide) (PLG) multichannel bridge loaded with lentiviral 

vectors encoding the cytokines into a lateral hemisection. The bridge allows cell infiltration resulting in 

apposition with the host tissue that stabilizes the injury, with the infiltrating cells supporting axon growth 

that can be guided across the injury by the channels [16, 22, 23]. We hypothesized that sustained 



expression of anti-inflammatory cytokines would shift the immune responses towards pro-regenerative 

leading to suppressed neuropathic pain. The growth and structure of sensory axons were analyzed 

histologically, in addition to the distribution and phenotype of immune cells. A transcriptome analysis of 

the injury was employed to analyze the expression of genes associated with neuropathic pain. Sensory 

functional recovery was also investigated via mechanical allodynia (pain in response to previously 

innocuous stimuli) and thermal hyperalgesia (increased pain with noxious stimulations) tests [12]. 

Collectively, these studies determine the potential of local immunomodulation with IL-10 and IL-4 as a 

means to suppress neuropathic pain, and the associated mechanisms of action.   

 

2. Materials and Methods 

 

2.1 Multichannel bridges fabrication 

Initially, to create microspheres (z-average diameter ~1µm), PLG (75:25 lactide:glycolide; i.v. 0.76 

dL/g; Lakeshore Biomaterials, Birmingham, AL, USA) was dissolved in dichloromethane (6 % w/w) and 

emulsified in 1% poly(ethylene-alt-maleic anhydride) using a homogenizer (PolyTron 3100; Kinematica 

AG, Littau, Switzerland). Using D-sucrose (Sigma Aldrich), D-glucose (Sigma Aldrich), and dextran MW 

100,000 (Sigma Aldrich), we made a sugar fiber. Initially, those were mixed at a ratio of 5.3:2.5:1 

respectively by mass then were caramelized, cooled, and drawn from solution using a Pasteur pipette. 

These fibers were coated mixture of PLG microspheres and salt (with a 1:1 ratio), then pressed into a 

salt-lined aluminum mold. Next, it was equilibrated, and gas formed with high pressure CO2 gas (800 psi) 

for 16 h in a custom-made pressure vessel. The pressure was released over a period of 40 min, which 

fused adjacent microspheres to produce a continuous polymer structure. The bridges were cut into 1.2 

mm sections, and the porogen was leached in water for 2 hours. The bridges were dried over-night and 

stored in a desiccator (Supplementary Fig. 1a). 

 

2.2 Virus production and Virus loading into the multichannel bridges 

Briefly, HEK293FT cells were co-transfected using lentiviral packaging vectors (pMDL-GagPol, 

pRSV-Rev, pIVS-VSV-G, with the gene of interest (pLenti-CMV-Luciferase or pLenti-CMV-Human IL-10 

or pLenti-CMV-Human IL-4) using Lipofectamine 2000 (Life Technologies, Grand Island, NY,) for 48 hours. 

All lentiviral vectors were designed through VectorBuilder (Santa Clara, CA, USA) (accession number 

NM_000589.3 for human IL-4, NM_000572.2 for human IL-10, and Firefly Luciferase as a 

chemiluminescent reporter [24]). Using PEG-it (System Biosciences, Mountain View, CA), supernatant 

was concentrated for 24 hours. Then it was precipitated using ultracentrifugation, resuspended in PBS 

and stored at −80 °C until use. We determined virus titers using Lentivirus qPCR Titer Kit (Applied 

Biological Materials, Richmond, Canada) and 2E9 IU/mL were used throughout the study. Before loading 

virus into the bridges, they were disinfected in 70% of ethanol and washed with distilled water then dried 

in room temperature. Initially, 2 L of virus was added onto the bridge and incubated for 2 min for 

absorption into the pores. We performed these procedures 3 additional times then, bridges were stored 

at -80 ºC deep freezer until in use.  

 

2.3 Spinal cord hemisection injury model and animal care 

All animal surgery procedures and animal care were conducted according to the Animal Care 

and use Committee guideline and University of Michigan. C57/BL6 female mice (6-8 weeks old, 20-25g; 

The Jackson Laboratory, Bar Harbor, ME, USA) were used to create hemisection SCI model. To assess 



the effects of anti-inflammatory cytokines on inflammatory responses and neuropathic pain after SCI, we 

investigated six treatment groups; Sham (laminectomy only), SCI only (without bridge implantation), 

Bridge alone, Bridge with control virus (firefly-luciferase encoding lentivirus, vCtrl), Bridge with IL-10 

lentivirus (vIL-10), and Bridge with IL-4 lentivirus (vIL-4).  Animals were anesthetized using isoflurane 

(2 %). The spinous process and the vertebral lamina were removed to expose the dorsal surface of T9-

T10 level then a 1.2 mm long lateral of the midline spinal cord segment was removed to create a 

hemisection spinal cord injury model. Then, multichannel bridges were implanted in the injury site and 

covered using Gelfoam (Pfizer, New York, NY, USA) (Fig. 1a). After surgery the animals were allowed to 

recover on a heating pad. For the postoperative animal care, Baytril (enrofloxacin 2.5 mg/kg SC, once a 

day for 2 weeks), buprenorphine (0.1 mg/kg SC, twice a day for 3 days), and lactate ringer solution (5 

mL/100 g, once a day for 5 days) were administrated via subcutaneously. Bladder was manually 

expressed until bladder reflexive function was observed. 

 

2.4 Enzyme Linked Immunosorbent Assay (ELISA) 

 A 3 mm long section of spinal cord including bridge area was removed to measure the 

recombinant human IL-10 and IL-4 protein levels from transfected host cells and tissues, then 

homogenized in RIPA lysis and extraction buffer (Thermo Fisher Scientific, Waltham, MA, USA) with Halt 

Inhibitor Cocktail (Thermo Fisher Scientific). Next, the homogenized tissue samples were at 14,000 rpm 

for 30min at 4℃ to remove tissue debris. Pierce BCA Protein Assay (Thermo Fisher Scientific) was used 

to estimate the protein concentration of each sample, and then samples were diluted accordingly. Human 

IL-10 and IL-4 levels were assayed by Human IL-10 Quantikine ELISA Kit (R&D system, Minneapolis, 

MN, USA) and Human IL-4 ELISA Kit (LSbio, Seattle, WA, USA) based on the manufacturer’s instructions. 

We measured the human IL-10 and IL-4 protein levels to eliminate any confounding results with the 

expression of murine IL-10 and IL-4 protein by delivered lentivirus. Both IL-10 and IL-4 ELISA kits allow 

for distinguishing human IL-10 and IL-4 from murine IL-10 and IL-4, since the antibodies were not cross 

reactive as reported by the manufacturer. 

  

2.5 RNA isolation and cDNA microarray 

To isolate RNA, the spinal cord tissues and dorsal root ganglia (DRGs) (L2-L6) were removed 

from all conditions. The spinal cord tissues were removed and cut into about 3 mm segments centered 

on 1.2 mm of bridge region; samples were not pooled. In briefly, samples were homogenized using 1 ml 

of Trizol reagent (Invitrogen, Carlsbad, CA) with a tissue grinder. RNA isolation was followed by 

chloroform extraction and isopropanol precipitation. The concentration of extracted RNA was measured 

using NanoDrop 2000C (Thermo Scientific, Newark, DE). For the cDNA microarray from spinal cord, 

gene analysis was conducted using the Mouse Gene ST 2.1 microarray platform (Affymetrix). Data was 

processed using the oligo R package. Raw output from the multi-array was converted to expression 

values through robust microarray averaging. Data quality was assessed by principle components analysis. 

