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Editorial on the Research Topic 
Targeting Neuro-Immuno-Vascular Interactions in the Brain and the Periphery

Complex neuro-immune-vascular interactions play key roles in the development of both neuroinflammation (an inflammatory response within the nervous system) and neurogenic inflammation (sensory nerve-released neuropeptides inducing inflammation in different tissues). Both phenomena have a substantial importance in the pathogenesis of several diseases and might be targets for pharmacological interventions.
Therefore, the present Research Topic was designed to collect papers on the molecular mechanisms and pharmacology of pathological processes affecting neuro-immune-vascular interfaces, focusing on neurodegeneration, stroke, headache, neuropathic and other types of pain, as well as peripheral inflammatory diseases, such as arthritis or dermatitis. In addition, interactions between the peripheral and central nervous systems have also been explored.
Neuroinflammation is usually accompanied by vascular reactions, including opening of the blood-brain barrier. In the present Research Topic, Gabbert et al. (2020) describe the important role of protocadherins, especially PcdhgC3 in regulating the barrier integrity of brain microvascular endothelial cells in control and inflammatory conditions. One of the most frequent inflammatory conditions affecting brain vessels is ischemic stroke. Recanalization with tissue plasminogen activator (tPA) is the only approved agent available in this condition. The systematic review by Ye et al. (2020) identifies the possible protective effect of immunomodulators on a lethal side effect of tPA treatment, namely hemorrhagic transformation. In addition, Chen et al. (2021) found that inflammasome proteins were upregulated in neutrophil extracellular traps present in thrombi of patients with acute ischemic stroke, contributing to poor outcomes after tPA treatment.
Inflammasomes were in the focus of the work of Nógrádi et al. (2020) as well. However, they studied not vascular cells, but neurons and found that peripheral nerve injury induced inflammasome activation in motoneurons. The thiazide structure oral antidiabetic diazoxide proved to be protective in this model. Interlocking of peripheral and central processes has been investigated by Lovrenčić et al. (2020) too. They found that intranasal inflammatory reactions provoke distant intracranial changes, including headache.
Inflammatory reactions may affect the peripheral nervous system as well. Inflammatory neuropathies are characterized by leukocyte infiltration of peripheral nerves, demyelination and axonal degeneration. Therefore, inflammation and pain control in chronic neuropathies is essential to improve the outcomes of the disease. Somatostatin released from capsaicin-sensitive peptidergic sensory nerve endings leads to anti-inflammatory and anti-hyperalgesic actions at distant parts of the body, through activation of the somatostatin receptor subtype 4 (SST4). Based on this knowledge, Kántás et al. (2021) demonstrated the anti-nociceptive actions of orally active novel pyrollo-pyrimidine SST4 agonists, which are promising drug candidates in neuropathic pain.
A specific subgroup of neuropathies, immune axonal neuropathies are described in the review of Tulbă et al. (2021). These immune-mediated neuropathies occasionally accompany autoimmune rheumatic diseases, which in turn may also have cardiovascular comorbidities. These latter conditions have been explored by Mong et al. (2020), who found that arterial aging is faster in rheumatoid arthritis patients than in control subjects, and inhibiting inflammation is essential to attenuate the associated cardiovascular risk.
Finally, the paper of Szöllősi et al. (2022) reviews a symptom arising from cutaneous immune-neuronal crosstalks, i.e., pruritus or itch, which may involve the excitation of itch-sensitive neurons or damage of the itch-processing neural network.
Altogether, as a result of the common effort of the Frontiers in Pharmacology team and the five guest editors, a balanced collection of original and review papers have been included in the Research Topic. Nine articles originating from six different countries cover a wide thematic range focused around inflammatory processes affecting the central and peripheral nervous systems.
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Background

Nasal cavity and sinus disorders, such as allergic rhinitis, rhinosinusitis, or certain anatomical defects, are often associated with transient or ongoing headaches. On the other hand, migraine headache patients often exhibit pain referral over the area of nasal sinuses and typical nasal autonomic symptoms involving congestion and rhinorrhea. Mechanism for convergence of nasal or sinus disorders and headaches is unknown. Herein, we examined the association of sino-nasal inflammatory pain with common preclinical indicators of trigeminovascular system activation such as dural neurogenic inflammation (DNI) and neuronal activation in brainstem nociceptive nuclei.



Methods

Nasal and paranasal cavity inflammation and pain was induced by formalin (2.5%/10 μl) or capsaicin (0.1%/10 μl) instillation at the border of maxillary sinus and nasal cavity in rats. Quantification of inflammation of nasal mucosa and DNI was performed by spectrophotometric measurement of Evans blue - plasma protein complex extravasation. Pain behavior was quantified by rat grimace scale (RGS). Nociceptive neuronal activation in caudal part of spinal trigeminal nucleus (TNC) was assessed by c-Fos protein immunohistochemistry.



Results

Capsaicin and formalin administered into rat nasal cavity increased plasma protein extravasation in the nasal mucosa and dura mater. Intensity of plasma protein extravasation in nasal mucosa correlated with extravasation in dura. Similarly, facial pain intensity correlated with nociceptive neuronal c-Fos activation in the TNC.



Conclusion

Present data show that inflammatory stimuli in deep nasal and paranasal structures provoke distant intracranial changes related to trigeminovascular system activation. We hypothesize that this phenomenon could explain overlapping symptoms and comorbidity of nasal/paranasal inflammatory disorders with migraine.





Keywords: facial pain expressions, headache, neurogenic inflammation, cFos protein, rhinosinusitis



Introduction

Transient headache is a common symptom of different sino-nasal disorders, which is usually resolved by successful treatment of the underlying condition. Nasal and sinus inflammatory conditions, some anatomic abnormalities such as septal spine, bullous nasal turbinate and intranasal contact points have been found to be associated with migraine (Lee et al., 2017). Sino-nasal disorders, such as sinusitis, allergic rhinitis, and mixed rhinitis, could be associated with higher prevalence of migraine and other headaches (Ku et al., 2006; Martin et al., 2014; Wang et al., 2016). Migraine patients may have more intranasal contact points between opposing mucosal surfaces (Ferrero et al., 2014) and their operative removal leads to migraine improvement in some patients. Ongoing headache associated with pain referral above the area of sinuses and accompanied by autonomic symptoms in the sino-nasal area such as nasal congestion, rhinorrhea, and lacrimation has been previously referred to as “sinus headache”. However, according to current third edition of International Headache Society Classification criteria (ICHD-3), this term is outdated since it encompasses both primary headaches such as migraine (which may be presenting with nasal symptoms), and secondary headache attributed to disorders of the nose or sinuses. In absence of typical inflammatory findings, many patients previously diagnosed by themselves or by the physician with “sinus headache” are eventually diagnosed with migraine (Schreiber et al., 2004; Eross et al., 2007), and treatable with antimigraine drugs (Patel et al., 2013). Also, in animal models, various stimuli used to model migraine (mechanical or electrical sagittal sinus stimulation, chemical stimulation of meninges) (Mitsikostas and Sanchez del Rio, 2001) and nasal inflammation induce c-Fos expression in the caudal part of spinal trigeminal nucleus (TNC) (Anton et al., 1991). Overall, the role of nasal pathology in the pathogenesis of migraine remains controversial.

In present study, we assessed the possibility that painful inflammatory stimuli in the sino-nasal area are associated with neurogenic inflammation of cranial meninges and neuronal activation of second order nociceptive sensory neurons, the markers of trigeminovascular system activation.



Materials and Methods


Animals

Male Wistar rats 2 to 3 months old and weighing 280 to 400 g, bred at the Department of Pharmacology at the Faculty of Medicine of the University of Zagreb, kept at 12-h light/dark cycle with free access to food and water were used in all experiments. The experiments were planned and conducted in accordance with European Union Directive (2010/63/EU) and International Association for the Study of Pain (Zimmermann, 1983). The experiments were approved by Ethical Committees of University of Zagreb School of Medicine and Croatian Ministry of Agriculture (permission no. EP 03-2/2015).



Chemicals

Formalin (formaldehyde mass concentration 36%) (T.T.T., Sveta Nedjelja, Croatia) was diluted with saline (0.9% sodium chloride solution) to the 2.5% concentration required for intranasal instillation. The concentration of formalin used was based on 2.5% concentration usually employed in the orofacial formalin test.

Capsaicin (Sigma Aldrich, St. Louis, MO, USA) was first diluted with ethanol to the mass concentration of 20% and kept at −20°C until further use. For the animal treatment, the solution was further diluted to 0.1% capsaicin concentration in 0.9% physiological saline. The concentration of capsaicin used was based on concentrations and doses previously used for subcutaneous stimulation of the rat hind paw (Bach-Rojecky and Lacković, 2005; Bach-Rojecky et al., 2008; Arreola-Peralta et al., 2018) and rat or mouse whisker pad (Pelissier et al., 2002; Rossi et al., 2016).



Animal Treatment

The animals were treated intranasally with formalin or capsaicin 30 min after 40 mg/kg Evans blue intravenous administration via the tail vein (for timeline see Figure 1A). Upon administration of Evans blue and irritants, the rats were briefly anesthetized with isoflurane inhalation (Forane, Baxter, Deerfield, IL, USA, 5% induction). Rats were taken out of the induction chamber, and prior to awaking, the volume of 10 μl was instilled by a plastic tubing (outer diameter 0.6 mm) coupled to Hamilton syringe (Hamilton 705 LT 50 µl, Hamilton Company, Reno, Nevada, USA), which was advanced approximately 1.5 cm through the nostril into the nasal cavity without significant resistance (for site of instillation see Figure 1B). The period needed for rat recovery from isoflurane anesthesia allowed enough time for instillation. Volume of 10 μl was employed based on the micro-computer tomography-calculated volume of maxillary sinus (Phillips et al., 2009). In preliminary experiments in saline-perfused animals, 10-μl methylene-blue injection induced ipsilateral localized coloration of the nasal mucosa near the entrance of the maxillary sinus (not shown).




Figure 1 | Timeline of experiments (A) and site of irritant instillation (in this case formalin) shown on opened nasal cavity (septum was removed) of rat injected with Evans blue and perfused with saline (B). Formalin instillation site is situated near the entrance to the paranasal sinus and is marked with the red arrow. Near it marked Evans blue extravasation can be observed when comparing to contralateral side.





Quantification of Pain by Rat Grimace Scale

Twelve rats were used for determining the relationship between painful behavior assessed by rat grimace scale (RGS) (Sotocinal et al., 2011), and the neuronal activation in the primary trigeminal nociceptive nucleus, the TNC. The rats were divided in three experimental groups: non-treated (three animals), intranasally treated with saline (four animals), and the pain group intranasally treated with formalin (five animals). The number of animals used was determined according to previous studies (Matak et al., 2014; Lacković et al., 2016). In order to administer formalin, the animals were briefly restrained since we observed lack of behavioral response in animals subjected to inhalational anesthesia. In conscious animals, using a thin plastic tube coupled to Hamilton syringe was not appropriate due to duration of the procedure. Thus, to enable a quicker delivery, here we employed a flexible electrophoretic gel loading tip (tip diameter = 0.5 mm) coupled to a 10–100 µl Eppendorf pipette. Immediately following the 10-μl formalin instillation, the animals were put into transparent plastic cages for observation (for timeline of experiment see Figure 1A). For RGS scoring, the rat faces were captured with a digital camera in 3-min intervals for 39 min after formalin instillation. Three-minute intervals were chosen based on original description of the method where one photograph from each 3-min interval was chosen for scoring (Sotocinal et al., 2011). Rat facial expression was scored as previously described (Sotocinal et al., 2011). In brief, four action units related to whisker positioning, disappearance of the nose bulging and cheek crease, orbital tightening, and distinct ear shape and positioning, were analyzed. To each of this action units, score of 0, 1 (moderate), or 2 (severe) was assigned and the total sum of scores calculated. The experimenter who scored the individual images was blinded to the animal treatment.



Neuronal c-Fos Activation

Of 12 RGS-scored rats, 10 were used for immunohistochemical analysis (2 non-treated, 4 saline treated, 4 formalin treated). Survival time between the intranasal instillation of formalin and the perfusion for immunohistochemistry was 2 h, as previously used in the orofacial formalin-evoked c-Fos expression (Matak et al., 2014). Animals were deeply anesthetized with 70 mg/kg ketamine (Richter Pharma AG, Wels, Austria) and 7 mg/kg xylazine (Alfasan, Woerder, Netherlands), thoracotomized and transcardially perfused with 500-ml saline and 250-ml fixating agent (4% paraformaldehyde in phosphate buffered saline (PBS)). After craniotomy, brains were collected and stored in 15% sucrose in fixating agent until tissue sank, followed by 30% sucrose in PBS for 24 h. Then, the tissue was taken out of sucrose, and frozen (-80°C). Caudal brainstem area containing TNC was embedded in O.C.T. compound (Tissue-Tek, Sakura Finetek, Japan) and cut to 30-μm coronal sections in the cryostat. Immunohistochemical staining for c-Fos was performed as described previously (Matak et al., 2014). In brief, representative slices of TNC were placed into the free-floating wells containing PBS and 0.25% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) (PBST) and further rinsed with fresh PBST (3 × 5 min). To block the non-specific immunoreactivity, samples were incubated in 10% normal goat serum (Sigma-Aldrich, St. Louis, MO, USA) in PBST for 60 min. Then, the slices were incubated overnight at room temperature with the primary c-Fos antibody (sc-52, Santa Cruz, Dallas, TX, USA) (1:500 in PBST + 1% NGS). Next day, after rinsing 3 times with PBST, slices were incubated with a fluorescently labelled Alexa Fluor 488-labeled secondary antibody (Invitrogen, Carlsbad, CA, USA) for 2 h in the dark at room temperature. After 3 rinses with PBST, slices were mounted on slides, and covered with anti-fading coverslip agent (Fluoromount, Sigma-Aldrich, St. Louis, MO, USA). Sections were photographed by fluorescent microscope (Olympus BX-51, Olympus, Tokyo, Japan) with digital camera (Olympus DP-70, Olympus, Tokyo, Japan). Images were obtained in RGB color format, and grey images of separated green channel were further used to count the c-Fos-positive neuronal profiles, by employing associated software (cellSens Dimension, Olympus, Tokyo, Japan). The counting was performed by a blinded observer based on fixed threshold intensity parameters and defined minimal size of the objects. In tissue cuts, the number of objects was counted in the left-ipsilateral and right-contralateral side within observable borders of the TNC. Average number of c-Fos-expressing neuronal profiles was calculated based on four slices analyzed per single animal.



Quantification of Dural and Nasal Inflammation

Nineteen rats that were used for experiment determining relationship between nasal and dural inflammation were administered Evans’ blue into tail vein and were divided into three experimental groups, each group intranasally received saline (six animals), capsaicin (six animals), or formalin (seven animals). The number of animals was determined according to previous work done by our group regarding dural Evans blue extravasation (Filipović et al., 2014) and was in accordance with simple sample size calculation for animal studies (Charan and Biswas, 2013). Forty-five minutes after intranasal injection, animals were deeply anesthetized with 70 mg/kg ketamine (Richter Pharma AG, Wels, Austria) and 7 mg/kg xylazine (Alfasan, Woerder, Netherlands), thoracotomized and transcardially perfused with 500-ml saline. After craniotomy, dura mater and nasal mucosa were harvested. To obtain the supratentorial dura primarily innervated by the trigeminal nerve, the dura mater was carefully separated from the skull base and neurocranium. Samples were weighed and incubated in 2-ml formamide (Honeywell, Muskegon, Michigan, USA) for 48 h on 37°C. The absorbances of formamide extracts of Evans blue were measured by spectrophotometer (Iskra, Ljubljana, Slovenia) set to 620 nm wavelength. Evans blue concentration in the tissue (ng/mg) was calculated based on the calibration curve and tissue weight.



Statistical Analysis of Results

Results are presented as mean ± SEM and analyzed by one-way analysis of variance (ANOVA) followed by Newman Keuls post hoc test (p < 0.05 considered significant). Pearson’s correlation coefficient (r) and linear regression were used for the correlation analysis of variables (p < 0.05 considered significant).




Results


Pain Assessment by RGS Score

After intranasal administration of formalin, the rats showed observable changes in the facial appearance suggestive of pain (Figure 2A), evident as increased total sum of RGS scores during 39 min after the formalin treatment (Figure 2B). Animals treated with saline did not show increased sum of RGS compared to non-treated rats.




Figure 2 | Stimulation of nasal mucosa with 2.5% formalin induces painful grimacing in rats. (A) The rat faces showing, from left to right, normal appearance (saline-treated animal), and different severity of painful facial expression in formalin-treated animals (moderate to obvious). In the images, left to right, orbital tightening is the best visible action with following rat grimace scale (RGS) scores ascribable to them: 0, 1, 2. (B) Animals treated with formalin had higher sum of total RGS scores (ƩRGS) assessed every 3 min during the 39 min period after intranasal treatment with formalin, compared to saline or no treatment (3–5 animals per group, mean ± SEM, * p < 0.05 in comparison to non-treated or saline-treated group, one-way ANOVA followed by Newman Keuls post hoc test).





The c-Fos Expression and Its Association With RGS Score

Animals treated with formalin had higher number of c-Fos-expressing neuronal profiles in the TNC compared to control (no treatment group) or saline (Figure 3A). Increased c-Fos expression was observed bilaterally after unilateral nasal formalin instillation. The intensity of c-Fos staining (Figure 3A, not quantified directly), and the number of c-Fos-expressing neurons (Figure 3B) was lower in the contralateral TNC. Average number of c-Fos positive cells per slice of TNC was 8 in non-treated animals which is similar to number in saline-treated animals.




Figure 3 | Intranasal formalin (2.5%, 10 μl) induces bilateral neuronal activation in the caudal part of spinal trigeminal nucleus (TNC), which correlates with painful facial grimacing behavior. (A) Neuronal activation was quantified by c-Fos immunohistochemistry, and subsequent automatic quantification of the number of c-Fos-expressing [c-Fos (+)] neuronal profiles in ipsilateral (ipsi) and contralateral (cont) TNC. (B) The images and quantification are representative of 4 slices per animal, 4 animals per treatment group. Scale bar = 200 µm. Data are represented as mean ± SEM. ***p < 0.001 compared to saline ipsilaterally or contralaterally, ++p < 0.01 compared to formalin contralaterally, ANOVA followed by Newman Keuls post hoc test). (C) The painful facial grimacing assessed by rat grimace scale total score, measured every 3-min intervals during 39-min observation period (Ʃ RGS) is significantly correlated with the number of c-Fos positive cells in the ipsilateral TNC (circle, no treatment; square, saline; triangle, formalin; r, Pearson’s correlation coefficient).



In individual animals, there was a significant correlation between the sum of RGS scores following instillation of saline or formalin and the number of c-Fos positive cells in the ipsilateral TNC (Figure 3C). Similarly, there was a significant correlation of sum of RGS scores with number of c-Fos-expressing cells in the contralateral TNC (Pearson’s correlation coefficient r = 0.8164; p = 0.004) or the total number of c-Fos-expressing cells in bilateral TNC (Pearson’s r = 0.8295; p = 0.003) (results not shown).



Inflammation of the Nasal Mucosa Is Associated With Dural Neurogenic Inflammation

There was a significantly increased tissue content of Evans blue in the nasal mucosa in the animals treated with intranasal capsaicin and formalin, indicative of increased plasma protein extravasation in comparison to saline treatment (Figure 4A). Extravasation of Evans blue was similarly elevated in the dura mater of rats treated with formalin or capsaicin relative to the control group treated with saline (Figure 4B) and shown to be significantly correlated with the Evans blue extravasation in nasal mucosa (Figure 4C). While harvesting dura, we did not observe any differences in Evans blue extravasation in dura on the side of irritant instillation compared to the contralateral side.




Figure 4 | Local stimulation of the deep nasal mucosa by formalin (2.5%) or capsaicin (0.1%) induce plasma protein extravasation in the nasal mucosa and cranial dura mater. The inflammation was quantified by spectrophotometric measurement of formamide extracts of Evans blue dye (ng of the dye per mg of tissue in the nasal mucosa (A) and dura mater (B). Mean ± SEM, 6–8 animals per group, *p < 0.05, **p < 0.01 vs. saline-treated group (one-way ANOVA followed by Newman Keuls post hoc test). Intensity of the inflammation in nasal mucosa correlated with the intensity of inflammation in cranial dura. (C) Individual animal values are plotted showing extravasation in the nasal mucosa (horizontal axis) and dura (vertical axis) for all experimental groups together (circle, saline; square, formalin; triangle, capsaicin; r, Pearson’s correlation coefficient).






Discussion


Formalin-Induced Pain in the Sino-Nasal Area

Here, we observed that low dose formalin instillation into the deeper part of nasal cavity situated at the border of maxillary sinus induces nociceptive behavior, quantified behaviorally by RGS (Figure 2). Quantification of pain-related facial expression by RGS is a relatively new method for assessing experimental pain in rats, introduced in 2011 as an adaptation of mouse grimace scale (Sotocinal et al., 2011). Up to now, it has successfully been employed for postsurgical (Kawano et al., 2014; Waite et al., 2015), orthodontic (Liao et al., 2014), neuropathic (Akintola et al., 2017; Philips et al., 2017), and inflammatory pain (Asgar et al., 2015). Herein, we attempted to use additional methods of pain assessment, by measuring the duration of facial wiping and facial mechanical thresholds by Von Frey filaments. After formalin stimulation, we observed that only some of the animals exhibited sequences of facial wiping similar to the ones exerted in orofacial formalin test, which proved unreliable for pain assessment (results not shown). In addition, the animals did not exhibit alteration in cutaneous mechanical thresholds assessed with Von Frey filaments, suggestive of the lack of mechanical allodynia. This could be due to the site of irritant stimulation located deeply into the nasal cavity near the entrance into the maxillary sinus. Stimulation of deep orofacial structures, protected by bone mass, did not lead to pericranial allodynia or wiping behavior characteristic of experimental pain in more superficial pericranial structures. This suggests that, in the orofacial area, RGS scoring could be a method of choice when measurement of spontaneous rubbing behavior or mechanically-evoked pain response is unreliable/not present.



Association of RGS With Brain c-Fos Activation

TNC is a relay nucleus for transduction of cranial pain, and its neurons express c-Fos following the acute noxious stimulation in the trigeminal innervation area (Hathaway et al., 1995), including the nasal mucosa (Anton et al., 1991). Up to now, the c-Fos expression in the TNC after irritant stimulation of the nasal mucosa by mustard oil (Anton and Peppel, 1991) and capsaicin (Plevkova et al., 2010) was shown to occur in anesthetized animals, i.e., without the behavioral assessment of pain. The c-Fos expression in the TNC combined with behavioral data was previously used in other nociceptive assays such as orofacial formalin test (Matak et al., 2014) and found to be in line with the behavioral effect of different pharmacological analgesic treatments.

Interestingly, we found that unilateral stimulation of nasal cavity and sinuses leads to bilateral activation of c-Fos in the TNC (Figure 3). In contrast to that, unilateral whisker pad stimulation in orofacial formalin test evokes unilateral c-Fos expression (Matak et al., 2014). Both sites of inflammatory stimulation (whisker pad formalin injection and unilateral nasal instillation) are very close to the medial line which represents the border between the innervation areas of left and right trigeminal nerves (Panneton et al., 2006). In present study, preliminary testing of the injection method with methylene blue dye do not support possible spread of the injected volume far from the instillation site, or a contralateral inflammation (Figure 1B). Thus, the reason for bilateral occurrence of c-Fos after unilateral nasal stimulation might be other than the direct stimulation of contralateral structures.

So far, the validation of RGS with biomarkers of pain has been scarce. In a model of orthodontic pain, RGS score was shown to be correlated to calcitonin gene-related peptide (CGRP) (Long et al., 2015), however, not with acid sensing ion channel 3 (ASIC3) periodontal expression (Gao et al., 2016). Correlation of RGS score with the neuronal activation in TNC (Figure 3C) further adds to validity of RGS as reliable method for pain assessment.



Nociceptive Stimuli in Sino-Nasal Area Induce Dural Neurogenic Inflammation

In present experiments, we found that inflammatory stimulation of nasal mucosa by either formalin or capsaicin induces plasma protein extravasation in the cranial dura (Figure 4). Present results indicate a link between painful stimuli in the nasal/paranasal area, and the activation of dural afferents leading to dural neurogenic inflammation (DNI), which is commonly associated with headache.

Previous observations suggested that various types of irritation of the nasal mucosa lead to increased meningeal blood flow in anesthetized animals. Based on the investigation of umbellulone, a known headache trigger from shrub/tree plant Umbellularia californica, it was proposed that environmental irritants might either diffuse and directly activate meningeal afferents, or activate reflex pathways by stimulation of trigeminal endings in the nasal mucosa (Nassini et al., 2012; Kunkler et al., 2014). In present experiments, instillation of formalin or capsaicin unilaterally into the border between maxillary sinus and nasal cavity induces unilateral, localized inflammation, which correlated with the intensity of DNI. Thus, our findings are more in line with indirect activation of meningeal afferents by stimulation of a more limited number of sensory endings situated in the nasal/paranasal area, rather than the direct diffusion of irritants into the cranial meninges. One of the possible mechanisms for activation of meningeal afferents after stimulation of nasal mucosa might be the axonal reflex, since dura and nasal cavity share sensory innervation from common maxillary and ophthalmic branches of the trigeminal nerve, such as the ethmoidal nerve (Panneton et al., 2006; Poussel et al., 2012). Other mechanism could be the intraganglionic cross- communication between nearby primary sensory neurons which project to the intranasal structures and neurons which innervate the meninges (Kunkler et al., 2014). Third mechanism involving the cross-sensitization of second order sensory neurons within the TNC might also be involved. Neurons that conduct dural pain sensation relay to the same secondary neurons in the TNC as the neurons that conduct the pain sensation from the nasal cavity (Ellrich et al., 1999; Messlinger and Ellrich, 2001). The facts that we did not observe any gross differences in Evans blue extravasation in dura on the side of irritant instillation compared to the contralateral side and that previous models of infraorbital nerve constriction and formalin injection in vibrissal pad have shown similar Evans blue extravasation in dura ipsilateral to the injury and contralateral dura (Filipović et al., 2012) support cross-sensitization at the level of brainstem since brainstem is most likely site where signal could propagate to the side contralateral to the injury. Mentioned mutually non-exclusive mechanisms of convergence of sensory input could be responsible for increased incidence of primary headache in patients suffering from nasal and sinus conditions. Regardless of the level of convergence, activated dural nerves release neuropeptides (CGRP, VIP, substance P, neurokinin A, and PACAP-38) into dura which then cause neurogenic inflammation, vasodilation and increased vessel permeability (Vécsei et al., 2014).

