DISCOVERY OF NOVEL TARGETS IN A COMPLEX REGIONAL PAIN SYNDROME MOUSE MODEL BY TRANSCRIPTOMICS: TNF AND JAK-STAT PATHWAYS
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ABSTRACT
Complex Regional Pain Syndrome (CRPS) represents severe chronic pain, hypersensitivity, and inflammation induced by sensory-immune-vascular interactions after a small injury. Since the therapy is unsatisfactory, there is a great need to identify novel drug targets. Unbiased transcriptomic analysis of the dorsal root ganglia (DRG) was performed in a passive transfer-trauma mouse model, and the predicted pathways were confirmed by pharmacological interventions. In the unilateral L3-5 DRGs 125 genes were differentially expressed in response to plantar incision and injecting IgG of CRPS patients. These are related to inflammatory and immune responses, cytokines, chemokines and neuropeptides. Pathway analysis revealed the involvement of Tumor Necrosis Factor (TNF) and Janus kinase (JAK-STAT) signaling. The relevance of these pathways was proven by abolished CRPS IgG-induced hyperalgesia and reduced microglia and astrocyte markers in pain-associated central nervous system regions after treatment with the soluble TNF alpha receptor etanercept or JAK inhibitor tofacitinib. These results provide the first evidence for CRPS-related neuroinflammation and abnormal cytokine signaling at the level of the primary sensory neurons in a translational mouse model and suggest that etanercept and tofacitinib might have drug repositioning potentials for CRPS-related pain. 
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ABBREVIATIONS

ANOVA: analysis of variance, Avg rank: average rank, Cd27: CD27 antigen, CNS: central nervous system, CPIP: chronic post-ischemic pain, CRPS: Complex Regional Pain Syndrome, DAB: diaminobenzidine tetrahydrochloride, DE: differentially expressed, DRG: dorsal root ganglia, FC: fold change, GFAP: glial fibrillary acidic protein, GO: Gene Ontology, GPCRs: G-protein coupled receptors, Hoxc11: homeobox C11, I.p.: intraperitoneal, Iba1: ionized calcium-binding adaptor molecule 1, ID: identifier of the respective functional term, IgG: immunoglobulin G, IL-1: interleukin-1, IL-6: interleukin-6, IL-10: interleukin-10, JAK: Janus kinase, JAK-STAT: Janus kinase-signal transducer and activator of transcription, KEGG: Kyoto Encyclopedia of Genes and Genomes, L: lumbal, L-PAG: lateral periaqueductal grey matter, Olig1: oligodendrocyte transcription factor 1, PAG: periaqueductal grey, PBS: phosphate-buffered saline, PFA: paraformaldehyde, PTT: passive transfer-trauma, RNA-seq: Ribonucleic acid sequencing:, S.c.: subcutan, SEM: standard errors of means, SSC: somatosensory cortex, TBS: tris-buffered saline, TG: trigeminal ganglia, TMM: trimmed mean of M values, TNF: tumor necrosis factor, TPM: transcripts per million
1. Introduction

Complex regional pain syndrome (CRPS) is a chronic condition characterized by sensory, motor and autonomic dysfunctions. It usually arises after tissue injury to a distal limb [62]. The symptoms are heterogeneous, but intensive persistent pain is the greatest problem decreasing the life quality [23,70,83]. The aetiology and the pathophysiological mechanisms of the disease are not clearly understood, but the involvement of autoimmunity and complex sensory-vascular-immune interactions is strongly suggested [15,25,28,71,80]. Since the currently available therapy is often unsatisfactory, there is a huge unmet medical need to explore key mediators, pathways and identify novel pharmacological targets [93]. 

Our research group established and characterized a novel translational passive transfer- trauma (PTT) mouse model, where the intraperitoneal injection of purified serum immunoglobulin G (IgG) from CRPS patients to hind-paw injured rodents (small skin-muscle incision, ‘Brennan model’) mimics and sustains core features of the clinical disorder including  hyperalgesia [36,84].  We have demonstrated the good reproducibility and consistency of our model indicated by similar-sized hyperalgesia-increasing effects of the IgG fractions of 6 [84]  and 7 [36] patients after small plantar skin-muscle incision. We also provided evidence that central sensitization and neuroinflammatory mechanisms play a crucial role in the development and maintenance of the hyperalgesic state in this model.  Furthermore, involvement of interleukin-1 (IL-1)-dependent sensitization in the spinal dorsal horn and pain-related brain regions, and the therapeutic potential of the IL-1 receptor antagonist anakinra were demonstrated [36]. 

Neuroinflammation is considered to be an important mechanism in the generation of central sensitization and the transition from the acute to chronic stages of CRPS [7,44]. Using longitudinal positron emission tomography imaging in a  mouse tibia fracture-casting model, early and persistent peripheral myeloid cell activation and transient central microglia activation were shown to limit the acute phase of CRPS [14]. Evidence also suggests a contribution of spinal cord neuroinflammation in CRPS-related central sensitization  in a chronic post-ischemic pain (CPIP) rodent model [11,44,48]. In CRPS patients, positive correlations were found between neuroinflammatory parameters in the brain and pain intensity [42,43]. 
In our model, peripheral inflammation in the injured, hypersensitive paw is unaltered as shown by the lack of increased inflammatory cytokines in the paw in response to CRPS IgG injection both in the early (3-7 days) and late phases (10-13 days) after the plantar skin-muscle incision [36,84]. This raises the question of how the evident substantially enhanced central nervous system (CNS) neuro-immune activation is mediated. Neuro-immune activation has recently been demonstrated in a related passive transfer model of fibromyalgia syndrome [27,59], but there are no data about the mechanisms at level of the primary sensory neurons in the DRG in our CRPS model [91].
In the present study we performed an unbiased DRG transcriptomic and bioinformatic analysis in the PTT mouse CRPS model to explore neuroinflammation and cytokine signaling pathways and to identify novel therapeutic targets. Furthermore, we provided functional evidence that inhibiting the Tumor Necrosis Factor (TNF) and Janus kinase (JAK/STAT) pathways reduce hyperalgesia and glia cell activation in pain-related central nervous system regions, therefore, etanercept and tofacitinib might have drug repositioning potentials for CRPS-related pain.
2. MATERIALS AND Methods

2.1. Patient data and preparation of samples 

The female patient (38 years) whose serum the IgG samples were purified from presented all diagnostic Budapest criteria of CRPS [24,34]: suffered of CRPS for more than a year with pain intensity of ≥5 on a numerical rating scale (0–10); she experienced static mechanical hyperalgesia without any other significant pain or disease. Her demographic and disease characteristics are presented in Table1. Two female healthy volunteers (49-50 years old) were used as controls, they had no pain and autoimmune disorders (even not among the first-degree relatives). These controls are acceptable despite not complete age matching, since we provided earlier evidence for no significant difference in the hyperalgesia-increasing ability of different IgG samples obtained from patients between the ages of 34-60 years [11,24].
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Age at time of plasma  donation  38  

Sex  F  

Affected limb  Lower  

Eliciting event  operation for orthopedic foot  condition  

CRPS type  1  

Disease duration (years)  10  

Pain intensity  9 - 10  

Concomitant disease  Hypercoagulability of  unknown cause on anti - coagulants  

 

Table 1. Clinical phenotypes of CRPS patient
After obtaining the written informed consent, the CRPS patient and healthy volunteers went through plasmapheresis. Serum was diluted 1:3 in Hartmann’s solution and purified using a chromatography column containing protein G Sepharose beads (Sigma-Aldrich, UK). The bound IgG was eluted with 100 mM glycine pH 2.3, immediately neutralized with 1M Tris pH 8 and then dialyzed overnight at 4°C in Hartmann’s solution in a 10 kDa dialysis membrane (Fisher Scientific, UK). Finally, the IgG preparation was concentrated by dialysis against sucrose and filtered with a 0.2 µm filter (Millipore, UK). The IgG samples were stored at 4°C and used in the mouse experiments within one month.
2.2. Animals
Our experiments were performed on female C57/BL6 mice (6/group, 10-12 weeks, 18-25 g). Females were chosen on the basis of earlier publications by us [36,84] and others [29,32,53,77] in this field, since CRPS is 3-4 times more common in women [63].
The original breeding pairs were purchased from Jackson Laboratories (USA) via Animalab Hungary. Mice were bred and housed in the animal house of the Department of Pharmacology and Pharmacotherapy of the University of Pécs under standard light-dark cycle (12-h light/dark cycle) and optimal temperature 22+2°C, provided with rodent chow and water ad libitum).
2.3. Ethics
The human serum sample was obtained by plasmapheresis from a patient with severe CRPS (Table 1); plasmapheresis is a therapeutic intervention for CRPS [75] occasionally used at the Walton Pain Center, Liverpool, UK (A. Goebel), for patients refractory to established treatments [26]. In the UK use of waste plasma does not require institutional review board (ethics) approval. Individual written informed consent was obtained.  