Sample in each group was normalized to expression values from a vCtrl or sham group and log 

transformed. Probe set annotation was downloaded from BioConductor. Gene ontology (GO) accession 

number and analysis was performed using PANTHER [16]. 

 

2.6 Quantitative Reverse-Transcriptase PCR 

We performed the quantitative Reverse-Transcriptase PCR (qRT-PCR) using spinal cord and 

DRGs for the gene expression analysis over time. cDNA was synthesized using iScript™ cDNA Synthesis 



kit (Bio-Rad, Hercules, CA). Primers were designed for qRT-PCR (Supplementary table 1). 18s-rRNA 

was used as an internal control [25]. The qRT-PCR products were measured using the accumulation 

level of iQ™ SYBR Green Supermix (Bio-Rad) fluorescence following a manufacturer’s protocol on CFX 

Connect™ Real-Time PCR Detection System (Bio-Rad). The gene expression level was normalized by 

the expression of 18s-rRNA and differences in gene expression were presented as fold ratios from control 

spinal cord or DRG samples. Relative quantification was calculated as X = 2 – ΔΔCt, where ΔΔCt = ΔE−ΔCt 

and ΔE = Ct,exp – Ct,18s-rRNA, ΔCt = Ct, control – Ct,18s-rRNA  [26]. 

 

2.7 Behavioral analyses 
 
Mechanical hypersensitivity  

The foot withdrawal threshold to mechanical stimuli by von Frey filaments was assessed as an 

indicator of mechanical sensitivity weekly for 12 weeks after SCI. The tests were conducted when the 

SCI animals support their body weight via their hindlimb (from 2 weeks post-SCI). The SCI mice were 

placed on top of metal mesh table and covered with a plastic box and acclimated to the test environment 

for at least 15 minutes. For mechanical stimulation, a series of calibrated von Frey filaments (Stoelting, 

Wood Dale, IL, USA) were applied perpendicular to the both sides of plantar surface of the hindlimb with 

sufficient bending force for 3-5 sec. then removed. The gauge of von Frey filaments was 0.04, 0.07, 0.16, 

0.4, 0.6, 1, 1.4, and 2 grams. Mechanical stimuli were presented at 3-minute intervals. A brisk hindlimb 

withdrawal movement with or without licking and biting was considered as a positive response. In the 

event of positive response, the filament force immediately below the response was applied, and in the 

absence of a response, the filament of the next greater stimulus was presented. The mechanical 

threshold was calculated as described previously and was obtained by taking an average of both sides 

of the hindlimb [27]. The force was converted into millinewtons (mN). Withdrawal frequency to von Frey 

filaments was investigated using fixed-value (1 gram) of von Frey filament. The filament was applied five 

times to both sides of the hindlimb plantar surface at intervals of 3 minutes, then an average of frequency 

of positive responses on both sides was expressed as a percentage.  

 

Thermal hypersensitivity 

Hypersensitivity to cold stimulus was tested using acetone-mediated evaporative cooling effect 

based on previous study [28]. Under the same setting of mechanical sensitivity test, 50 l of 100% 

acetone was applied to the both sides of hindlimb plantar surface. The acetone was applied five times to 

each plantar surface at intervals of 5 minutes and an average of positive responses to acetone was 

expressed as a percentage. Mechanical stimulation of the plantar surface was avoided during acetone 

application. In addition, the total pain behaviors such as lifting, shaking, licking, and biting time was 

recorded with maximum cutoff time of 30 sec. in response to acetone. To minimize the stress to the SCI 

animals, the order of the sensitivity tests was mechanical von Frey filament test then followed by acetone 

application assay. The behavioral tests order was kept the same throughout the experiment periods, and 

animals were allowed to rest at least 20 minutes in between mechanical and cold sensitivity tests. To 

establish the baseline (BL) for mechanical allodynia and thermal hyperalgesia, all animals were tested 

using von Frey filaments and 100% acetone at day 7 and 1 prior to the hemisection SCI.  

 

2.8 Tissue processing and immunofluorescence  

 Spinal cord tissues (bridge implanted area and L2-L6) were collected at 4 and 12, and DRGs (L2-



L6) were collected at 2 and 12 weeks after SCI at a time point when neuropathic pain behaviors had 

been established. Those tissues were then snap frozen in isopentane and embedded in Tissue Tek O.C.T 

compound (Sakura Finetek, Torrance, CA, USA) with 30% sucrose. Samples were cryosectioned in 18 

m transversely or in 13 m longitudinally. Primary and secondary antibodies used are listed in 

Supplementary Table 2. The number of immune-positive cells were manually counted and done under 

blinded conditions. Multiple markers by co-staining was examined by evaluating pixel overlap of different 

channels in NIH ImageJ (Bethesda, MD, USA). Nonadjacent nine spinal cord tissues were selected 

randomly from each three distinct locations at caudal (0-400 m), central (400-800 m), and rostral (800-

1200 m) from the caudal edge of the bridge/tissue interface (total 27 tissues were assessed per animal) 

(Supplementary Fig. 1b). The total number of macrophages and pro-regenerative M2 macrophages 

within a bridge area were evaluated by determining Hoechst+/F4/80+ cells and Hoechst+/F4/80+/CD206+ 

cells. Macrophages were identified by localizing Hoechst+ staining to F4/80+ immunoreactive and labeling 

them in ImageJ. Then cell numbers were normalized to the counted area in each tissue section. To 

determine the percentage of neurons expressing nociceptor markers, twelve to fifteen nonadjacent DRG 

(L2-L6) sections per animal were labelled with nociceptive makers, then the numbers of nociceptor 

markers-positive cells in the lumbar levels of DRGs were compared by calculating the percentage of 

Hoechst+ cells that expressed specific nociceptive markers. For the quantitative assessment of 

immunostaining, we measured the immunofluorescence intensity within the medial superficial dorsal horn 

from twelve to fifteen nonadjacent randomly selected L2-L6 spinal cord sections per animal. To measure 

and quantify immunolabeled for CGRP, IB4, synaptophysin, TRPA1, TRPV1 and GFAP, 

immunofluorescence images were converted to black and white and applied a standardized optical 

density threshold to each image, then the amount of stained area measured using ImageJ and were 

normalized to the stained area in each tissue section. Spinal laminae within spinal dorsal horn and their 

boundaries were determined as described previously [29, 30] (Figs. 6 and 7). The area of the specific 

spinal dorsal horn (laminae II-IV; Fig. 7) was measured from twelve nonadjacent randomly selected L2-

L6 spinal cord sections per animal. The distribution area of synaptic clusters relative to naïve condition 

was investigated using a fixed box of 100 x 250 m within the spinal dorsal horn (total twelve sampling 

boxes were investigated per animal), then were normalized to the stained area in naïve condition. To 

evaluate regenerated ascending sensory fibers via bridge, three nonadjacent sagittal sections were 

selected randomly at between lamina I and out layer of lamina II [29, 30] from each subject and the area 

of regenerated ascending sensory axons within bridge was investigated at three distinct locations at 

caudal (0-400 m), central (400-800 m), and rostral (800-1200 m) from the caudal edge of the 

bridge/tissue interface. Within this interval, CGRP+ area within a fixed box of 150 x 500 m was measured 

from each location on sections from each animal of each condition, then were divided by the sampling 

box size to obtain mean axonal density (total nine sampling boxes were investigated per animal). All 

Tissues were imaged on an Axio Observer Z1 (Zesis, Oberkochen, Germany) using a 10x or 20x/0.45 

M27 apochromatic objective and an ORCA-Flash 4.0 V2 Digital CMOS camera (C11440-22CU, 

Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan). 