Recently, we found that different types of experimental pain in trigeminal region induce DNI: chemically induced pain (formalin), neuropathic pain (infraorbital nerve constriction), inflammatory pain (CFA-evoked inflammation of temporomandibular joint) (Filipović et al., 2012; Filipović et al., 2014; Lacković et al., 2016). Neuropathic pain outside of cranial area (evoked by constriction or partial transection of sciatic nerve) did not result in DNI of cranial or spinal meninges (Filipović et al., 2014). In cranial meninges, the DNI was attenuated by anti-migraine drugs such as botulinum neurotoxin type A (BoNT/A) and sumatriptan (Filipović et al., 2012; Lacković et al., 2016). In addition, we found a reduction of CGRP expression in the cranial dura by pericranially injected BoNT/A as well as the colocalization of enzymatic products of BoNT/A and CGRP (Lacković et al., 2016). The involvement of CGRP is also suggested by observed efficacy of 5-HT1B/D agonist sumatriptan in reducing both pain and DNI (Lacković et al., 2016). These observations suggest that DNI is not associated only with migraine pathophysiology, but rather a non-specific event related to different types of pain in the trigeminal region.

Results presented here show that acute inflammation in the deep nasal area can induce trigeminovascular changes associated with headache. Understandably, bearing in mind the chronic nature of migraine and different disorders of nasal and sinus cavity, present findings derived by employing an acute stimulation model cannot be interpreted as a direct explanation for the possible pathophysiological link. However, the findings point to a possibility that long-term inflammation in the nasal/sinus area may induce more chronic changes leading to facilitated activation of the trigeminovascular system. It remains to be further investigated whether, in turn, the phenomenon of coupling of nasal inflammation with trigeminovascular activation is involved in observed comorbidities of acute or chronic paranasal and sinus disorders and headache.