All experimental processes were carried out according to European legislation (Directive 2010/63/EU) and Hungarian Government regulation (40/2013., II. 14.) on the protection of animals used for scientific purposes. All procedures were approved by the Ethics Committee on Animal Research of University of Pécs according to the Ethical Codex of Animal Experiments; license was given (BA02/2000-31/2016). All efforts were made to minimalize the numbers and sufferings of the animals were used during the experiments. This study was prepared according to the ARRIVE Reporting Guidelines.
2.4. Experimental design and investigational protocol
The present protocol was designed on the basis of the maximal hyperalgesia difference between the CRPS- and Healthy control IgG-treated groups at 5-7 days [36,84], considering the limited amount of human IgG (purified from the patients’ sample obtained by the plasmapheresis) and the risk of serum sickness due to the long-term administration of human IgG in mice. After conditioning, 3 control paw edema and nociception measurements were performed three consecutive days prior the plantar surgery. Plantar skin and muscle incision was performed on day 0, as previously described by us [36,84]. All mice removed the surgical stiches within 16 hours after the incision themselves without our contributions. Removal of the surgical sutures after skin-muscle plantar incision in this model is necessary to avoid the potential unwanted inflammatory reaction affecting the outcomes of the experiment. Six mice per group were treated daily intraperitoneal (i.p.) injection of 1 ml (8 mg/ml) healthy volunteer or patient-derived purified IgG, starting on day 0; 6 hours prior to the incision (Fig.1A). Daily treatment was necessary due to the rapid metabolism of human IgG. All operations, treatments and measurements were carried out by the same blinded investigators. 

For DRG samples transcriptomic analysis, functional measurements were performed on day 1, 3, 4 and 5, the IgG treatments were ended on day 4 and mice were sacrificed on day 5.

2.5. Sample collection 

For transcriptomic analysis, the DRG samples (L3-L5, 6 mice in CRPS group, 6 mice in control group) were separately collected from both injured and non-injured sides, as well as both CRPS- and Healthy IgG-treated groups on day 5 following the functional measurements. These samples were snap-frozen in liquid nitrogen and were stored at -80°C until use. 
For immunohistochemistry analysis, spinal cord and the whole brains were excised on day 7. After anaesthetizing with a combination of ketamin-xylazine (100 mg/kg and 5 mg/kg i.p.), mice were transcardially perfused with 0.01 M phosphate-buffered saline (PBS, pH 7.6) followed by 4% paraformaldehyde (PFA) solution [36].
2.6. RNA extraction and quality control

Isolation and purification of total RNA were carried out as previously described [1]. The phenol-chloroform based TRI Reagent procedure (Zymo Research, Irvine, CA, USA) was used until the RNA-containing aqueous layer was achieved. An equal volume of absolute ethanol was added to the aqueous phase and the mixture was loaded into Zymo-Spin™ IICR Column. RNA purification was performed using a Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s instructions including the optional on-column DNase digestion.

RNA concentrations were measured using Qubit 3.0 (Invitrogen, Carlsbad, CA, USA). The RNA quality was verified on TapeStation 4200 using RNA ScreenTape (Agilent Technologies, Santa Clara, CA, USA). Only high quality (RIN > 8) RNA samples were processed for library preparation.
The quality and quantity of the RNA of DRG samples of one Healthy IgG-treated mouse was not sufficient for sequencing, therefore, we had samples only from 5 mice in this group.
 

2.7. Illumina library preparation and sequencing

The library for Illumina sequencing was prepared using NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB, Ipswitch, MA, USA). Briefly, mRNA was isolated from 100 ng total RNA using NEBNext Poly (A) mRNA MAgnetic Isolation Module (NEB, Ipswitch, MA, USA). Thereafter, the mRNA was fragmented, end prepped, and adapter ligated. Finally, the library was amplified according to the manufacturer instructions. The quality of the libraries was checked on 4200 TapeSation System using D1000 Screen Tape, the quantity was measured on Qubit 3.0. Ribonucleic acid sequencing (RNA-seq) was carried out with Illumina NextSeq550 instrument (Illumina, San Diego, CA, USA) with 1x76 run configuration. Raw sequencing data will be made available in the European Nucleotide Archive under the accession number PRJEB40366.
2.8. Bioinformatics
The sequencing reads were aligned against the Mus musculus reference genome (Ensembl GRCm38 release) with STAR v2.5.3a [17]. After alignment, the reads were associated with known protein-coding genes and the number of reads aligned within each gene was counted using Rsubread package v2.0.0 [54]. Gene count data were normalized using the trimmed mean of M values (TMM) normalization method of the edgeR R/Bioconductor package (v3.28, R v3.6.0, Bioconductor v3.9) [69]. For statistical testing the data were further log transformed using the voom approach [47] in the limma package [68]. TMM normalized counts were represented as transcripts per million (TPM) values. Fold change (FC) values between the compared groups resulting from linear modeling process and modified t-test p-values were produced by the limma package. The thresholds applied for determining differentially expressed (DE) genes were p ( 0.05 and FC > 1.3.  The false discovery rate was controlled by using the Benjamini-Hochberg (BH) procedure chosen on the grounds of conducting a large number of multiple comparisons and mitigating false negatives. In the injured side DRG samples of the CRPS IgG-treated mice 125 genes were found to be differentially expressed with a p-value threshold of 0.05, when compared to the incision-side control IgG treated DRG samples. Functional analysis was performed to take into account the annotations of genes using the Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome databases. Detection of functional enrichment was performed in the differentially expressed gene list (DE list enrichment: Fisher’s exact test for GO, hypergeometric test for KEGG and Reactome) and towards the top of the list when all genes have been ranked according to the evidence for being differentially expressed (ranked list enrichment: ﻿non-parametric Kolmogorov-Smirnov test for GO and KEGG, hypergeometric test for Reactome) applying the topGO v2.37.0, ReactomePA v1.30.0, gage v2.36.0 packages. The pathview package v1.26.0 [57] was used to visualize mapping data to KEGG pathways. The PathwayStudio online tool (Elsevier B.V., Amsterdam, Netherlands) was used to perform gene set enrichment analysis using default settings with a trial access.

2.9 Pharmacological interventions

The unbiased transcriptomic analysis of the DRG samples described above was used to explore the pathophysiological mechanisms and key mediators potentially involved in the present CRPS model at the level of primary sensory neurons. Here we tested two immune modulator drugs available in the clinical practice, which act on pathways suggested by the functional analysis of the transcriptomic data. We aimed to determine their potential for repositioning in CRPS therapy. 
Therefore, in another 7-day long set of experiments, etanercept (5 mg/kg i.p. [21]; Enbrel, Pfizer Europe, Ireland, 10 mg powder and solution for injection) or tofacitinib (30 mg/kg subcutan (s.c.) [8,66,87,92]; T-1399 Tofacitinib, citrate salt 99%, Lc Laboratories Inc., United Kingdom) were administered on every experimental day starting day 0, 7 hours after IgG injection.  Additionally tofacitinib injection was given on every afternoon to compensate the short half-life of the compound [18]. Functional measurements were performed on day 1, 3, 4 and 7; paw volume was detected before mechanosensitivity measurement in all cases. 
2.10. Behavioural measurements

2.10.1. Mechanosensitivity and paw volume measurements
Touch sensitivity of the plantar surface of the hind paws were determined by dynamic plantar aesthesiometry (Ugo Basile, 37400, Comerio, Italy). Briefly, a continuously increasing upward force was exerted through the elevation of a blunt-end needle, which touches the plantar surface of the mouse hindpaw. When the animal removed its paw, the paw withdrawal threshold was numerically shown in grams. Average touch sensitivity of the hind paws were calculated by comparing mean threshold values to the mean of three control values [36,84].
Paw swelling was measured with plethysmometer (Ugo Basile, 7140, Comerio, Italy). The device consists of two vertically connected Perspex cells which are filled to the mark. Immersion of the animal's paw the transducer connected to the cell detects the volume of liquid displaced. The digital display shows the volume of the paw in cm3. The percentage increase of paw volume was determined compared to the control values [36,82,84].
2.10.2. Open field and Rotarod tests 
These tests were performed on naïve mice to determine potential effects of the TNF blocker etanercept (5 mg/kg i.p) or JAK-STAT inhibitor tofacitinib (30 mg/kg s.c.) on spontaneous locomotor activity, anxiety and motor coordination. Measurements were performed 1 hour after drug administration. Locomotor activity and anxiety were observed in a minimally anxiogenic open field test (40 × 40 cm plastic box and it was divided into 16 parts) [20,74]. Mice were placed individually in the corner always facing the same direction, video-recorded for 5 min and evaluated with Noldus EthoVision XT software. The locomotor activity was measured by the distance move and time spent by moving, and for anxiety the time spent in the center was determined. Motoric coordination was assessed in the accelerated RotaRod apparatus (Ugo Basile, Comerio, Italy). The ability to maintain balance on a rotating wheel,  the speed was increased from 4 to 40 revolutions per minute (rpm) over a 5-min period, starting after 10 seconds at a constant 4 rpm [9,79]. 

2.11. Immunohistochemistry 

Animals were perfused transcardially with 4% PFA (Sigma-Aldrich Ltd. Budapest, Hungary) solution, then brains and the L-4, 5, 6 spinal cord segments were harvested. Samples were incubated in 4% PFA for 4 hours at room temperature, then cryoprotection was performed by placing the tissues into 30% sucrose (Duchefa Biochemie, Amsterdam, The Netherlands) in 0.1 M PBS for overnight at 4°C. 30 μm coronal sections were prepared with a freezing microtome (Leica Biosystems Nussloch GmbH, Nußloch, Germany) from 3-4 animals per group. Free floating slices were stored in antifreeze solution (30% glycerol, 20% ethylene-glycol, 0.1 M PBS) at -30 ºC until further use. 