 

2.9 Statistical analysis 

One or two-way ANOVA was used for multiple comparisons. For multiple comparisons, we 

performed Tukey’s post hoc testing. Type II errors were controlled at 0.2 level with following parameters: 

=0.05, a conservative effect size of 0.25, to achieve reasonable statistical power analyses. Pearson’s 

correlation coefficient was used for determining the statistical significance of regression data. Equal 



variance (ANOVA Model) was validated and assumed for each study. Given the above parameters, power 

calculations, sample size and all statistical analysis were performed using G* Power Software, OriginPro 

(OriginLab Corporation, Northampton, MA, USA), and Prism 6 (GraphPad Software, La Jolla, CA, USA). 

P<0.05 was considered as statistically significant and the all values were expressed in mean±SEM.  



3. Results 

 

3.1 Sustained expression of anti-inflammatory cytokines alleviate neuropathic pain after SCI 

Local transgene expression of IL-10 and IL-4 by delivery of lentiviral vectors from multichannel 

bridges in spinal cord tissues was assessed over time (Figs. 1a-1b). Delivered lentiviral vectors 

transduced host cells and enhanced a sustained expression of both IL-10 and IL-4 at the injury over time 

compared to vCtrl. Next, we performed mechanical and thermal hypersensitivity tests on both sides of 

the hindlimb plantar surface in order to determine whether expression of anti-inflammatory cytokines 

influences behavioral hypersensitivities following SCI. SCI-induced mechanical and thermal 

hypersensitivities were well established at 2 weeks after SCI and maintained until 12 weeks (Figs. 1c-1f). 

No statistical difference was observed for painful behaviors between bridge only and vCtrl conditions over 

time. However, the vIL-10 and vIL-4 groups exhibited a significant decrease in both mechanical and 

thermal hypersensitivities relative to vCtrl over time. Interestingly, neuropathic pain behaviors in both 

bridge only and vCtrl groups were substantially decreased compared to SCI only at week 11 to 12 post-

SCI, indicating that the implanted-multichannel bridge itself also has a positive effect on amelioration of 

Fig. 1. Delivered anti-inflammatory cytokines-encoding lentivirus from multichannel bridges attenuate 
neuropathic pain behaviors after SCI. (a) Hemisection SCI at T9-T10 and implantation of multichannel bridge. 
(b) IL-10 and IL-4 expression profiles over time in the spinal cord by lentiviral vectors delivery. (c) Mechanical 
allodynia by von Frey filament. (d) Thermal hyperalgesia by 100% acetone. Both mechanical and thermal 
hypersensitivities were downregulated by anti-inflammatory cytokines as a function of time. (e and f) The 
frequency of pain behaviors such as lifting, licking, shaking, or biting to fixed stimulus by von Frey filament (e) 
and the duration of pain behaviors by 100% acetone (f). A two-way ANOVA with Tukey’s post hoc test for the 
multiple comparisons, where n=7/group, ####P<0.0001, and ****P<0.0001 compared to vCtrl (b), and 

n=18/group, aP<0.05, bP<0.01, cP<0.001, and dP<0.0001 compared to vCtrl, P<0.05 bridge only vs. SCI only, 
and #P<0.05 vCtrl vs. SCI only (c and d), and $P<0.05, $$P<0.01, $$$P<0.001, $$$$P<0.0001, and n=18/group  
(e and f), mean±SEM. 

 



neuronal hypersensitivity. These data demonstrate that multichannel bridge implantation attenuates 

aberrant neural sensations following SCI, and that localized overexpression of anti-inflammatory factors 

in combination with bridge implantation produces a synergistic effect. 

 

3.2 Anti-inflammatory cytokines modulate pro-nociceptive microenvironment after SCI 

We subsequently investigated alteration in the transcriptome of Sensory Perception of Pain-

associated gene ontology (GO:0019233) by anti-inflammatory cytokines through cDNA microarray at 1 

Fig. 2. Anti-inflammatory cytokines modulate neuropathic pain-associated genes expression in the both acute 
and chronic phase of SCI. (a) cDNA microarray heat map for Sensory Perception of Pain-associated gene 
ontology (accession number: GO:0019233) in the spinal cord at a week post-SCI. vIL-10 and vIL-4 
downregulated the levels of Sensory Perception of Pain-associated genes more than two-fold relative to vCtrl. 
(b-g) Selected genes from cDNA microarray (b) Trpa1, (c) Trpv1, (d) Piezo2, (e) Tlr4, (f) Scn10a, and (g) 
Scn11a were validated via qRT-PCR as a function of time from spinal cord. (h-l) Gene expression levels of (h) 
Piezo2, (i) Scn10a, (j) Scn11a, (k) Trpv1, and (l) Trpa1 were assessed using qRT-PCR at the chronic SCI 
phase. A two-way (b-g) or one-way (h-l) ANOVA with Tukey’s post hoc test for the multiple comparisons, where 
aP<0.05, bP<0.01, and cP<0.001 compared to vCtrl, mean±SEM, n=5/group and time point. 

 



week post-SCI in spinal cord. The expression levels in the spinal cord of pain-associated genes were 

decreased in anti-inflammatory groups relative to vCtrl (Fig. 2a). Subsets of genes within the microarray 

were validated using qRT-PCR at multiple time points (Figs. 2b-2g). We analyzed expression for 

Transient receptor potential ankyrin 1 (Trpa1) and vanilloid 1 (Trpv1), which are activated by pro-

inflammatory factors and lead to neuronal hyperexcitability [31]. Pro-Inflammatory factors potentiate the 

Piezo2-mediated mechanical hypersensitivity after injury [32]. Toll-like receptor 4 (Tlr4) is expressed 

primarily by microglia and mediate inflammation leading to neuropathic pain [33].  Finally, a sodium ion 

channel subtype Nav 1.8 and Nav 1.9 are encoded by the Scn10a and Scn11a genes respectively and 

are activated by the pro-inflammatory factors resulting in neuronal excitability [34, 35]. The qRT-PCR 

results were consistent with the microarray data at 1 week, and their expressions were downregulated 

by vIL-10 and vIL-4 over time. We also characterized the long-term alteration in the expression of pro-

nociceptive factors in the presence of anti-inflammatory cytokines (Figs. 2h-2l). Since no differences were 

observed between bridge only and vCtrl groups (Figs. 1c-1f, and 2b-2g), vCtrl was used for the 

comparisons. The expression of pro-nociceptive factors was significantly downregulated in response to 

vIL-10 and vIL-4 relative to vCtrl at 12 weeks post-SCI, while those levels were also decreased in vCtrl 

compared to SCI only groups. Collectively, these data indicate that anti-inflammatory cytokines with 

bridge synergistically reduce the expression of multiple pro-nociceptive genes for extended times in the 

spinal cord after SCI.  