Conclusion

Present results suggest that acute nasal inflammatory stimulation correlates with painful nociceptive neuronal activation and neurogenic inflammation of cranial meninges, suggesting possible link between the painful disorders of nasal/paranasal craniofacial area and headaches.
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Neuronal injuries are accompanied by release and accumulation of damage-associated molecules, which in turn may contribute to activation of the immune system. Since a wide range of danger signals (including endogenous ones) are detected by the nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3 (NLRP3) pattern recognition receptor, we hypothesized that NLRP3 may become activated in response to motor neuron injury. Here we show that peripheral injury of the oculomotor and the hypoglossal nerves results in upregulation of NLRP3 in corresponding motor nuclei in the brainstem of mice. Although basal expression of NLRP3 was observed in microglia, astroglia and neurons as well, its upregulation and co-localization with apoptosis-associated speck-like protein containing a caspase activation and recruitment domain, suggesting inflammasome activation, was only detected in neurons. Consequently, increased production of active pro-inflammatory cytokines interleukin-1β and interleukin-18 were detected after hypoglossal nerve axotomy. Injury-sensitive hypoglossal neurons responded with a more pronounced NLRP3 upregulation than injury-resistant motor neurons of the oculomotor nucleus. We further demonstrated that the mitochondrial protector diazoxide was able to reduce NLRP3 upregulation in a post-operative treatment paradigm. Our results indicate that NLRP3 is activated in motoneurons following acute nerve injury. Blockade of NLRP3 activation might contribute to the previously observed anti-inflammatory and neuroprotective effects of diazoxide.
Keywords: acute nerve injury, motor neuron, neuroinflammation, inflammasome, nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3, diazoxide
INTRODUCTION
Finely tuned interaction between the nervous and the immune systems and different inflammatory processes play a pivotal role in the consequences of neuronal injury. The innate immune system-mediated inflammation can act both as detrimental (reviewed in Labzin et al., 2018; Schwartz et al., 2016) or beneficial player after insult to the central nervous system (CNS) (Raposo et al., 2014), thus may influence the fate of affected neurons after the lesion. Sensing of potentially dangerous molecular structures by the innate immune system relies on pattern recognition receptors (PRRs), whose activation can lead to the induction of inflammatory processes. PRRs are mainly expressed in immune cells; however, cellular components of the CNS, including neurons, have also been demonstrated to express PRRs.
Ligand recognition by several members of the nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family leads to activation of a multiprotein complex, the inflammasome, which recruits and activates caspase-1 through the adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC) to proteolytically maturate interleukin-1 beta (IL-1β) and IL-18 (IL-18). The most important NLRs in this respect are NOD, leucine rich repeat and pyrin domain containing (NLRP) 1, nucleotide-binding oligomerization domain NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3), and NLR family caspase activation and recruitment domain (CARD)-containing domain (NLRC) 4. In addition, absent in melanoma 2 (AIM2) can also be part of inflammasomes (Latz et al., 2013). Despite an acknowledged role of inflammation in a large number of CNS disorders, only a few inflammasomes have been characterized so far in the CNS. These include NLRP3, NLRP1 and NLRC4 inflammasomes in microglia and astrocytes (Abulafia et al., 2008; Halle et al., 2008; Hanamsagar et al., 2011; Liu et al., 2013; Freeman et al., 2017) and NLRP2 inflammasome in astrocytes (Minkiewicz et al., 2013). In neurons, initially NLRP1 (Abulafia et al., 2008; de Rivero Vaccari et al., 2008) and AIM2 (Adamczak et al., 2014) inflammasomes were described to be activated in response to different stimuli. In addition, neurons can also express NLRP3 (von Herrmann et al., 2018) to initiate inflammasome formation (Panicker et al., 2020), which is by far the most investigated inflammasome in the CNS. Nowadays it is clear that NLRP3 plays an active role in the pathomechanism of a wide variety of neurological diseases and aging (Latz et al., 2018; Mészáros et al., 2020; Heneka et al., 2013), especially in microglia. Much less is known about regulation of NLRP3 in neurons in response to acute injury.
In humans, peripheral nerve injuries usually occur in traumatic accidents and often lead to complications, such as chronic pain and motor or sensory loss of function (Althagafi and Nadi 2020). In mice, axotomy is a well-documented and standardized method to induce motoneuronal injury (e.g., Koliatsos and Price 1996). Axonal lesions lead to retrograde changes in neurons, activation of glial cells and inflammatory reactions, including extensive microgliosis (Rotterman and Alvarez 2020). Our goal was to determine whether NLRP3-mediated processes could occur in response to peripheral nerve axotomy. Oculomotor and hypoglossal neurons were selected for our experiments because of the difference in the neuronal vulnerability and in the inflammatory response to injury (Obál et al., 2006; Nógrádi et al., 2020).
Mitochondrial dysfunction is a key component and regulator of NLRP3-mediated inflammasome activation (Liu et al., 2018). Furthermore, activated NLRP3 may translocate to mitochondria-associated endoplasmic reticulum membranes, which provide a platform for NLRP3 inflammasome assembly. On the other hand, NLRP3 activators induce mitochondrial damage, while NLRP3 directly interacts with molecules released from injured mitochondria, like cardiolipin, mitochondrial DNA and reactive oxygen species (Elliott et al., 2018; Zhong et al., 2018). Therefore, possible effect of diazoxide (7-chloro-3-methyl-4H-1λ6,2,4-benzothiadiazine 1,1-dioxide), a mitochondrial K+ATP channel opener and neuroprotective agent, on inflammasome activation was assessed as well.
MATERIAL AND METHODS
Ethical Considerations
All efforts were made to minimize animal suffering throughout the experiments, thus multiple surgeries were avoided. All experiments were carried out in accordance with the institutional guidelines for the use and care of the experimental animals and governmental law for animal protection. The experimental protocols and the animal care were approved by the institutional care and the Regional Animal Health and Food Control Station of Csongrád-Csanád County (permit number: XVI./767/2018 and 03876/0014/2006) and carried out in accordance with the national law (XXVIII. chapter IV. paragraph 31) which conforms to the international laws and policies (EEC Council Directive 86/609, OJL 358 1 DEC. 12, 1987; NIH Guide for the Care and Use of Laboratory Animals, United States National Research Council, revised 1996).
Experimental Animals and Surgical Procedures
Balb/c non-transgenic mice (mean body weight of 22 ± 5 g) were housed in the conventional animal facility of the Biological Research Center (Szeged, Hungary) for the period of the experiments. Examinations were performed on 33 young adult (8–15 week old) male mice, housed in plastic cages (three animals per cage at most) in a thermoneutral (23 ± 2°C) room under a 12 h light:dark cycle, with access to regular rodent chow and water ad libitum.
To avoid multiple surgical procedures on individual animals, mice were assigned either to eye enucleation (target deprivation) or hypoglossal nerve axotomy. A total of 30 mice were used for immunohistochemistry (IHC) quantification. From these animals, 10 served as non-operated controls (n = 5 for the oculomotor nucleus, n = 5 for the hypoglossal nucleus) and 20 animals underwent either eye enucleation [n = 5 (non-treated)] or hypoglossal nerve axotomy [n = 15 (n = 5 non-treated, n = 5 diazoxide-treated, n = 5 dimethyl sulfoxide/(DMSO)-treated)]. For western blot (WB) evaluation of IL-1β and IL-18 pro-inflammatory cytokines, surgical unilateral axotomy of the hypoglossal nerve was conducted on three animals. Surgical interventions were performed under deep and reversible anesthesia with Avertin (tribromoethanol, Sigma-Aldrich; 240 mg/kg body weight in a 0.5 ml volume), administered intraperitoneally. For target deprivation of the oculomotor nerve, animals were enucleated, the right eyeball, remaining extraocular muscles and lacrimal gland were removed carefully from the orbit. In case of hypoglossal axotomy, 1 cm long midline incision was made below the hyoid bone, the right cranial nerve XII. was carefully prepared and a 2–3 mm nerve segment was dissected to prevent regeneration.
For diazoxide treatment, 0.25 mg/ml diazoxide (Sigma-Aldrich) was dissolved in 10 mg/ml DMSO (Sigma-Aldrich) in distilled water in a 0.1 ml volume and was administered by intraperitoneal injection (1 mg/kg bodyweight). DMSO-treatment was used as vehicle control (10 mg/ml DMSO dissolved in distilled water, administered intraperitoneally). Animals received the first dose 3 h after the axotomy, then on the first, second and third postoperative days (every 24 h, altogether four doses). On the fourth postoperative day, animals were sacrificed, thus received no treatment. Axotomized, non-treated mice received no treatment. All animals were allowed to survive for 4 days. In each case, the non-operated side of the motor nucleus served as an internal control to determine the difference in NLRP3 (IHC) or IL-1β (WB) expression.
Immunohistochemistry and Immunofluorescence Staining Procedures
Under irreversible anesthesia with Avertin, mice were transcardially perfused with 10 mM phosphate buffered saline (PBS; pH 7.4) followed by 4% paraformaldehyde (Sigma-Aldrich) in 10 mM PBS (pH 7.4). The entire brain was exposed and removed, then fixed further overnight in the same fixative at 4°C. After the fixation protocol, samples were cryoprotected in 30% sucrose (Sigma-Aldrich) dissolved in 10 mM PBS, for at least 1 day at 4°C. Series of consecutive coronal sections of 30 µm thickness were cut throughout the whole anatomical regions of interests with a microtome (Reichert-Jung, Leica Biosystems), collected in 10 mM PBS individually in wells of tissue culture plates and stored at 4°C until processed for staining.
IHC stainings were performed on 30 µm thick free-floating sections. For the quantitative assessment of the changes in NLRP3, diaminobenzidine tetrahydrochloride (DAB)-based IHC was used. In both examined motor nuclei, sections (n = 8/each animal) were selected with respect to the anatomical boundaries. Sections were rinsed (three changes, 5 min each), then 50% methanol (VWR Chemicals) in 10 mM PBS was applied for tissue permeabilization for 30 min at −20°C. Samples were rinsed again in 10 mM PBS, then the non-specific staining was blocked in two steps: 0.6% hydrogen peroxide in 10 mM PBS containing 0.2% Triton X-100 (Sigma-Aldrich) (TPBS) was used first for 30 min to block the endogenous peroxidase activity. After sections were rinsed (three changes, 5 min), the second blocking step was applied with 2% normal rabbit serum (Vector Laboratories) in 10 mM TPBS for 1 h. This was followed by overnight incubation at 4°C with the polyclonal goat primary antibody against NLRP3 diluted in 10 mM TPBS with 2% normal rabbit serum. After washing in 10 mM PBS (three changes, 5 min), sections were incubated at room temperature in a biotinylated rabbit-anti-goat secondary antibody diluted in 10 mM TPBS with 2% normal rabbit serum for 1 h. Next, all the sections were rinsed in 10 mM PBS (three changes, 5 min each), incubated in avidin-biotin complex (Vector Laboratories) diluted to 1:800 in PBS for 1 h at room temperature. After washing in 10 mM PBS, the reactions were visualized by incubation in 0.5% DAB (Sigma-Aldrich) with 1.5% NiCl2 in 10 mM PBS for 15 min. Finally, sections were washed in 10 mM PBS (three changes, 5 min each), mounted on silane-coated glass slides, covered with Entellan (Merck Millipore) and visualized under a brightfield microscope (Eclipse 80i, Nikon). Brightness and contrast were adjusted as needed. To qualitatively evaluate changes in the level of the inflammasome component ASC, the IHC procedure was carried out as previously described, with the difference that serum-specific blocking was performed with 2% normal goat serum (Jackson Immunoresearch).
Immunofluorescence (IF) staining protocols were also performed on 30 µm thick free-floating sections. First, selected sections were rinsed, then 50% methanol was applied, as previously described. Sections were rinsed again (three changes, 5 min each), then a blocking step was used with 2% normal donkey serum (Jackson Immunoresearch) in 10 mM TPBS for 1 h. Primary antibody cocktails were applied for overnight incubation at 4°C. The next day, sections were rinsed (three changes, 5 min each) and secondary antibody cocktails were used for 1 h. Both the primary and secondary cocktails were diluted in 10 mM TPBS with 2% normal donkey serum. Primary and secondary antibody cocktails varied in each double or triple immunofluorescent staining procedure and are detailed in Table 1. Finally, sections were washed in 10 mM PBS (three changes, 5 min each) and, where indicated, Hoechst 33342 (B2261, Sigma-Aldrich) staining was applied (diluted to 1 μg/ml in 10 mM PBS) to visualize cell nuclei. Sections were mounted on silane-coated glass slides, covered with Fluoromount-G (0100-01, Southern Biotechnology Associates) mounting medium. Secondary antibody staining controls have been carried out for each of the applied secondary antibodies to exclude the interference of any associated unspecific staining.
TABLE 1 | Antibodies used for IHC, IF and WB.
[image: Table 1]Confocal and Super-Resolution Microscopy
Immunofluorescence co-staining was examined with confocal and super-resolution microscopy (STED) (stimulated emission depletion) microscopy. Lower resolution imaging was performed on a Leica SP5 Laser Scanning Microscope (Leica Microsystems), while super-resolution images were obtained with a STEDYCON (Abberior Instruments) STED instrument connected to a ZEISS Axio Observer Z1 inverted microscope. From raw images, confocal z-stacks were prepared with LAS X viewer and FIJI (ImageJ 1.51n engine) software. Some color images are presented in false color, in order to simplify visualization of certain stainings by presenting the same target proteins in uniform colors throughout different images. Brightness and contrast were adjusted as needed.
Quantitative Evaluation of Light Microscopy Immunohistochemistry Staining
Quantitative assessment of NLRP3 expression was carried out with the use of the DAB-based IHC technique, as this method provides photostability, in contrast to IF. Selection of sections for staining and evaluation was performed following a systematic regime. Anatomical boundaries of the nuclei were considered and eight sections were stained for quantification in each nucleus, in a way that after a section was selected, the consecutive section was excluded, to cover more of the anatomical region along the rostrocaudal axis of the brainstem. The contralateral (control) side of the samples was marked with a small incision during the sectioning, thus the injured and control sides could be clearly distinguished during the evaluation. After staining the series of the sections, a standardized digital image recording (in a Nikon Eclipse 80i microscope equipped with a 2,560 × 1,920 pixel resolution MicroPublisher 5.0 RTV charge-coupled device camera, QImaging) was conducted on all sections at ×10 magnification, thus both the operated and contralateral (control) sides of the nucleus were recorded on the same image. As the first step of the image analysis protocol, a consistent background subtraction algorithm was applied, based on internal controls (contralateral side) in each section, to determine the significantly stained profiles in identical regions at both the operated and contralateral sides of the nuclei. This was performed by using an interactive macro developed in our laboratory (Nógrádi et al., 2020) for the Image-Pro Plus image analysis software (Media Cybernetics).This resulted in an automated, unbiased evaluation procedure, since the algorithm determined the stained profile values with the same background subtraction for both the injured and contralateral sides on each section. As the significantly stained partial profile areas were determined at both sides of the brainstem, the data were expressed as a percentage, and the algebraic differences between the operated and the contralateral sides were determined. These numbers were averaged for the stained sections, to arrive at a single number characterizing the net change in the area covered by the significant immunoreaction induced by the axotomy in each animal.
To quantify the ratio of neurons in which the translocation of the target protein from the cell nuclei to the cytoplasm could be observed, a cell-counting procedure was carried out. From the non-treated axotomized group (hypoglossal axotomy), sections were selected from the hypoglossal nucleus of each animal (n = 5 animals). Neuronal cells were recognized based on their size and the anatomical boundaries. In each of the sections, NLRP3 positive neurons were counted based on the localization of the staining. If NLRP3 was only present in the neuronal nucleus, the expression was counted as “nuclear NLRP3.” If NLRP3 staining was clearly present in the cytoplasm, the expression was counted as “cytoplasmic NLRP3.” When NLRP3 was clearly present in both the cytoplasm and nucleus, cells were sorted in the “cytoplasmic NLRP3” group, since the nuclear NLRP3 expression was recognized as the basal expression and the cytoplasmic presence of NLRP3 indicated translocation. Neurons were only counted if a well-described point of reference (cell nucleus) could be recognized in the section. Neurons were counted on both the operated and the control side. The ratio of translocation was determined for each side of each section and was averaged.
Sample Preparation, Methanol-Chloroform Precipitation and Western Blot
Under irreversible anesthesia with Avertin, mice were transcardially perfused with 10 mM PBS. The entire brain was exposed, removed and placed in 10 mM PBS, then dissected in the following manner: first, the brain was coronally sliced at approximately −6 mm from Bregma (at the medulla oblongata – pons transition), then at -7.5 mm from Bregma (at the appearance of the decussatio pyramidum). Next, the cerebellum was carefully dissected and removed from the sample. From the remaining sample, 1 mm wide lateral segments were sliced and removed along the sagittal plane on both sides. From the ventral part of the medulla oblongata, a 0.5 mm wide segment was cut and removed horizontally. Finally, the sample was sliced along the mid-sagittal axis and the two sides (injured and control sides) were separated and placed into sample holders.
Snap-freezing in liquid nitrogen was performed immediately after tissue dissection, then samples were processed in a Potter-Elvehjem homogenizer with a PTFE pestle in 10 mM PBS. Samples were grinded on ice until they were completely homogeneous. The homogenizer was thoroughly washed multiple times with distilled water between samples. Samples were centrifuged twice at 6,000 × g for 8 min at 4°C to remove debris. An equal volume of methanol and 1/4 volume of chloroform were added. Samples were vortexed, incubated for 5 min on ice, and centrifuged at 13,000 × g for 5 min at 4°C. After phase separation, aqueous phase was removed, and protein samples were washed with ice-cold methanol. Samples were vortexed and centrifuged again, supernatants were discarded, and protein pellets were air-dried. Pellets were reconstituted in 2× Laemmli buffer and heated up to 95°C for 5 min. Protein concentration was determined by using bicinchoninic acid assay (Thermo Fisher Scientific).
Samples were electrophoresed using standard denaturing SDS/PAGE and blotted on polyvinylidene difluoride membranes (0.2 μm pore size; Bio-Rad). After blocking with 3% bovine serum albumin (BSA) in Tris-buffered saline with 0.1% Tween-20 (TBS-T), membranes were incubated with primary antibodies (Table 1) overnight at 4°C. Blots were washed in TBS-T three times for 10 min, incubated for 1 h in horseradish peroxidase-conjugated secondary antibodies (Table 1) diluted in TBS-T, and then washed again in TBS-T. Immunoreaction was visualized with Clarity Chemiluminescence Substrate (Bio-Rad) in a ChemiDoc MP System (Bio-Rad). Densitometry analysis was performed with the Image lab software, version 5.2 (Bio-Rad).
Statistical Analysis of the Data
Student’s t-test was applied to evaluate the differences in NLRP3 translocation from the nucleus to the cytoplasm and the WB quantification of the active IL-1β and IL-18 levels in the axotomized and control sides. Differences among the means of NLRP3 immunostaining was assessed by one-way ANOVA with Fisher LSD (least significant difference) post-hoc test. All statistical analysis was performed with R (version 3.6.2; R Foundation for Statistical Computing) and RStudio integrated development environment (RStudio). All data are represented as mean ± SEM. In order to determine the number of animals needed (sample size: n = 5 for IHC and n = 3 for WB), power analysis was carried out with G × Power (Faul et al., 2009).
RESULTS
Expression of Nucleotide-Binding Oligomerization Domain-, LRR- and Pyrin Domain-Containing Protein 3 in Motor Neurons in Response to Target Deprivation in the Oculomotor Nucleus and Axotomy in the Hypoglossal Nucleus
First, we assessed NLRP3 expression in the brainstem of animals exposed to axotomy. According to literature data, in traumatic brain injury (TBI), the level of inflammasome proteins (NLRP3, ASC, caspase-1) starts to increase 6 h after injury and peaked at 3 and 7 days (Liu et al., 2013). Furthermore, our previous experiments demonstrated that microglial activation and morphological changes, which might correlate with the inflammatory peak (Fernández-Arjona et al., 2019), show highest intensity at 4 and 7 days following nerve axotomy (Paizs et al., 2017; Nógrádi et al., 2020). Thus, in our experiments, all animals were allowed to survive for 4 days until the peak immune/inflammatory reaction was observed.
Under control (i.e., non-operated) conditions, there was a faint basal NLRP3 staining in both sides of the oculomotor and hypoglossal nuclei in mouse brain sections. Target deprivation in the case of the oculomotor nucleus led to a significant increase in the NLRP3 staining which was absent in the contralateral side serving as an internal control (Figure 1A). Similar changes were visible in the hypoglossal nucleus after the transection of the hypoglossal nerve; however, the reaction was more intense (Figure 1A). Quantitative analysis revealed that increase in NLRP3 was significant in both the oculomotor nucleus (8.04 ± 1.98 vs. 2.66 ± 0.34%; injured vs. non-operated; p < 0.05) and the hypoglossal nucleus (27.25 ± 4.87 vs.1.13 ± 0.51%; p < 0.0005) after the nerve transection, when compared to the non-operated controls. Furthermore, NLRP3 increase was significantly lower in the oculomotor nucleus compared to the hypoglossal nucleus following axotomy (8.04 ± 1.98 vs. 27.25 ± 4.87%; injured oculomotor nucleus vs. injured hypoglossal nucleus; p < 0.0005).
[image: Figure 1]FIGURE 1 | Nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3 (NLRP3) protein expression in motor neurons of the oculomotor and hypoglossal nuclei after specific nerve axotomy. (A) Representative immunohistochemistry stainings of NLRP3 protein on Balb/c mouse brain sections from the anatomical region of the oculomotor (top panel) and the hypoglossal (bottom panel) nuclei (scale: 100 µm). Corresponding brain nerves were axotomized. (B) Representative fluorescence immunostaining images of NLRP3, neuronal nuclei (top panel) and choline acetyltransferase (bottom panel) proteins on Balb/c mouse brain sections from the anatomical region of hypoglossal nucleus after corresponding brain nerve axotomy (scale: 100 µm). Nuclei were counterstained with Hoechst 33342.
Morphology of the staining suggested that the majority of the NLRP3-positive cells were neurons. Therefore, we performed co-stainings with neuronal nuclei (NeuN) and choline acetyltransferase (ChAT) markers (Figure 1B). We chose the hypoglossal nucleus because more intense reaction could be observed compared to the oculomotor nucleus, following axotomy. NeuN staining decreased in the affected nucleus compared to its contralateral counterpart reflecting a nucleus-specific neuronal response to target deprivation, as described by others (McPhail et al., 2004; Obál et al., 2006). As anticipated, a significant number of NLRP3-positive cells were NeuN positive as well (Figure 1B), indicating neuronal upregulation of NLRP3 in response to target deprivation. ChAT staining almost completely overlapped with NLRP3 staining, indicating that indeed motoneurons expressed NLRP3 (Figure 1B). However, at the side of the lesion, ChAT staining, similarly to NeuN staining, decreased due to the disturbance in the neuronal homeostasis (Lams et al., 1988).
In order to identify further cell types that might respond with the upregulation of NLRP3 to peripheral nerve injury, we performed co-staining with ionized calcium-binding adapter molecule 1 (Figure 2A), a microglial marker, and glial fibrillary acidic protein (GFAP) (Figure 2B), an astroglial marker. Importantly, the majority of the microglia were not stained with the NLRP3 antibody, only a few microglial cells were NLRP3 positive. Similarly, NLRP3 was upregulated only in a small fraction of astrocytes, and astrocytic endfeet were largely excluded as demonstrated by the co-staining with the endfeet marker aquaporin-4 (AQP4) (Figure 2C).
[image: Figure 2]FIGURE 2 | Partial co-localization of nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3 (NLRP3) with glial marker proteins but not with microvessels on the injured side. (A) Representative confocal super-resolution microscopy (STED) images from fluorescent immunostaining of NLRP3 and ionized calcium-binding adapter molecule 1 proteins on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after corresponding brain nerve axotomy. Nuclei were counterstained with Hoechst 33342. Top panels: lower magnification (scale: 100 µm); bottom panels: high magnification (scale: 10 µm). (B) Representative confocal STED images from fluorescent immunostaining of NLRP3 and glial fibrillary acidic protein proteins on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after similar brain nerve axotomy. Nuclei were counterstained with Hoechst 33342. Top panels: lower magnification (scale: 100 µm); bottom panels: high magnification (scale: 10 µm). (C) Representative confocal STED images from fluorescent immunostaining of NLRP3 and aquaporin-4 proteins on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after similar brain nerve axotomy. Top panels: lower magnification (scale: 20 µm); bottom panels: high magnification (scale: 5 µm). Arrows indicate co-localization of signals.
Subcellular Redistribution of Nucleotide-Binding Oligomerization Domain-, LRR- and Pyrin Domain-Containing Protein 3 and Co-localization With Inflammasome Component Apoptosis-Associated Speck-Like Protein Containing a Caspase Activation and Recruitment Domain
Under control conditions, a significant part of NLRP3 staining could be seen in the nuclei of neurons. In response to the transection of the hypoglossal nerve, the staining appeared mainly in the cytoplasm, in parallel with weakening of the nuclear staining (Figure 3A). In order to visualize the changes more accurately and quantitatively, we performed IHC stainings which confirmed our observations obtained with fluorescence staining (Figure 3B). Quantitative analysis revealed that the ratio of neurons showing cytoplasmic NLRP3 was significantly higher on the injured side of the hypoglossal nucleus following axotomy (82.24 ± 5.38 vs. 1.95 ± 1.33%; injured side vs. contralateral side; p < 0.0005) (Figure 3C).
[image: Figure 3]FIGURE 3 | NLRP3 translocation from neuronal cell nuclei into the cytoplasm in response to XII. nerve axotomy. (A) Representative super-resolution microscopy [nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3 (NLRP3)] and confocal (ChAT) images on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus from the non-operated and operated side after hypoglossal nerve axotomy. Top panels (on both the non-operated and operated sides): lower magnification (scale: 10 µm); bottom panels: high magnification (scale: 5 µm). (B) Representative immunohistochemistry staining images of NLRP3 protein on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus, from the non-operated (left panel) and operated (right panel) sides after equivalent nerve axotomy (scale: 25 µm). (C) Quantification of intracellular distribution of NRLP3 staining in neurons from non-operated and operated sides of the hypoglossal nucleus. The graph shows average % ± SEM of neurons in which NLRP3 localized in the nucleus or the cytoplasm (n = 5 animals/group, *** = p < 0.0005).
Activation of inflammasomes involves formation of a multiprotein complex, which includes binding of NLRP3 with the adaptor molecule ASC. Therefore, we performed co-localization analysis with the two proteins, and for a better resolution, we used STED microscopy. Similarly to NLRP3, ASC was also upregulated after nerve transection in the hypoglossal nucleus (Figure 4A). Staining performed with NLRP3 and ASC significantly overlapped mainly in neurons (Figure 4B). Interestingly, the co-localization could be observed in the nuclei as well (Figure 4C). Although NLRP3 could be detected in GFAP-positive cells as well, there was almost no co-localization with ASC (Figure 4C). We could not detect any co-localization of NLRP3 and ASC in microglial cells either (data not shown).
[image: Figure 4]FIGURE 4 | Co-localization of inflammasome components and production of active interleukin-1 beta (IL-1β) and IL-18 (IL-18) in the XII. nucleus. A) Representative immunohistochemistry staining images of apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) protein on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after corresponding brain nerve axotomy (scale: 100 µm). (B) Representative confocal [nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3 (NLRP3)] and super-resolution microscopy (STED) (ASC) images on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after hypoglossal nerve axotomy (scale: 10 µm). Solid arrows indicate the co-localization of NLRP3 and ASC. Dashed arrows indicate NLRP3 without co-localization with ASC. (C) Representative confocal [NLRP3 and glial fibrillary acidic protein (GFAP)] and STED (ASC) images on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after corresponding brain nerve axotomy (scale: 10 µm). Solid arrows indicate co-localization of NLRP3 and ASC in the nucleus and cytoplasm of the cells. Dashed arrow indicates co-localization of NLRP3 with GFAP, but not with ASC. (D) Representative western blot images of IL-1β and IL-18 proteins in of the hypoglossal nuclei after unilateral axotomy of corresponding brain nerve. Arrows indicate pro-forms, arrowheads show active cytokines. (E) Quantification of pro- and active IL-1β expression based on the western blot analysis of the hypoglossal nuclei in n = 3 animals. The graph shows values normalized to β-actin levels and to control side (average ± SEM,* = p < 0.05; *** = p < 0.0005). (F) Quantification of active IL-18 expression based on the western blot analysis of the hypoglossal nuclei in n = 3 animals. The graph shows values normalized to β-actin levels and to control side (average % ± SEM, * = p < 0.05).
Nucleotide-Binding Oligomerization Domain-, LRR- and Pyrin Domain-Containing Protein 3 Inflammasome Activation, Interleukin-1 Beta and Interleukin-18 Activation
To examine NLRP3 inflammasome activation, the protein levels of active IL-1β and IL-18, the main pro-inflammatory cytokines of the inflammasome pathway, were quantified with WB. These changes were evaluated in the hypoglossal nucleus following axotomy of the hypoglossal nerve, since more intense NLRP3 upregulation was observed here compared to the oculomotor nucleus. Axotomy resulted in a 1.507-fold increase of pro- IL-1β levels (p < 0.0005), indicative of the priming phenomenon. In addition, we observed a 1.873-fold increase of the active IL-1β protein levels in the operated hypoglossal nucleus compared to the control side (p < 0.05) (Figures 4D,E). Similarly, a 1.893-fold increase was observed in the active IL-18 levels after axotomy (p < 0.05) (Figures 4D,F).
Inhibition of Nucleotide-Binding Oligomerization Domain-, LRR- And Pyrin Domain-Containing Protein 3 Upregulation by Diazoxide
In order to investigate the role of mitochondrial injury in axotomy-induced NLRP3 upregulation, we treated experimental animals post-surgery for 4 days with diazoxide, an agent with proven neuroprotective effects, able to preserve mitochondrial function (Teshima et al., 2003). Diazoxide diminished the increase in NLRP3 expression observed in the non-treated group following axotomy in the hypoglossal nucleus, compared to the vehicle control (DMSO), as represented by NLRP3 staining (Figure 5A) and quantitative analysis (8.49 ± 2.84 vs. 28.49 ± 5.98%; injured + diazoxide vs. injured + vehicle; p < 0.0005) (Figure 5B). DMSO did not have any significant effect on axotomy-induced NLRP3 upregulation (Figure 5A,B).
[image: Figure 5]FIGURE 5 | Effect of diazoxide on nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3 (NLRP3) protein expression in hypoglossal nucleus. (A) Representative immunohistochemical staining images of NLRP3 protein on Balb/c mouse brain sections from the anatomical region of the hypoglossal nucleus after axotomy and treatment with either vehicle [dimethyl sulfoxide (DMSO)] or diazoxide (DZX) each day for 4 days after surgery (scale: 100 µm). (B) Quantitative analysis of NLRP3 protein expression in the oculomotor (n = 4) and in the hypoglossal (n = 4) nuclei after corresponding nerve axotomy. Hypoglossal nerve axotomized mice were treated with either vehicle (DMSO; n = 3) or diazoxide (n = 4) each day for 4 days after surgery. Graph represents the relative difference in the staining area fraction (average % ± SEM) of the operated side compared to the non-operated side of the nuclei (* = p < 0.05; *** = p < 0.0005).
DISCUSSION