Slides were washed at room temperature with 0.05 M Tris-buffered saline (TBS, pH 7.6) 3 x 10 min, endogenous peroxidase was blocked with 0.5% H2O2 for 30 min. After washing steps, samples were incubated with the astrocyte marker [89] mouse monoclonal anti-glial fibrillary acidic protein [diluted to 1: 1,000 in TBS+ 2,5% bovine serum albumin + 0.3 % Triton-X solution,  (GFAP Novocastra™ Leica Biosystems)] and microglia specific [45] rabbit polyclonal anti-ionized calcium binding adaptor molecule 1 (Iba1, Wako Chemicals GmbH, Germany)] antibodies [diluted to 1: 1,000 in the same buffer as GFAP overnight at room temperature. 

The primary antibody was followed by 2-hour incubation with the secondary antibody kit Vectastain Elite ABC HRP Kit (Vector Labs, USA). A chromogen complex, Nickel (II) sulphate hexahydrate/3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich Ltd, Budapest, Hungary) was used to ‘visualize’ the targeted antigens.

Finally, sections were washed in TBS, dehydrated in ethanol and xylol and mounted in Pertex® mounting medium (VWR International Ltd, Budapest, Hungary). For control, the primary antibody was omitted in some sections; these control sections showed no immunoreactive products.

In the case of GFAP and Iba1, the immunoreactivity was determined as cell/cm3 with the help of Nikon Eclipse Ni-E microscope and Neurolucida™ software in the primer somatosensory cortex (SSC) and periaqueductal grey (PAG) as well as in the L4-6 spinal dorsal horn.
2.12. Statistical analysis
The data were expressed as means ± SEM. The results from the immunohistochemical work analyzed with one-way ANOVA followed by Bonferroni multiple comparisons. The results from the functional tests were analysed with two-way ANOVA, also supplemented by Bonferroni multiple comparisons. The Bonferroni correction method was chosen on the grounds of having a small number of multiple comparisons. In all cases, p < 0.05 was considered statistically significant.
3. RESULTS
3.1. Functional testing for DRG transcriptomic analysis

To determine the pain progress, as the leading symptom of CRPS resulted after IgG treatment and injury, mechanonociceptive thresholds of the hindpaws were tested before, 1 and 5 days after the injury. The control values of the injured paws were 7.27+0.20 and 7.29+0.17g in Healthy IgG- and CRPS IgG-treated mice, respectively (no significant differences) (Fig. 1B). A remarkable decrease of the mechanonociceptive threshold, approximately 45-50% was observed after a plantar skin and muscle incision, while mechanonociceptive thresholds on non-injured side were not differed (data not shown). Repeated daily intraperitoneal injections of CRPS IgG significantly maintained the decreased level of the mechanonociceptive threshold (mechanical hyperalgesia) compared to the Healthy IgG-treated group (4.81+0.23 g vs. 5.95+0.42 g). 
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Figure 1. (A) Study protocol flow chart and (B) mechanonociceptive thresholds of the hindpaw. Touch sensitivity thresholds were measured on days 0 and 5. The right hindpaws were incised on day 0, 6 h after the first immunoglobulin (IgG) injection. Data are presented as means + SEM of 6 mice/group; *P < 0.05 vs. injured side of Healthy IgG-treated mice; ####P < 0.0001 vs. respective contralateral side; two-way ANOVA followed by Bonferroni’s multiple comparison test.
3.2. Neuroinflammation-related genes are differently regulated between CRPS or Healthy IgG-treated mice

In the injured side DRG samples of the CRPS IgG-treated mice, 48 genes were upregulated, 77 genes were downregulated in the CRPS IgG treated DRG samples (Fig. 2). The neuronal transcription factor homeobox C11 (Hoxc11) is ranked first. Other genes include oligodendrocyte transcription factor 1 (Olig1) and CD27 antigen (Cd27) showed also significant changes. Figure 2 shows the heat map clustering of the 125 differentially expressed features for the comparison. As the heat map visualization demonstrates, some genes of the subset have higher expressions in control 2 than in control 1, that suggests biological variability between our samples. Healthy and CRPS IgG treated samples are clustered distinctly into two respective groups. Table 2 shows (A) twelve selected upregulated and (B) twelve selected downregulated genes, Supplementary (Suppl.) Table 2 demonstrates all differentially expressed genes in the mouse DRGs taken 5 days after plantar skin muscle incision, while Suppl. Fig. 1 shows individual transcript per million (TPM) data plots of some DE genes (individual TPM data was added in Suppl. Table 1. Table 3 displays selected results of functional enrichment analysis. Ranked list enrichment implicated cytokine-cytokine receptor interaction KEGG term, neuropeptide receptor and voltage-gated channel activity and leukocyte chemotaxis GO terms, among others. GO terms indicated by DE list enrichment include peptidase regulation and positive regulation of inflammatory response.
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Figure 2. Heat map representation of the differentially expressed genes in the dorsal root ganglia (DRG). Samples were taken 5 days after plantar skin-muscle incision in CRPS IgG-or Healthy IgG-treated mice. Rows show the genes and columns represent the individual DRG samples (n = 5-6 in each group). Rows and columns were hierarchically clustered using Pearson correlation distance measure and average method. Transcript per million (TPM) values are plotted and scaled in rows (gene-wise) by z-score calculation. Correlation between samples or genes is represented by the height of dendrogram branches as a distance: D=1-C, where D = Distance and C = correlation between compounds (genes or samples) or compound clusters. When compounds are highly correlated, they will have a larger correlation value and a smaller distance in turn.
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0.0453

 

ATPase type 13A5
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+
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Downregulated
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-
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-

4.35

 

0.0048
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+

 

+
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-

3.78

 

0.0139

 

oligodendrocyte transcription 
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+

 

 

 

+

 

 

22

 

-

3.73

 

0.0160
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-
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oligodendrocytic basic protein
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32

 

-

3.26

 

0.0225

 

WAP four

-

disulfide

 

core 

domain 21

 

Wfdc21

 

+

 

 

 

+

 

 

 

33

 

-

3.32

 

0.0235

 

S100 calcium binding protein 

A8 (calgranulin A)

 

S100a8

 

+

 

+

 

+

 

+

 

 

+

 

37

 

-

4.01

 

 

0.0370

 

homeobox D10

 

Hoxd10

 

 

 

 

 

+

 

+

 

41

 

-

3.60

 

0.0330
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+

 

+

 

 

 

 

43

 

-

2.95

 

 

0.0149

 

resistin
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+

 

 

 

 

48

 

-

2.90

 

0.0172

 

solute carrier family 6 

(neurotransmitter transporter, 

noradrenalin), member 2

 

Slc6a2

 

 

 

+

 

 

 

 

58

 

-

3.12

 

0.0348

 

S100 calcium binding protein 

A9 (calgranulin B)

 

S100a9

 

+

 

+

 

 

 

 

 

147

 

-

2.14

 

0.0085

 

signal 

transducing adaptor 

family member 1

 

Stap1

 

 

+

 

 

 

+

 

+

 


Table 2. List of differentially expressed genes in the dorsal root ganglia (DRG) samples of CRPS IgG-treated mice compared to the Healthy IgG-treated group
(A) Twelve selected upregulated and (B) twelve selected downregulated genes in the mouse DRGs taken 5 days after plantar skin muscle incision. Differentially expressed genes are ranked on the average of respective absolute fold change (FC) and P values (Avg rank: average rank), with cellular localization and potential functions of genes marked based on associated gene ontology (GO) terms.
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Supl. Fig. 1: Individual transcript per million data plots of some DE genes were shown in the CRPS incision and Healthy incision groups

[image: image6.emf]ID  FC  P   v alue  A vg   r ank  Description  Gene  EntrezID  

ENSMUSG00000055945  0.39  0.0016  53  proline rich 18  Prr18  320111  

ENSMUSG00000064982  4.57  0.0017  2  predicted gene. 25259  Gm25259   

ENSMUSG00000104471  0.27  0.0028  12  predicted gene. 38208  Gm38208   

ENSMUSG00000066952  2.20  0.0030  113  myosin 1H  Myo1h  231646  

ENSMUSG00000021278  0.39  0.0034  56  amnionless  Amn  93835  

ENSMUSG00000087524  0.21  0.0035  3  predicted gene 14285  Gm14285   

ENSMUSG00000029564  0.25  0.0039  7  RIKEN cDNA  4930519G04 gene  4930519G04Rik  67593  

ENSMUSG00000085875  0.36  0.0042  40  predicted gene 12905  Gm12905   

ENSMUSG00000090129  0.23  0.0048  5  olfactory receptor 287  Olfr287  634104  

ENSMUSG00000082101  0.28  0.0052  18  schlafen 14  Slfn14  237890  

ENSMUSG00000102694  0.26  0.0064  11  predicted gene, 37496  Gm37496   

ENSMUSG00000031162  0.22  0.0076  6  GATA binding protein 1  Gata1  14460  

ENSMUSG00000092889  0.24  0.0079  9  predicted gene, 22121  Gm22121   

ENSMUSG00000098177  0.45  0.0080  109  predicted gene 4823  Gm4823   

ENSMUSG00000029254  0.47  0.0085  147  signal transducing adaptor  family member 1  Stap1  56792  