 

3.3 Anti-inflammatory cytokines influence macrophage polarization. 

We next assessed macrophage polarization in the presence of IL-4 and IL-10, as macrophages play 

pivotal roles in inflammatory responses and neuronal sensitivities after SCI. Immunofluorescence staining 

was performed to evaluate the densities and phenotypes of total macrophages (Hoechst+/F4/80+), CD206 

(mannose receptor)-expressing cells (Hoechst+/CD206+) and CD206-expressing pro-regenerative 

macrophages (M2, Hoechst+/F4/80+/CD206+) at 2 weeks post-SCI (Fig. 3). The number of CD206+ cells 

was significantly increased in the vIL-10 and vIL-4 groups compared to vCtrl (Figs. 3a and 3d). 

Furthermore, the number of pro-regenerative M2 macrophages was significantly increased in the anti-

inflammatory groups relative to the vCtrl (Figs.3c and 3f). Importantly, no statistical differences were 

observed in the number of macrophages within the bridge for the all tested conditions (Figs. 3b and 3e). 

Therefore, the ratio of M2 to the total number of macrophages was significantly increased in anti-

inflammatory groups compared to vCtrl (Fig. 3g). In addition, the expression of IL-10 and IL-4 was 

associated with the upregulation of pro-regenerative macrophages at the injury (Pearson coefficients; 

0.8758 and 0.8278, and R2; 0.7671 and 0.6853 respectively, Supplementary Fig. 2a and 2b). Furthermore, 

qRT-PCR analysis results revealed that the expression of pro-regenerative markers were substantially 

upregulated in anti-inflammatory cytokine groups compared to vCtrl in the chronic SCI phase (at 12 weeks 

post-bridge implantation) (Supplementary Figs. 2c-2f), suggesting that overexpression of anti-

inflammatory cytokines modulates macrophage differentiation and polarization at the injury.  

 



3.4 Anti-inflammatory cytokines restore expression of nociceptors in DRG  

We next analyzed selected pro-nociceptive genes from Sensory Perception of Pain gene ontology 

(accession number; GO:0019233) in DRGs via qRT-PCR (Figs. 4a-4f). Both sides of the lumbar level of 

DRGs (L2-L6) were collected as the majority of sensory information from the hindlimb is transmitted to 

the spinal cord through the ipsilateral lumbar DRGs (L2-L6) [36]. The data revealed that neuropathic pain-

associated genes levels with expression of anti-inflammatory groups were significantly downregulated 

compared to vCtrl. Pro-nociceptive factors such as Monocyte chemoattractant protein-1 (MCP-1) [37], 

IL-1 [38], Tumor necrosis factors (TNF) [39] and Trpa1 and Trpv1 [28] were significantly decreased in 

vIL-10 and vIL-4 groups relative to control. However, no alterations were observed in the nociceptor 

calcitonin gene-related protein (CGRP) [36] gene level in all conditions. These data suggest that anti-

inflammatory cytokines also modulate the expression of pro-nociceptive factors in the DRGs after SCI. 

Next, we analyzed L2-L6 DRGs by immunofluorescence for TRPA1 and TRPV1 ion channels, which 

serve as key signal transduction integrators for pro-nociceptive factors (Figs. 4g-4i) [31, 40, 41]. Various 

pro-inflammatory mediators can directly modulate excitatory synaptic transmission through TRPA1 and 

TRPV1, for which activation and expression levels are significantly potentiated after SCI [27, 28]. We 

initially analyzed the alteration of TRPA1 and TRPV1 expression by vIL-10 or vIL-4 at 2 weeks post-SCI, 

a time that coincided with the emergence of sensory hypersensitivity (Figs. 1c-1f). The 

immunofluorescence demonstrated that overexpression of anti-inflammatory cytokines decreased the 

percentage of both TRPA1+ and TRPV1+ neurons in the DRGs (Fig. 4j). Furthermore, this expression 

correlated to the reduction of both TRPA1 and TRPV1 channels expression (Fig. 4k).  

Fig. 3. The effects of anti-inflammatory cytokines on macrophage polarization after SCI. (a-c) The line indicates 

implanted bridge area for quantification (scale bar 300 m). (a) CD206+/Hoechst+, (b) F4/80+/Hoechst+ and (c) 
Merge at 2 weeks after SCI. Insets: high-magnification image of bridge area within spinal cord shows pro-

regenerative M2 macrophages (yellow, white arrow heads, scale bar 100 m). (d) The quantitative analysis of 
CD206+ cells within the bridge. (e) The density of F4/80+ macrophages. (f) The intensity of pro-regenerative M2 
and (g) the ratio of M2 to the total number of macrophages. A one-way ANOVA with Tukey’s post hoc test for 

the multiple comparisons, where P<0.01, and P<0.0001, mean±SEM, n=7/group, mean±SEM. 



Analysis of immunofluorescence in the chronic phase of SCI indicated that the number of isolectin 

B4+ (IB4) nonpeptidergic and CGRP+ peptidergic nociceptors were similar between groups (Figs. 5a-5e 

and Figs. 5h and 5i), while the relative number of TRPA1+ and TRPV1+ neurons were decreased in anti-

inflammatory cytokine groups compared to SCI only and vCtrl groups (Figs. 5f and 5g, and 

Supplementary Fig. 3a). No statistical differences were observed for the nociceptors expression between 

SCI only and vCtrl groups. The level of pro-nociceptive factors in the DRGs was next investigated through 

qRT-PCR in the chronic SCI phase (Figs. 5j-5m). The data demonstrated that the expression levels were 

substantially decreased in response to anti-inflammatory cytokines compared to vCtrl. However, gene 

expressions of nociceptors in vCtrl were downregulated relative to SCI only group. In agreement with 

immunofluorescence results, no differences were observed for Trpa1 and Trpv1 gene expression levels 

between SCI only and vCtrl from DRGs. Subsequently, we examined the colocalization of the nociceptor 

markers (TRPA1, TRPV1, CGRP, and IB4) in the chronic phase (Supplementary Figs. 3b-3f). The 

immunofluorescence revealed that both TRPA1+ and TRPV1+ neurons were colocalized with both 

peptidergic and nonpeptidergic nociceptive neurons in vCtrl group. In contrast, fewer TRPA1+ and 

TRPV1+ neurons were colocalized with CGRP+ or IB4+ neurons in vIL-10 and vIL-4 groups. Collectively, 

these data indicated that anti-inflammatory cytokines may downregulate nociceptors expression including 

TRPA1 and TRPV1 rather than IB4 and CGRP in DRGs, leading to amelioration of neuronal 

hypersensitivity.  