Elaborate crosstalk between the nervous and the immune systems modulates a considerable number of pathological processes in the brain. Accumulating evidence suggests that interaction between damaged neurons and the immune system, especially the innate immune system, is pivotal in determining the outcome of neurological disorders (Trakhtenberg and Goldberg, 2011). Here we demonstrate that after acute lesion, motor neurons respond with upregulation of NLRP3, an important PRR and inflammasome component. NLRP3 upregulation and inflammasome activation have been largely acknowledged phenomena in CNS diseases (reviewed in Voet et al., 2019); however, microglia, the innate immune cells of the brain, have primarily been considered as resident cells involved in immunological processes of the CNS. Interestingly, in our model, motor neurons proved to initiate NLRP3 activation, while microglia were much less involved, despite their unequivocal role in the pathomechanism of neuronal injury-induced inflammation. Indeed, other NLRs not tested here, like NLRP1 or AIM2, may also become upregulated in microglia or neurons as well in response to axonal injury.
Although our finding that NLRP3 was highly upregulated in neurons was somehow unexpected, neuronal NLRP3 upregulation and inflammasome activation has already been detected in a few pathological conditions. For example, ischemic stroke was shown to activate both NLRP1 and NLRP3 inflammasomes in neurons through nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)- and mitogen-activated protein kinase-dependent mechanisms (Fann et al., 2018). NLRP3 can be a mediator of inflammatory pain as well: chemical stimulation of the dura activated NLRP3 inflammasomes mainly in C-type neurons in the trigeminal ganglion (Chen et al., 2014). Furthermore, in the SOD1 (G93A) transgenic mice model of amyotrophic lateral sclerosis (ALS), NLRP3 activation was predominantly detected in degenerating neurons of the anterodorsal thalamic nucleus (Debye et al., 2016). Other studies also suggested activation of NLRP3 in neurons in injury and sterile inflammation (Chen et al., 2019; Voet et al., 2019). Nevertheless, in TBI, a mechanical injury model, NLRP3 upregulation was approximately similar in neurons, astrocytes and microglia (Liu et al., 2013), while in spinal cord contusion injury, NLRP3 was primarily found in microglia and neurons (Zendedel et al., 2015). However, to our best knowledge, inflammasome activation in the CNS after peripheral nerve injury has been unknown so far.
In our previous study, we have demonstrated that following acute nerve axotomy, microglia become activated to a different extent in the different motor nuclei of the brain, depending on the susceptibility of the respective nucleus to injury in chronic stress conditions (Nógrádi et al., 2020). For example, in the oculomotor nucleus, that is known to be resistant to degeneration in ALS, microglial activation was weaker than in the hypoglossal nucleus (Nógrádi et al., 2020), which is classically used as a model region of motoneuronal neurodegeneration in the CNS (reviewed in Nijssen et al., 2017). However, our current results indicate that microglial activation does not necessarily lead to inflammasome activation. This might have functional consequences, since specific microglia depletion had no influence on neuronal degeneration and axon regeneration in another acute nerve injury model (Hilla et al., 2017). On the other hand, the extent of microglial activation correlated with the level of motoneuronal NLRP3 upregulation in the two examined nuclei. Reduced NLRP3 upregulation after axotomy in the oculomotor nucleus compared to the hypoglossal nucleus might be coupled to the improved ionic buffering capacity of oculomotor neurons, especially to their ability to control calcium accumulation in mitochondria (Obál et al., 2006).
Under control conditions, we observed a strong NLRP3 staining in the cell nuclei. In response to nerve injury, NLRP3 was not only upregulated, but also translocated to the cytoplasm of motoneurons. Increased production of active IL-1β and IL-18 on the side of the injury suggests activation of inflammasomes, since cleavage of these cytokines is one of the best readout parameters of inflammasome activity (Broz and Dixit 2016; He et al., 2016; Zheng et al., 2020). Although the classical site of assembly of inflammasomes is the cytoplasm, a recent study revealed that six out of the 20 examined NLRs were detected in the nucleus as well. These include NLRP1, NLRP3, NLRP5, NLRP6, NLR family acidic transactivating domain (NLRA) and NLRC5 (Wang et al., 2016). Although we could clearly detect translocation of NLRP3 from the nucleus to the cytoplasm after nerve injury, a faint NLRP3 signal could still be detected in the nucleus, co-localized with ASC. Importantly, in certain cases, inflammasomes can be activated in the nucleus as well. Nuclear activation of interferon gamma-inducible protein 16 (IFI16) inflammasome could be detected during Kaposi sarcoma-associated herpesvirus infection in endothelial cells (Kerur et al., 2011). In the nucleus, activated caspase-1 may have other substrates than pro-IL-1β and pro-IL-18, e.g., sirtuin-1. Besides participating in the formation of inflammasomes, nuclear NLRs may have other functions as well, e.g., NLRP3 is a transcriptional regulator in T helper type 2 cells and a repressor of regulatory T cell differentiation (Bruchard et al., 2015; Park et al., 2020). It is not known yet, whether beyond serving as a receptor in inflammasomes, NLRP3 has any regulatory functions in neurons.
Several therapeutic approaches have proved that inhibition of the NLRP3 pathway could successfully prevent or slow down neuronal loss in neurodegenerative disorders (Zhou et al., 2016; Dempsey et al., 2017; Gordon et al., 2018). Based on this, reduction of NLRP3 activation seems to be a promising point of intervention in acute injury conditions as well. Diazoxide, an activator of the mitochondrial ATP-dependent K+ channel, which readily crosses the blood-brain barrier, is known to reduce mitochondrial dysfunction (Domoki et al., 2004) and to protect neurons during ischemia/reperfusion injury (Lei et al., 2018). Opening of mitochondrial K+ATP channels results also in activation of anti-apoptotic mechanisms in neurons (Liu et al., 2002).
Diazoxide could also block microglial activation and reduce mitochondrial swelling in neurons following nerve axotomy in our previous experiments (Nógrádi et al., 2020). Interestingly, such effect on microglial mitochondrial morphology was not observed. Furthermore, diazoxide could reduce NLRP3 activation during cerebral ischemia/reperfusion injury through protecting mitochondria (Zhe et al., 2018; Gong et al., 2018). Indeed, mitochondrial dysfunction has a pivotal role in initiation and activation of the NLRP3 inflammasome (Liu et al., 2018), thus the ability of diazoxide to reduce neuronal mitochondrial injury could be a major pathway in dampening NLRP3 upregulation following acute nerve injury.
In our acute nerve injury model, diazoxide was able to block NLRP3 increase in a post-surgery treatment paradigm. As the neuroprotective effect of diazoxide has already been established (Lei et al., 2018), our results raise the point whether blockade of NLRP3 increase might act as a contributing factor to the neuroprotective properties of diazoxide in acute nerve injury. Also, as diazoxide could dampen the axotomy-induced microgliosis, it is possible that this effect, at least in part, could be mediated through the reduction of mitochondrial injury and NLRP3 activation. Therefore, our observation further strengthens the significance of the anti-inflammatory properties of diazoxide from a therapeutic point of view.
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Background: Rheumatoid arthritis (RA) patients have a shorter life expectancy than the general population primarily due to cardiovascular comorbidities.
Objectives: To characterize arterial aging in RA.
Patients and Methods: Coronary calcium score (CCS) were available from 112 RA patients; out of these patients, follow-up CCS were measured for 54 randomly selected individuals. Control CCS were obtained from the MESA database (includes 6,000 < participants); arterial age was calculated from CCS.
Results: RA patients were significantly older (10.45 ± 18.45 years, p < 0.001) in terms of the arterial age than the age-, gender-, and race-matched controls. The proportion of RA patients who had zero CCS was significantly less (p < 0.01) than that of those in the MESA reference group. Each disease year contributed an extra 0.395 years (p < 0.01) on the top of the normal aging process. However, the rate of the accelerated aging is not uniform, in the first years of the disease it is apparently faster. Smoking (p < 0.05), previous cardiovascular events (p < 0.05), and high blood pressure (p < 0.05) had additional significant effect on the aging process. In the follow-up study, inflammatory disease activity (CRP > 5 mg/L, p < 0.05) especially in smokers and shorter than 10 years of disease duration (p = 0.05) had the largest impact.
Conclusion: Arterial aging is faster in RA patients than in control subjects, particularly in the first 10 years of the disease. Inflammation, previous cardiovascular events, and smoking are additional contributing factors to the intensified coronary atherosclerosis progression. These data support that optimal control of inflammation is essential to attenuate the cardiovascular risk in RA.
Keywords: rheumatoid arthritis, coronary calcium score, arterial aging, inflammatory activity, smoking-adverse effects
INTRODUCTION
Rheumatoid arthritis (RA) is a heterogeneous autoimmune condition; it affects 0.5–1% of the population and is associated with disability and systemic complications (Turesson et al., 2006; Prete et al., 2011; Das and Padhan, 2017). Both genetic and environmental factors have a central role in the pathogenesis of the disease, and cigarette smoke is the strongest known environmental factor (McInnes and Schett, 2007; Baka et al., 2009; McInnes and Schett, 2011). In RA, ongoing inflammation leads to cartilage destruction, bone erosions, and subsequent joint deformities. Although the current treatment strategy, principally the widespread use of biological therapies, improved the outcome of the disease, the mortality rate is still considerably higher among patients with RA than among healthy persons and systemic complications, especially cardiovascular (CV) risk due to RA, and represent a significant challenge (Liu et al., 2017; Nagy et al., 2018). Although biologicals have a beneficial effect on the CV risk in RA, TNF and IL6 inhibitors often increase the total cholesterol and triglyceride levels (Roubille et al., 2015; Gabay et al., 2016; Giles et al., 2019). In addition to the traditional cardiovascular risk factors (hypertension, diabetes, smoking, hyperlipidemia, alcohol, and physical inactivity), the effect of chronic inflammation on cardiovascular mortality is a rapidly developing field of interest (Ormseth et al., 2015). Elevated CRP level is considered as a cardiovascular risk factor (Yousuf et al., 2013; Fonseca and Izar, 2016). It is noteworthy that the risk of acute myocardial infarction (AMI) in RA is similar to the risk of AMI in diabetes mellitus (Nurmohamed et al., 2015). Coronary artery disease in RA appears more often in multivessel form (Karpouzas et al., 2014). In RA, the inflammation is associated with the presence of high-risk plaques (Aubry et al., 2007; Karpouzas et al., 2014). Coronary calcium score (CCS) is a well-established diagnostic marker showing calcium deposits in coronary arteries. It is known to be influenced by several factors including age, gender, race (Greenland et al., 2018), smoking (Shaw et al., 2006), high CRP levels (defined as higher than 5 mg/L), cardiovascular disease, high blood pressure, and diabetes, although the connection between diabetes and CCS is controversial (Raggi et al., 2004; Giles et al., 2009). The CCS assessment is a noninvasive method that has a great value in cardiovascular risk stratification, showing a significant association with the medium- or long-term occurrence of major cardiovascular events (O’Rourke et al., 2000; Neves et al., 2017). The prevalence of coronary artery calcium (CAC) increases with age, ranging from 5% in a middle-aged cohort to more than 50% in an elderly cohort (McClelland et al., 2006). A meta-analysis including asymptomatic individuals indicated that those with coronary artery calcification above the median have an 8.7-fold increased risk of future coronary events (O’Malley et al., 2000). In addition, there are data indicating that progression in CCS is associated with higher risk of myocardial infarction (Raggi et al., 2000; Raggi et al., 2003), and coronary artery calcification adds information to the prediction of overall mortality (Shaw et al., 2003). It has been proposed that CAC can be used to estimate the arterial age in adults. Although the increased cardiovascular risk is widely accepted in RA, the risk factors associated with the chronic autoimmune disease are less clear. The traditional cardiovascular risk scores underestimate the real cardiovascular risk in RA (Crowson et al., 2012; Kawai et al., 2015; Wahlin et al., 2019). CCS is better in CV risk stratification in RA than in combinations of the traditional CV risk factors (Korley et al., 2017; Karpouzas et al., 2020). Here, we investigated the baseline and follow-up CCS of RA patients and studied its progression over time. Our present result underscores the impact of inflammation on the CV risk in RA, especially in the first ten years of the disease.
PATIENTS AND METHODS
Patients and Controls
All RA patients were recruited in the rheumatology outpatient department of the Semmelweis University (Polyclinic of Hospitaller Brothers of St. John of God, Budapest, Hungary). Patients ≥ 18 years of age and diagnosed with RA (n = 112) according to the 2010 American College of Rheumatology/European League Against Rheumatism classification criteria (Aletaha et al., 2010) were enrolled. Exclusion criteria included concomitant autoimmune disease, except Sjögren’s syndrome, malignant diseases, chronic infections with or without fever, and known psychiatric disease. The demographic data and the clinical parameters of the patients are summarized in Tables 1, 2. Hypertension, diabetes mellitus, and hyperlipidemia were evaluated based on the standard criteria; smoking history was recorded (smoker/nonsmoker). Disease activity was evaluated by using the 28-joint counts and erythrocyte sedimentation rate–based (disease activity score/DAS28) score at each visit. Medications were recorded including glucocorticoids, NSAIDs, conventional and targeted disease-modifying antirheumatic drugs (DMARDs), and statins. Both national and institutional ethics committees approved the study, and informed consent was obtained from each individual [approval number: IF 567-4-2016]. This work was carried out in accordance with the Helsinki Declaration.
TABLE 1 | Patient characteristics, categorical variables. dm: diabetes (Type I: 3, Type II: 14), bp_ high: high blood pressure, esr_high: for males: ESR > 15 if age is less than 50 years and 20 if age is above 50 years. For females: 20 if age < 50 years and 30 above 50 years. CRP above 5/mg/L.
[image: Table 1]TABLE 2 | Patient characteristics, continuous variables. The arteries are approximately 10 years older in RA than in the matched control group. Disdur: disease duration, CCS: coronary calcium score, CRP: C-reactive protein, artAge: calculated arterial age using Eq. 1, artAge_dif: arterial age difference from the median of the race-, sex-, and age-matched control population.
[image: Table 2]Control population: the Multi-Ethnic Study of Atherosclerosis (MESA) database was used as control. MESA is a prospective cohort study with an aim to investigate predictors of cardiovascular risk factors; coronary artery scan was performed in 6,814 participants without apparent cardiovascular problems. We refer to this population as “healthy” population or “MESA” population (Blaha et al., 2016). Age-, gender-, and race-matched control data were generated by using the online CCS calculator (https://www.mesa-nhlbi.org/Calcium/input.aspx). Based on demographic data and the measured CCS, the online calculator provided the estimated probability of having higher than zero calcium, and the 25th, 50th (median), 75th, and 90th CCS percentiles of in a “healthy” (i.e., without apparent cardiovascular disease) population. Using these percentiles and inverse quantile transformation, we simulated 100 age-, gender-, and race-adjusted CCS for each patient in our study. In this way, the control population consisted of 100 age-, gender-, and race-matched subjects from the MESA database for each RA patient, altogether 11,200 subjects.
Measurement of Coronary Calcium Score
All RA participants underwent non–contrast-enhanced, prospectively ECG-triggered scan of the heart using a 256‐slice multidetector CT (Brilliance iCT 256; Philips Healthcare, Best, The Netherlands) at the Heart and Vascular Center of Semmelweis University. Images were acquired in cranio-caudal direction during a single breath hold in inspiration, at 78% of the R‐R interval, with a slice thickness of 2.0 mm. The following acquisition parameters were used: 128 × 0.625 mm detector collimation, 270 ms gantry rotation time, 120 kV tube voltage, and 30 mA s tube current. The quantification of CAC was performed on the axial images on a per‐patient and per‐vessel basis using a semi-automatic software (Heartbeat-CS, Philips Healthcare, Best, The Netherlands). CCS were computed by the standard calcium scoring algorithm of Agatston (Agatston et al., 1990). Follow-up CCS measurement was performed for 54 patients.
Determination of the Arterial Age and Arterial Age Difference (artAge_dif)
Arterial age is an easy to understand intuitive concept; it shows the apparent age of arteries using healthy population as a reference. Therefore, to help the clinical interpretation of the results, CCS were transformed into “arterial age” using the formula of McClelland et al. (2009):
[image: image]
To facilitate the statistical inference, we introduced an additional variable called artAge_dif. The variable artAge_dif measures difference between the observed and the control arterial ages. For each patient, there were 100 age-, gender-, and race-matched controls, and we obtained artAge_dif by subtracting the median of the corresponding controls from each observed value.
Statistical Analysis
Stata version 15 (StataCorp LP, College Station, TX) was used for statistical analysis and R (R Core Team, 2017) with several additional packages such as ggplot2 (Wickham, 2016) for additional programming tasks and visualization. The difference between the measured and MESA control population values was tested using the one-sample alternative of the tests; that is, we assumed that simulated control population is not different from the “true” population. Percentages of subjects having nonzero CCS in the observed and computer-predicted populations were compared with exact binomial test. The effect of factors that may influence CCS was studied by graphical analysis followed by univariate testing and multivariate linear regression modeling. Due to highly nonnormal distribution of the data, we gave preference to nonparametric methods such as rank-based tests or we took advantage of the “robust” option available for many procedures in Stata. To illuminate the trends, we fitted locally weighted polynomial regression commonly known as LOWESS. Descriptive summaries such as proportion, means, and standard deviation (SD) are provided for all clinically relevant baseline variables, and statistical significance level was set to p < 0.05, two-tailed.
RESULTS
Accelerated Arterial Aging in Rheumatoid Arthritis
CCS were measured in 112 RA patients; control CCS were obtained from the MESA database. Figure 1 upper panel compares the two arterial age distributions. Both histograms can be split into two parts. There is one single outstanding bar which represents subjects with zero CCS, and the arterial age of these subjects is by definition exactly 39.1. A characteristic feature of both curves a rightly skewed distorted bell-shape kind of part ranging from 39.1 up to hundred. These parts correspond to subjects having higher than zero CCS. Although the general features are similar, there are noteworthy differences between the two histograms. Smaller percentage of RA patients have zero CCS, and compared to controls, the center of the histogram is shifted to right, toward older ages. These visual impressions were confirmed by the statistical analysis. The CCS calculator gave the probability for each patient having higher than zero calcium. The average of these predicted probabilities was 0.517, while the found ratio is 0.642. The difference between the groups is highly significant (p = 0.008).
[image: Figure 1]FIGURE 1 | Arterial age in rheumatoid arthritis. Upper panel: Arterial age, converted from the observed and age-, gender-, and race-adjusted simulated coronary calcium scores. The figure shows the resulting distributions of the observed and simulated data. The shaded bars are the simulated control subjects, and the transparent bars with red contours represent the observed values. Lower panel: Arterial age distributions of patients with RA and the control populations are different. artAge_dif is the difference between the observed and the median of the control arterial ages. If there is no difference between RA patients and control subjects, then the histogram of artAge_dif must be symmetric around zero. Using Wilcoxon signed test, we showed that this null hypothesis is unlikely (p < 0.001).
The assumption that arteries are older in RA compared to the matched controls was further tested with the help of variable artAge_dif, which is the difference of the observed value from the median of the controls. Statistical theory suggests that if there is no difference between the MESA and RA populations, then the distribution of artAge_dif has symmetric distribution around zero. Figure 1 lower panel shows that the difference distribution is not symmetric but clearly right skewed with a median of 6.34 years. This difference from the expected zero is highly significant (z = 5.51, p < 0.0001). Because artAge_dif has right skewed distribution (Figure 1 lower panel), the mean difference is higher than the median. As Table 2 shows, the mean difference is 10.45 (SD: 18.45) years, which means that the arteries of the RA patients in average are 10.45 years older than those of their MESA counterparts’ (p < 0.001).
Correlation of Inflammatory Markers With Clinical Measures
As expected, the inflammatory markers (CRP and ESR) strongly correlated with each other and with the clinical disease activity (DAS28), data not shown. The correlation between artAge_dif and the disease duration is also significant (r = 0.22, p < 0.05).
Comorbidities, Autoantibodies (Anti-Cyclic Citrullinated Peptide/Rheumatoid Factor), Smoking, and the Arterial Age
Figure 2 displays the dependence of artAge_dif on categorical covariates. The differences between nonsmokers/smokers, patients without and with cardiovascular events, and patients with normal and high blood pressure were significant (p = 0.016, 0.029, and 0.023, respectively). By contrast, neither the presence of rheumatoid factor (RF), anti-cyclic citrullinated peptide (aCCP), nor diabetes proved to be predictive. We also checked if the previous statistical conclusions remain valid if we exclude diabetic patients’ data from the analysis. Seventeen patients (15.1%, Table 1) had diabetes. Excluding these individuals, 64.3% of the remaining patients had CCS above zero. This ratio is still significantly higher than the age- and gender-matched MESA control (49.4%, p = 0.004). The same is true for the difference from the matched medians (6.12 years, p < 0.001).
[image: Figure 2]FIGURE 2 | Smoking, CV events, and hypertension are associated with increased Artage_dif. Six binary variables were screened for potential effect on artAge_dif. The arterial age is increased significantly in patients who are smokers, have history of cardiovascular disease (CV event), or who are taking antihypertensive medicines (high BP). The corresponding p values (Kruskall–Wallis test): 0.016 (smoking), 0.029 (CV event), and 0.023 (high BP). Plots where the variable effects were significant are colored, while where the effect was not significant are in black (ACCP, anti-cyclic citrullinated peptides antibody; RF, rheumatoid factor).
The Effect of Cardiovascular Disease on the Coronary Calcium Score
Existing cardiovascular disease or history of cardiovascular events is associated with higher CCS (Lehker and Mukherjee, 2020). Subjects with existing cardiovascular condition were excluded from the MESA study, while 17 patients in our RA study group (15.18%, Table 1) had preexisting cardiovascular conditions. Therefore, the question arises to what extent the observed differences are due to the cardiovascular events. To answer this question, we split the RA study group into four subpopulations using the criteria that a patient had a zero CCS or the CCS was above it and that a patient had or had not previous cardiovascular disease. In the left panel of Supplementary Figure S1, proportions of patients with zero CCS are compared. Both RA subgroups are significantly different from their corresponding matched samples although the difference is much more pronounced in patients with previous cardiovascular disease (Supplementary Figure S1) (p = 0.023 and p = 0.005 respectively). Such difference between the two RA patient subgroups is not seen in the right panel of Supplementary Figure S1, and the medians of the matched arterial age differences are practically the same (16.7 and 18.1 years) for patients without and with cardiovascular disease. Both of them are significantly different from the expected zero (p < 0.001). These data suggest that the effect of RA on the CCS is mostly due to the accelerated progression rate. Cardiovascular disease is an additional risk factor because patients with cardiovascular disease have accelerated conversion rates from being CCS negative to CCS positive. The rate of conversion is significantly higher not only to control (p = 0.005) but also compared to RA patients without cardiovascular disease (p = 0.012).
Arterial Aging Is More Accelerated in the First 10 Years of the Disease
The analysis presented above suggests that the rate of the calcium build-up process in the control and RA populations is markedly different. Indeed, the time from the onset of the disease (disdur) was the only variable which showed significant correlation with the arterial age acceleration (data not shown). However, as the left panel of Figure 3 shows, the aging process is not constant. It increases monotonically (rs = 0.249, p = 0.008), but the fitted nonparametric regression line (span = 0.9) suggests that the increase is faster in the first 10 years. Nevertheless, to get a numerical estimate of the arterial aging relative to the control, we fitted linear regression between disdur and artAge_dif. The fitted regression line is displayed in the right panel of Figure 3. The slope of the regression line is 0.395 (95% CI 0.10–0.68), significantly different from zero (t = 2.74, p = 0.007). The meaning of this 0.395 is that difference from the control increases by 0.395 years in every year of the disease; thereafter, in average, every year with RA contributes 0.395 extra arterial years.
[image: Figure 3]FIGURE 3 | Arterial age difference depends on the disease duration. The effect of disease duration on the arterial age difference between RA patients and controls is shown. The smoothed curve in the left figure was obtained with Lowess. On the right figure, the red line represents the fitted regression line. The slope of the regression line (slope = 0.395, t = 2.74, p = 0.007) is the yearly divergence rate from the control. In both cases, the shaded areas around the lines are the 95% confidence intervals. The arterial aging is approximately 40% accelerated.
Progression Rate Estimation Using Follow-Up Data
Fifty-four patients had a follow-up CCS measurement. Supplementary Table S1 summarizes the DAS, CRP, and ESR values at the time of the two measurements. Generally, there is strong correlation between these values (data not shown). The average time between the CCS scans was 1.28 ± 0.35 years. The annual arterial aging rate was calculated by dividing the difference between the second and first arterial age measurements with the length of the time interval between the two measurements. The least-square estimates with the corresponding 95% confidence intervals are shown in the left panel of Figure 4. The estimated aging rate is 1.44 (95% CI 0.77–2.11), which is in good agreement with the previous regression estimate. Nevertheless, from the further analysis, we excluded two subjects who converted during the observation period (i.e., their first CCS was zero and the second above zero, with estimated aging of 8.1 and 12.8 years, respectively), because from a statistical viewpoint, they were gross outliers. Without these two values, the rate estimate was 1.09 + 0.22, still highly different from zero (p < 0.001, t = 4.78). Additional regression analysis showed that the aging process is significantly faster in patients who had elevated CRP (>5 mg/L) level (p = 0.024) and in case the time since diagnosis is less than 10 years (p = 0.05). The least-square approach allowed us to investigate the combined effect of two or more risk factors. Figure 4 demonstrates that in smokers with elevated CRP levels, the arterial aging rate is doubled. The additionally computed nonparametric test confirmed the significance of the elevated CRP (p = 0.0494). The middle and the right panels of Figure 4 further demonstrate the effect of CRP and disease duration <10 years on the arterial aging.
[image: Figure 4]FIGURE 4 | Follow-up data: the effect of inflammation, CV diseases, smoking, and RA disease duration on the arterial aging. The arterial aging rate was calculated by dividing the difference of the two consecutive arterial age estimates with the time interval between the two measurements. The left panel shows least-square estimates of five risk factors on the rate: smoking, disease duration ≤10 years (disdur < 10), history of cardiovascular disease (cvevent), CRP 5 > 5 mg/L, and concomitant antihypertensive drug taking (bp_high). When the 95% confidence intervals do not cross zero the effects are significant, which is true only for crp5 (p = 0.024) and disdur < 10 (p = 0.05). In the absence of any risk factors (which includes that the disease started more 10 years ago), the aging rate is close to zero (base). The combined effect of two risk factors such as CRP and smoking shown in the figure is an estimated marginal effect. The two boxplots illustrate the effect of crp5 and disdur < 10.
Effect of Medications on the Coronary Calcium Score
From the fifty-four patients in the follow-up study, thirty-one received biological therapy (twenty-seven patients anti-TNF-alpha, four patients non–anti–TNF-alpha bDMARDs) and twenty-three csDMARD therapy only. The yearly arterial aging progression rate in the follow-up group in patients receiving bDMARD therapy was numerically lower (1.16 ± 0.35) than that in patients receiving csDMARDs (1.73 ± 058); the difference (0.57 ± 0.67) was not significant (t = −0.85, p = 0.389).
DISCUSSION
Primarily due to cardiovascular comorbidities, patients with RA die significantly earlier (Nurmohamed et al., 2015; Nagy et al., 2018), and the risk of sudden cardiac death is doubled in RA compared to the general population (Maradit-Kremers et al., 2005; Naranjo et al., 2008; Karpouzas et al., 2014; Jagpal and Navarro-Millan, 2018). Due to the accelerated cardiovascular risk, the precise risk evaluation is essential. Our present data confirm and extend previous observations regarding the increased cardiovascular risk in RA. Here, we show for the first time the profound effect of RA on the arterial age, compared to the MESA population. Older arterial age was associated with smoking, previous cardiovascular events, and hypertension. The follow-up substudy was self-controlled and highlighted the importance of other additional factors. Ongoing inflammation (CRP > 5 mg/L), especially in smokers, and shorter disease duration (<10 years) accelerated arterial aging according to our follow-up data. Therefore, the increased cardiovascular risk due to RA increases with the disease years, but the augmentation is not linear, and in the first 10 years of the disease, the arterial aging is apparently more pronounced.
Inflammation plays a central role in the pathogenesis of atherosclerosis; elevated levels of C-reactive protein (CRP), interleukin-6, and N-terminal pro-hormone B-type natriuretic peptide (NTproBNP) correlate closely with cardiac events (Sabatine et al., 2004). Epidemiological studies suggested that chronic inflammation is associated with higher cardiovascular risk. In addition, inflammation is a recognized risk factor of AMI in RA (Meissner et al., 2016). A number of inflammatory mediators have been widely studied, both as surrogate biomarkers and as causal agents, in the pathophysiological network of atherogenesis and plaque vulnerability (Libby et al., 2002). Moreover, it was suggested that inflammatory processes and cytokines are similar in RA and in atherosclerotic vascular diseases (Plein et al., 2020). Low disease activity is associated with decreased risk of CVE in RA (Arts et al., 2017).
In patients with RA, inflammatory markers, disease severity, and RF positivity were found to be associated with the risk of atherosclerosis (Sattar et al., 2003). ACPA and RF are both unfavorable prognostic factors in RA; in accordance with our present data, both autoantibodies are independent of the accelerated arterial aging in RA (Berendsen et al., 2017).
The age is an independent risk factor for cardiovascular diseases; nevertheless, often the atherosclerotic disease burden is discordant with a patient’s chronological age. Calcium is a general component of the atherosclerotic plaque, but not that of the normal vessel wall (O’Rourke et al., 2000). Because of this structural difference, calcium is an accurate index of atherosclerotic disease burden and a useful tool to estimate the risk of cardiovascular adverse outcomes (Raggi et al., 2000; Kondos et al., 2003). Previous studies showed the importance of age-specific CCS percentiles to predict the occurrence of a cardiovascular event in patients with a similar risk profile (Wong et al., 2002). CCS is a widely accepted marker of coronary atherosclerosis. In the MESA population, a doubling of the CCS increased the probability of a coronary event by 25% in a 3.8-year follow-up period. Importantly, this predictive value was relatively stable across different ethnic groups (Detrano et al., 2008). Similar to our present data, RA severity was associated with the greater prevalence of coronary artery calcification than the MESA population (Giles et al., 2009). The Framingham risk score includes age, gender, total and HDL cholesterol, blood pressure, diabetes, and smoking. However, long-standing patients with RA had higher Framingham risk scores than patients with early disease or control subjects. Furthermore, long-standing inflammation represents additional cardiovascular risk (Chung et al., 2006). Moreover, the presence of CAC has been shown in early RA as well (Logstrup et al., 2017). The lack of diabetes effect in our study was somewhat surprising because it is generally presumed that the CCS is independently associated with incident coronary heart disease in diabetes (Malik et al., 2017). Framingham risk based on arterial age is more predictive of short-term incident coronary events than Framingham risk based on the observed age (McClelland et al., 2009).