ENSMUSG00000035875  3.01  0.0087  27  expressed sequence  AI182371  AI182371  98870  

ENSMUSG00000023192  3.01  0.0092  29  glutamate receptor,  metabotropic 2  Grm2  108068  

ENSMUSG00000001656  0.13  0.0094  1  homeobox C11  Hoxc11  109663  

ENSMUSG00000025726  4.34  0.0099  10  solute carrier family 28  (sodium - coupled  nucleoside transporter).  member 1  Slc28a1  434203  

ENSMUSG00000044322  3.96  0.0107  17  desmocollin 1  Dsc1  13505  

ENSMUSG00000103696  0.37  0.0115  52  predicted gene, 37531  Gm37531   

ENSMUSG00000104694  3.78  0.0115  19  predicted gene 43797  Gm43797   

ENSMUSG00000085318  5.44  0.0116  4  predicted gene 12524  Gm12524   

ENSMUSG00000058921  4.21  0.0126  16  solute carrier family   10  (sodium/bile acid  cotransporter family).  member 5  Slc10a5  241877  

ENSMUSG00000056399  0.20  0.0130  8  protease. serine 34  Prss34  328780  

ENSMUSG00000103722  0.32  0.0137  28  RIKEN cDNA  2700078F05 gene  2700078F05Rik   

ENSMUSG00000046160  0.26  0.0139  20  oligodendrocyte  transcription factor 1  Olig1  50914  

ENSMUSG00000086671  0.46  0.0144  145  predicted gene 13618  Gm13618   

ENSMUSG00000052293  2.33  0.0146  94  TATA - box binding  protein associated factor 9  Taf9  108143  

ENSMUSG00000032937  0.28  0.0148  23  follicle stimulating  hormone receptor  Fshr  14309  

ENSMUSG00000022651  0.34  0.0149  43  resistin like gamma  Retnlg  245195  

ENSMUSG00000043740  0.40  0.0150  75  RIKEN cDNA  B430306N03 gene  B430306N03Rik  320148  

ENSMUSG00000029866  0.21  0.0157  13  Kell blood  group  Kel  23925  

ENSMUSG00000032517  0.27  0.0160  22  myelin - associated  oligodendrocytic basic  protein  Mobp  17433  

ENSMUSG00000087063  3.49  0.0162  24  predicted gene 15857  Gm15857   


Table S2. List of differentially expressed genes in the dorsal root ganglia (DRG) samples of CRPS IgG-treated mice compared to the Healthy IgG-treated group. 
Differentially expressed genes in the dorsal root ganglia (DRG) samples taken 5 days after plantar skin muscle incision in CRPS IgG or Healthy IgG-treated mice. Differentially expressed genes are ranked on the average of respective absolute fold change (FC) and P values (Avg rank: average rank).

[image: image7.emf]KEGG ID  Ranked list enrichment   / KEGG    Annotated  P value  

04060  cytokine - cytokine receptor interaction  182  5.80E - 04  

04020  calcium signaling  166  9.94E - 03  

GO.ID  Ranked list enrichment/  Gene ontology  Annotated  P value  

 Molecular function    

0005125  cytokine activity  131  3.05E - 11  

0001653  peptide receptor activity  117  2.93E - 10  

0005201  extracellular matrix structural constituent  130  7.13E - 06  

0030414  peptidase inhibitor  134  7.55E - 05  

0008188  neuropeptide receptor activity  35  1.31E - 04  

0004896  cytokine receptor activity  83  3.29E - 04  

0022832  voltage - gated channel activity  181  3.29E - 04  

 Biological process    

0035456  response to interferon - beta  52  5.35E - 06  

0002819  regulation of adaptive immune response  170  1.92E - 05  

0007218  neuropeptide signaling  57  2.57E - 05  

0006959  humoral immunity  113  5.36E - 05  

0046631  alpha - beta T cell activation  144  8.50E - 05  

0030595  leukocyte chemotaxis  187  8.96E - 05  

GO.ID  DE list enrichment /   Gene ontology  Annotated/   Significant  P value  

 Molecular function    

0061134  peptidase regulation  164/4  4.91E - 03  

0004540  ribonuclease activity  95/3  7.35E - 03  

0038023  receptor signaling  818/8  2.02E - 02  

0001067  regulatory region nucleic acid binding  848/8  2.45E - 02  

0004857  enzyme inhibition  295/4  3.49E - 02  

 Biological process    

0050729  positive regulation of inflammatory response  120/5  1.00E - 04  

0006952  defense response  1194/13  5.80E - 04  

0002376  immune processes  2032/15  9.94E - 03  

0050900  leukocyte migration  306/6  1.20E - 03  

0002274  leukocyte activation  192/4  6.66E - 03  

 

 Table 3. Representative display of functional enrichment analysis of differentially expressed genes
Ranked list enrichment analysis was performed on the ranked list of all detected genes, and differentially expressed (DE) gene list enrichment on DE genes only. KEGG: Kyoto Encyclopedia of Genes and Genomes; GO: Gene Ontology; ID: identifier of the respective functional term; annotated: number of detected genes associated with the respective functional term; significant: number of differentially expressed genes associated with the respective functional term.

3.3. CRPS IgG injection induces neuroinflammatory changes in the DRG linked to including TNF and JAK-STAT signaling
The Il-6-JAK1/2-STAT3 signaling pathway was statistically significantly implicated in the same comparison. IL6 gene product activates its receptors coded by the genes IL6R and IL65T. This in turn positively regulates the JAK1/2, TYK2 and SRC gene products resulting in STAT3/1/5B activation. This cumulates in inflammation as well as hyperalgesia induced by prostaglandin E2 release (Fig. 3A).

Tumor necrosis factor (TNF) signaling pathway was also significantly implicated at the gene expression level when the injured side DRG samples of the CRPS IgG-treated mice were compared to injured side DRGs of Healthy IgG-treated mice. TNF gene product activates TNFRS F1B, that upregulates mitogen-activated protein kinase cascades eventually resulting in neurotransmitter release and pain response and perception (Fig. 3B). 
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Figure 3. Interaction network of (A) JAK-STAT and (B) TNF cytokine signaling cascade based on transcriptomic analysis of the dorsal root ganglia. The circles represent the contributors and the lines represent the relationships between them. IL6: interleukin-6; ERBB2: Erb-B2 Receptor Tyrosine Kinase 2; IL65T: interleukin-65T, IL6R: interleukin-6 receptors; SRC: SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase; JAK1/2: Janus Kinase 1/2; TYK2: Tyrosine Kinase 2;  PTN11: Protein Tyrosine Phosphatase Non-Receptor Type 11; GRB2: Growth Factor Receptor Bound Protein 2; SOS’: SOS Ras/Rac Guanine Nucleotide Exchange Factor 1; RAS: Rat sarcoma (gene family); RAF1: Raf-1 Proto-Oncogene, Serine/Threonine Kinase; MAPK: Mitogen-Activated Protein Kinase (gene family); CEBPB: CCAAT Enhancer Binding Protein Beta; STAT: Signal Transducer And Activator Of Transcription (gene family); PTGER4: Prostaglandin E Receptor 4; CXCL8: C-X-C Motif Chemokine Ligand 8; IL2RA: Interleukin 2 Receptor Subunit Alpha; PTGS2: Prostaglandin-Endoperoxide Synthase 2; IL21: Interleukin 21; NOS3: Nitric Oxide Synthase 3; TNF: Tumor Necrosis Factor; NGFR: Nerve Growth Factor Receptor; TNFRS1B: TNF Receptor Superfamily Member 1B; TRADD: TNFRSF1A Associated Via Death Domain; TAF: TNF Receptor Associated Factor (gene family); NMDA-R: Glutamate Ionotropic Receptor NMDA Type (gene family); TRPV1: Transient Receptor Potential Cation Channel Subfamily V; SCN10A: Sodium Voltage-Gated Channel Alpha Subunit 10; ANXA2: Annexin A2 (modified from the original Pathway Studio™ analysis output). Different shapes and colours indicating different molecules: protein-light: beige, protein ligand: light blue, protein kinase: green, protein phosphatase: yellow, receptor protein: dark grey, transcription factor: light pink, small molecule: dark blue. Moreover, the biological processes are shown as coloured lines and arrows where the most significant pathways are highlighted: binging: red, chemical reaction: black, protein modification: red, promoter binding: green, molecular synthesis: light blue, expression: dark blue.
3.4. Both etanercept and tofacitinib prevent CRPS patient-derived IgG- evoked enhanced mechanical hyperalgesia, but not edema
The avarage mechanonociceptive control values on the affected limb were the following in cases of the different treatment groups: 8.84+0.0.11 g (Healthy IgG), 8.64+0.24 g (CRPS IgG), 8.41+0.24 g (CRPS IgG+etanercept) and 8.14+0.28 g (CRPS IgG+tofacitinib) (Fig. 4A). 37-49% relative mechanonociceptive threshold decrease was detected in all groups, 1 day after the plantar skin and muscle incision surgery. The developing mechanical hyperalgesia was 49.38+6.67% in the CRPS IgG-treated group, which was partially maintained by the end of the experiment (29.49+7.50%). Mice injected with IgG from healthy volunteers had a significantly lower mechanonociceptive threshold decrease, compared to the CRPS patient derived IgG-treated mice (15.39+7.31% vs. 38.81+4.08% on day 3; 5.55+4.99% vs. 29.49+7.50% on day 7, respectively).
Daily injections of tofacitinib significantly alleviated the developing mechanical hyperalgesia from day 3 compared to the CRPS IgG-treated group (20.30+5.03% vs.38.81+4.08% on day 3; 9.92+6.02% vs. 34.31+3.93% on day 4, respectively). Daily repeated etanercept administration also diminished the mechanosensitivity of the affected limbs, but this decrease was significant only on day 7 compared to the CRPS IgG-treated group (7.81+7.50% vs. 29.49+7.50%). 
Plantar incision induced 27-35% paw swelling on the affected side in all groups one day after the surgery, which was diminished normally by the end of the experiment. Despite hyperalgesia CRPS IgG treatment did not increase edema. Neither etanercept nor tofacitinib administration significantly influenced edema formation (Fig. 4B). 
Administration of single dose of etanercept (5 mg/kg i.p.) or tofacitinib (30 mg/kg s.c.) did not influence either spontaneous locomotor activity or motor coordination (data shown in Supl. Fig.2).
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Figure 4. Effects of etanercept or tofacitinib treatment on plantar skin-muscle incision-induced (A) mechanical hyperalgesia and (B) swelling of the mouse hindpaw. CRPS or Healthy human IgG were administered i.p. daily, etanercept (5 mg/kg i.p.) was injected every afternoon, and tofacitinib (30 mg/kg s.c.) twice a day during the whole experimental period. Data points are means + SEM of 6 mice/group; **P < 0.01 (vs. healthy control mice); #P < 0.05 (vs. CRPS IgG + etanercept-treated mice); +P < 0.05; ++P < 0.01 (vs. CRPS IgG + tofacitinib-treated mice); two-way ANOVA followed by Bonferroni’s multiple comparison test.
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Supl. Fig 2. Effects of etanercept (5 mg/kg i.p.) or tofacitinib (30 mg/kg s.c.) on locomotor activity (A, B), anxiety (C) and motor coordination (D) 1 hour after the treatments. Values are expressed as means ± SEM of 6 animals/group; statistical analysis was performed with 1-way ANOVA followed by Bonferroni post-hoc test. 
3.6. Inhibiting TNF and JAK (Janus kinase) signaling mitigates the CRPS IgG-induced neuroinflammation in the spinal dorsal horn and pain-related brain regions 