Neurons at an injury can release chemokines that contribute to sensitizing and stimulating nociceptors 

[12, 13, 37], and we thus investigated the expression of MCP-1, which has been implicated in enhancing 

nociceptive transmission after injury by attracting monocytes and T cells to the central nervous system 

(CNS) [37] (Supplementary Fig. 4). The gene expression levels of MCP-1 and its receptor Ccr2 were 

decreased in vIL-10 and vIL-4 relative to vCtrl over time (Fig. 4a, and Supplementary Fig. 4a). The 

immunofluorescence showed lower MCP-1+ neurons in the DRGs for vIL-10 and vIL-4 conditions relative 

to vCtrl (Supplementary Figs. 4b-4e) and less MCP-1+ neurons were observed on CGRP+ nociceptors, 

yet many of them were colocalized with nonpeptidergic nociceptors (Supplementary Figs. 4f and 4g). In 

addition, MCP-1 and Ccr2 gene expression levels were decreased by anti-inflammatory cytokines in the 

chronic SCI phase. Furthermore, fewer MCP-1+ neurons were observed for anti-inflammatory cytokine 

groups compared to vCtrl (Supplementary Figs. 5a-5g). 

  

  



 

  

Fig. 4. Anti-inflammatory cytokines downregulate the expression of nociceptors in the DRGs. (a-f) The gene 

expression level of pro-nociceptive factors (a) MCP-1, (b) IL-1, (c) TNF, (d) Trpa1, (e) Trpv1, and (f) CRGP 
were investigated from the DRGs (L2-L6) at multiple time points using qRT-PCR. A two-way ANOVA with Tukey’s 
post hoc test for the multiple comparisons, where aP<0.05, bP<0.01, and dP<0.0001 compared to vCtrl, 
mean±SEM, n=5/group and time point. (g-i) DRGs sections (L2-L6) from (g) vCtrl, (h) vIL-10, and (i) vIL-4 were 
stained with anti-TRPA1, anti-TRPV1, and Hoechst at the acute SCI phase. (j) The proportion of TRPA1 or TRPV1 
expressing neurons in all conditions. (k) Overexpression of anti-inflammatory cytokines was associated with the 
reduction of TRP channels expression in DRGs (P<0.0001, Pearson Coefficient=-0.9353). A one-way ANOVA with 

Tukey’s post hoc test for the multiple comparisons, where P<0.05 and P<0.01, n=7/group, mean±SEM, scale 

bar; 50 m. 



  

Fig. 5. Expression of nociceptors on DRGs in the chronic phase of SCI (12 weeks after SCI). (a-e) Lumbar level 
of DRGs (L2-L6) sections from (a) SCI only, (b) vCtrl, (c) vIL-10, (d) vIL-4, and (e) naïve groups were labelled 
with anti-TRPA1, anti-TRPV1, anti-lectin IB4, or anti-CGRP. (f and g) The proportion of TRPA1+ (f) and TRPV1+ 
neurons (g) were significantly decreased in response to vIL-10 and vIL-4 groups compared to SCI only and 
vCtrl groups. (h and i) The proportion of IB4+ (h) and CGRP+ neurons on DRGs (i). No alterations were observed 
between groups indicating that both IB4+ and CGRP+ neurons were unaffected by both SCI and anti-
inflammatory cytokines. A one-way ANOVA with Tukey’s post hoc test for the multiple comparisons, where 
P<0.05, P<0.01, P<0.001 compared to SCI only and #P<0.05, ##P<0.01, ###P<0.001 compared to vCtrl, 

mean±SEM, n=5/group, scale bar 50m. (j-m) The expression of pro-nociceptive factors (j) Scn10a, (k) Scn11a, 
(l) Trpv1, and (m) Trpa1 levels were investigated via qRT-PCR from the chronic phase of SCI. A one-way ANOVA 
with Tukey’s post hoc test for the multiple comparisons. aP<0.05, bP<0.01, cP<0.001, and dP<0.0001, 
mean±SEM, n=5/group. 



3.5 Anti-inflammatory factors 

restore expression patterns 

of nociceptors within spinal 

dorsal horn. 

We next investigated the 

distribution of CGRP+ 

nociceptive axons, as their 

collateral sprouting into deeper 

spinal dorsal horn is associated 

with pathogenesis of 

neuropathic pain [36, 42, 43]. 

Initially, the distribution pattern 

of CGRP+ and IB4+ axons was 

investigated in the chronic 

phase (Fig. 6). In SCI only and 

vCtrl groups, CGRP+ axons 

projected throughout the dorsal 

horn, while vIL-10 and vIL-4 

restored a normal-like lamina 

specific expression pattern 

which was more confined to 

laminae I and II, resulting in a 

decreased area of CGRP+ 

axons within the spinal dorsal 

horn (Figs. 6a-6e and Fig. 6g). 

Consistent with a previous 

report [36], the distribution area 

of IB4+ nociceptive axons was 

unaffected by either SCI or anti-

inflammatory cytokines (Fig. 6f). 

The relationship between the 

area of CGRP+ axons and 

neuropathic pain behaviors was 

investigated, and an increased 

area of CGRP+ axons correlated 

with greater thermal and mechanical hypersensitivities developed after SCI (Figs. 6h and 6i).  

Reactive astrocytes upregulate long-term expression of pro-nociceptive factors, suggesting that these 

cells play a critical role in the maintenance of chronic neuropathic pain rather than in its pathogenesis 

[11, 12, 21]. We therefore analyzed the astrocytic response by immunofluorescence staining for glial 

fibrillary acidic protein (GFAP). GFAP-occupying area within the spinal dorsal horn was significantly 

reduced in anti-inflammatory factor groups compared to SCI only and vCtrl (Supplementary Fig. 6). 

Analysis of co-localization with TRPA1+ axons indicated a substantial overlap between TRPV1+ and 

CGRP+-axons (Supplementary Figs. 7a-7e). Both TRPA1- and TRPV1-occupying area were upregulated 

within the spinal dorsal horn in control groups, while expression was decreased in anti-inflammatory 

Fig. 6. Anti-inflammatory cytokines limit abnormal projection of CGRP+ 
fibers into spinal dorsal horn. (a-e) Lumbar spinal cord sections from (a) 
SCI only, (b) vCtrl, (c) vIL-10, (d) vIL-4, and (e) naïve groups were labelled 

to show CRGP+ or IB4+ axons. (scale bar 100 m). (a’-e’) High-
magnification images of spinal dorsal horn laminae l-ll (llo; outer layer of 

lamina ll, lli; inner layer of lamina ll, scale bar 100 m) from figures a-e, 
indicating a normal-like lamina specific expression patterns in anti-
inflammatory cytokines groups. (f and g) The area of (f) IB4+ and (g) 
CGRP+ axons were quantified within the spinal dorsal horn. A one-way 
ANOVA with Tukey’s post hoc test for the multiple comparisons, where 
P<0.001 compared to SCI only and ###P<0.001, ####P<0.0001 compared 
to vCtrl, n=5/group. (h and i) The area of CGRP+ axons within the spinal 
dorsal horn was associated with the severity of thermal (h, Pearson 
Coefficient=0.775, P<0.0001) and mechanical (i, Pearson Coefficient=-
0.8683, P<0.0001) hypersensitivities. 



groups. However, in agreement with gene expression results (Figs. 2k and 2l), expression of TRPA1+ and 

TRPV1+ neurons in vCtrl was significantly downregulated compared to SCI only (Supplementary Figs. 7f 

and 7g). Collectively, anti-inflammatory cytokines influenced expression patterns of nociceptors within 

spinal dorsal horn, resulting in attenuation of abnormal neuronal sensitivity after SCI. 