According to recently published data, coronary artery calcification increases with higher total prednisone dose; by contrast, methotrexate and other csDMARDs do not influence coronary plaque progression (Karpouzas et al., 2020). Furthermore, DMARD and TNF-α antagonists are associated with reduced risk of myocardial infarction, stroke, and cardiovascular death (Micha et al., 2011; Westlake et al., 2011).
We could demonstrate neither positive nor negative effect of the applied drug therapy on the arterial aging process. It was somewhat surprising that anti-inflammatory drug therapy did not have a clear effect on the arterial aging process, in our present study. This could be explained by the relatively low number of patients and the limited period covered in the follow-up study. By contrast, in a recent study, another cardiovascular marker, vascular stiffness, significantly and consistently improved in RA patients, treated with biological or conventional synthetic DMARD therapy. RA has profound impact on the vasculature; already at time of the diagnosis, early RA patients have reduced vascular distensibility (Plein et al., 2020). Impaired endothelial function, a key event in the progression of atherosclerosis, was observed in RA. In addition to synovial lesions inflammation leads to vessel wall involvement as well. It was reported that endothelial dysfunction can be improved during anti–TNF-alpha therapy (Hürlimann et al., 2002). However, the limited study power prohibits to draw any definite conclusions regarding the effect of statins and targeted therapies on arterial aging. There are other limitations of our work as well: most of our patients had moderate disease activity, and untreated patients with early disease were not included in this study.
CONCLUSION
RA significantly accelerates arterial aging; additionally to other risk factors, inflammation might be the pathophysiological link between RA and the increased calcification process. Further large-scale studies are needed to investigate the potential clinical benefit of CCS measurement in RA patients with risk factors for ischemic coronary heart disease.
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Inflammation of the central nervous system (CNS) is associated with diseases such as multiple sclerosis, stroke and neurodegenerative diseases. Compromised integrity of the blood-brain barrier (BBB) and increased migration of immune cells into the CNS are the main characteristics of brain inflammation. Clustered protocadherins (Pcdhs) belong to a large family of cadherin-related molecules. Pcdhs are highly expressed in the CNS in neurons, astrocytes, pericytes and epithelial cells of the choroid plexus and, as we have recently demonstrated, in brain microvascular endothelial cells (BMECs). Knockout of a member of the Pcdh subfamily, PcdhgC3, resulted in significant changes in the barrier integrity of BMECs. Here we characterized the endothelial PcdhgC3 knockout (KO) cells using paracellular permeability measurements, proliferation assay, wound healing assay, inhibition of signaling pathways, oxygen/glucose deprivation (OGD) and a pro-inflammatory cytokine tumor necrosis factor alpha (TNFα) treatment. PcdhgC3 KO showed an increased paracellular permeability, a faster proliferation rate, an altered expression of efflux pumps, transporters, cellular receptors, signaling and inflammatory molecules. Serum starvation led to significantly higher phosphorylation of extracellular signal-regulated kinases (Erk) in KO cells, while no changes in phosphorylated Akt kinase levels were found. PcdhgC3 KO cells migrated faster in the wound healing assay and this migration was significantly inhibited by respective inhibitors of the MAPK-, β-catenin/Wnt-, mTOR- signaling pathways (SL327, XAV939, or Torin 2). PcdhgC3 KO cells responded stronger to OGD and TNFα by significantly higher induction of interleukin 6 mRNA than wild type cells. These results suggest that PcdhgC3 is involved in the regulation of major signaling pathways and the inflammatory response of BMECs.
Keywords: blood-brain barrier, protocadherin gamma C3, inflammation, oxygen/glucose deprivation, stroke, tumor necrosis factor-α, proliferation
INTRODUCTION
Inflammation is one of the characteristics of CNS disorders. During ischemic stroke, increased levels of pro-inflammatory cytokines are associated with damage to the blood-brain barrier (BBB) (Hotter et al., 2019; Ittner et al., 2020). The BBB is formed by endothelial cells surrounded by pericytes, a basement membrane and astrocytes. Endothelial cells are connected by tight junctions that maintain BBB integrity and regulate paracellular transport from blood to the brain (Abbott, 2013; Wong et al., 2013).
Protocadherins (Pcdhs) with more than 80 members constitute the largest subgroup of the cadherin superfamily, which mediate calcium-dependent cell-cell adhesion. Sano et al. first discovered this large group of cadherin-related molecules with cadherin-like extracellular (EC) but distinct cytoplasmatic domains (Sano et al., 1993; Nollet et al., 2000). While classical cadherins mediate strong cell-cell adhesion, Pcdhs are both adhesive and repulsive (Phillips et al., 2017). Pcdhs can be divided into clustered Pcdhs (α-Pcdhs, β-Pcdhs, γ-Pcdhs) organized in three tandem arrays on mouse chromosome 18 and human chromosome 5, and non-clustered δ-Pcdhs, which are scattered throughout the genome (Weiner and Jontes, 2013). Pcdhs are strongly expressed in the CNS and promote neuronal development and survival. They have been described in astrocytes, pericytes, choroid plexus epithelial cells and in brain microvascular endothelial cells (BMECs) (Garrett et al., 2012; Lobas et al., 2012; Dilling et al., 2017). Pcdhs play a critical role in cell survival (Peek et al., 2017), neuronal differentiation and migration (Weiner and Jontes, 2013), synapse development (Garrett et al., 2012) and dendritic morphogenesis (Suo et al., 2012; Molumby et al., 2017). In addition, they have also been characterized in kidney, lung and colon cells and show effects on both tumor suppressive and progressive functions during malignant cell growth (Okazaki et al., 2002; Dallosso et al., 2009; Zhou et al., 2017).
γ-Pcdh gene clusters contain variable exons which encode the cadherin-like extracellular domains, the transmembrane domain and the variable cytoplasmatic domain. γ-Pcdhs also have three C-like variable exons that are expressed in neurons (Kaneko et al., 2006; Phillips et al., 2017). Mice lacking one of the γ-Pcdh-C3, C4 or C5 isoforms died due to neuronal apoptosis, similar to mice lacking all γ-Pcdhs, suggesting that these C-type-isoforms play a special role in the neuronal survival (Chen et al., 2012; Peek et al., 2017; Miralles et al., 2020).
A member of the Pcdh subfamily, PcdhgC3, is the only isoform that inhibits β-catenin/Wnt- and mTOR-signalling pathways in colorectal cancer, and is a potential tumor suppressor (Dallosso et al., 2012; Mah et al., 2016; Mah and Weiner, 2017). We recently described the expression of γ-Pcdhs in BMECs and showed that the deletion of PcdhgC3 resulted in reduced barrier integrity and changes in gene expression in BMECs (Dilling et al., 2017). Here, we hypothesized that PcdhgC3, similar to cancer cells and neurons, plays a role in multiple signaling pathways in BMECs that lead to functional changes. To investigate this, we used a BMEC PcdhgC3 KO in functional tests such as paracellular permeability measurement, proliferation, wound healing assay, response to signaling pathway inhibitors, oxygen/glucose deprivation (OGD) and TNFα. Our results help to further uncover the role of PcdhgC3 in endothelial cell biology by pointing out its importance for signaling processes at the BBB.
MATERIAL AND METHODS
Chemicals
Stock solutions of the inhibitors SL327 (Mek1/2 inhibitor, 200 nM; Sigma-Aldrich), Torin 2 (mTOR-inhibitor, 25 nM; Sigma-Aldrich) and XAV939 (selective β-catenin/Wnt pathway inhibitor, 20 μM; Sigma-Aldrich), were prepared in DMSO and diluted to the final concentration in cell culture medium. TNFα (Sigma-Aldrich) was dissolved in cell culture medium to a working concentration of 10 nM.
Cell Culture
Mouse brain microvascular endothelial cell line, cerebEND was isolated and immortalized as previously described (Silwedel and Forster, 2006; Burek et al., 2012; Helms et al., 2016). To generate the PcdhgC3 knockout, cerebEND cells were co-transfected with Pcdh2 CRISPR/Cas9 and Pcdh2 HDR vectors (sc-430015 and sc-430015-HDR, Santa Cruz Biotechnology) using Effectene Transfection Reagent (Qiagen). The positive clones were selected with 3 µg/ml puromycin for 4 weeks (Dilling et al., 2017). The cells were grown on gelatin-coated plates in DMEM supplemented with 10% fetal calf serum (FCS). The cells were treated with 10 nM TNFα for 24 h and harvested for qPCR analysis.
Permeability Measurement
Wild type (WT) and PcdhgC3 knockout (KO) cerebEND cells were grown on gelatin-coated transwells (pore size 0.4 µm, Corning) for 6 days. The permeability assay was performed as previously described (Curtaz et al., 2020) using 1 µM fluorescein (376 kDa, Sigma-Aldrich) for 1 h with aliquots taken from the basolateral compartment every 20 min. A parallel assay with cell-free transwells was used to calculate the endothelial permeability coefficient (Pe). The Pe of KO cells was normalized to WT cells.
Proliferation Assay
The proliferation assay was performed using a 5′-bromo-2′-deoxyuridine (BrdU) Cell Proliferation Assay ELISA Kit (Merck) according to the manufacturer’s instructions. WT and KO cerebEND cells (5 x 103 cells) suspended in 100 µL culture medium were seeded in gelatin-coated 96-well plate. After the cells attached, the BrdU Label solution was added and the cells were allowed to grow for 24 h. The absorbance was measured using a spectrophotometric plate reader (Tecan) at dual wavelengths of 450 and 540 nm.
In Vitro Stroke Model, Oxygen/Glucose Deprivation
Confluent WT or KO cells were serum-starved for 24 h (1% charcoal stripped FCS). For OGD, the medium was exchanged for glucose-free DMEM and the incubation in a 1% O2 incubator was carried out for 4 h, as described previously (Burek et al., 2019). Normoxic control cells were only subjected to a complete medium exchange.
Quantitative Polymerase Chain Reaction
Quantitative PCR was performed as previously described (Kaiser et al., 2018). Briefly, total RNA was isolated from cells using the Nucleospin RNA Isolation Kit (Macherey-Nagel) according to the manufacturer’s instructions. We used a High Capacity cDNA Revers Transcription Kit (Thermo Fisher Scientific) for cDNA synthesis and TaqMan Fast Advanced Master Mix in StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) for quantitative PCR. Commercially available TaqMan Gene Expression Assays were used (Thermo Fisher Scientific). Calnexin and 18S-RNA were used as endogenous controls. Relative expression was calculated using the comparative Ct method.
Western Blot
Western blot was performed as previously described (Burek et al., 2019; Curtaz et al., 2020). Primary antibodies were diluted in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA). The following primary antibodies were used: rat anti-Bcrp (1:1,000, Abcam #Ab-24114), mouse anti-Glut-1 (1:200, Millipore #07–1401), rabbit anti-Lrp1 (1:1,000, Abcam #Ab92544), mouse anti-Mrp1 (1:1,000, Millipore #MAB4100), rat anti-Mrp4 (1:1,000, Enzo Life Science #ALX-801–039-C100), mouse anti-Tfrc (Transferrin Receptor, 1:500, Thermo Fisher Scientific #13–6,800), goat anti-RAGE (1:200, Santa Cruz #sc-8230), rabbit anti-PcdhgC3 (1: 10,000 (Frank et al., 2005)), mouse anti-p44/42 MAPK (Erk1/2) (1:2,000, Cell Signaling #9107), rabbit anti-phospho-Erk1/2 (1:2,000, Cell Signaling #4370), rabbit anti-Akt (1:1,000, Cell Signaling #9272) and rabbit anti-phospho Akt (1:1,000, Cell Signaling #4058). After incubation with respective secondary antibodies, images were taken using an Enhanced Chemiluminescence solution and FluorChem FC2 Multi-Imager II (Alpha Innotech). The intensity of the protein bands was estimated using the ImageJ software.
Enzyme-Linked Immunosorbent Assay
The cell culture medium was collected and kept frozen at −80°C until use. Ccl2/Mcp-1 and Ccl5/RANTES Quantikine ELISA Kit (R&D Systems) were performed according to the manufacturer’s protocol.
Wound Healing Assay
The wound healing assay was performed as previously described (Blecharz-Lang et al., 2018a). Briefly, cells were seeded on µ-Dish (Ibidi GmbH) and grown to confluence. After 24 h of serum starvation, the cells were left untreated or were treated for 48 h with MAPK-, β-catenin/Wnt-, mTOR-signaling pathway inhibitors (SL327, XAV939, and Torin 2) in triplicates. The wells separating the cells were removed and the dishes were photographed at time 0 h. The cells were allowed to grow in a 500-µm-space for 48 h and were photographed again at 48 h using a Keyence BZ9000 microscope (Keyence). The difference in area covered between 0 and 48 h was calculated and a migration rate was normalized to the control, which was set arbitrarily to 1.
Statistical Analysis
GraphPad Prism 7 (GraphPad Software) was used for statistical analysis. The data are expressed as the mean ± standard deviation. Unpaired t test was used to compare two groups while two-way ANOVA with Tukey’s multiple comparison test was used to compare WT and KO cells with or without treatment. Statistical significance was assumed at p < 0.05 (*).
RESULTS
C-Terminal Truncated Fragment of PcdhgC3 Shows Higher Level in Confluent Brain Microvascular Endothelial Cells
The C-terminus of γ-Pcdhs is cleaved by presenilin and the resulting intracellular fragment can be localized to the nucleus and have potential signaling functions (Haas et al., 2005). Interestingly, the 25 kDa C-terminal truncated fragment of PcdhgC3 is enriched in confluent BMECs and shows significantly lower level in non-confluent BMECs, which is opposite to the full-length protein (Figures 1A–C). Confluent BMECs build a tight monolayer. This is accompanied by multiple changes in gene and protein expression and intracellular signal transmission. Pcdhs play a role in contact inhibition of cell proliferation and are potential candidates for tumor suppressors (Okazaki et al., 2002; Yu et al., 2008). The increase in the cleaved PcdhgC3 fragment specifically in confluent BMECs suggests a distinct role for this fragment in processes such as cell proliferation, but the exact mechanisms in BMECs have yet to be investigated.
[image: Figure 1]FIGURE 1 | C-terminal fragment of PcdhgC3 accumulates in confluent Brain Microvascular Endothelial Cells. BMECs were seeded on gelatin-coated plates and were grown for 2 or 7 days followed by protein extraction and Western blot. PcdhgC3 protein level was analyzed by Western blot (A) and the bands corresponding to the full-length protein (130 kDa) (B) and truncated C-terminal fragment of PcdhgC3 (25 kDa) (C) were analyzed by densitometry. Data are shown as mean ± standard deviation of three independent experiments. **p < 0.01, ****p < 0.0001.
PcdhgC3 Knockout Cells Show Increased Paracellular Permeability, Proliferation and Changes in Protein and Gene Expression
We measured and compared the proliferation rate of WT and KO cells by BrdU incorporation into newly synthesized DNA (Figure 2A). The PcdhgC3 KO cells proliferated 2.46 ± 0.1 fold faster than the WT cells, suggesting the role of PcdhgC3 in endothelial cell proliferation. Increased proliferation leads to more dedifferentiated phenotype and lower barrier properties. We therefore measured the paracellular permeability for fluorescein in WT and KO cells (Figure 2B). Consistent with previous results (Dilling et al., 2017), PcdhgC3 KO cells showed an increase in permeability of 45% ± 14.7 compared to WT cells (Figure 2B). Next, we tested the effects of PcdhgC3 KO on gene expression of endothelial and BBB markers as well as on genes involved in inflammatory and signaling pathways (Figure 3). A comparison of gene expression between WT and KO cells showed increased expression of the efflux pump Abcb1b (P-Glycoprotein, ATP Binding Cassette Subfamily B Member 1) and a significantly reduced Abcb1a (P-Glycoprotein, ATP binding cassette subfamily B member 1a), Abcc1 (Mrp1, Multidrug resistance associated protein 1) and Abcc5 (ATP binding cassette subfamily C member 5) expression (Figure 3A). Among the solute carrier transporters analyzed, the Slc9a1 (Nhe1, Cation proton antiporter 1) was significantly increased, while Slc2a1 (Glucose transporter type 1), Slc7a1 (Cat1, Cationic amino acid transporter 1), Slc7a5 (Lat1, L-Type amino acid transporter 1) and Slc16a1 (Mct1, Monocarboxylic acid transporter 1) were downregulated (Figure 3B). Among the cellular receptors, PcdhgC3 KO showed increased RAGE (Receptor for Advanced Glycosylation End Products) level and decreased Lrp1 (Low-density lipoprotein receptor-related protein 1) and Tfrc (Transferrin receptor) expression (Figure 3C). Transcription factors such as Sox18 (SRY-Box transcription factor 18) and Tgfb1 (Transforming growth factor beta 1) were significantly increased in PcdhgC3 KO (Figure 3D). Genes involved in the β-catenin/Wnt-signaling pathway, Axin2 and Ctnnb1 (Catenin Beta 1) were upregulated, similar to genes involved in the Notch-signaling pathway (Dll4, Delta like canonical Notch ligand 4) and the sonic hedgehog signal transduction cascade (Gli1, Gli Family zinc finger 1) (Figure 3D). Interestingly, all of the inflammatory mediators tested, Ccl2 (C-C motif chemokine ligand 2), Ccl5 (C-C motif chemokine ligand 5), Ccl7 (C-C motif chemokine ligand 7), Csf3 (Colony stimulating factor 3), Cxcl10 (C-X-C motif chemokine ligand 10), Tlr4 (Toll like receptor 4) were downregulated in PcdhgC3 KO cells (Figure 3E). We analyzed the protein levels of selected transporter and cellular receptors (Figure 3F). We detected a significant increase in Lrp1, RAGE, Tfrc and Glut1 proteins. This was opposite to the corresponding mRNA level in KO cells. The Bcrp protein level was significantly downregulated in PcdhgC3 KO cells. Ccl2 and Ccl5 showed a decreased protein level consistently with the mRNA level (Figure 3G). Next, we tested the activation of the signaling pathways using antibodies against phosphorylated active kinases Akt and Erk (Figure 4). We used the serum starvation of the cells as a trigger for the activation of the signaling pathways. The WT and KO cells were harvested 24 h after serum reduction. Under these conditions, Akt showed no differences between WT and KO cells (Figure 4A), while significantly increased phospho-Erk level was detected in PcdhgC3 KO cells, which indicates a strong activation of this signaling pathway (Figure 4B).
[image: Figure 2]FIGURE 2 | PcdhgC3 knockout cells show increased proliferation and paracellular permeability. (A) The proliferation rate of WT and KO cells was measured using BrdU ELISA Kit at 16 h. (B) Wild type (WT) and PcdhgC3 knockout (KO) cells were grown in transwells for 6 days followed by measuring the paracellular permeability for fluorescein. Paracellular permeability of KO cells was normalized to WT cells, which was set as 100%. Data are shown as mean ± standard deviation of three independent experiments. *p < 0.05, ****p < 0.0001.
[image: Figure 3]FIGURE 3 | Brain Microvascular Endothelial Cells lacking PcdhgC3 show differential gene and protein expression. Wild type and PcdhgC3 knockout BMECs were grown to confluence, serum-starved for 24 h and harvested for RNA or protein extraction. Target gene expression of Abc transporter (A), Slc transporter (B), cellular receptors (C), signaling molecules (D) and inflammatory molecules (E), was normalized to endogenous control and shown as fold over control (wild type cells), which was arbitrarily set as 1 (control level marked in graph). (F) Protein expression of selected Abc transporter (Bcrp, Mrp1, Mrp4), Slc transporter (Glut1), cellular receptors (Lrp1, RAGE, Tfrc) was analyzed by Western blot. Protein expression was normalized to β-actin and to WT cells. The densitometry values are given above the corresponding bands. (G) Protein levels of Ccl2 and Ccl5 were analyzed by ELISA in cell culture medium of WT and KO cells. Data are shown as mean ± standard deviation of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations (A) Abcb1a: P-Glycoprotein, ATP binding cassette subfamily B member 1A, Abcb1b: P-Glycoprotein, ATP binding cassette subfamily B member 1, Abcc1: Mrp1, Multidrug resistance associated protein 1, Abcc4: Mrp4, Multidrug resistance associated protein 4, Abcc5: ATP binding cassette subfamily C member 5, Abcg2: BCRP, Breast cancer resistance protein (B) Slc2a1: Solute carrier family 2 member 1, Glut1, Glucose transporter type 1, Slc7a1: Solute carrier family 7 member 1, Cat1, Cationic amino acid transporter 1, Slc7a5: Solute carrier family 7 member 5, Lat1, L-Type amino acid transporter 1), Slc9a1: Solute carrier family 9 member 1, Nhe1, Cation proton antiporter 1, Slc16a1: Solute carrier family 16 member 1, Mct1, Monocarboxylate transporter 1, Slc20a2: Solute carrier family 20 member 2, Pit2, Phosphate transporter 2 (C) Lrp1: Low density lipoprotein receptor-related protein 1, RAGE: Receptor for Advanced Glycosylation End Products, Tfrc: Transferrin receptor (D) Cav1: Caveolin 1, Ctnnb1: Catenin beta 1, Dll4: Delta like canonical Notch ligand 4, Gli1: Family zinc finger 1, Jag1: Jagged canonical Notch ligand 1, Notch1: Notch receptor 1, Ptch1: Patched 1, Ptk2b: Protein tyrosine kinase 2 beta, Sox18: SRY-Box transcription factor 18, Tgfb1: Transforming growth factor beta 1 (E) Ccl2, 5, 7: C-C motif chemokine ligand 2, 5,7, Csf3: Colony stimulating factor 3, Cxcl10: C-X-C motif chemokine ligand 10, Tlr4: Toll like receptor 4, Icam1: Intercellular adhesion molecule 1, Vcam1: Vascular cell adhesion molecule 1.
[image: Figure 4]FIGURE 4 | Serum-starved PcdhgC3 knockout cells show higher phosphorylation of extracellular signal-regulated kinases (Erk). Wild type (WT) and PcdhgC3 knockout (KO) BMECs were grown to confluence, serum-starved (1% FCS) or not (10% FCS) for 24 h and harvested for protein extraction and Western blot analysis. (A) Phosphorylated (Phospho-Akt) and total Akt (B) phosphorylated Erk (Phospho-Erk) and total Erk were detected with specific antibodies. The protein levels were analyzed by densitometry. Data are shown as mean ± standard deviation of three independent experiments. *p < 0.05.
Knockout of PcdhgC3 Leads to a Higher Migration Rate of Brain Microvascular Endothelial Cells, Which Is Mediated by MAPK-, β-Catenin/Wnt- and mTOR-Signaling Pathways
The increased activation of Erk in PcdhgC3 KO cells indicates the activation of signaling pathways that are involved in cell proliferation, differentiation, aging and survival (Steelman et al., 2011). We therefore tested the migration rate of WT and KO cells in a wound healing assay (Figure 5). KO cells migrated significantly faster than the WT cells (Figures 5A,B). This faster migration of KO cells was blocked by MAPK-, β-catenin/Wnt- and mTOR-pathways inhibitors. KO cells treated with inhibitors of the key signaling pathways showed a significantly lower migration rate compared to untreated KO cells (Figure 5B).
[image: Figure 5]FIGURE 5 | PcdhgC3 knockout Brain Microvascular Endothelial Cells migrate faster in wound healing assay and their migration can be inhibited by specific MAPK-, β-catenin/Wnt- and mTOR-signaling pathway inhibitors. Wild type (WT) and PcdhgC3 knockout (KO) BMECs were seeded on µ-Dish and were grown to confluence. After 24 h serum starvation, the cells were left untreated or were treated with MAPK- (SL327, Mek1/2 inhibitor, 200 nM), Wnt- (XAV939, selective β-catenin/Wnt pathway inhibitor, 20 µM), mTOR- (Torin 2, mTOR-inhibitor, 25 nM) signaling pathways inhibitors (MAPK-Inh, Wnt-Inh, mTOR-Inh). The wells separating the cells were removed and the dishes were photographed at time 0 h. The cells were allowed to grow for 48 h into a 500-µm-space and were photographed again at 48 h. (A) The difference in area covered between 0 and 48 h was calculated and a migration rate was normalized to the control, which was arbitrarily set as 1. (B) Data are shown as mean ± standard deviation of three independent experiments. *p < 0.05, **p < 0.01.
PcdhgC3 KO Cells Respond Stronger to Oxygen/Glucose Deprivation and to Tumor Necrosis Factor Alpha Treatment
Increased activation of the MAPK-signaling pathway is observed in stroke, Alzheimer’s disease and multiple sclerosis. It contributes to decreased BBB integrity and production of pro-inflammatory mediators in the brain (Abbott et al., 2010; Maddahi and Edvinsson, 2010). We tested the response of WT and KO BMECs to OGD treatment. The cells were kept under OGD for 4 h (Figures 6A,B). The induction of Vegf in WT and KO cells after 4 h of OGD confirmed our experimental OGD settings, since Vegf is known as a hypoxic marker at the BBB (Zhang et al., 2000). The induction of Vegf was significantly higher in KO cells than in WT cells (Figure 6A). OGD treatment resulted in an increased Il6 expression in WT and KO cell and the increase was significantly higher in KO than in WT cells (Figure 6B). Next, we tested the response to TNFα treatment of WT and KO cells (Figures 6C,D). TNFα treatment led to the induction of Il6 (Figure 6C) and Icam1 (Figure 6D). The induction of Il6 was higher in KO cells, while the induction of Icam1 was lower in KO cells compared to WT cells. Thus, the deletion of PcdhgC3 alters the inflammatory response of BMECs suggesting a central role of PcdhgC3 in the vascular inflammatory phenotype.
[image: Figure 6]FIGURE 6 | PcdhgC3 knockout Brain Microvascular Endothelial Cells respond stronger to oxygen/glucose deprivation (OGD) conditions and to Tumor Necrosis Factor Alpha treatment. Confluent wild type (WT) and PcdhgC3 knockout (KO) BMECs were subjected to OGD (A,B) or TNFα treatment (C,D) followed by RNA extraction and qPCR analysis of indicated markers. Target gene expression was normalized to endogenous control and shown as fold over control (untreated WT cells for TNFα and normoxic WT cells for OGD), which was arbitrarily set as 1. Data are shown as mean ± standard deviation of three independent experiments. Icam1, Intracellular adhesion molecule; Il6, Interleukin 6; TNFα, Tumor necrosis factor alpha; Vegf, Vascular endothelia growth factor. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DISCUSSION
The high expression of Pcdhs in BMECs suggests their specific intracellular role in vascular endothelial cells. Here, we further characterized the role of a member of the Pcdh subfamily, PcdhgC3, by showing its involvement in intracellular signaling and the inflammatory response.
The C-terminus of Pcdhs could have a cell surface receptor signaling function regulated by proteolytic events (Haas et al., 2005). We show here that the truncated C-terminus of PcdhgC3 is enriched in confluent BMECs. This is in line with reports showing a tumor suppressor role of Pcdhs, as they play a role in the contact inhibition of cell proliferation (Okazaki et al., 2002; Yu et al., 2008). This fragment could be responsible for signal transduction in confluent BMECs, but the exact regulation mechanism must be determined in further experiments using e.g., specific inhibitors of presenilin or PcdhgC3 mutants and their effect on signaling cascades in BMECs. One of the possible mechanisms could be the interference of PcdhgC3 with VE-cadherin/β-catenin signaling pathway, which has been shown to inhibit endothelial proliferation (Lampugnani et al., 2003). This assumption is strengthened by the observation that PcdhgC3 KO cells have an increased proliferation and a high paracellular permeability compared to WT cells. In addition, we have previously shown that PcdhgC3 KO cells have a lower TEER and a strongly decreased expression of occludin (Dilling et al., 2017). Increased proliferation and permeability of the endothelium are hallmarks of many diseases of the CNS (Daneman, 2012).
The PcdhgC3 KO BMECs showed differences in the expression level of cellular receptors. Changing the expression of cellular receptors could be a useful target for drug delivery to the brain. Drug delivery strategies that use anti-transferrin receptor antibodies have shown increased drug brain penetration in models of neurodegenerative diseases and brain tumors (Lajoie and Shusta, 2015; Wang et al., 2015). Trfc is decreased at mRNA and increased at protein level in KO cells. We observed a significantly increased RAGE mRNA and slightly but significantly increased protein level in KO cells. This receptor for advanced glycation end products plays a role in the transport of molecules such as amyloid-beta peptides through the BBB. The inhibition of RAGE-ligand interaction protects against the accumulation of amyloid-beta peptides in the brain (Deane et al., 2003). PcdhgC3 KO led to changes in the expression of the efflux pumps genes. Most of them were decreased in KO BMECs at mRNA and protein level as shown for Bcrp. Efflux pumps protect the brain from blood-borne substances by pumping them out of endothelial cells. However, many cancer drugs are also substrates of efflux pumps (Lajoie and Shusta, 2015). Glut1 protein and mRNA were inversely regulated in PcdhgC3 KO cells (mRNA was decreased while protein was increased). Increased Glut1 protein level corresponds to increased Vegf level in KO cells (Sanchez-Elsner et al., 2001). We also examined the mRNA expression of various signaling molecules. Dll4, which is involved in Notch signaling, was strongly increased. Based on other studies, the downregulation of Dll4 was accompanied by stimulated endothelial proliferation, migration and sprouting (You et al., 2013). However, our results show otherwise, but we only measured the mRNA expression of Dll4. On the other hand, decreased Dll4 expression correlated with the inhibition of the Src/Akt/β-catenin-signaling pathway in HUVEC (Human Umbilical Vein Endothelial Cells) and the Src/Akt/β-catenin-signaling pathway also directly regulates the Dll4 (Fournier et al., 2020). In addition, the mRNA of Protein tyrosine kinase PYK2 (Ptk2b) is strongly downregulated in PcdhgC3 KO, but it has been shown that this protein positively regulates the MAPK pathway and endothelial cell migration (Lev et al., 1995; Evans et al., 2011). We analyzed several genes involved in the inflammatory response. Most of the genes were downregulated. Ccl2 and -5 were additionally downregulated at the protein level, as shown by ELISA. Ccl2, -5, -7 and Icam1, which are downregulated in PcdhgC3 KO cells show positive correlation with Erk cascade (Dragoni et al., 2017). Since Erk-pathway is upregulated in our case, an opposite regulation of Ccl-2, -5, -7 and Icam1 could be expected. However, we show that due to the deletion of PcdhgC3, other signaling pathways are also deregulated. The effects could be additive and therefore not correlate with the literature. In addition, the activation of Erk in KO cells is not constitutive, as shown by phospho-antibodies, but requires a trigger such as the serum starvation shown here.
In contrast to WT cells, KO cells showed activation of Erk-signaling pathway in response to serum starvation and growth factor reduction. Under normal culture conditions (10% FCS), WT and KO cells do not differ in phosho-Erk level. This indicates that PcdhgC3 may have a protective function in BMECs under stress condition. The increased activity of MAPK-signaling pathway can affect the migration rate of BMECs in wound healing assay. The PcdhgC3 KO cells migrated significantly faster than the WT cells. This increased migration rate was mediated in part by the activity of MAPK-, β-catenin/Wnt- or mTOR-signaling pathways, as demonstrated by the addition of selective inhibitors. Our study is however, limited, since we only analyzed the Erk-activation after 24 h. This activation could be time dependent. Additionally, we can only assume that downstream signaling molecules of the Erk signaling pathway are also activated. The regulation of signaling pathways and the inhibition of cell proliferation has previously been shown in different types of cancer for different Pcdhs (Dallosso et al., 2012; Zhou et al., 2017). The mTOR pathway also plays a role in endothelial cell proliferation. In coronary heart disease as well as in hemangiomas, inhibition of the mTOR pathway blocked abnormal endothelial cell proliferation (Wang et al., 2017; Harari et al., 2018). Endothelial cell proliferation and migration also occurs in the brain during inflammation and hypoxia. Meanwhile, the MAPK-signaling pathway activates pro-inflammatory mediators that contribute to BBB damage in stroke, traumatic brain injury and dementia (Maddahi and Edvinsson, 2010; Zhu et al., 2018; Griemert et al., 2019). PcdhgC3 KO is more responsive to OGD and to TNFα treatment. PcdhgC3 KO showed a higher basal level and induction of the pro-inflammatory cytokine Il6 and Vegf than the WT cells after OGD and/or TNFα treatment. Also, the Icam1 expression was lower in KO cells and its induction by TNFα was lower than in WT cells. This correlated with the low level of other inflammatory molecules in KO cells, which was shown as evidenced by qPCR and ELISA. BMECs express Il6 and TNFα receptors, secrete Il6 and TNFα and can transmit their intracellular signaling (Coisne and Engelhardt, 2011; Blecharz-Lang et al., 2018b). Expression of Il6 is low in the normal brain and dramatically increases in response to an inflammatory stimulus such as TNFα (Shalaby et al., 1989; Juttler et al., 2002). Elevated level of Il6 could lead to greater damage to neuronal tissue during hypoxic events in the brain. A high Il6 level in PcdhgC3 KO cells corresponds to a high Vegf level and an activated Erk-signaling pathway. Consistent with our results, Il6 has been shown to trigger endothelial cell proliferation by increasing Vegf release and activating Erk-signaling (Yao et al., 2006). Inflammation mediators directly influence junctional proteins of the BBB such as claudin-5 and ZO-1 leading to further functional changes (Burek and Forster, 2009; Ittner et al., 2020).
The phenotypic changes described here are only shown in vitro in BMECs without the influence of other cell types present in vivo in the brain. This is a major limitation of our study. Nonetheless, we plan to generate endothelial-specific knockout mice of PcdhgC3 in order to investigate the role of PcdhgC3 in vivo in brain vascular endothelial cells.
To summarize, our data show that the deletion of only one member of the Pcdh subfamily in BMECs can lead to multiple phenotypic and functional changes. Loss of PcdhgC3 can switch cells from resting barrier type to a more migratory/proliferating and angiogenic type. We provide the first evidence for PcdhgC3-mediated regulation of signaling pathways in BMECs and a changed inflammatory or hypoxia/hypoglycemia response.