Significant GFAP elevation was observed in response to small plantar incision in the CRPS IgG treated group compared to the Healthy IgG treated animals 7 days after injury in the spinal cord dorsal horn. This elevation was remarkably decreased after etanercept administration, while the tofacitinib treatment did not affect the number of GFAP positive cells (Fig. 5 A). 

In the PAG, we found a significant, 1.5-fold increase in the GFAP immunoreactivity in the CRPS IgG treated group, which was diminished by both etanercept and tofacitinib. GFAP positivity in the SSC was significantly higher in the injured side and similarly to PAG we observed reduced cell number in the etanercept and tofacitinib administered animals (Fig. 5, B and C). 
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Figure 5. (A-C) Quantification and (D-G) representative photomicrographs of GFAP-immunopositive astrocytes. Panel A shows GFAP density in laminae I-II of the L-4, 5, 6 spinal dorsal horn, panel B in the lateral periaqueductal grey matter (L-PAG) and panel C in the somatosensory cortex (SSC) 7 days after skin-muscle incision. Columns represent the means ± SEM of 6-7 mice per group; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. respective control groups; #P < 0.05; ##P < 0.01; ###P < 0.001 vs. respective contralateral side; one-way ANOVA followed by Bonferroni’s multiple comparison test.

Representative images illustrating GFAP-immunopositive astrocytes in the L-PAG of (D) Healthy IgG-treated control, (E) CRPS IgG-treated, (F) CRPS IgG + etanercept-treated and (G) CRPS IgG + tofacitinib-treated mice. Scale bars represent 100 µm, magnifications are 10x and 20x in the inserts.
Significant increase of Iba1 protein expression was detected in the dorsal horn of CRPS-treated animals. Etanercept treatment caused only a non-significant slight decrease, while tofacitinib significantly attenuated the Iba1 protein expression both in the injured and contralateral sides of the spinal cord (Fig. 6 A). In the PAG we measured augmented Iba1 immunopositivity in response to CRPS IgG, which was alleviated by etanercept and tofacitinib. In the case of SSC, we detected slightly elevated Iba1 immunoreactivity in all cases in response to small plantar incision; however, neither etanercept, nor tofacitinib was able to reduce the immunopositivity in combination with CRPS treatment (Fig. 6B and C).
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Figure 6. Quantification and representative photomicrographs of Iba1 immunopositive microglia. Panels show Iba1 density in (A) laminae I-II of the L-4, 5, 6 spinal dorsal horn, (B) lateral periaqueductal grey matter (L-PAG) and (C) somatosensory cortex (SSC) 7 days after incision. Data are means ± SEM of 6-7 mice per group; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 vs. respective control groups; one-way ANOVA followed by Bonferroni’s multiple comparison test.

Representative images illustrating Iba1-immunopositive microglia in the L-PAG, (D) in Healthy IgG-treated control, (E) in CRPS IgG-treated, (F) in CRPS IgG + etanercept (5 mg/kg i.p) treated and (G) in CRPS IgG + tofacitinib (30 mg/kg s.c.) treated groups. Scale bars represent 100 µm, magnifications are 10x and 20x in the inserts.
4. DISCUSSION

This is the first study, which identifies potential main pathophysiological pathways related to neuroinflammation and cytokine signaling in the DRG using unbiased transcriptomic analysis in a translational PTT model of CRPS. This is a novel approach in pharmacological research, representing a recent paradigm shift in this area. Number of pharmacological interventions could have been used based on RNA sequencing and bioinformatics analysis, we provide evidence that TNF and JAK-STAT pathways may represent new preventive or therapeutic options for the treatment of CRPS-related chronic pain, and etanercept and/or tofacitinib could be repurposed for this indication. Since complex sensory-vascular-immune mechanisms are involved in the pathophysiology of CRPS [5], modelling the disease in animal experiments has several difficulties and limitations [3,14,76].  Other preclinical studies have used tibia fracture/cast immobilization [44,48,56] or CPIP models [4,40,91], but the PTT mouse model is relevant to investigate neuroinflammation and sensitization related to human disease-specific autoimmune mechanisms [36,84]. 
Recent results suggest that primary sensory neurons whose cell bodies are located in the DRG [59,88,91] are key elements of chronic pain sensitization and neuroinflammation in CRPS  [91]; these cells are activated by a broad range of mechanical, thermal and chemical stimuli [60]. However, there might be several mechanisms for this: we have provided evidence that peripheral inflammation is not the main mechanism in this process and we have shown that neuroinflammation plays an important role in the CNS regions (brain, spinal cord), but we do not know what is going on at the level of the primary sensory neurons. DRG is indeed an important component of pain sensitization therefore, we focused on this with an unbiased transcriptomic approach to examine the mechanisms in this process. Certainly, the DRG is only one component of the pain processing pathways, and we do not consider this an exclusive mechanism.
RNA-seq is a widely used, novel technique to study the transcriptomic profile of the sensory ganglia and spinal cord dorsal horn in both rodents [11,30,40,51,58,81,91] and humans [58,67]. This technology can provide useful information in relation to pain. Comparative transcriptome profiling of the human and mouse DRGs [67] and sex differences in gene regulation have been demonstrated in nerve injury pain models in rats [81]. Hu and coworkers revealed distinct injury responses in different types of DRG sensory neurons after sciatic nerve transection by single-cell RNA-seq [40]. Recently, DRG transcriptome profiling in a rat post ischemic pain (CRPS type-I) model revealed neuroinflammatory mechanisms potentially involved in sensitization [91]. These results have indicated that unbiased transcriptome profiling may determine important mechanisms and potentially direct future pharmacotherapeutic options in CRPS.
We have earlier demonstrated good reproducibility and consistency of the PTT indicated by similar-sized hyperalgesia-increasing effects of the IgG fractions of 6 [84]  and 7 [36] patients after small plantar skin-muscle incision, similar to our current investigation. Meanwhile, paw swelling was not increased in our current study consistent with the previously observed highly variable degree of paw swelling in this model between patient-preparations, which may reflect donor-characteristics; the present patient donor had only minimal edema [36]. This suggests that increased hyperalgesia develops selectively and largely independent from abnormal peripheral neurovascular regulation in our model. 
Involvement of IgM type autoantibodies was proposed by experimental data obtained in a tibia-fracture casing model [31,39,52,53]. IgM effect are unlikely to contribute in the PTT model, since the flowthrough samples (non-bound fraction after passing the plasma through a protein G column) only lacking IgG, but containing IgM together with all other plasma components did not have any effects in earlier studies; notably the total mass of IgM transferred in our model has been considerably larger than that transferred in the tibia fracture-casting model [84]. The success of the latter model rests on the implementation of a period of 4-week limb-casting after fracture and we cannot exclude that implementation of casting in our model would exert additional effects.  