 

3.6 Restricted-CGRP+ 

axons by anti-

inflammatory 

cytokines form 

synaptic connections 

in the spinal cord 

Recovery from 

neuropathic pain 

behaviors by anti-

inflammatory factors  

suggested that CGRP+-

nociceptive axons may 

have been restricted 

and formed synapses 

with secondary neurons 

within the spinal dorsal 

horn [36]. To assess 

synaptic formation and 

distribution, CGRP and 

a presynaptic terminal 

marker synaptophysin 

were co-labelled, 

indicating the presence 

of synaptic clusters. In 

the SCI only and vCtrl 

groups, synaptic 

networks projected deep 

into the dorsal horn, with 

localization observed at 

lamina IV. However, 

anti-inflammatory groups displayed a synaptic distribution of CGRP+ axons sprouting that was similar to 

naïve condition (i.e., localized to the superficial dorsal horn) (Figs. 7a-7e and Supplementary Fig. 8a). 

High magnification images indicated fewer identifiable synaptic clusters within deeper laminae (Figs. 7a’-

7e’ and 7f).  

Semaphorin-3A (Sema3A) is a repulsive guidance factor which contributes to preventing aberrant 

sprouting of primary sensory axons during development, resulting in lamina-specific projection of primary 

sensory axons in the spinal cord [36, 43]. Therefore, we investigated alteration in the Sema3A expression 

caused by anti-inflammatory cytokines via qRT-PCR. The gene expression results indicated that Sema3A 

expression was substantially upregulated within spinal dorsal horn for anti-inflammatory groups 

Fig. 7. Restored-CGRP+ sensory fibers by anti-inflammatory cytokines form 
synaptic connections within spinal dorsal horn. (a-e) The spinal cord was stained 
using CGRP and synaptophysin from the chronic phase of SCI. Co-labelling for 
CGRP (Blue) and synaptophysin (Red) indicated the presence of synaptic clusters 
(Violet) associating with synaptic formations within dorsal horn in (a) SCI only, (b) 

vCtrl, (c) vIL-10, (d) vIL-4, and (e) naïve (scale bar 50 m). (a’-e’) The insets 
indicated higher magnification within laminae I-IV from (a-e). The lower density of 
synaptic clusters (white arrowheads) was confirmed in vIL-10 and vIL-4 groups 

compared to vCtrl and SCI only groups scale bar=50 m). (f) Graph showing the 
alterations of distribution of synaptic clusters within laminae I/II, lamina III, and 
lamina IV by anti-inflammatory cytokines. A one-way ANOVA with Tukey’s post hoc 

test for the multiple comparisons, where P<0.05 and P<0.001 compared to SCI 
only and #P<0.05 and ###P<0.001 compared to vCtrl, mean±SEM, n=5/group. 



compared to vCtrl group in the chronic SCI phase (Supplementary Fig. 8b). These data indicated that 

anti-inflammatory cytokines limit aberrant CGRP+ axons sprouting into the spinal dorsal horn, and 

enhance formation of synaptic connections, reducing neuronal hypersensitivities after SCI. 

 

3.7 Regeneration of ascending sensory axons into multichannel bridge with anti-inflammatory 

cytokines 

Sensory axonal systems in the spinal cord ascend into distinct functional fascicles, and we thus 

stained ascending CGRP+ sensory axons 4 weeks post-SCI to evaluate the effects of bridges with anti-

inflammatory cytokines on 

axonal regeneration. Coronal 

sections were grouped based 

on 3 locations of the bridge; 

rostral, central, and caudal 

(Figs. 8a-8c, and 

Supplementary Fig. 1b). In 

vIL-10 and vIL-4 groups, 

sensory axons regenerated 

into channels and extended 

into the lesion, with large 

numbers of sensory axons 

present in all 3 regions of the 

bridge relative to vCtrl (Fig. 

8d). No difference was 

observed between vIL-10 and 

vIL-4 groups. These results 

indicated that the 

multichannel bridge may 

synergize with the 

immunomodulation by anti-

inflammatory cytokines to 

support axonal regeneration 

and organize the regenerating 

sensory axons.  

 

4. Discussion 

We investigated the potential for long-term local immunomodulation using lentiviral vectors delivery 

following SCI to attenuate neuropathic pain. The immune responses have numerous beneficial effects 

on wound healing and tissue regeneration, thus systemic immune suppression may have adverse effects 

yet in the context of SCI, it is one of the major contributors to neuropathic pain [12, 13].  After SCI, 

infiltrated-immune and glia cells begin to release pro-nociceptive factors such as pro-inflammatory 

cytokines (e.g. TNF and IL-1), chemokines (e.g. MCP-1), and reactive oxygen species (ROS) at every 

somatosensory level [11]. These factors activate N-methyl-D-aspartate (NMDA) receptors, and TRPA1 

and TRPV1 channels to modulate synaptic transmission [44, 45], leading to release of excitatory 

neurotransmitters and transmission of excessive nociceptive information [41, 45]. In addition, the 

Fig. 8. Regeneration of ascending sensory fibers throughout multichannel 
bridges. (a-c) Regenerated sensory fibers (stained red with anti-CGRP) was 
investigated using longitudinally sectioned multichannel bridges from (a) 

vCtrl, (b) vIL-10, and (c) vIL-4 at caudal location (scale bar 200 m). (d) 
Quantification of area of CGRP+ sensory axon was assessed at 3 distinct 

locations at 0-400 m (Caudal), 400-800 m (Central), and 800-1200 m 
(Rostral) from the caudal edge of the bridge/tissue interface at 4 weeks post-
bridge implantation. A Two-way ANOVA and Tukey’s post hoc test, *P<0.05, 
**P<0.01 and ****P<0.0001, mean±SEM, n=5/group. 



inflammatory milieu affects neighboring intact axons, involved in neuronal hypersensitivities. Furthermore, 

pro-nociceptive factors decrease inhibitory synaptic transmission (disinhibition) by reducing the release 

of inhibitory neurotransmitters such as -aminobutyric acid (GABA) and glycine from the interneurons, 

contributing to neuronal excitability [12, 38] 

 

Sustained expression of IL-10 and IL-4 decreased expression of neuropathic pain-associated genes 

more than two-fold relative to vCtrl, with the downregulating persisting over time. Localized long-term 

expression of therapeutics to the injured spinal cord has been unavailable without additional surgery 

process. Implantation of intrathecal catheters and osmotic pumps have been widely used for continuous 

delivery of therapeutics. However, implantations inside the intrathecal space have been shown to 

generate the scar tissue and an additional injury [46, 47]. Recently, alternative methods such as 

intravenous or intramuscular injections have been employed to avoid additional tissue damage. Although 

these methods diminish the risk of tissue trauma, the localized delivery of therapeutics has been 

unavailable [48]. Furthermore, increased dosages can trigger an immune reaction [48, 49]. Due to short 

half-life and instability in circulation, repeated administrations of cytokines are required to achieve 

therapeutic effects. Systemic overexpression of IL-10 or IL-4 alone without bridge has been conflicting 

with some studies suggesting modulation of pro-inflammatory microenvironment with neuroprotection 

and others indicating impaired motor function with tissue damage, yet these reports have focused on 

immune responses over short-time periods [50, 51]. Consistent with our previous reports, IL-10 and IL-