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Background: Recanalization with tissue plasminogen activator (tPA) is the only approved agent available for acute ischemic stroke. But delayed treatment of tPA may lead to lethal intracerebral hemorrhagic transformation (HT). Numerous studies have reported that immunomodulators have good efficacy on tPA-induced HT in ischemic stroke models. The benefits of immunomodulators on tPA-associated HT are not clearly defined. Here, we sought to conduct a systematic review and meta-analysis of preclinical studies to further evaluate the efficacy of immunomodulators.
Methods: The PubMed, Web of Science, and Scopus electronic databases were searched for studies. Studies that reported the efficacy of immunomodulators on tPA-induced HT in animal models of stroke were included. Animals were divided into two groups: immunomodulators plus tPA (intervention group) or tPA alone (control group). The primary outcome was intracerebral hemorrhage, and the secondary outcomes included infarct volume and neurobehavioral score. Study quality was assessed by the checklist of CAMARADES. We used standardized mean difference (SMD) to assess the impact of interventions. Regression analysis and subgroup analysis were performed to identify potential sources of heterogeneity and evaluate the impact of the study characteristics. The evidence of publication bias was evaluated using trim and fill method and Egger’s test.
Results: We identified 22 studies that met our inclusion criteria involving 516 animals and 42 different comparisons. The median quality checklist score was seven of a possible 10 (interquartile range, 6–8). Immunomodulators improved cerebral hemorrhage (1.31 SMD, 1.09–1.52); infarct volume (1.35 SMD, 0.95–1.76), and neurobehavioral outcome (0.9 SMD, 0.67–1.13) in experimental stroke. Regression analysis and subgroup analysis indicated that control of temperature and time of assessment were important factors that influencing the efficacy of immunomodulators.
Conclusion: Our findings suggested that immunomodulators had a favorable effect on tPA-associated intracerebral hemorrhage, cerebral infarction, and neurobehavioral impairments in animal models of ischemic stroke.
Keywords: tissue-type plasminogen activator, stroke, meta-analysis, immunomodulator, hemorrhagic transformation, animal model
INTRODUCTION
Currently, thrombolysis with tissue plasminogen activator (tPA) remains the only approved drug treatment for acute ischemic stroke (Pena et al., 2017). However, tPA must be administered intravenously within 4.5 h of ischemic stroke onset due to the increased risk of hemorrhagic transformation (HT) (Mao et al., 2017). HT is believed as one of the leading causes of death and disability after stroke (Xu et al., 2017). Therefore, it is urgent to decrease the risk of HT caused by delayed tPA treatment.
Evidence indicated that inflammatory injury plays an important role in tPA-induced HT (Li et al., 2018). Blood brain-barrier (BBB) damage is the most critical factor in the pathogenesis of HT. Although the mechanism underlying BBB damage is not fully understood, excessive neuroinflammation is thought to be involved in the process (Sorby-Adams et al., 2017). Therefore, immunomodulation seems like a promising direction of drug development for tPA-associated HT. Substances that regulate the function of the immune system are called immunomodulators. Although it is not yet entirely clear how immunomodulators work, it is hypothesized that immunomodulators act on certain points of the immune activation pathways to regulate inflammatory process. They may act as immunosuppressants by inhibiting the immune response or as immunostimulants by stimulating the immune response. A lot of immunomodulators, such as high-mobility group box 1 (HMGB1) inhibitor (Chen et al., 2020) and regulatory T cells therapy (Mao et al., 2017), have been used to relieve HT induced by tPA thrombolysis in animal studies. Although many immunomodulators have shown protective effects on tPA-associated HT, the efficacy of immunomodulators has not yet been systematically reviewed.
In this study, we presented a systematic review and meta-analysis of data from animal studies testing the efficacy of immunomodulators on tPA-induced HT. We aimed to comprehensively review the protective effects of immunomodulators on intracerebral hemorrhage, infarct size, and neurobehavioral outcome in animal models of tPA-induced HT. The factors that influencing the efficacy of immunomodulators in preclinical studies were also identified. Our results may lead to refinements of animal experiments in this field and hence reduce animal numbers required.
METHODS
Search Strategy
Electronic search was performed in PubMed, Web of Science, and Scopus electronic databases (by July 2020). Studies that reported the efficacy of immunomodulators on tPA-induced HT in animal models of stroke were included. Animals were divided into two groups: immunomodulators plus tPA (intervention group) or tPA alone (control group). The predetermined primary endpoint was intracerebral hemorrhage, and the secondary endpoints included infarct volume and neurobehavioral score. The following search term was constructed to identify animal studies that examined the efficacy of immunomodulators on tPA-induced HT (tPA OR rtPA OR t-PA OR rt-PA OR tissue plasminogen activator OR tissue-plasminogen activator OR alteplase) AND (hemorrhagic transformation OR hemorrhage OR hemorrhage OR bleeding) AND (stroke OR ischemia OR cerebral OR brain). The search strategy is specified in Supplemental Material.
Inclusion Criteria
Studies were included if they fulfilled the following criteria: 1) the study reported the efficacy of immunomodulators on tPA-induced HT in animal models of stroke; 2) a control group receiving vehicle or no treatment in animal models of tPA-induced HT was described; 3) intracerebral hemorrhage was quantified as an outcome (including hemoglobin content, hemorrhage volume/area/score, studies that only quantified the incidence of HT were excluded); 4) the number of animals per group was described; 5) studies were published in English. Studies were screened by two independent investigators (YY and YTZ) with discrepancies resolved through discussion.
Data Extraction
We abstracted from studies the publication details (author, year), animal used (sex, species), type of stroke model, intervention used (route, dose, and timing), anesthetic used, tPA administration (dose, timing), and details of the outcome measures. We also extracted the sample size, mean value, and standard deviation for both intervention and control groups. Infarct size was quantified as infarct volume, infarct area, or infarct score. Neurobehavioral outcome was quantified as various neurological scoring system.
If data were only represented graphically, numerical values were extracted using ImageJ software (NIH, Bethesda, MD, United States). When multiple groups were served by a single control group, sample size of the control group was divided by the number of treatment groups (McCann et al., 2014). When outcomes were measured at more than one time point, only data from the latest time point was included. When multiple indicators were used to measure intracerebral hemorrhage, we chose hemoglobin content as our preferred indicator because it is more accurate.
Quality Assessment
We assessed the quality of the individual publication using the 10-item checklist of CAMARADES (Collaborative Approach to Meta-Analysis and Review of Animal Data in Experimental Stroke) (Sena et al., 2007) comprising the following: 1) publication in a peer-reviewed journal, 2) control of temperature, 3) random allocation to groups, 4) allocation concealment (blinded induction of ischemia), 5) blinded assessment of outcome, 6) use of an anesthetic without intrinsic neuroprotective activity (ketamine), 7) the use of co-morbid animals, 8) performing a sample size calculation, 9) compliance with animal welfare regulations, and 10) statement of potential conflicts of interest. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Satapathy et al., 2020) were also followed to perform this systematic review and meta-analysis. The study quality was evaluated independently by two researchers (YY and HXT).
Data Analysis
For each endpoint, we used the standardized mean difference (SMD) effect size to standardize the results to a uniform scale. For intracerebral hemorrhage and neurobehavioral outcome, SMD values were pooled in a weighted mean difference meta-analysis using a fixed-effects model. For infarct size, we combined the comparisons using random-effect meta-analysis. When the pooled SMD effect size (including pooled 95% CI) was greater than 0, it can be defined as an improvement. Heterogeneity across studies was assessed by the Cochran’s Q statistic and quantified by the I2 statistic (Yang et al., 2012). We used meta-regression and subgroup analysis to explore the possible source of heterogeneity. We also used meta-regression to evaluate the impact of the study characteristics. Funnel plots, trim and fill method (Pimpin et al., 2019), and Egger’s test (Wang et al., 2019) were employed to assess the publication bias. We performed sensitivity analysis to confirm the stability of the results. Statistical analyses were performed using Review Manager 5.3 and STATA 13 software.
RESULTS
Study Characteristics
Our initial search identified 11,911 publications of which 11,889 were excluded, leaving 22 for inclusion in this systematic review and meta-analysis. The review process is detailed in the flow diagram shown in Figure 1. The 22 included publications described 42 different comparisons for intracerebral hemorrhage, 22 comparisons for infarct size, and 22 comparisons for neurobehavioral outcome. Study characteristics of the included publications are listed in Supplementary Table S1.
[image: Figure 1]FIGURE 1 | Flow diagram of the study selection process.
Study Quality
The median reported study quality score was 7 of a possible 10 (interquartile range, 6–8) for the 22 included papers. All articles were published in peer-reviewed journals (Figure 2A). Control of temperature during surgery was documented in 17 of 22 papers (77.3%), and random allocation to groups was described in 14 of 22 papers (63.6%). Allocation concealment was reported in 9 of 22 papers (40.9%), whereas blinded assessment was documented in 18 of 22 papers (81.8%). Anesthesia without using ketamine during surgery was reported in 20 of 22 papers (90.9%), whereas use of co-morbid animals was only described in 4 of 22 studies (18.2%). Performed a sample size calculation was documented in 7 of 22 papers (31.8%), and statement of conflicts of interest was reported in 17 of 22 papers (77.3%). All studies reported compliance with animal welfare regulations. A significant correlation between study quality and year of publication was observed, with fresher papers giving higher quality (R2 = 77.82%; p = 0.0007; Figure 2B). However, no significant correlation was found between study quality and journal impact factor (R2 = 1.76%; p = 0.5564; Figure 2C). The complete study quality score report is included in Supplemental Material.
[image: Figure 2]FIGURE 2 | Quality assessment of enrolled studies. Study quality was assessed using the CAMARADES checklist (A). Values are expressed as the percentage of studies reporting each quality indicator. The correlation of study quality with year of publication (B) and journal impact factor (C).
Meta-Analysis
Intracerebral hemorrhage after immunomodulator administration was improved by 1.31 SMD (95% CI, 1.09–1.52; 42 comparisons; 516 animals), with moderate heterogeneity between studies (χ2 = 61.21; I2 = 33%; df = 41; p = 0.02; Figure 3A; Supplementary Figure S1). Infarct size after immunomodulator administration was improved by 1.35 SMD (95% CI, 0.95–1.76; 22 comparisons; 332 animals), with large heterogeneity between studies (χ2 = 46.96; I2 = 55%; df = 21; p = 0.001; Figure 3B; Supplementary Figure S2). Neurobehavioral outcome after immunomodulator administration was improved by 0.9 SMD (95% CI, 0.67–1.13; 22 comparisons; 380 animals), with moderate heterogeneity between studies (χ2 = 41.28; I2 = 49%; df = 21; p = 0.005; Figure 3C; Supplementary Figure S3).
[image: Figure 3]FIGURE 3 | Efficacy of immunomodulators on intracerebral hemorrhage, infarct size, and neurobehavioral score. Forest plots of the effect size in intracerebral hemorrhage (A), infarct size (B), and neurobehavioral score (C) calculated using standardized mean differences. Symbol sizes represent the relative number of animals tested for each intervention. The horizontal error bars represent the 95% confidence interval of individual studies. The vertical gray bars represent the 95% confidence interval of the pooled estimate of efficacy.
Meta-Regression and Subgroup Analysis
Meta-regression and subgroup analysis were performed to explore the source of heterogeneity. For studies that measured intracerebral hemorrhage, analysis demonstrated that effect size was significantly greater when the study quality score was lower (adjusted R2 = 13.23%; p = 0.01; Figure 4A). For studies that measured infarct size, there was no significant correlation between study quality and effect size (adjusted R2 = −6.59%; p = 0.14; Figure 4B). However, for studies that measured neurobehavioral outcome, that effect size was significantly greater when the study quality score was higher (adjusted R2 = 22.03%; p = 0.002; Figure 4C).
[image: Figure 4]FIGURE 4 | The correlation between study quality score and effect size in intracerebral hemorrhage (A), infarct size (B), and neurobehavioral score (C). The sizes of hollow circles represent the relative number of animals tested for each intervention.
For intracerebral hemorrhage and neurobehavioral outcome, efficacy were lower in studies that reported control of temperature during surgery (adjusted R2 = 1.81%; p = 0.002; adjusted R2 = 65.95%; p = 0.004; Figure 5A). Whereas for infarct size, there was no significant correlation between temperature control and effect size (adjusted R2 = −12.52%; p = 0.61). For studies that measured intracerebral hemorrhage and neurobehavioral outcome, effect size was significantly greater when outcome was assessed within 30 h after stroke onset (adjusted R2 = −8.78%; p = 0.001; adjusted R2 = 20.44%; p = 0.03; Figure 5B). But for studies that measured infarct size, no significant correlation was found between evaluation time and effect size (adjusted R2 = 0.82%; p = 0.22).
[image: Figure 5]FIGURE 5 | Effects of temperature control (A) and time of outcome assessment (B) on the efficacy of immunomodulators in intracerebral hemorrhage, infarct size, and neurobehavioral score. The width of each bar represent the relative number of animals in that subgroup. The vertical error bars represent the 95% confidence interval for the individual estimates and the horizontal gray bars represent the 95% confidence interval of the pooled estimate of efficacy.
For intracerebral hemorrhage, effect size was significantly greater when studies used chloral hydrate and pentobarbital as anesthetic (adjusted R2 = −11.49%; p = 0.004; Supplementary Figure S4A). While for infarct size and neurobehavioral outcome, effect size was not significantly changed by anesthetic used (adjusted R2 = −48.85%; p = 0.22; adjusted R2 = −74.01%; p = 0.75). For intracerebral hemorrhage and neurobehavioral outcome, no significant correlation was found between route of drug delivery and effect size (adjusted R2 = −4.66%; p = 0.25; adjusted R2 = −30.08%; p = 0.31; Supplementary Figure S4B). But for infarct size, the route of drug delivery had an effect on effect size (adjusted R2 = −40.77%; p = 0.0002). For all the three outcomes, neither blinded assessment nor random allocation contributed significantly to the effect size (Supplementary Figure S5).
Publication Bias
Potential publication bias was assessed by funnel plots, trim and fill method, and Egger’s test. Funnel plots showed obvious asymmetry for intracerebral hemorrhage, and minor asymmetry for infarct size and neurobehavioral outcome (Figure 6A). Trim and fill analysis suggested 14 theoretically missing studies with an adjusted reduction in intracerebral hemorrhage of 1.06 SMD (95% CI, 0.86 to 1.26; compared with 1.31 SMD [95% CI, 1.09–1.52]; Figure 6B). We also estimate five theoretically missing studies with an adjusted reduction in infarct size of 1.04 SMD (95% CI, 0.62 to 1.47; compared with 1.35 SMD [95% CI, 0.95–1.76]), and four unpublished studies with an adjusted improvement in neurobehavioral outcome of 0.74 SMD (95% CI, 0.52 to 0.96; compared with 0.9 SMD [95% CI, 0.67–1.13]). Egger’s regression test indicated significant publication bias for intracerebral hemorrhage (p < 0.001; Figure 6C). Whereas Egger's regression showed no publication bias for infarct size (p = 0.194) and neurobehavioral outcome (p = 0.068).
[image: Figure 6]FIGURE 6 | Publication bias assessment. Funnel plots (A) for intracerebral hemorrhage, infarct size, and neurobehavioral score showing the publication bias. Trim and fill analysis (B) showed the distribution of published study outcomes (black circles) and imputed outcomes (gray circles) in intracerebral hemorrhage, infarct size, and neurobehavioral score. The vertical black lines represent the actual estimate and the gray vertical lines represent the theoretical estimate when publication bias does not exist. Egger’s regression (C) for intracerebral hemorrhage, infarct size, and neurobehavioral score confirming potential evidence for publication bias. The short vertical lines represent the 95% confidence interval.
Sensitivity Analysis
Sensitivity analysis was conducted by removing one study at a time to explore whether the results were robust. Results from sensitivity analysis showed that excluding any one study did not affect the results, which demonstrated the stability of our results (Figure 7).
[image: Figure 7]FIGURE 7 | Sensitivity analysis for intracerebral hemorrhage (A), infarct size (B), and neurobehavioral score (C) evaluating the robustness of the results. The vertical error bars represent the 95% confidence interval for the individual estimates. The horizontal red bars represent the potentially minimum and maximum 95% confidence interval and the horizontal green bars represent the actual 95% confidence interval of the pooled estimate of efficacy.
DISCUSSION
This study evaluated the preclinical literature reporting administration of immunomodulators for the treatment of tPA-induced HT after ischemic stroke. Twenty-two different studies were finally included in this systematic review and meta-analysis. Our results found that immunomodulators led to a reduction in intracerebral hemorrhage, infarct size, and neurobehavioral outcome in animal models of tPA-induced HT. We also found that study quality, temperature control, and evaluation time of outcome were significant factors affecting the efficacy of immunomodulators.
Inflammation plays a critical role in the BBB damage after ischemic stroke(Li et al., 2018). Administration with tPA after stroke exacerbates inflammatory response through various mechanisms including enhancing leukocyte infiltration (Jin et al., 2019) and activating matrix metalloproteinases (MMPs)(Mao et al., 2017). The integrity of BBB was further damaged after tPA treatment, which would eventually lead to lethal intracerebral hemorrhage (Li et al., 2019). Therefore, limiting inflammatory responses may help to reduce the risk of brain hemorrhage and improve the safety of tPA treatment following stroke. Various of immunomodulators have been used in preclinical studies to reduce the risk of hemorrhage induced by tPA treatment. In our analysis, immunomodulators exhibited robust efficacy on tPA-induced intracerebral hemorrhage, cerebral infarction, and neurobehavioral impairments in experimental stroke. Immunomodulators had shown great clinical potential to alleviate cerebral hemorrhage associated with tPA, though relevant clinical trial is lacking.
The study quality overall was high. Only two study received a relatively low score of 4. Some study quality items such as the use of co-morbid animals and sample size calculation were rarely reported. A significant positive correlation was found between study quality and publication year, which was consistent with the previous finding that study quality improved over time (Vahidy et al., 2016). Moreover, there was no significant correlation between study quality and journal impact factor. Paper published in high impact factor journal does not mean it’s of high study quality. This was probably because that even high impact factor journals were mostly low-quality in the early days, but even low impact factor journals were mostly high-quality now. Besides, we also found that study quality is one of the important factors that affect the efficacy of immunomodulators. For intracerebral hemorrhage, a significant negative correlation was found between study quality and effect size. Positive outcomes are more likely to happen in low-quality studies, which is consistent with previous findings (Antonic et al., 2013). However, this theory was inapplicable for infarct size and neurobehavioral outcome in our study. Maybe the relative limited sample size can partly account for the results.
Studies that conducted temperature control during surgery was significantly associated with a higher effect size. This may partly because that animals can get better rehabilitation from good operation environment (Xiao et al., 2013). Furthermore, control of temperature was also highly recommend from the perspective of animal ethics. A significant correlation was also observed between time of assessment and effect size. Larger improvements were seen in studies that reported assessment time less than 30 h after stroke onset. This was possibly because that tPA induced pathological damage was still deteriorating after 30 h from the initiation of stroke.
Our analysis showed that there was no significant correlation of effect size with the anesthetic used, route of drug delivery, blinded assessment, and random allocation (see Supplemental Material). The effects of sample size calculation, animal model used, time of drug delivery, and animal species were also analyzed (data not shown). They had no significant correlation with the efficacy of immunomodulators.
Evidence from funnel plots and Egger’s test showed that obvious asymmetry was observed for intracerebral hemorrhage but only minor asymmetry was found for infarct size and neurobehavioral outcome. After a correction for potential publication bias by using the trim and fill method, the main results for all studies combined were still significant. This suggested that the publication bias observed did not significantly impact this analysis. Sensitivity analysis confirmed that the results of this study were stable.
Although the results of this meta-analysis are very good, the conclusions should be interpreted cautiously given this analysis is based on animal studies. Animal models cannot realistically simulate the pathophysiology involved in patients. Moreover, murine models have markedly different immune systems from humans. So it’s hard to translate the results of animal studies into the clinical setting efficiently, conclusions from the present study also need to be treated with caution.
There are several limitations of this study. First, immunomodulator is a general term for a large class of drugs. It’s hard to evaluate the efficacy of specific class of immunomodulators due to the lack of sufficient studies. Second, no female animals were used in all the included studies, so it is impossible to assess the efficacy of immunomodulators on female animals. Moreover, only English-language publications were included in this study, which may cause publication bias to some degree.
CONCLUSION
To the best of our knowledge, this is the first systematic review and meta-analysis which has evaluated the efficacy of immunomodulators on tPA-induced HT in animal models. This meta-analysis confirmed that immunomodulators may improve intracerebral hemorrhage, infarct size, and neurobehavioral outcome in animal models of tPA-induced HT. Furthermore, this study also demonstrated some factors such as study quality score, control of temperature during surgery, and evaluation time of outcome may affect the efficacy of immunomodulators. The results of this study will be help to refine animal experiments in this field and hence reduce the number of animals used in experiments.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplemental Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
Conception and design: YY and H-XT. Screening of titles and abstracts, full-text data extraction: YY and Y-TZ. Analysis and interpretation of data, drafting the article: YY and J-YH. Critically revising the article: J-YH, Y-TZ, and H-XT. Statistical analysis: YY.
FUNDING
This study was supported by the National Natural Science Foundation of China (Grant No. 81903942) and the China Postdoctoral Science Foundation (Grant No. 2019M650393).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.615166/full#supplementary-material.
REFERENCES
 Alawieh, A. M., Langley, E. F., Feng, W., Spiotta, A. M., and Tomlinson, S. (2020). Complement-dependent synaptic uptake and cognitive decline after stroke and reperfusion therapy. J. Neurosci. 40 (20), 4042–4058. doi:10.1523/JNEUROSCI.2462-19.2020
 Antonic, A., Sena, E. S., Lees, J. S., Wills, T. E., Skeers, P., Batchelor, P. E., et al. (2013). Stem cell transplantation in traumatic spinal cord injury: a systematic review and meta-analysis of animal studies. PLoS Biol. 11 (12), e1001738. doi:10.1371/journal.pbio.1001738
 Chen, H., Guan, B., Wang, B., Pu, H., Bai, X., Chen, X., et al. (2020). Glycyrrhizin prevents hemorrhagic transformation and improves neurological outcome in ischemic stroke with delayed thrombolysis through targeting peroxynitrite-mediated HMGB1 signaling. Transl Stroke Res 11 (5), 967–982. doi:10.1007/s12975-019-00772-1
 Copin, J. C., Merlani, P., Sugawara, T., Chan, P. H., and Gasche, Y. (2008). Delayed matrix metalloproteinases inhibition reduces intracerebral hemorrhage after embolic stroke in rats. Exp. Neurol. 213 (1), 196–201. doi:10.1016/j.expneurol.2008.05.022
 Fan, X., Lo, E. H., and Wang, X. (2013). Effects of minocycline plus tissue plasminogen activator combination therapy after focal embolic stroke in type 1 diabetic rats. Stroke 44 (3), 745–752. doi:10.1161/STROKEAHA.111.000309
 Gautier, S., Ouk, T., Petrault, O., Caron, J., and Bordet, R. (2009). Neutrophils contribute to intracerebral haemorrhages after treatment with recombinant tissue plasminogen activator following cerebral ischaemia. Br. J. Pharmacol. 156 (4), 673–679. doi:10.1111/j.1476-5381.2009.00068.x
 Guo, Z., Yu, S., Chen, X., Zheng, P., Hu, T., Duan, Z., et al. (2018). Suppression of NLRP3 attenuates hemorrhagic transformation after delayed rtPA treatment in thromboembolic stroke rats: involvement of neutrophil recruitment. Brain Res. Bull. 137, 229–240. doi:10.1016/j.brainresbull.2017.12.009
 Halder, S. K., Matsunaga, H., and Ueda, H. (2020). Prothymosin alpha and its mimetic hexapeptide improve delayed tissue plasminogen activator-induced brain damage following cerebral ischemia. J. Neurochem. 153 (6), 772–789. doi:10.1111/jnc.14858
 Jin, R., Xiao, A. Y., Li, J., Wang, M., and Li, G. (2019). PI3Kgamma (phosphoinositide 3-Kinase-gamma) inhibition attenuates tissue-type plasminogen activator-induced brain hemorrhage and improves microvascular patency after embolic stroke. Hypertension 73 (1), 206–216. doi:10.1161/HYPERTENSIONAHA.118.12001
 Jin, R., Xiao, A. Y., Liu, S., Wang, M., and Li, G. (2018). Taurine reduces tPA (Tissue-Type plasminogen activator)-induced hemorrhage and microvascular thrombosis after embolic stroke in rat. Stroke 49 (7), 1708–1718. doi:10.1161/STROKEAHA.118.020747
 Karatas, H., Eun Jung, J., Lo, E. H., and Van Leyen, K. (2018). Inhibiting 12/15-lipoxygenase to treat acute stroke in permanent and tPA induced thrombolysis models. Brain Res. 1678, 123–128. doi:10.1016/j.brainres.2017.10.024
 Lapchak, P. A. (2007). Tumor necrosis factor-alpha is involved in thrombolytic-induced hemorrhage following embolic strokes in rabbits. Brain Res. 1167, 123–128. doi:10.1016/j.brainres.2007.06.072
 Li, M., Chen, S., Shi, X., Lyu, C., Zhang, Y., Tan, M., et al. (2018). Cell permeable HMGB1-binding heptamer peptide ameliorates neurovascular complications associated with thrombolytic therapy in rats with transient ischemic stroke. J. Neuroinflammation 15 (1), 237. doi:10.1186/s12974-018-1267-5
 Li, Q., Han, X., Lan, X., Hong, X., Li, Q., Gao, Y., et al. (2017). Inhibition of tPA-induced hemorrhagic transformation involves adenosine A2b receptor activation after cerebral ischemia. Neurobiol. Dis. 108, 173–182. doi:10.1016/j.nbd.2017.08.011
 Li, Y., Zhu, Z. Y., Lu, B. W., Huang, T. T., Zhang, Y. M., Zhou, N. Y., et al. (2019). Rosiglitazone ameliorates tissue plasminogen activator-induced brain hemorrhage after stroke. CNS Neurosci. Ther. 25 (12), 1343–1352. doi:10.1111/cns.13260
 Liu, Y., Zheng, Y., Karatas, H., Wang, X., Foerch, C., Lo, E. H., et al. (2017). 12/15-Lipoxygenase inhibition or knockout reduces warfarin-associated hemorrhagic transformation after experimental stroke. Stroke 48 (2), 445–451. doi:10.1161/STROKEAHA.116.014790
 Maeda, M., Furuichi, Y., Noto, T., Matsuoka, N., Mutoh, S., and Yoneda, Y. (2009). Tacrolimus (FK506) suppresses rt-PA-induced hemorrhagic transformation in a rat thrombotic ischemia stroke model. Brain Res. 1254, 99–108. doi:10.1016/j.brainres.2008.11.080
 Mao, L., Li, P., Zhu, W., Cai, W., Liu, Z., Wang, Y., et al. (2017). Regulatory T cells ameliorate tissue plasminogen activator-induced brain haemorrhage after stroke. Brain 140 (7), 1914–1931. doi:10.1093/brain/awx111
 Mccann, S. K., Irvine, C., Mead, G. E., Sena, E. S., Currie, G. L., Egan, K. E., et al. (2014). Efficacy of antidepressants in animal models of ischemic stroke: a systematic review and meta-analysis. Stroke 45 (10), 3055–3063. doi:10.1161/STROKEAHA.114.006304
 Murata, Y., Rosell, A., Scannevin, R. H., Rhodes, K. J., Wang, X., and Lo, E. H. (2008). Extension of the thrombolytic time window with minocycline in experimental stroke. Stroke 39 (12), 3372–3377. doi:10.1161/STROKEAHA.108.514026
 Pena, I. D., Borlongan, C., Shen, G., and Davis, W. (2017). Strategies to extend thrombolytic time window for ischemic stroke treatment: an unmet clinical need. J. Stroke 19 (1), 50–60. doi:10.5853/jos.2016.01515
 Pimpin, L., Kranz, S., Liu, E., Shulkin, M., Karageorgou, D., Miller, V., et al. (2019). Effects of animal protein supplementation of mothers, preterm infants, and term infants on growth outcomes in childhood: a systematic review and meta-analysis of randomized trials. Am. J. Clin. Nutr. 110 (2), 410–429. doi:10.1093/ajcn/nqy348
 Satapathy, S., Mittal, B. R., and Sood, A. (2020). Visceral metastases as predictors of response and survival outcomes in patients of castration-resistant prostate cancer treated with 177Lu-labeled prostate-specific membrane antigen radioligand therapy: a systematic review and meta-analysis. Clin. Nucl. Med. 45 (12), 935–942. doi:10.1097/RLU.0000000000003307
 Sena, E., Van Der Worp, H. B., Howells, D., and Macleod, M. (2007). How can we improve the pre-clinical development of drugs for stroke?Trends Neurosci. 30 (9), 433–439. doi:10.1016/j.tins.2007.06.009
 Sorby-Adams, A. J., Marcoionni, A. M., Dempsey, E. R., Woenig, J. A., and Turner, R. J. (2017). The role of neurogenic inflammation in blood-brain barrier disruption and development of cerebral oedema following acute central nervous system (CNS) injury. Int. J. Mol. Sci. 18 (8). doi:10.3390/ijms18081788
 Strbian, D., Karjalainen-Lindsberg, M. L., Kovanen, P. T., Tatlisumak, T., and Lindsberg, P. J. (2007). Mast cell stabilization reduces hemorrhage formation and mortality after administration of thrombolytics in experimental ischemic stroke. Circulation 116 (4), 411–418. doi:10.1161/CIRCULATIONAHA.106.655423
 Tan, Q., Guo, P., Zhou, J., Zhang, J., Zhang, B., Lan, C., et al. (2019). Targeting neutrophil extracellular traps enhanced tPA fibrinolysis for experimental intracerebral hemorrhage. Transl. Res. 211, 139–146. doi: doi:10.1016/j.trsl.2019.04.009
 Tomasi, S., Sarmientos, P., Giorda, G., Gurewich, V., and Vercelli, A. (2011). Mutant prourokinase with adjunctive C1-inhibitor is an effective and safer alternative to tPA in rat stroke. PLoS One 6 (7), e21999. doi:10.1371/journal.pone.0021999
 Vahidy, F. S., Rahbar, M. H., Zhu, H., Rowan, P. J., Bambhroliya, A. B., and Savitz, S. I. (2016). Systematic review and meta-analysis of bone marrow-derived mononuclear cells in animal models of ischemic stroke. Stroke 47 (6), 1632–1639. doi:10.1161/STROKEAHA.116.012701
 Wang, J., Zhang, Z., Li, Y., Xu, Y., Wan, K., and Chen, Y. (2019). Variable and limited predictive value of the European society of cardiology hypertrophic cardiomyopathy sudden-death risk model: a meta-analysis. Can. J. Cardiol. 35 (12), 1791–1799. doi:10.1016/j.cjca.2019.05.004
 Xiao, H., Run, X., Cao, X., Su, Y., Sun, Z., Tian, C., et al. (2013). Temperature control can abolish anesthesia-induced tau hyperphosphorylation and partly reverse anesthesia-induced cognitive impairment in old mice. Psychiatr. Clin. Neurosci. 67 (7), 493–500. doi:10.1111/pcn.12091
 Xu, X. H., Gao, T., Zhang, W. J., Tong, L. S., and Gao, F. (2017). Remote diffusion-weighted imaging lesions in intracerebral hemorrhage: characteristics, mechanisms, outcomes, and therapeutic implications. Front. Neurol. 8, 678. doi:10.3389/fneur.2017.00678
 Yang, B., Li, W., Satani, N., Nghiem, D. M., Xi, X., Aronowski, J., et al. (2018). Protective effects of autologous bone marrow mononuclear cells after administering t-PA in an embolic stroke model. Transl Stroke Res 9 (2), 135–145. doi:10.1007/s12975-017-0563-1
 Yang, Z. Y., Shen, W. X., Hu, X. F., Zheng, D. Y., Wu, X. Y., Huang, Y. F., et al. (2012). EGFR gene copy number as a predictive biomarker for the treatment of metastatic colorectal cancer with anti-EGFR monoclonal antibodies: a meta-analysis. J. Hematol. Oncol. 5, 52. doi:10.1186/1756-8722-5-52
 Yigitkanli, K., Pekcec, A., Karatas, H., Pallast, S., Mandeville, E., Joshi, N., et al. (2013). Inhibition of 12/15-lipoxygenase as therapeutic strategy to treat stroke. Ann. Neurol. 73 (1), 129–135. doi:10.1002/ana.23734
 Zhang, L., Zhang, Z. G., Zhang, R. L., Lu, M., Krams, M., and Chopp, M. (2003). Effects of a selective CD11b/CD18 antagonist and recombinant human tissue plasminogen activator treatment alone and in combination in a rat embolic model of stroke. Stroke 34 (7), 1790–1795. doi:10.1161/01.STR.0000077016.55891.2E
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 Ye, Zhu, Tong and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 22 January 2021
doi: 10.3389/fphar.2020.607287