We identified 125 differentially expressed (DE) genes contributing mainly to inflammatory, immune and/or signal transduction processes. Further analysis of the molecular and cellular functions of these DE genes also revealed potential roles of cytokine activities including cytokine-cytokine receptor interactions, such as the JAK-STAT and TNF signaling pathways (Fig. 3A and B). 

In a CPIP rat model of complex regional pain syndrome type-I, transcriptome profiling of DRGs 7 days post-injury had revealed potential mechanisms involved in pain [91]. The enriched biological processes and molecular functions (e.g., cytokine activity) indicated neuroinflammation as predominant in the CPIP model pathophysiology coinciding with previous studies on neuropathic pain explored comparatively by Yin and colleagues. Some GO results of our study are similar to those found in the rat model, such as leukocyte migration, endopeptidase and cytokine activity. Furthermore, our ranked list KEGG enrichment analysis yielded seven metabolic pathways also implicated in the CPIP model which are mainly associated with immune or autoimmune-related pathophysiology (e.g., graft-versus-host disease, viral myocarditis). It is noteworthy that like in our model, the CPIP study also found IL-6, a major activator of JAK/STAT signaling to be among the most highly upregulated pain-related genes.
The upregulation of Cd177s, 100a8 and s100a9 are in relation to both neutrophils and glia cells. Neutrophils barely invade dorsal root ganglia after peripheral injury, however they are present in increased numbers within the meninges and perineurial membranes around the DRGs and spinal roots [61]. Cd177 was originally considered to be a neutrophil marker, but later it turned out to be also produced by microglia [13]. Its expression level was shown to be elevated after brain injury [33]. The levels of the S100 calcium-binding proteins such as S100A8, S100A9, and S100A12 are highly expressed in neutrophils, monocytes and activated macrophages. In the presence of calcium, S100A8 and S100A9 associate noncovalently to form the heterodimer S100A8/A9 [72]. These proteins are found at high levels in the extracellular milieu during inflammatory conditions [73] and their levels were reported to be elevated in Alzheimer's disease patients’ brain [37,78]. Their potential roles in neutrophil migration to inflammatory sites and increased neutrophil activity in diseases such as rheumatiod artritis was also described [72]. In addition, S100A8 is one of the ligands of the receptor for advanced glycation end product expressed in almost all brain cells including microglia, astrocytes and neurons [55].
We found the Cd27 gene encoding the protein of the TNF-receptor superfamily to be significantly upregulated. The involvement of this receptor has been reported in T cell- dependent  immunity and neuroinflammation [10,65]. The functional relevance of the TNF pathway was evidenced by the ability of the soluble TNF receptor etanercept [86] to abolish CRPS IgG-induced hyperalgesia and glia cell activation in our model. Etanercept competitively inhibits the binding of TNF to its receptors in the cell membrane, thereby preventing the inflammatory cascade [46,64] via the NFkB and mitogen-activated protein kinase signaling. Both the microglia marker, Iba1 and astrocyte marker GFAP increases were significantly reduced by etanercept in pain-related CNS regions, such as the spinal dorsal horn, PAG and SSC. Etanercept effectively improves motor function and alleviate neuronal and glial apoptosis, as well as gliosis in a mouse model of traumatic brain injury [12].  It also protects against retinal ischemia by preserving axonal structure and decreasing microglial activation in rats [2], and  reduces neuroinflammation and mortality by inhibiting glial activation and neuronal damage in mouse encephalitis [90].  The anti-TNF- α monoclonal antibody adalimumab appeared to alleviate mechanical hypersensitivity in some CRPS type-1 patients, potentially supporting the involvement of TNF in this pain condition [19]. On the other hand, infliximab appeared ineffective in a small RCT which was terminated early [16].
The JAK-STAT signaling pathway plays a critical role in inflammatory and immune responses. Its inhibition by tofacitinib which prevents the phosphorylation and consequent activation of STATS [22], is a potential therapeutic option for methotrexate-resistant moderate to severe rheumatoid arthritis, psoriasis, alopecia areata, atopic dermatitis and ankylosing spondylitis [35,38,41,49,50]. We found that systemic tofacitinib administration prevented CRPS IgG-induced hyperalgesia increase and glia cell activation demonstrated by reduced astrogliosis and microgliosis in the spinal dorsal horn, PAG. The signal transduction via JAKs is an astrocyte-specific pain pathway, which can be activated in diverse conditions. Intrathecal administration of the JNK inhibitor, SP600125 prevented allodynia CPIP model of CRPS in rats [85]. 
The site(s) of action of etanercept or tofacitinib cannot be precisely determined based on the present results. There are likely multiple targets both in the peripheral and CNS (DRG, spinal dorsal horn, PAG, somatosensory cortex etc.).

A limitation of our study is the relatively short duration of our experiments which might not be completely translatable to persistent CRPS lasting for several years. The timeframe of a few weeks is necessitated by the limits to the availability of human serum IgG, and the risk for the development of serum sickness after its long-term administration to mice, although more research is required into the feasibility of expanding it [6].  Here we measured gene expression differences in the DRGs and inferred pathophysiological processes in the primary sensory neurons associated with the hyperalgesia-increasing phenotype stably observed in this model [36, 84]. Our conclusions were drawn for CRPS mechanisms, since the hyperalgesia-increasing effect was produced by the CRPS patients’ IgG, but not for individual patients. To address this limitation, we are planning to further investigate the effects of IgG from several CRPS patients by wider set of approaches (metabolomics, PBMC transcriptomics, central nervous system omics) in a separate study. Another limitation is that the transcriptomic analysis was only performed on the DRGs which reflects changes at the level of the primary sensory neurons being one component in the pain processing pathway. However, the results of pharmacological interventions proved the hypothesis generated from these data. We used only female mice, and although CRPS is 3-4-times more common in women than in men we propose that study of the PTT model in male mice would be an informative addition to future studies [36,63,84]. 
In conclusion, we provided evidence, that the transcriptomic analysis of the DRGs is a valuable tool to identify important mechanisms of pain in our novel translational passive transfer-trauma CRPS mouse model. Neuroinflammatory pathways including TNF and JAK-STAT signaling are likely to play crucial roles in CRPS-related glia cell activation and pain sensitization. Therefore, etanercept and/or tofacitinib should be considered for drug repurposing in CRPS therapy. 
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		A. Upregulated



		Avg rank

		FC

		P value

		Description

		Gene

		Function

		Localization



		

		

		

		

		

		Inflammatory response

		Signal transduction

		Plasma membrane

		Extracellular  matrix 

		Nucleus

		Cytoplasm



		10

		4.34

		0.0099

		solute carrier family 28 (sodium-coupled nucleoside transporter), member 1

		Slc28a1

		

		

		+

		

		

		



		17

		3.96

		0.0107

		desmocollin 1

		Dsc1

		

		

		+

		

		

		



		27

		3.01

		0.0087

		expressed sequence AI182371

		AI182371

		+

		

		

		+

		

		



		29

		3.01

		0.0092

		glutamate receptor, metabotropic 2

		Grm2

		

		+

		+

		

		

		



		70

		2.87

		0.0358

		tripartite motif-containing 75

		Trim75

		+

		

		

		

		

		



		73

		2.57

		0.0166

		polycystic kidney disease 2-like1

		Pkd2l1

		

		+

		+

		

		

		



		88

		2.49

		0.0251

		SLAM family member 7

		Slamf7

		+

		

		+

		

		

		



		94

		2.33

		0.0146

		TATA-box binding protein associated factor 9

		Taf9

		

		+

		

		

		+

		



		96

		2.46

		0.0316

		visual system homeobox 1

		Vsx1

		

		+

		

		

		+

		



		119

		2.28

		0.0250

		CD27 antigen

		Cd27

		+

		+

		+

		

		

		



		185

		2.17

		0.0491

		interphotoreceptor matrix proteoglycan 1

		Impg1

		

		

		

		+

		

		



		251

		2.01

		0.0453

		ATPase type 13A5

		Atp13a5

		

		+

		+

		

		

		



		B. Downregulated



		1 

		-7.42



		0.0094

		homeobox C11

		Hoxc11

		

		

		

		

		+

		+



		5

		-4.35

		0.0048

		olfactory receptor 287

		Olfr287

		

		+

		+

		

		

		



		20

		-3.78

		0.0139

		oligodendrocyte transcription factor 1

		Olig1

		

		+

		

		

		+

		



		22

		-3.73

		0.0160

		myelin-associated oligodendrocytic basic protein

		Mobp

		

		

		

		

		

		+



		32

		-3.26

		0.0225

		WAP four-disulfide core domain 21

		Wfdc21

		+

		

		

		+

		

		



		33

		-3.32

		0.0235

		S100 calcium binding protein A8 (calgranulin A)

		S100a8

		+

		+

		+

		+

		

		+



		37

		-4.01



		0.0370

		homeobox D10

		Hoxd10

		

		

		

		

		+

		+



		41

		-3.60

		0.0330

		integrin beta 2-like

		Itgb2l

		+

		+

		+

		

		

		



		43

		-2.95



		0.0149

		resistin like gamma

		Retnlg

		

		+

		+

		

		

		



		48

		-2.90

		0.0172

		solute carrier family 6 (neurotransmitter transporter, noradrenalin), member 2

		Slc6a2

		

		

		+

		

		

		



		58

		-3.12

		0.0348

		S100 calcium binding protein A9 (calgranulin B)

		S100a9

		+

		+

		

		

		