4 were induced by local delivery of lentiviral vectors to enhance transgene expression with measurable 

levels at day 3 post-implantation and significant upregulation relative to control at day 7 (Fig. 1b), and 

persisting for over 12 weeks at the injury [48, 52]. Lentiviral vector delivery is associated with a modest, 

transient inflammatory response, and has the potential to become infectious. Furthermore, lentiviral 

vector-infected cells have a risk of becoming oncogenic due to the insertion into the chromosomes, which 

can lead to activation of an oncogene or downregulation of tumor suppressor genes [53]. We did not 

observe any negative effects of lentiviral vectors in this report, and vectors are being used in clinical trials, 

with designs emerging to address the potential risks [54]. Previously, our gene ontologies analysis in IL-

10 and IL-4 expression after SCI indicated that inflammation-associated gene ontologies were 

downregulated more than two-fold relative to control [16]. Herein, both IL-10 and IL-4 downregulate the 

production of pro-nociceptive factors until 12 weeks post-SCI that was consistent with an attenuation of 

neuropathic pain behaviors. The control groups demonstrated elevation of pro-inflammatory and 

neuropathic pain-associated factors after SCI, which coincided with the establishment of neuropathic pain 

behaviors. However, nociceptors expression levels in vCtrl for spinal cord were decreased compared to 

SCI only group in the chronic SCI phase (Fig. 2 and Supplementary Fig. 7), which may lead to alleviation 

of abnormal sensitivities in vCtrl relative to SCI only group (Figs. 1c-1f). Furthermore, in DRGs, the anti-

inflammatory cytokines and bridges promoted long-term downregulation of pro-nociceptive factors gene 

expressions (Figs. 4 and 5), also resulting in attenuation of neural hypersensitivities. Although gene data 

indicated a trend toward decreased expressions of TRPA1 and TRPV1 in vCtrl compared to SCI only, no 

significant differences were observed. In agreement with histologic data (Fig. 5), CGRP gene level in 

DRGs was stable between groups over time. While the functional responses induced by IL-10 and IL-4 

are similar, they may employ distinct pathways. IL-10 leads to a STAT3-mediated intracellular pathway 

resulting in anti-inflammatory cytokines release and suppressing nuclear factor-B (NF-B) activation 

and its binding to DNA to diminish pro-inflammatory factors synthesis including IL-1 and TNF [55, 56]. 

IL-4 utilizes a STAT6-medicated pathway to suppress the interferon- (IFN-) signaling, leading to 



expression of anti-inflammatory factors [55, 56]. Furthermore, IL-4 attenuates release of inducible 

enzymes, which prevents inflammatory factors-medicated nitric oxide synthesis, leading to synthesis of 

anti-inflammatory factors [20, 56]. In addition, glia cells express receptors for both IL-10 and IL-4 in the 

CNS, where anti-inflammatory cytokines act as antagonists to inhibit release of pro-nociceptive factors 

from glia cells after injury [19, 57]. 

 

The long-term local immunomodulation by anti-inflammatory cytokines directs macrophage activation 

and polarization (Fig. 3). Within the intact spinal cord, the number of M1 and M2 macrophages are similar. 

However, in the injured spinal cord, the macrophage phenotype becomes largely pro-inflammatory 

without intervention with a decline in pro-regenerative macrophages and an increase in pro-inflammatory 

macrophages, the latter of which produce pro-nociceptive mediators. Consequently, this bias towards an 

inflammatory microenvironment may cause imbalance between pro- and anti-inflammation in the CNS 

resulting in transition from the acute to chronic neuropathic pain after SCI. Furthermore, the inflammatory 

microenvironment may enhance sensory neurons to grow abnormally, characterizing as short-distance 

and arborizing outgrowth [58, 59]. This type of aberrant axonal sprouting is considered to cause 

neuropathic pain after SCI [43, 59, 60]. In contrast, the neuronal outgrowth stimulated with pro-

regenerative macrophages exhibit a unipolar or bipolar phenotype with long distance projecting even 

under growth-inhibitory conditions [59, 61]. Herein, we demonstrated that anti-inflammatory cytokines 

enhanced the number of CD206+ cells and pro-regenerative macrophages within the bridges relative to 

vCtrl. Even though immunofluorescence showed a trend toward lower numbers of infiltrated F4/80+ 

macrophages in vIL-10 and vIL-4 at 2 weeks post-SCI relative to vCtrl, the increased number of 

F4/80+/CD206+ macrophages may be correlated with induction of a pro-regenerative microenvironment 

that is achieved by overexpression of anti-inflammatory cytokines, and a time frame after injury that 

coincides with the alleviation of neuropathic pain behaviors. Previous studies have shown that pro-

regenerative macrophages produce both IL-10 and IL-4, potentially leading to a feed forward process 

when anti-inflammatory cytokines are overexpressed at the injury [17, 18]. In addition, long-term gene 

expression data suggest that delivered anti-inflammatory cytokines upregulate pro-regenerative factors 

within the bridges for at least 12 weeks post-SCI (Supplementary Fig. 2). These macrophages enhance 

clearance of necrotic debris via CD206-mediated way. CD206 binds to late stage apoptotic and necrotic 

cells and removes these cells without substantial cytotoxic byproducts such as oxidative metabolites [59]. 

Ym1 (or Chitinase-3-Like Protein 3) is upregulated with a pro-regenerative phenotype and inhibits 

leukocyte evasion at the injury preventing further inflammatory responses [62]. Found in inflammatory 

zone 1 (Fizz1) diminishes inflammatory reactions and prevents the extracellular-signal-regulated kinase 

(ERK) pathway-mediated neuronal apoptosis by caspase-3 and caspase-8 [16]. Arginase1 expression 

by pro-regenerative macrophages leads to overexpression of polyamines promoting axonal regeneration 

against a neural inhibitory environment after SCI [59, 63]. Moreover, these macrophages can produce 

opioid-mediated analgesic effects to ameliorate hypersensitivities [64]. Through these underlying 

mechanisms, pro-regenerative macrophages may facilitate remodeling of the inflammatory 

microenvironment and attenuate neuropathic pain after SCI. 