[image: image2]
Netosis and Inflammasomes in Large Vessel Occlusion Thrombi
Stephanie H. Chen1, Xavier O. Scott2, Yoandy Ferrer Marcelo1, Vania W. Almeida1, Patricia L. Blackwelder4, Dileep R. Yavagal5, Eric C. Peterson1, Robert M. Starke1, W. Dalton Dietrich1, Robert W. Keane1,2 and Juan Pablo de Rivero Vaccari1,3*
1Department of Neurological Surgery and the Miami Project to Cure Paralysis, University of Miami Miller School of Medicine, Miami, FL, United States
2Department of Physiology and Biophysics, University of Miami Miller School of Medicine, Miami, FL, United States
3Center for Cognitive Neuroscience and Aging University of Miami Miller School of Medicine, Miami, FL, United States
4University of Miami Center for Advanced Microscopy (UMCAM) and Department of Chemistry, University of Miami, Coral Gables, FL, United States
5Department of Neurology, University of Miami Miller School of Medicine, Miami, FL, United States
Edited by:
Imola Wilhelm, Biological Research Center, Hungary
Reviewed by:
Gabriela Constantin, University of Verona, Italy
Ádám Nyúl-Tóth, University of Oklahoma Health Sciences Center, United States
* Correspondence: Juan Pablo de Rivero Vaccari, JdeRivero@med.miami.edu
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 16 September 2020
Accepted: 18 December 2020
Published: 22 January 2021
Citation: Chen SH, Scott XO, Ferrer Marcelo Y, Almeida VW, Blackwelder PL, Yavagal DR, Peterson EC, Starke RM, Dietrich WD, Keane RW and de Rivero Vaccari JP (2021) Netosis and Inflammasomes in Large Vessel Occlusion Thrombi. Front. Pharmacol. 11:607287. doi: 10.3389/fphar.2020.607287