		



		147

		-2.14

		0.0085

		signal transducing adaptor family member 1

		Stap1

		

		+

		

		

		+

		+








		Clinical phenotypes of CRPS patient



		Age at time of plasma donation

		38



		Sex

		F



		Affected limb

		Lower



		Eliciting event

		operation for orthopedic foot condition



		CRPS type

		1



		Disease duration (years)

		10



		Pain intensity

		9-10



		Concomitant disease

		Hypercoagulability of unknown cause on anti-coagulants








		ID

		FC

		P value

		Avg rank

		Description

		Gene

		EntrezID



		ENSMUSG00000055945

		0.39

		0.0016

		53

		proline rich 18

		Prr18

		320111



		ENSMUSG00000064982

		4.57

		0.0017

		2

		predicted gene. 25259

		Gm25259

		



		ENSMUSG00000104471

		0.27

		0.0028

		12

		predicted gene. 38208

		Gm38208

		



		ENSMUSG00000066952

		2.20

		0.0030

		113

		myosin 1H

		Myo1h

		231646



		ENSMUSG00000021278

		0.39

		0.0034

		56

		amnionless

		Amn

		93835



		ENSMUSG00000087524

		0.21

		0.0035

		3

		predicted gene 14285

		Gm14285

		



		ENSMUSG00000029564

		0.25

		0.0039

		7

		RIKEN cDNA 4930519G04 gene

		4930519G04Rik

		67593



		ENSMUSG00000085875

		0.36

		0.0042

		40

		predicted gene 12905

		Gm12905

		



		ENSMUSG00000090129

		0.23

		0.0048

		5

		olfactory receptor 287

		Olfr287

		634104



		ENSMUSG00000082101

		0.28

		0.0052

		18

		schlafen 14

		Slfn14

		237890



		ENSMUSG00000102694

		0.26

		0.0064

		11

		predicted gene, 37496

		Gm37496

		



		ENSMUSG00000031162

		0.22

		0.0076

		6

		GATA binding protein 1

		Gata1

		14460



		ENSMUSG00000092889

		0.24

		0.0079

		9

		predicted gene, 22121

		Gm22121

		



		ENSMUSG00000098177

		0.45

		0.0080

		109

		predicted gene 4823

		Gm4823

		



		ENSMUSG00000029254

		0.47

		0.0085

		147

		signal transducing adaptor family member 1

		Stap1

		56792



		ENSMUSG00000035875

		3.01

		0.0087

		27

		expressed sequence AI182371

		AI182371

		98870



		ENSMUSG00000023192

		3.01

		0.0092

		29

		glutamate receptor, metabotropic 2

		Grm2

		108068



		ENSMUSG00000001656

		0.13

		0.0094

		1

		homeobox C11

		Hoxc11

		109663



		ENSMUSG00000025726

		4.34

		0.0099

		10

		solute carrier family 28 (sodium-coupled nucleoside transporter). member 1

		Slc28a1

		434203



		ENSMUSG00000044322

		3.96

		0.0107

		17

		desmocollin 1

		Dsc1

		13505



		ENSMUSG00000103696

		0.37

		0.0115

		52

		predicted gene, 37531

		Gm37531

		



		ENSMUSG00000104694

		3.78

		0.0115

		19

		predicted gene 43797

		Gm43797

		



		ENSMUSG00000085318

		5.44

		0.0116

		4

		predicted gene 12524

		Gm12524

		



		ENSMUSG00000058921

		4.21

		0.0126

		16

		solute carrier family 10 (sodium/bile acid cotransporter family). member 5

		Slc10a5

		241877



		ENSMUSG00000056399

		0.20

		0.0130

		8

		protease. serine 34

		Prss34

		328780



		ENSMUSG00000103722

		0.32

		0.0137

		28

		RIKEN cDNA 2700078F05 gene

		2700078F05Rik

		



		ENSMUSG00000046160

		0.26

		0.0139

		20

		oligodendrocyte transcription factor 1

		Olig1

		50914



		ENSMUSG00000086671

		0.46

		0.0144

		145

		predicted gene 13618

		Gm13618

		



		ENSMUSG00000052293

		2.33

		0.0146

		94

		TATA-box binding protein associated factor 9

		Taf9

		108143



		ENSMUSG00000032937

		0.28

		0.0148

		23

		follicle stimulating hormone receptor

		Fshr

		14309



		ENSMUSG00000022651

		0.34

		0.0149

		43

		resistin like gamma

		Retnlg

		245195



		ENSMUSG00000043740

		0.40

		0.0150

		75

		RIKEN cDNA B430306N03 gene

		B430306N03Rik

		320148



		ENSMUSG00000029866

		0.21

		0.0157

		13

		Kell blood group

		Kel

		23925



		ENSMUSG00000032517

		0.27

		0.0160

		22

		myelin-associated oligodendrocytic basic protein

		Mobp

		17433



		ENSMUSG00000087063

		3.49

		0.0162

		24

		predicted gene 15857

		Gm15857

		



		ENSMUSG00000005800

		0.36

		0.0163

		54

		matrix metallopeptidase 8

		Mmp8

		17394



		ENSMUSG00000037578

		2.57

		0.0166

		72

		polycystic kidney disease 2-like 1

		Pkd2l1

		329064



		ENSMUSG00000095845

		3.35

		0.0170

		26

		predicted gene 5741

		Gm5741

		100503710



		ENSMUSG00000055368

		0.35

		0.0172

		48

		solute carrier family 6 (neurotransmitter transporter. noradrenalin), member 2

		Slc6a2

		20538



		ENSMUSG00000050625

		2.02

		0.0178

		209

		coiled-coil domain containing 121

		Ccdc121

		403180



		ENSMUSG00000094088

		0.19

		0.0191

		15

		immunoglobulin heavy variable 1-64

		Ighv1-64

		



		ENSMUSG00000087564

		0.32

		0.0193

		39

		predicted gene 11817

		Gm11817

		



		ENSMUSG00000062148

		0.18

		0.0194

		14

		eosinophil-associated. ribonuclease A family, member 6

		Ear6

		93719



		ENSMUSG00000104454

		2.66

		0.0202

		64

		predicted gene, 37827

		Gm37827

		



		ENSMUSG00000086123

		0.31

		0.0205

		34

		predicted pseudogene 16060

		Gm16060

		



		ENSMUSG00000099068

		3.46

		0.0205

		25

		predicted gene, 27861

		Gm27861

		



		ENSMUSG00000095681

		2.83

		0.0213

		55

		predicted gene. 8281

		Gm8281

		



		ENSMUSG00000039699

		2.98

		0.0223

		47

		basic leucine zipper transcription factor, ATF-like 2

		Batf2

		74481



		ENSMUSG00000051748

		0.31

		0.0225

		32

		WAP four-disulfide core domain 21

		Wfdc21

		66107



		ENSMUSG00000102474

		0.37

		0.0227

		66

		RIKEN cDNA 2610012C04 gene

		2610012C04Rik

		



		ENSMUSG00000078122

		0.43

		0.0234

		103

		RIKEN cDNA F630028O10 gene

		F630028O10Rik

		100038363



		ENSMUSG00000056054

		0.30

		0.0235

		33

		S100 calcium binding protein A8 (calgranulin A)

		S100a8

		20201



		ENSMUSG00000102014

		2.29

		0.0239

		115

		RIKEN cDNA 2900009J06 gene

		2900009J06Rik

		100502745



		ENSMUSG00000095380

		0.39

		0.0243

		80

		predicted gene, 23952

		Gm23952

		



		ENSMUSG00000095027

		0.39

		0.0243

		82

		predicted gene, 24017

		Gm24017

		



		ENSMUSG00000030336

		2.28

		0.0250

		119

		CD27 antigen

		Cd27

		21940



		ENSMUSG00000038179

		2.49

		0.0251

		88

		SLAM family member 7

		Slamf7

		75345



		ENSMUSG00000071036

		0.30

		0.0258

		35

		predicted gene 10309

		Gm10309

		



		ENSMUSG00000104116

		0.47

		0.0266

		161

		predicted gene. 37296

		Gm37296

		



		ENSMUSG00000036123

		1.98

		0.0267

		235

		solute carrier family 9 (sodium/hydrogen exchanger), member 3

		Slc9a3

		105243



		ENSMUSG00000107301

		0.47

		0.0268

		165

		predicted gene 43688

		Gm43688

		



		ENSMUSG00000086237

		0.30

		0.0269

		36

		predicted gene 15591

		Gm15591

		



		ENSMUSG00000044217

		3.37

		0.0270

		38

		aquaporin 5

		Aqp5

		11830



		ENSMUSG00000029586

		2.93

		0.0275

		57

		speedy/RINGO cell cycle regulator family, member E4B

		Spdye4b

		330228



		ENSMUSG00000072600

		0.20

		0.0277

		21

		eosinophil-associated. ribonuclease A family, pseudogene 9

		Ear-ps9

		



		ENSMUSG00000045350

		2.82

		0.0282

		62

		family with sequence similarity 186. member A

		Fam186a

		72277



		ENSMUSG00000095477

		3.13

		0.0287

		51

		predicted gene, 25076

		Gm25076

		