 

Anti-inflammatory cytokines restore expression patterns of nociceptors within DRGs and spinal cord, 

leading to downregulation of neuronal hypersensitivities. Under pathophysiological conditions, TRPA1 

and TRPV1 are upregulated and activated, contributing to release of excitatory neurotransmitters [31, 41, 

65]. Endogenous pro-inflammatory mediators during immune responses after SCI activate TRPA1, 



resulting in neuronal hypersensitivities [25, 66]. TRPV1 is also activated by pro-inflammatory cytokines, 

which enhances TRPV1 membrane currents through protein kinase C (PKC)-mediated pathway and 

upregulates channel activation inducing neuronal excitability [41, 65]. Moreover, pro-inflammatory 

cytokines have been shown to mediate long-term upregulation of both TRPA1 and TRPV1 channels 

expression within DRGs and spinal dorsal horn. Pro-inflammatory cytokines such as TNF activate NF-

B signaling, where transcription factor NF-B binds to TRPA1 promoter region, increasing TRPA1 

expression levels [41, 67]. Furthermore, oxidative metabolites through immune responses lead to 

stimulation of p38 and ERK pathway, resulting in upregulation of TRPV1 expression on sensory neurons 

[40, 41, 65]. Therefore, hyperactivity of TRPA1 and TRPV1 is a hallmark of persistent pathological states.  

Previous studies have demonstrated that anti-inflammatory mediators modulate expression level of TRP 

channels in DRGs and spinal cord resulting in attenuation of hypersensitivities [40, 66]. Herein, induced 

IL-10 and IL-4 may downregulate downstream signaling pathways, leading to attenuation of both TRPA1 

and TRPV1 expression and translocation to the membrane surface of DRGs and spinal dorsal horn. In 

addition, overexpressed IL-10 and IL-4 persistently downregulate pro-nociceptive factors within spinal 

cord and DRGs (Figs. 2, 4 and 5). Furthermore, as pro-regenerative macrophages are increased by anti-

inflammatory cytokines, they modulate inflammatory microenvironments, decreasing the expression of 

pro-inflammatory factors. SCI also induces delayed but persistent astrocytic activation, enhancing 

release of pro-inflammatory factors for an extended period, leading to imbalance between pro- and anti-

inflammatory factors in the environment [11, 15]. It is speculated that astrocytic responses are initiated 

by pro-inflammatory factors, which upregulate ERK signaling pathway to activate astrocytes [68], 

enhancing secretion of various pro-nociceptive factors. This secretion is consistent with the significant 

alteration of GFAP expression in vCtrl relative to anti-inflammatory cytokine groups in the chronic SCI 

phase. Moreover, in addition to TRP channels, the greater expression of MCP-1+ neurons on the DRG 

were observed at 2 weeks in vCtrl, which also coincided with the emergence of pain behaviors after SCI, 

while their levels were downregulated for anti-inflammatory cytokine groups in the DRGs. These 

observations were maintained in the DRGs until 12 weeks. Even though the proportion of IB4+ and 

CGRP+ neurons were persistent in all conditions over time, the TRP channels and MCP-1+ neurons were 

less colocalized with IB4+ or CGRP+ nociceptors in vIL-10 and vIL-4 groups relative to vCtrl, indicating 

peripheral levels of IB4+ and CGRP+ neurons were unaffected by both SCI and anti-inflammatory 

cytokines.   

 

Anti-inflammatory cytokines direct the termination patterns of nociceptive axons and facilitate 

appropriate synaptic connections within the spinal cord, resulting in attenuation of neuropathic pain after 

SCI. Collateral sprouting of CGRP+ nociceptive fibers into the deeper spinal dorsal horn has been 

associated with the pathogenesis of neuropathic pain [36, 42, 43]. This abnormal growth occurs both 

rostral and caudal to the injury, leading to the neuronal hypersensitivities. Therefore, restricting their 

termination to their normal synaptic location within the spinal cord may avoid or reduce neuropathic pain.  

As a guidance molecule, Sema3A has shown to prevent aberrant outgrowth of the CGRP+ fibers and 

helps to establish accurate reconstruction of lamina-specific projection within spinal dorsal horn [36, 42, 

43]. In addition, Sema3A and its receptors are expressed on macrophages and act as potent immune-

regulators during the immune responses, suggesting that Sema3A has a role in modulating inflammatory 

conditions [69, 70]. A recent study reported an upregulation of Sema3A and its receptors during M2 

differentiation, while pro-inflammatory cytokines suppressed expression of Sema3A and its receptors [69]. 

Herein, we reported that delivery of anti-inflammatory cytokines downregulated expression of pro-



inflammatory factors and promoted formation of pro-regenerative macrophages at the injury. These 

alterations may result in upregulation of Sema3A within the spinal cord, restricting atypical sprouting of 

CGRP+ nociceptive fibers and leading to suitable synaptic formations within spinal dorsal horn, which 

matches for normal physiological condition.  

 

 Supporting topographical guidance through multichannel bridges with long-term local 

immunomodulation by anti-inflammatory cytokines creates synergistic effects on axonal regeneration and 

linear outgrowth of ascending sensory tracts. Previously, we have shown that a naked PLG bridge 

provides a more permissive environment for infiltration of endogenous supportive cells, leading to release 

of factors to promote long-term axonal growth [23, 71]. In addition, descending motor tracts regenerated 

through the bridge and re-entered host tissue at the caudal end of the bridge, leading to locomotor 

recovery [72]. Furthermore, previous gene expression data indicated that the bridge itself upregulated 

synaptogenesis- and axonal guidance-related gene expressions over time [16]. These results support 

that the bridge has the potential to support nerve regeneration through modest modulation of 

inflammatory responses, leading to downregulation of expression levels of pro-nociceptive factors, thus 

alleviating neuronal excitabilities after SCI (Figs. 1c-1f). However, secondary inflammatory responses 

remain and contribute to neuronal cells death and neuronal hypersensitivities that may cause 

pathogenesis of neuropathic pain. Therefore, reducing inflammatory responses combined with inducing 

long-term expression of anti-nociceptive mediators may alleviate neuronal excitability after SCI. We have 

demonstrated that lentiviral delivery of anti-inflammatory cytokines has shown to increase axonal 

regrowth and remyelination and improve locomotor function after hemisection SCI [16, 17]. Structural 

neuroplasticity and/or spontaneous collateral sprouting of injured motor fibers lead to rewiring and 

strengthening the new synaptic connections, causing locomotor functional recovery after SCI [43, 73, 74]. 

However, maladaptive structural neuroplasticity is a main feature of the negative outcomes of SCI such 

as neuropathic pain [43]. Providing mechanical cues via aligned multichannel bridge, combined with anti-

inflammatory cytokines organize the linear outgrowth of sensory track axons and increase probability to 

connect to appropriate functional fascicles beyond injury site, leading to attenuation of neuropathic pain 

after SCI. 

 

5. Conclusion 

Collectively, the data presented herein suggest that the sustained local expression of anti-

inflammatory cytokines by lentiviral delivery after SCI can dramatically modulate the inflammatory 

microenvironment, enhance the permissiveness of multichannel bridges, control macrophage 

polarization, and downregulate expression of nociceptors after SCI. Furthermore, aligned configuration 

of the multichannel bridge, combined with anti-inflammatory cytokines provide synergistic effects to 

establish appropriate synaptic connections into functional fascicles, resulting in attenuation of chronic 

neuropathic pain. The expression of anti-inflammatory cytokines by lentiviral vector delivery in 

combination with the bridge provides a tool for sustained and long-term localized expression of 

therapeutics and a guide to direct and orient tissue growth for functional regeneration. The results from 

this study support the potential for immunomodulation to balance immune responses for neuropathic pain 

treatment after SCI.   
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