		ENSMUSG00000020010

		0.40

		0.0293

		89

		vanin 3

		Vnn3

		26464



		ENSMUSG00000098651

		3.31

		0.0295

		46

		microRNA 6999

		Mir6999

		102465604



		ENSMUSG00000051839

		0.26

		0.0295

		31

		glycophorin A

		Gypa

		14934



		ENSMUSG00000043873

		0.46

		0.0310

		163

		chitinase-like 5

		Chil5

		229687



		ENSMUSG00000077559

		0.29

		0.0314

		42

		predicted gene, 23175

		Gm23175

		



		ENSMUSG00000033080

		2.46

		0.0316

		96

		visual system homeobox 1

		Vsx1

		114889



		ENSMUSG00000057346

		2.17

		0.0323

		160

		apolipoprotein L 9a

		Apol9a

		223672



		ENSMUSG00000024905

		2.30

		0.0323

		125

		testis expressed metallothionein like

		Tesmin

		17771



		ENSMUSG00000000157

		0.28

		0.0330

		41

		integrin beta 2-like

		Itgb2l

		16415



		ENSMUSG00000023995

		0.26

		0.0342

		30

		translocator protein 2

		Tspo2

		70026



		ENSMUSG00000084797

		2.14

		0.0342

		174

		predicted gene 14321

		Gm14321

		



		ENSMUSG00000086451

		2.16

		0.0343

		166

		RIKEN cDNA 4933431K23 gene

		4933431K23Rik

		



		ENSMUSG00000046782

		0.34

		0.0344

		61

		tetratricopeptide repeat domain 6

		Ttc6

		70846



		ENSMUSG00000088139

		0.35

		0.0345

		68

		predicted gene, 27343

		Gm27343

		



		ENSMUSG00000025481

		2.47

		0.0346

		97

		urate (5-hydroxyiso-) hydrolase

		Urah

		76974



		ENSMUSG00000056071

		0.32

		0.0348

		58

		S100 calcium binding protein A9 (calgranulin B)

		S100a9

		20202



		ENSMUSG00000097864

		2.81

		0.0350

		73

		predicted gene, 26856

		Gm26856

		



		ENSMUSG00000020037

		0.37

		0.0352

		83

		regulatory factor X, 4 (influences HLA class II expression)

		Rfx4

		71137



		ENSMUSG00000097800

		2.38

		0.0352

		116

		RIKEN cDNA B230344G16 gene

		B230344G16Rik

		100038636



		ENSMUSG00000104765

		2.45

		0.0354

		106

		predicted gene 43058

		Gm43058

		



		ENSMUSG00000071089

		2.87

		0.0358

		70

		tripartite motif-containing 75

		Trim75

		333307



		ENSMUSG00000084403

		0.37

		0.0360

		85

		ribosomal protein S15A. pseudogene 8

		Rps15a-ps8

		



		ENSMUSG00000025197

		0.42

		0.0363

		118

		cytochrome P450, family 2. subfamily c. polypeptide 23

		Cyp2c23

		226143



		ENSMUSG00000022129

		3.76

		0.0364

		44

		dopachrome tautomerase

		Dct

		13190



		ENSMUSG00000085124

		3.00

		0.0365

		63

		predicted gene 12766

		Gm12766

		



		ENSMUSG00000051314

		0.29

		0.0367

		49

		free fatty acid receptor 2

		Ffar2

		233079



		ENSMUSG00000050368

		0.25

		0.0370

		37

		homeobox D10

		Hoxd10

		15430



		ENSMUSG00000104706

		0.33

		0.0371

		65

		predicted gene 43421

		Gm43421

		



		ENSMUSG00000024512

		2.60

		0.0372

		91

		dynactin associated protein

		Dynap

		75577



		ENSMUSG00000032496

		0.34

		0.0388

		71

		lactotransferrin

		Ltf

		17002



		ENSMUSG00000093668

		0.31

		0.0391

		59

		POU domain class 5, transcription factor 2

		Pou5f2

		75507



		ENSMUSG00000099528

		0.54

		0.0391

		319

		RIKEN cDNA 2410012E07 gene

		2410012E07Rik

		73648



		ENSMUSG00000027073

		0.32

		0.0396

		60

		proteoglycan 2, bone marrow

		Prg2

		19074



		ENSMUSG00000064398

		2.63

		0.0398

		90

		predicted gene, 23628

		Gm23628

		



		ENSMUSG00000100867

		0.37

		0.0400

		87

		predicted gene, 18981

		Gm18981

		



		ENSMUSG00000106149

		0.26

		0.0403

		45

		predicted gene 43430

		Gm43430

		



		ENSMUSG00000004328

		2.26

		0.0420

		149

		hypoxia inducible factor 3, alpha subunit

		Hif3a

		53417



		ENSMUSG00000072596

		0.34

		0.0428

		77

		eosinophil-associated, ribonuclease A family. member 2

		Ear2

		13587



		ENSMUSG00000105136

		0.35

		0.0430

		84

		RIKEN cDNA 8030487O14 gene

		8030487O14Rik

		



		ENSMUSG00000107338

		0.40

		0.0430

		105

		NA

		

		



		ENSMUSG00000103657

		0.50

		0.0433

		249

		predicted gene, 37204

		Gm37204

		



		ENSMUSG00000093044

		2.49

		0.0435

		107

		small nucleolar RNA. C/D box 8

		Snord8

		100217445



		ENSMUSG00000032484

		0.34

		0.0437

		81

		neutrophilic granule protein

		Ngp

		18054



		ENSMUSG00000048939

		2.01

		0.0453

		251

		ATPase type 13A5

		Atp13a5

		268878



		ENSMUSG00000102297

		0.44

		0.0465

		157

		RIKEN cDNA 5730585A16 gene

		5730585A16Rik

		



		ENSMUSG00000042499

		0.26

		0.0467

		50

		homeobox D11

		Hoxd11

		15431



		ENSMUSG00000000386

		2.56

		0.0467

		104

		MX dynamin-like GTPase 1

		Mx1

		



		ENSMUSG00000102051

		0.39

		0.0474

		99

		lymphocyte antigen 6 complex. locus A2

		Ly6a2

		546643



		ENSMUSG00000103608

		2.26

		0.0475

		156

		RIKEN cDNA 4930442P19 gene

		4930442P19Rik

		



		ENSMUSG00000069720

		0.40

		0.0475

		110

		RIKEN cDNA 4930572O03 gene

		4930572O03Rik

		



		ENSMUSG00000103591

		0.31

		0.0484

		67

		predicted gene, 38365

		Gm38365

		



		ENSMUSG00000092746

		0.41

		0.0485

		128

		7S RNA 6

		Rn7s6

		



		ENSMUSG00000089235

		2.20

		0.0487

		173

		predicted gene, 23119

		Gm23119

		



		ENSMUSG00000097456

		0.47

		0.0488

		201

		predicted gene, 16958

		Gm16958

		100862268



		ENSMUSG00000052212

		0.38

		0.0488

		95

		CD177 antigen

		Cd177

		68891



		ENSMUSG00000103232

		0.45

		0.0489

		168

		predicted gene, 37160

		Gm37160

		



		ENSMUSG00000032343

		2.17

		0.0491

		186

		interphotoreceptor matrix proteoglycan 1

		Impg1

		63859



		ENSMUSG00000090305

		0.53

		0.0497

		304

		predicted gene 5459

		Gm5459

		








		KEGG ID

		Ranked list enrichment /KEGG 

		Annotated

		P value



		04060

		cytokine-cytokine receptor interaction

		182

		5.80E-04



		04020

		calcium signaling

		166

		9.94E-03



		GO.ID

		Ranked list enrichment/ Gene ontology

		Annotated

		P value



		

		Molecular function

		

		



		0005125

		cytokine activity

		131

		3.05E-11



		0001653

		peptide receptor activity

		117

		2.93E-10



		0005201

		extracellular matrix structural constituent

		130

		7.13E-06



		0030414

		peptidase inhibitor

		134

		7.55E-05



		0008188

		neuropeptide receptor activity

		35

		1.31E-04



		0004896

		cytokine receptor activity

		83

		3.29E-04



		0022832

		voltage-gated channel activity

		181

		3.29E-04



		

		Biological process

		

		



		0035456

		response to interferon-beta

		52

		5.35E-06



		0002819

		regulation of adaptive immune response

		170

		1.92E-05



		0007218

		neuropeptide signaling

		57

		2.57E-05



		0006959

		humoral immunity

		113

		5.36E-05



		0046631

		alpha-beta T cell activation

		144

		8.50E-05



		0030595

		leukocyte chemotaxis

		187

		8.96E-05



		GO.ID

		DE list enrichment / Gene ontology

		Annotated/

Significant

		P value



		

		Molecular function

		

		



		0061134

		peptidase regulation

		164/4

		4.91E-03



		0004540

		ribonuclease activity

		95/3

		7.35E-03



		0038023

		receptor signaling

		818/8

		2.02E-02



		0001067

		regulatory region nucleic acid binding

		848/8

		2.45E-02



		0004857

		enzyme inhibition

		295/4

		3.49E-02



		

		Biological process

		

		



		0050729

		positive regulation of inflammatory response

		120/5

		1.00E-04



		0006952

		defense response

		1194/13

		5.80E-04



		0002376

		immune processes

		2032/15

		9.94E-03



		0050900

		leukocyte migration

		306/6

		1.20E-03



		0002274

		leukocyte activation

		192/4

		6.66E-03