The inflammatory response appears to play a critical role in clotting in which neutrophil extracellular traps (NETs) are the major drivers of thrombosis in acute ischemic stroke (AIS). The inflammasome is an innate immune complex involved in the activation of interleukin (IL)-18 and IL-1β through caspase-1, but whether the inflammasome plays a role in NETosis in AIS remains poorly understood. Here we assessed the levels of inflammasome signaling proteins in NETs and their association with clinical and procedural outcomes of mechanical thrombectomy for AIS. Electron microscopy and immunofluorescence indicate the presence of NETs in thrombi of patients with AIS. Moreover, the inflammasome signaling proteins caspase-1 and apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) were also present in clots associated with the marker of NETosis citrullinated histone 3H (CitH3). Analysis of protein levels by a simple plex assay show that caspase-1, ASC and interleukin (IL)-1β were significantly elevated in clots when compared to plasma of AIS patients and healthy controls, while IL-18 levels were lower. Moreover, multivariate analyses show that IL-1β levels in clots contribute to the number of passes to achieve complete recanalization, and that ASC, caspase-1 and IL-18 are significant contributors to time to recanalization. Thus, inflammasome proteins are elevated in NETs present in thrombi of patients with AIS that contribute to poor outcomes following stroke.
Keywords: inflammation, stroke, inflammasome, thrombus, caspase-1, ASC, neutrophil extracellular traps, NETs
INTRODUCTION
Stroke is the leading cause of long-term disability and the second leading cause of death worldwide. Although large vessel occlusion acute ischemic strokes (LVOS) account for approximately 40% of ischemic strokes, they are disproportionately associated with severe disability and mortality (Rennert et al., 2019). Currently, treatment options for LVOS are limited to intravenous alteplase (tPA) within 4.5 h as well as mechanical thrombectomy within 24 h of symptom onset (Powers et al., 2019). While early reperfusion has been shown to improve functional outcomes, many patients are ineligible or lack access to treatment (Fransen et al., 2014; Goyal et al., 2016a; Goyal et al., 2016b; Jadhav et al., 2018). Moreover, over half of the patients who are treated with endovascular intervention and/or tPA remain severely disabled or deceased at 90 days (Goyal et al., 2016b; Hankey, 2017). While the thrombus is the primary target of stroke treatment, little is known about the composition and pathogenesis following stroke. Previous studies attempted to use computed tomography (CT) and magnetic resonance imaging (MRI) to predict clot density (Niesten et al., 2014; Kim et al., 2015; Jagani et al., 2017). However, a further understanding of the dynamic processes of clot pathology is necessary in order to translate these findings into improved clinical treatment methods.
Cerebral thrombus histopathology reveals common components, including presence of platelets, leukocytes, and red blood cells in diverse histological and quantitative patterns (Brinjikji et al., 2017). The heterogeneity of thrombi composition is thought to be associated with thrombus origin. However, recent studies have detected extensive neutrophil extracellular traps (NETs) throughout all LVOS thrombi (Laridan et al., 2017; Ducroux et al., 2018). NETs are large extracellular web-like structures composed of decondensed chromatin lined with granular and cytosolic proteins (Brinkmann et al., 2004) that are formed in a cell death pathway known as NETosis (Gupta et al., 2010). In addition to acting as a scaffold for platelets and red blood cells, NETs have a pro-inflammatory role that is associated with thrombogenesis in the arterial and venous vasculature (Kimball et al., 2016; Laridan et al., 2019).
The inflammasome is a multiprotein complex comprised of a sensor such as a NOD-like receptor (NLR), the adaptor protein apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) and the inflammatory cysteine aspartase caspase-1 (Govindarajan et al., 2020). We have previously shown that the NRLP1 inflammasome is activated following cerebral ischemia in rodents (Abulafia et al., 2009). In addition, numerous studies have reported inflammasome involvement in the pathogenesis of cerebral ischemia (Kastbom et al., 2015; Tong et al., 2015; Gao et al., 2017; Ismael et al., 2018; Yang et al., 2018; Kim et al., 2020). The NLRP1 inflammasome was the first inflammasome reported to play a role in cerebral ischemia (Abulafia et al., 2009). However, inhibition of the NLRP3 inflammasome with intravenous immunoglobulin has been shown to be neuroprotective is an animal model of stroke (Fann et al., 2013), and studies in NLRP3 knockout mice indicate that NLRP3 deletion results in decreased infarct volume, decreased edema and decreased permeability of the blood brain barrier (Yang et al., 2014). Moreover, inflammasome proteins in humans have been shown to be reliable biomarkers of central nervous system (CNS) injury (Adamczak et al., 2012; Kerr et al., 2018b; Perez-Barcena et al., 2020) and disease (Keane et al., 2018; Scott et al., 2020), including stroke (Kerr et al., 2018a). Thus, the inflammasome is an important regulator of the inflammatory innate immune response following stroke.
Here we isolated thrombi and plasma from patients following AIS and performed electron microscopy and immunofluorescent staining to determine the cytoarchitecture of thrombi and the composition of NETs and the inflammasome proteins in clots in this patient population.
MATERIAL AND METHODS
Participants
Between November 2018 and November 2019, we conducted a prospective study investigating thrombi retrieved from mechanical thrombectomy procedures in AIS patients admitted to Jackson Memorial Hospital/University of Miami Hospital (Table 1). All patients with age ≥18 years old who presented with acute stroke and underwent thrombectomy with retrieval of thrombus material were eligible for the study. Ethics approval was approved by the Institutional Review Board at the University of Miami (IRB 20160699), and informed consent was obtained from all patients included in this study. Patients were excluded if adequate thrombus material could not be obtained or the patient/legal representative refused to participate in the study. Patient demographics, clinical presentation, neurological exam (National Institutes of Health Stroke Scale (NIHSS)), pre-procedural imaging results, intravenous tissue plasminogen activator (IV-tPA) administration, procedural details including number of passes, thrombectomy technique used, recanalization results (Thrombolysis in Cerebral Infarction (TICI) scale, and follow-up data were collected. A total of 30 clots were obtained from patients undergoing mechanical thrombectomy. Following mechanical thrombectomy, six clots were fixed in 4% paraformaldehyde for histology and the remaining 24 clots were processed for molecular analysis. Healthy control samples were purchased from BioIVT (Hicksville, NY), and they were obtained from donors without any diagnosed disease.
TABLE 1 Baseline characteristics of patients who underwent mechanical thrombectomy.
[image: Table 1]Thrombectomy Procedure
The mechanical thrombectomy procedures were all performed or supervised by board-certified neurointerventional experts under biplane neuroangiography (Artis Q, Siemens Healthcare, Erlangen, Germany). All patients were treated under general anesthesia, per institutional protocol. Site of access and thrombectomy technique were at the discretion of the treating physician. If an aspiration-alone technique was used, a large guide catheter was navigated into the cervical segment of the target vessel, then a microcatheter (0.027″) telescoped through the aspiration catheter (0.068″ or 0.071″) was introduced and navigated just proximal to the clot. With the aspiration pump initiated, the aspiration catheter was brought over the microcatheter to the face of the clot. The microcatheter was then removed for improved aspiration and the aspiration catheter was retracted. Moreover, if a Solumbra technique was used, a guide catheter (balloon guide or 0.088”) was brought into the cervical segment of the target vessel, a microcatheter telescoped through an aspiration catheter was introduced and navigated over a microwire past the site of occlusion. The microwire was then removed and the stent retriever was deployed through the microcatheter across the occluded segment. The microcatheter was then removed and aspiration from the aspiration catheter was initiated. The stent retriever was left in place for 5 min to encourage integration of the clot and then slowly retracted under constant aspiration into the guide catheter. Heparin was not administered during mechanical thrombectomy, although non-therapeutic doses of 1,000 IU unfractionated heparin were always added to the 1-L bags of standard 0.9% saline flushes in order to avoid catheter-associated thrombus formation.
Immunofluorescence
For immunohistochemical procedures, six clots were fixed in 4% paraformaldehyde overnight, and then processed for paraffin embedment as described in (de Rivero Vaccari et al., 2009). Sections were then double-stained with primary antibodies rabbit anti-caspase-1 (Cat #06-503-I, EMD Millipore) or rabbit anti-ASC (amino acids 182-195, EMD Millipore) and mouse anti-Citrullinated-Histone H3 (amino acids 1-100, Abcam) followed by fluorescently labeled secondary Alexa Fluor antibodies (488 and 594) raised in goat (Invitrogen). Autofluorescence in sections was quenched using the Vector TrueVIEW Autofluorescence Quenching Kit (Vector Laboratories) according to manufacturer instructions. Sections were imaged using an EVOS FL Auto two Imaging System (ThermoFisher Scientific). Secondary antibodies alone were used as negative controls (Supplementary Figure 1).
Immunoblotting
For immunoblot analysis of NLRP1 and ASC proteins from clots of nine different patients, protein was extracted and resolved as described in (Brand et al., 2015). Briefly, equal amounts of protein lysates (20 μg of total protein) were resolved in 4–20% Criterion TGX Stain-Free precasted gels (Bio-Rad). Protein was then transferred to polyvinylidene difluoride (PVDF) membranes (BioRad) using the Trans Blot Turbo System (BioRad). Membranes were then blocked in blocking buffer with I-Block (Applied Biosystems) diluted in phosphate buffered saline (PBS) and incubated with primary antibodies (1:1000 dilution) rabbit anti-NLRP1 (#NBP1-54899, Novus Biologicals) and rabbit anti-AIM2 (D-14, Santa Cruz) followed by incubation with anti-mouse IgG HRP-linked secondary antibodies (1:1000 dilution, Cell Signaling) and enhanced chemilluminescence using LumiGLO reagent (Cell Signaling). PVDF membranes were imaged using the ChemiDoc Touch Imaging System (BioRad).
Transmission Electron Microscopy (TEM)
Blood clot samples were fixed in 2% glutaraldehyde in 0.05 M phosphate buffer and 100 mM sucrose. Then they were post-fixed overnight in 1% osmium tetroxide in 0.1 M phosphate buffer, followed by dehydration and embedment in a mixture of EM-bed/Araldite (Electron Microscopy Sciences). One μm-thick sections were then stained with Richardson’s stain for observation by light microscopy. One hundred ηM sections were then cut on a Leica Ultracut-R ultramicrotome and stained with uranyl acetate and lead citrate. Grids were viewed at 80 kV in a JEOL JEM-1400 transmission electron microscope. Images were captured by an AMT BioSprint digital camera.
Scanning Electron Microscopy (SEM)
For SEM imaging, blood clot samples were fixed in 2% glutaraldehyde in 1X phosphate buffer saline (PBS) (E.M. Sciences,Inc.), post-fixed for 1 h in 1% osmium tetroxide in PBS buffer, rinsed in buffer, dehydrated through a graded series of ethanols, and dried after three changes of Hexamethyldisilazane (HMDS) (E.M.Sciences,Inc.). Samples were then coated with a 20 nm layer of palladium (Pd) in a plasma sputter coater, and imaged in a Philips XL-30 Field Emission SEM.
Simple Plex Assays
Clots were analyzed using a four-plex assay for the protein expression of caspase-1, apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC), IL-18 and IL-1β (Protein Simple) as described in Brand et al. (Brand et al., 2016). Briefly, samples were diluted 50:50 in dilution buffer, and 50 μL were loaded in the respective wells of the cartridge. One ml of washing buffer was loaded in the assigned wells, and the assay was run in the Ella instrument (Protein Simple) using the Simple Plex Runner 3.5.2.20 software. Data were then processed using the Simple Plex Explorer 3.5.2.20, and further analyzed by Prism 8.0 statistical software (GraphPad Prism). Results presented correspond to the mean of samples run in triplicates.
Statistical Analyses
Statistical analyses were carried using Prism 8 (GraphPad Prism) software. Data were tested for normality using the D’Agostino and Pearson omnibus normality test. Comparison between groups for normally distributed data were done using a Kruskal-Wallis test followed by Dunn’s multiple comparison test for data that were not normally distributed. p-values of significance were p < 0.05. Mean values of inflammatory cytokines in the clot lysate of LVOS patients were compared to plasma levels of stroke patients and healthy controls. In addition, linear and logistic regression using inflammasome protein concentration in the clot of patients and other clinical variables were done using RStudio software Version 1.2.5033 using the following packages: ggplot2, MASS, dplyr, broom, car, regclass and ROCit and with Stata 10.0 (College Station, TX). Factors predictive in univariate analysis (p < 0.15) were entered into a multivariate logistic regression analysis. p-values of ≤0.05 were considered statistically significant.
RESULTS
Patients With AIS
A total of 30 clots were retrieved by mechanical thrombectomy from patients presenting with acute large vessel occlusion stroke (Table 1). Mean patient age was 70 years old and the majority of patients were male (60%). Median national institutes of health stroke scale (NIHSS) score on presentation was 16, median time from last known well to recanalization was 303 min, all patients had a thrombolysis in cerebral infarction (TICI) score of 2B or greater, 11 patients had a modified ranking scale (mRS) less than three at discharge, and 23% of patients died during the hospitalization (Zaidat et al., 2018).
NETosis Is Present in the Clots of Patients With AIS
Coarse fibrin and activated platelets have been previously described in electron microscopy images of blood clots (Kawasaki et al., 2004). Isolated clots from patients that underwent thrombectomy following ischemic stroke were fixed and processed for electron microscopy procedures. Processed sections of clots from three different patients were analyzed by SEM (Figure 1) and TEM (Figure 2). A series of images were collected and the most representative images are presented in Figures 1 and 2. Accordingly, clots presented deformed red blood cells (Figures 1A and 1D), neutrophils (asterisk, 1D), interconnecting fibers (arrows, Figure 1D), fibrin (arrow heads, Figures 1B and 1C) and histones (short arrows, Figure 1C) that are consistent with the presence of neutrophil extracellular trap (NET) fibers. In addition, transmission electron microscopy analysis of the clots (Figure 2) indicate the presence of granulocytes (arrows, Figures 2A and 2D), red blood cells (asterisk, Figures 2B and 2D) and dying neutrophils (arrow heads, Figure 2C). Thus, these findings indicate that NETs are present in the clots of patients with LVOS in addition to neutrophils, deformed red blood cells, platelets, and fibrin.
[image: Figure 1]FIGURE 1 SEM of clots from AIS patients. Clots were processed for SEM indicating the presence of red blood cells (A and D), fibrin (arrow heads, B and C), histones (short arrows, C) and interconnected fibers (arrows, D) consistent with the presence of NETs in the clots of these patients. Scale bars: (A) 20 μm, (B) 100 μm, (C) 2 μm, (D) 5 μm.
[image: Figure 2]FIGURE 2 TEM of clots from AIS patients. Clots were processed for TEM indicating the presence of granulocytes (arrows, A and D), red blood cells (asterisk, B and D), dying neutrophils (arrow heads, C) consistent with the presence of NETs in the clots of these patients. Scale bars: (A) 2 μm, (B) 2 μm, (C) 1 μm, (D) 1 μm.
Inflammasome Proteins Are Present in NETs of Patients With AIS
Inflammasome signaling in neutrophils has been previously associated with the formation of NETs and NETosis activation (Chen et al., 2018). To determine if inflammasome proteins are present in NETs present in the clots of patients with AIS, we stained immunohistochemical sections with antibodies against the inflammasome signaling proteins caspase-1 and ASC, as well as citrullinated histone-3 (Cit-3H), a marker of NETs. (Hirose et al., 2014). Figure 3 shows that caspase-1 (green) and ASC (red) immunoreactivity were present in structures positive for CitH3, indicating that the inflammasome proteins caspase-1 and ASC are present in NETs within the clots of patients with AIS.
[image: Figure 3]FIGURE 3 Caspase-1 and ASC are present within citrullinated-H3 structures. Fluorescent images of the clots of patients that were double-stained for Cit-H3 (green) and (A) caspase-1 (red) or (B) ASC (red). Caspase-1 and ASC positive cells were also immunorective for Cit-H3 (yellow) and nuclei were stained with DAPI (blue). Magnification: 60X. Scale bar: 75 μm.
Inflammasome Signaling Proteins Are Elevated in the Clots of Patients With AIS
Inflammasome proteins have been previously shown to be elevated in the serum and extracellular vesicles of patients with stroke (Kerr et al., 2018a). To determine if inflammasome signaling proteins were elevated in the clots of patients with stroke, we obtained protein lysates from the clots of patients with AIS and analyzed the protein levels of caspase-1, ASC, IL-1β and IL-18 compared them to the plasma of stroke patients (plasma) and healthy controls (control). Caspase-1 (Mean values = thrombi: 191 pg/ml, plasma: 3.26 pg/ml, healthy control: 2.09 pg/ml) (Figure 4A), ASC (Mean values = thrombi: 5,039 pg/ml, plasma: 386.9 pg/ml, healthy control: 243.5 pg/ml) (Figure 4B) and IL-1β (Mean values = thrombi: 39.82 pg/ml, plasma: 0.92 pg/ml, healthy control: 0.68 pg/ml) (Figure 4C) were elevated in the clot when compared to plasma in AIS and healthy controls; whereas IL-18 protein levels were lower in the clot than in the plasma of healthy controls and AIS patients (Mean values = thrombi: 53.31 pg/ml, plasma: 201 pg/ml, healthy control: 200.2 pg/ml) (Figure 4D). Importantly, the levels of caspase-1, IL-1β and IL-18 measured were total protein values and do not differentiate between the pro-forms and the cleaved forms of these proteins. Taken together, these findings indicate that acute inflammasome signaling protein expression is higher in the clots of AIS patients consistent with higher levels of IL-1β.
[image: Figure 4]FIGURE 4 Inflammasome signaling proteins are elevated in the clots of patients with stroke. Protein levels in pg/ml of caspase-1 (A), ASC (B), IL-1β (C) and IL-18 (D) in the clots of patients with AIS as well as plasma of stroke patients (plasma) and from healthy controls (control). Caspase-1: N = 26 clot, N = 13 plasma stroke patients, N = 39 plasma healthy control; ASC: N = 26 clot, N = 11 plasma stroke patients, N = 8 plasma healthy control; IL-1β: N = 19 clot, N = 5 plasma stroke patients, N = 15 plasma healthy control; IL-18: N = 25 clot, N = 15 plasma stroke patients, N = 39 plasma healthy control a. Box and whiskers are shown for the 5th and 95th percentile. p-value of significance <0.05. All groups were compared by a Kruskall-Wallis test followed by Dunn’s multiple comparison test.
NLRP1 and AIM2 Are Present in the Clots of Patients With AIS
In rodents, the NLRP1 inflammasome has been previously shown to contribute to the innate immune inflammatory following thromboembolic stroke (Abulafia et al., 2009). To determine which NLR sensor molecules were present in the clot of patients with stroke, we immunoblotted samples for NOD-like receptor protein-1 (NLRP1) and Absent in Melanoma-2 (AIM2); two receptors that form protein-protein interactions with caspase-1 and ASC to form an inflammasome complex. Accordingly, NLRP1 and AIM2 were present in the clots of nine patients with stroke (Figure 5). Interestingly, patient eight differed in its expression of NLRP1 vs. AIM2, in which NLRP1 showed laddering of the protein (Levinsohn et al., 2012), that may indicate cleavage of NLRP1 or post-translational modifications during inflammasome activation of this sensor molecule that do not occur in activation of AIM2 in the clot of the same patient.
[image: Figure 5]FIGURE 5 NLRP1 and AIM2 are expressed in the clots of patients with AIS. Immunoblot analysis of clots from nine AIS patients that were blotted for NLRP1 and AIM2.
IL-1β and TICI Score Contribute to the Number of Passes to Achieve Recanalization
The number of passes needed to achieve complete recanalization is known to correlate with better outcomes after stroke, so that the less passes needed, the better the outcomes (Zaidat et al., 2018). Here we developed a logistic regression model using inflammasome protein levels to explain the influence of inflammasome proteins in clots to the number of passes. Our data indicate that IL-1β positively contributes (p = 0.049) to the number of passes whereas the TICI score, as expected, negatively contributes (p = 0.016) to the number of passes (Table 2). Thus, in regards to the number of passes and inflammasome signaling proteins, as IL-1β protein levels in the clot increase, so do the odds of increasing the number of passes to achieve complete recanalization as well.
TABLE 2 Logistic regression output of factors influencing number of passes.
[image: Table 2]Inflammasome Proteins Affect the Last Known Normal (LKN) Time to Recanalization
Recanalization is a main determinant of patient outcomes (Yeo et al., 2013). Here we fit a linear regression model to explain what factors contribute to the LKN time to recanalization using the protein levels of ASC, caspase-1, IL-18 and IL-1β as well as tissue plasminogen activator (TPA), Body Mass Index (BMI), Coronary artery disease (CAD) and whether patients had diabetes or not (Table 3). The model indicates that in the clots, caspase-1 (p = 0.016) and IL-18 (p = 0.043), CAD (p = 0.004) and DM (p = 0.037) positively contributed to the LKN time to recanalization, whereas ASC (p = 0.041) presented a negative correlation to the LKN time to recanalization outcome. Together, based on the adjusted R-squared, this model explained 41% of the LKN time to recanalization.
TABLE 3 Linear regression output for factors affecting LKN time to recanalization.
[image: Table 3]DISCUSSION
Inflammatory mechanisms initiate clotting, decrease natural anticoagulant activity, and impair the fibrinolytic system (Levi et al., 2004). Recent studies have shown that NETosis plays a role in thrombosis in stroke, suggesting that NETs play a critical role in inflammatory and thrombotic disorders (Ducroux et al., 2018). Our earlier study found elevated levels of inflammasome proteins in serum of stroke patients (Kerr et al., 2018a). Here we extend these observations and show that inflammasome proteins are present in cerebral stroke thrombi that localize with NETs (Figure 6). These findings are consistent with previous studies that show that inflammasome activation is critical for NETosis (Westerterp et al., 2018). Thus, it appears that inflammasome activation contributes to the pathophysiology of cerebral stroke thrombi that associate with NETs and that the level of inflammasome proteins is predictive of outcome.
[image: Figure 6]FIGURE 6 Thrombosis in acute ischemic stroke induces inflammasome activation in NETs present in clots. In AIS (1), thrombi (2) contain neutrophil extracellular traps (NETs) that contain inflammasomes (3). These inflammasomes are responsible for the released IL-1β in the thrombi of these patients (4).
Neutrophils are key cells of the immune system capable of phagocytosis, degranulation and release of NETs (Papayannopoulos, 2018). NETs are extracellular structures comprised of cytosolic and granule proteins intertwined with scaffolds of chromatin that has been decondensed (Brinkmann et al., 2004). NETs become extracellular by the cell death process of NETosis (Fuchs et al., 2007). NETs have been shown to form in vein occlusive events such as deep vein thrombosis and maybe associated with the hypoxia that induces NETosis (Brill et al., 2011; Etulain et al., 2015).
NETs quantity and content is correlated with endovascular thrombectomy procedure length as well as number of passes required to remove the clot (Ducroux et al., 2018). However, the pathogenesis of activation of NET formation in cerebral thrombi remains unknown. In mouse models of atherosclerosis, cholesterol crystals induce inflammation by activating macrophage and neutrophil inflammasomes (Warnatsch et al., 2015). Inflammasomes are cytoplasmic multiprotein complexes containing caspase-1, the adaptor protein ASC and an NLR or ALR sensor molecule (e.g., NLRP1, AIM2). Inflammasomes process the pro-inflammatory cytokines IL-1β and IL-18 into their active forms (de Rivero Vaccari et al., 2014; de Rivero Vaccari et al., 2016). In neutrophils, activated caspase-1 or caspase-11 cleave gasdermin-D (GSDM-D), which leads to pyroptosis and NETosis (Chen et al., 2018; Chen et al., 2020). Moreover, NETs are downstream of neutrophil inflammasome activation (Chen et al., 2018; Sollberger et al., 2018; Westerterp et al., 2018).
The AIM2 inflammasome in the CNS is activated by double stranded DNA (dsDNA) (Adamczak et al., 2014), and dsDNA is present in NETs associated with atherosclerotic lesions. These findings suggest that NETs are capable of activating inflammasomes. In addition, our findings show that AIM2 is present in thrombi of patients with AIS. Moreover, previous findings also indicate that inflammasomes can also promote NET formation in a process that relies of caspase-11 and gasdermin-D cleavage (Chen et al., 2018; Sollberger et al., 2018). Furthermore, NETs have been shown to activate NLRP3 inflammasome (Kahlenberg et al., 2013). However, in this study we were unable to detect by immunoblotting procedures NLRP3 in thrombi (data not shown). However, NLRP1 and AIM2 were readily identified in clots using the same methodologies (Abulafia et al., 2009). Unlike other NLRs, such as NLRP3, NLRP1 is cleaved as part of its activation process (Levinsohn et al., 2012). Interestingly, immunoblots of a thrombus from one patient (patient 8) showed NLRP1 laddering, indicating NLRP1 cleavage or post-translational modifications. However, that same patient showed very low levels of AIM2, another inflammasome complex involved in inflammation and pyroptosis (Adamczak et al., 2014). Although beyond the scope of this project, it is possible that AIM2 is the active inflammasome in the clots of the other patients, and in patient 8, the inflammasome that was activated was the NLPR1 inflammasome instead, which would explain the lack of cleaved NLRP1 products in the clots of the other patients. Moreover, another possibility is that multiple inflammasomes may be activated in the same clots, thus producing an even more heightened innate immune response since clots from other patients such as patient three had more cleavage fragments of NLRP1 as well as higher expression of AIM2 than in other patients e.g., patient 6 (for NLRP1) or patient 4 (for AIM2). Future studies are needed to determine the role of different NLRs and AIM-2 like receptors (ALRs) in the clots of stroke patients.
Our findings show that IL-1β is significantly elevated in cerebral thrombi in contrast to the plasma of stroke patients and healthy controls. IL-1β has a fundamental role in inflammation and coagulation (Wada et al., 1991; Danton and Dietrich, 2003). Previous studies have found that IL-1β contributes to slow progressive chronic conditions such as atherosclerosis, diabetes, osteoarthritis and acute ischemic processes, including myocardial infarction and stroke (Gabay et al., 2010; Kerr et al., 2018a). In particular, IL-1β down-regulates thrombomodulin and impairs protein C activity, thus acting as a procoagulant. Furthermore, platelets express IL-1-R1 receptor and the presence of its ligand, IL1β, results in platelet hyperactivation and clumping (Bester and Pretorius, 2016). Consistent with the hyperinflammatory response in the clot are our findings of neutrophil composition and deformed red blood cells within the clot as shown by electron microscopy. Thus, inflammasome activation in cerebral thrombi may lead to further clot propagation and stabilization, and hinder breakdown by the body’s natural anticoagulant processes.
In contrast, IL-18 was significantly decreased in cerebral thrombi as compared to plasma of healthy controls. IL-18 is an important immunoregulatory cytokine that is involved in the production of IFN-γ and T cell polarization as well as increasing cell adhesion molecules, nitric oxide synthesis, and chemokine induction (Dinarello et al., 2013). However, unlike IL-1β, precursor IL-18 is constitutively expressed by whole blood cells and epithelial cells (Dinarello et al., 2013), and may explain our finding that patients had lower levels of IL-18 in cerebral thrombi as compared to plasma. It is also possible that in the clot there is compensatory mechanism in which as IL-1β levels increase, the levels of IL-18 decrease in order to modulate the exacerbated inflammatory response present at the clot site.
High resolution SEM and TEM showed that NETs are structures comprised of stretches of globular proteins. These proteins are released into the extracellular matrix by activated or dying neutrophils as a result of damage or infection (Kessenbrock et al., 2009). A key protein involved in NETosis is CitH3, characteristic of decondensed chromatin structures and hypercitrullination of histone H3 by peptidylarginine deiminase 4 (PAD4) (Fuchs et al., 2007). In support of this observation, we found CitH3 within clot structures, which contained the inflammasome proteins caspase-1 and ASC, indicating heightened inflammasome activation in NETosis in thrombi following AIS.
The activation of IL-1β and other proinflammatory cytokines recruit myeloid cells to the vascular endothelium to initiate remodeling and perpetuate inflammation (Duewell et al., 2010). In more advanced stages of the disease, cytokines destabilize atherosclerotic plaques by promoting apoptosis and matrix degradation. In patients with carotid plaques, elevated levels of IL-1β, IL-6, IL-8, IL-12 p70, IFN-γ, TNF and caspase-3 are significantly higher in rupture-prone post bifurcation segments of the plaque, suggesting a prominent inflammatory role in creating cerebral emboli (Caparosa et al., 2019). Thus, inflammasome activation may influence NETs and coagulation at the site of cerebrovascular occlusion, thus affecting thrombectomy outcomes, inflammasome activation may also be a product of emboli formation.
Importantly, NETs in thrombi may act as molecular filters for a variety of proteins, including inflammasome proteins. However, whether those proteins are catalytically active or capable of carrying out other roles in the inflammasome pathway is presently under investigation in our laboratory. Future studies are needed to analyze the role of inflammasome activation in neutrophils isolated from thrombi of AIS on the cell mediated processes of NETosis and pyroptosis. It is also critical to establish how these processes affect the inflammatory milieu in the thrombus microenvironment and in the systemic inflammatory response after cerebral ischemia. However, we have previously shown secreted inflammasome proteins caspase-1, ASC, IL-1β and IL-18 correlate with poorer outcomes in a variety of diseases or conditions of the nervous system and periphery, suggesting that these secreted inflammasome proteins are functional in inflammasome signaling (Kerr et al., 2018a; Kerr et al., 2018b; Keane et al., 2018; Forouzandeh et al., 2020; Perez-Barcena et al., 2020; Scott et al., 2020), suggesting an important role in disease- or trauma-related inflammatory pathological processes.
Our study is limited by the small number of samples as well as the significant heterogeneity that exists between patients and providers. There is not a standardized mechanical thrombectomy technique and both tools and technique remain at the discretion of the provider. Furthermore, there is a selection bias wherein clot samples are only available in patients who had at least partial success in clot removal. Thus, there are very few patients in the cohort where at least partial successful recanalization was not achieved. Additionally, there is selection bias for techniques wherein the clot could be preserved such as stentriever as opposed to aspiration alone. Nonetheless, our regression analyses indicate that inflammasome proteins in thrombi from AIS patients were associated with a greater number of thrombectomy passes in order to achieve complete recanalization, which is consistent with a longer time to achieve reperfusion and poorer outcomes in AIS patients. While, clot properties such as size, density, and strength were not obtained for this study, future studies are necessary to assess the association of inflammasome concentration with physical clot properties.
Taken together, our results provide evidence for inflammasome activation and NETosis in cerebral thrombi as well as a significant role of inflammasome proteins in contributing to poorer outcomes in patients after stroke. Therefore, an improved mechanistic understanding of the role of inflammasomes in NETosis will help in the development of therapies to treat thrombotic and inflammatory disorders, including stroke.
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Background: Somatostatin released from the capsaicin-sensitive sensory nerves mediates analgesic and anti-inflammatory effects via its receptor subtype 4 (SST4) without influencing endocrine functions. Therefore, SST4 is considered to be a novel target for drug development in pain, especially chronic neuropathy which is a great unmet medical need.
Purpose and Experimental Approach: Here, we examined the in silico binding, SST4-linked G protein activation and β-arrestin activation on stable SST4 expressing cells and the effects of our novel pyrrolo-pyrimidine molecules (20, 100, 500, 1,000, 2,000 µg·kg−1) on partial sciatic nerve ligation-induced traumatic mononeuropathic pain model in mice.
Key Results: The novel compounds bind to the high affinity binding site of SST4 the receptor and activate the G protein. However, unlike the reference SST4 agonists NNC 26-9100 and J-2156, they do not induce β-arrestin activation responsible for receptor desensitization and internalization upon chronic use. They exert 65–80% maximal anti-hyperalgesic effects in the neuropathy model 1 h after a single oral administration of 100–500 µg·kg−1 doses.
Conclusion and Implications: The novel orally active compounds show potent and effective SST4 receptor agonism in vitro and in vivo. All four novel ligands proved to be full agonists based on G protein activation, but failed to recruit β-arrestin. Based on their potent antinociceptive effect in the neuropathic pain model following a single oral administration, they are promising candidates for drug development.
Keywords: neuropathic pain, drug discovery, G protein coupled receptor, somatostatin, somatostatin receptor subtype 4, molecular, modeling
INTRODUCTION
Targeting somatostatin receptors as novel analgesic and anti-inflammatory drug developmental approaches has emerged after our team discovered that somatostatin was released from the activated capsaicin-sensitive peptidergic sensory nerve endings into the systemic circulation which leads to anti-inflammatory and anti-hyperalgesic actions at distant parts of the body (Pintér et al., 2006; Szolcsanyi et al., 2011; Pintér et al., 2014; Schuelert et al., 2015; Shenoy et al., 2018; Hernández et al., 2020; Kuo et al., 2020). These effects were mimicked by a synthetic heptapeptide agonist, TT-232, acting on the somatostatin receptors subtype 4 and 1 (SST4 and SST1) located on both primary sensory neurons and immune cells (Pintér et al., 2002; Helyes et al., 2004; Szolcsányi et al., 2004). J-2156, a highly selective and efficacious non-peptide SST4 receptor agonist inhibited nocifensive behavior in the second phase of the formalin test, adjuvant-evoked chronic inflammatory mechanical allodynia, and sciatic nerve ligation-induced neuropathic mechanical hyperalgesia (Sándor et al., 2006). Furthermore, J-2156 decreased neuropeptide release from the peripheral terminals of peptidergic sensory neurones, as well as neurogenic and non-neurogenic acute inflammatory processes and adjuvant-induced chronic arthritic changes (Helyes et al., 2006; Elekes et al., 2008). In accordance with the above findings, in SST4 receptor knockout mice acute and chronic inflammatory as well as neuropathic hyperalgesia were more severe than in wild types (Helyes et al., 2009). In addition to the peripheral nervous system, the SST4 receptor is present in several central nervous system regions involved in the regulation in pain, such as the spinal cord, hippocampus and amygdala (Schreff et al., 2000; Selmer et al., 2000a; Selmer et al., 2000b). All these data provide strong proof of concept that small molecule non-peptide SST4 receptor agonists are promising drug candidates for novel analgesic development. Furthermore, it is also important, that SST4 does not mediate endocrine actions of somatostatin.
Based on these data, SST4 agonists have recently become the focus of interest and development pipeline of several pharmaceutical companies for the treatment of chronic pain with one compound being tested in phase 1 clinical trial (Lilly, 2020; Stevens et al., 2020). We synthesized and patented novel pyrrolo-pyrimidine molecules (Compound 1, Compound 2, Compound 3, Compound 4) (see details in the Supplementary Materials) (Szolcsányi et al., 2019), and in the present paper we characterize their in silico binding, in vitro receptor activation and in vivo anti-hyperalgesic effects after single oral administration.
METHODS
In Silico Modeling Studies
Preparation of Ligand and Target Structures
Five ligand structures were built in Maestro (Schrödinger, 2017). The semi-empirical quantum chemistry program package MOPAC (Stewart, 2016) was used to minimize the raw structures with a PM7 parametrization (Stewart, 2013). The gradient norm was set to 0.001. Force calculations were applied on the energy minimized structures and the force constant matrices were positive definite. The energy-minimized structures were forwarded to docking calculations. The structure of SST4 receptor was created by homology modeling using the active form of adrenergic β2-receptor (PDB code: 3p0g) as template. The sequence alignment was performed as in the model constructed and described by Liu and co-workers (Liu et al., 2012). Five homology models generated by Modeller program package (Stewart, 2016) were ranked related to their Discrete Optimized Protein Energy score (DOPE score) value. The first ranked model was energy-minimized and equilibrated by GROMACS 5.0.2 (Abraham et al., 2015) as described in the previous study (Liu et al., 2012). The energy-minimized receptor structure was used as a target in the docking calculations.
Docking
Docking of all ligands was performed by AutoDock 4.2.6 (Morris et al., 2009) focused on the extracellular region of the SST4 target. In order to reduce false positive conformations, the transmembrane and intracellular target regions were not included in the docking search. Gasteiger-Marsilli partial charges were assigned to both the ligand and target atoms in AutoDock Tools (Morris et al., 2009), and united atom representation was applied for non-polar moieties. Flexibility was allowed at all active torsions of the ligand, but the target was treated rigidly. The grid maps were prepared by AutoGrid 4. The number of grid points was determined by Eq. 1, where Lmax is the length of the longest ligand structure and x is the number of grid points.
[image: image]
The docking box was centered on the extracellular region of SST4 including 66 × 66 × 66 grid points at a 0.375 Å spacing. Lamarckian genetic algorithm was used for global search. After 10 docking runs, ligand conformations were ranked according to the corresponding calculated interaction energy values and subsequently clustered using a root mean square deviation (RMSD) tolerance of 3.5 Å between cluster members. Rank 1 was analyzed and selected as representative structure for each ligand.
G Protein Activation Assay
Membrane fractions prepared from Chinese hamster ovary (CHO) cells stably expressing the SST4 receptor (in Tris-Ethylene glycol bis(2-aminoethyl)tetraacetic acid (Tris–EGTA) buffer (50 mM Tris–HCl, 1 mM EGTA, 3 mM MgCl2, 100 mM NaCl, pH 7.4, 10 μg of protein/sample) were used for the investigations. The SSTR4 coding sequence was cloned into a pWPTS-derived lentiviral transfer vector containing an internal ribosomal entry site (IRES) and the green fluorescent protein (GFP) gene. The SSTR4-IRES-GFP construct was driven by the EF1 promoter. HEK293 cells were used to produce the lentiviral particles, by cotransfecting the cells with the SST4 receptor coding “transfer,” pMD.G “helper” and R8.91 “packaging” vectors. The culture media of HEK293 cells containing the lentiviral particles were transferred to the CHO-K1 cells. The virus particles stably transfected the CHO cells creating the stable SSTR4 expressing CHO cell line, which was used in the further experiments. Cell culture media containing the virus particles were transferred onto CHO-K1 cells. These fractions were incubated for 60 min at 30°C in the buffer containing 0.05 nM guanosine triphosphate (GTP), labeled on the gamma phosphate group with 35S ([35S]GTPγS) and increasing concentrations (0.1 nM–10 µM) of test compounds. 30 μM guanosine diphosphate (GDP) was added in a final volume of 500 µl. We determined the non-specific binding in the presence of 10 μM unlabelled GTPγS and total binding in the absence of test compounds. At the end of the experiment we filtered the samples through Whatman GF/B glass fiber filters using 48-well Slot Blot Manifold from Cleaver Scientific. Filters were washed with ice-cold 50 mM Tris–HCl buffer (pH 7.4) and radioactivity was measured in a β-counter (PerkinElmer Inc., Waltham, MA, United States). Test compound-induced G protein activation was given as percentage of the specific [35S]GTPγS binding detected in the absence of agonists (Markovics et al., 2012).
β-Arrestin Activation Assay
In the PathHunter™ Enzyme Fragment complementation assay (DiscoverX, Fremont, CA), pCMV Mammalian cloning vector is used to drive the CHO-K1 SSTR4 cell lines to express both GPCR fused to a small enzyme donor fragment ProLink (PK), and β-Arrestin tagged with Enzyme Acceptor fragment. Upon stimulation of GPCR, β-arrestin binds to the prolink leading to the complementation of the enzyme fragments. The signal is then detected by adding the chemiluminescent reagent.
β-arrestin2 CHO-K1 SSTR4 cells were plated at a density of 20,000 cells/well in white 96 well plates and incubated overnight at 37°C. Cells were then loaded with a range of SST4 receptor agonists’ concentrations (10−12–10−5 M) in the assay media for 90 min at 37°C. Determinations were made in duplicates. The detection reagents were added and the incubation continued at room temperature for 60 min. The agonist mediated β-arrestin 2 interaction was determined using the detection reagents according to the manufacturer’s instructions. Chemiluminescence indicated as relative luminescence units (RLUs) was measured on EnSpire Alpha Plate Reader (Perkin Elmer).
Animals and Ethics
Male NMRI (named after the U.S. Naval Medical Research Institute) mice (8–12-week-old, 35–40 g weight) were used in the pain experiments. They have the highest nociceptive threshold among all mouse strains (Leo et al., 2008). Partial sciatic nerve ligation is a well-known, widely used, reproducible method to induce neuropathic pain in mice, characterized by significant allodynia and hyperalgesia, mimicking human neuropathic pain (Malmberg and Basbaum, 1998; Shields et al., 2003). We performed the first series of behavioral experiments with NMRI mice. Since we observed that the individual results show significant differences within each group including the control group, we used male C57Bl/6 mice (12–16-week-old, 25–30 g weight) for this purpose to be comparable with previous behavioral studies (Scheich et al., 2016; Scheich et al., 2017).
Mice were bred in the Laboratory Animal House of the Department of Pharmacology and Pharmacotherapy of the University of Pécs, kept in standard plastic cages at 24–25°C, under a 12–12 h light–dark cycle and provided with standard rodent chow and water ad libitum.
The study was designed and conducted 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. The project was approved by the Animal Welfare Committee of the University of Pécs and the National Scientific Ethical Committee on Animal Experimentation of Hungary and licensed by the Government Office of Baranya County (license No. BA1/35/55-50/2017). We made all efforts to minimize the number and suffering of the animals used in this study. The group size in our experiments was chosen based upon free available power analysis program (Power and Sample Size.com, 2020) and our previous experiences using similar experimental protocols. The minimal required number for sufficient statistical power was 7. After the experiments, mice were sacrificed by cervical dislocation.
Measurement of the Mechanonociceptive Threshold of the Hindpaw and Partial Sciatic Nerve Ligation-Induced Neuropathic Pain Model of the Mouse
To measure the mechanical threshold of both hindpaws, mice were placed individually in small cages with a framed metal mesh floor. The mechanonociceptive thresholds of the mouse hindpaw were determined with the Dynamic Plantar Aesthesiometer (Ugo Basile Dynamic Plantar Aesthesiometer 37400; Comerio, Italy). This electronic von Frey device applied pressure to the plantar surface of the hindpaw with a blunt-end needle which continuously rose for 4 s until 10 g force. The force at which a paw withdrawal response occurred is registered by the equipment and it was taken as the mechanonociceptive threshold. Paw withdrawal automatically turned off the stimulus.
After conditioning, three control mechanonociceptive hindpaw threshold measurements were performed on three consecutive days. Mice were then anesthetized by the combination of ketamine (100 mg·kg−1, i.p.) and xylazine (10 mg·kg−1, i.p.) and placed under a dissection microscope. The right sciatic nerve was isolated from the surrounding connective tissues at a proximal site and the dorsal 1/3–1/2 of the nerve was tightly ligated with only one 8–0 silk suture in order to induce traumatic sensory mononeuropathy (Seltzer et al., 1990). The surgery was performed under aseptic conditions, including sterile gloves, mask and sterile instruments. The animals were placed on a heating plate after the operation and monitored until complete awakening. The mechanonociceptive threshold of the plantar surface of the hindpaws was measured again on the seventh postoperative day in order to detect the development of the neuropathic pain-like state mechanical hyperalgesia in response to the nerve ligation expressed as percentage decrease compared to the mean three initial (pre-surgery) control values. Animals that failed to show at least 20% hyperalgesia were excluded from the experiment (107 out of 358 animals; 70% success rate of the operation), since they did not have obvious neuropathic pain. Subsequently, the test compounds or the vehicle methylcellulose were applied orally (in a volume of 20 ml·kg−1 body weight) and threshold measurements were repeated 60 min later in order to compare mechanical hyperalgesia before and after the treatment. The anti-hyperalgesic effects of the test compounds were expressed in percentage by the following formula: ((hyperalgesia before drug treatment—hyperalgesia after drug treatment)/hyperalgesia before drug treatment) · 100. The intact contralateral paws were also measured for comparison.
The experiment consisted of 15 separate series and the animals were randomized to receive the respective treatment or the vehicle. The experimenter was blinded from the treatment the animals received. The number of animals in the control group was at least four per day to minimize the bias caused by the different experimental days. Therefore, the total number of animals in the different experimental groups ranged from 7 to 19 (see details in the respective figures).
Determination of Anxiety and Spontaneous Locomotor Activity: Elevated Plus Maze (EPM) and Open Field Test (OFT)
Anxiety behavior was examined in the EPM apparatus consisting of two open and two closed arms that are extended from a common central platform. The platform was 60 cm above floor level, the floor and the walls of each arm were plastic and painted gray. Sixty min after oral administration of the vehicle or Compound 2 (500 µg·kg−1), mice were placed in the center of the maze and the time they spent in the open arms during the 5-min experiment was measured (Lister, 1987; Kraeuter et al., 2019a; He et al., 2020). The surface of the maze was cleaned with 70% ethyl alcohol after each test to remove permeated odors from previous animals. There were 10 mice in each group.
Spontaneous locomotor activity and anxiety level was determined in the OFT composed of a plastic box (39 cm × 39 cm × 39 cm) with white floor and gray walls. Sixty min after the oral administration of the vehicle or Compound 2 (500 µg·kg−1), mice were placed individually in the center of the box and were observed for 5 min. The arena was cleaned with 70% ethyl alcohol after each trial to remove permeated odors from previous animals (Kraeuter et al., 2019b; He et al., 2020). Behavioral parameters were recorded and analyzed by EthoVision XT 8.0 (Noldus Information Technology, Wageningen, Netherlands) motion tracking software. The number of the animals are 10 in each group.
Data and Statistical Analysis
Graphs and calculations were made using GraphPad Prism (GraphPad Prism version 8.0.1 for Windows). Curves of both G protein activation and β-arrestin 2 recruitment assays were fit by nonlinear regression using the sigmoidal dose–response equation. In the G protein activation assay we performed three experiments in triplicates. In β-arrestin assay, the experiments were conducted twice. In one experiment there were six different concentrations of each drug, each concentration was tested in duplicates to provide n = 2.
Results are expressed as means ± S.E.M. The maximum responses for all compounds in β-arrestin 2 recruitment assay were compared using one-way ANOVA with Dunnett’s post hoc test. Data of neuropathic pain model were analyzed by one-way ANOVA Bonferroni's Multiple Comparison Test for comparing the anti-hyperalgesic effects in the different groups. Data of behavioral experiments were compared using Student's unpaired t‐test except the number of rearings which were made using the Mann‐Whitney U‐test. The levels for statistically significant differences were set as *p < 0.05, **p < 0.01.
Materials
In the SST4 receptor activation assay all the compounds were dissolved in dimethyl sulfoxide (DMSO). The concentration of the stock solutions was 10 mM, that was diluted with distilled water or assay medium to reach the final concentrations. For the in vivo experiments 1 mg of the compounds was suspended thoroughly in 1 ml 1.25% methylcellulose solution dissolved in sterile bidistilled water to get a 1,000 µg·ml−1 stock solution freshly every experimental day. Most microsuspensions looked opalescent, they were shaken properly, sonicated, and further diluted with 1.25% methylcellulose to obtain the 1, 5, 25, 50 and 100 µg·ml−1 solution for oral administrations (20 ml·kg−1 body weight for the 20, 100, 500, 1,000 and 2,000 µg·kg−1 dose). The solutions were shaken and sonicated again directly before use. The vehicle was always 1.25% methylcellulose dissolved in sterile bidistilled water.
Tris–HCl (PubChem CID: 93573), EGTA (PubChem CID: 6207), MgCl2 (PubChem CID: 5360315), NaCl (PubChem CID: 5234): Reanal, Budapest, Hungary; GTP (PubChem CID: 135398633) : BioChemica International Inc., Melbourne, FL, United States; GDP (PubChem CID: 135398619), urea (PubChem CID: 1176), acetic acid (PubChem CID: 176): Sigma, St. Louis, MO, United States; dimethyl sulfoxide (DMSO, PubChem CID: 679): Szkarabeusz Ltd., Pécs, Hungary; [35S]GTPγS: Institute of Isotopes, Budapest, Hungary; CHO-K1 cells: European Collection of Authenticated Cell Cultures (ECACC Cat# 85051005, RRID:CVCL_0214), SST4 receptor-expressing cell line was prepared in our laboratory; methylcellulose (MC; Ph. Eur. V.; PubChem CID: 44263857): Central Pharmacy of the University of Pécs, Pécs, Hungary; hsstr4 cAMP CHO-K1 (RRID:CVCL_KV83) and hsstr4 β-arrestin 2 CHO-K1 cells (RRID:CVCL_KZ14): DiscoverX, Fremont, CA; methylcellulose (MC;Ph.Eur.V.; PubChem CID: 44263857): Central Pharmacy of the University of Pécs, Pécs, Hungary.
RESULTS
In Silico Modeling and Binding Assay
Two high affinity SST4 agonist reference compounds NNC-269100 and J-2156 (Liu et al., 1998) were used in the present study. They were shown to bind a region called high affinity binding pocket in previous studies composed of amino acids Tyr18, Val67, Ser70, Ala71, Cys83, Asp90, His258, Val259, Ile262, Leu263. Serial numbering of target residues follows that of the previous study (Liu et al., 2012). Docking of the references and four new Compounds (Figure 1) to the SST4 target was performed as described in Methods. It was found that interaction energy values of the docked representatives of Compounds 1–4 do not show significant differences if compared with the high affinity reference molecules NNC-269100 and J-2156 (Table 1) Amino acids interacting with the representative docked ligands are marked with a cross in Table 1. Reference molecules have interaction with eleven target (showed with gray color in Table 1) residues that are identical (10−5 M) more than 60% (showed with double cross in Table 1). Fit % means the ratio of identical interacting residues of the references calculated for each compound. It shows that the ratio of interacting target residues for Compounds 1–3 is similar as that of the reference molecules. However, fit % of Compound 4 is 45%, it has interaction with Asp90, the key amino acid suggested essential role in ligand binding and receptor activation. Analyzes of the residues interacting with the representative docked ligand conformations within 3.5 Å showed that the new compounds maintain the contact with amino acids similarly to reference molecules, likewise to the interaction energy. Thus, reference ligands and new compounds have overlapping binding site on SST4.
[image: Figure 1]FIGURE 1 | Lewis structures of the tested new pyrrolo-pyrimidine ligands (upper panel) and the high affinity reference molecules (lower panel).
TABLE 1 | Target residues interacting with representative docked ligand structures within 3.5 Å.
[image: Table 1]As an example, atomic details of binding of Compound 2 to SST4 is further shown in a close-up view (Figure 2). The chlorobenzyl group of Compound 2 is buried in a hydrophobic pocket formed by Val67, Ala71 in TM2, Val259 and Ile262 in TM7 (TM2/TM7 hydrophobic cavity (Liu et al., 2012). The 7H-pyrrolo[2,3-d]pyrimidine core of molecule has aromatic-aromatic interactions with Pro169 and Trp76 and stabilized by a H-bond with Ser70. Furthermore, there is an ionic interaction between Asp90 on TM3 and tertiary amine group of Compound 2. It is presumed based on site-directed mutagenesis studies that an ionic interaction between Lys9 of endogenous peptide and the conserved aspartic acid on TM3 of all SST receptors has a crucial role in ligand binding and receptor activation (Kaupmann et al., 1995; Nehrung et al., 1995; Ozenberger and Hadcock, 1995; Chen et al., 1999; Liu et al., 2012).
[image: Figure 2]FIGURE 2 | High affinity binding pocket with Compound 2 in SST4 receptor (A), Binding pattern of Compound 2: hydrophobic pocket composed of Val67, Ala71 in TM2, Val259 and Ile262 in TM7, aromatic-aromatic interactions with Pro169 and Trp76, H-bonds (yellow) with Asp90 and Ser70 (B).
SST4 Receptor-Coupled G Protein Activation
Based on the in silico binding results, the SST4 receptor activating potential of the new compounds was measured and compared to the reference agonist NNC 26-9100 and J-2156 (Engström et al., 2005). We found concentration-dependent stimulation in the [35S]GTPγS binding assay on SST4-expressing CHO cells (Figure 3.). The EC50 values demonstrating the potency of the ligands were, 75 , 28 , 16 and 24 nM for Compound 1, 2, 3 and 4, respectively (n=3 independent experiments with each compound). The maximal activation values over the basal activities of the receptor showing the efficacy of the compounds were 242.7 ± 26%, 213 ± 9%, 220 ± 7% and 228.7 ± 9%, in cases of Compounds 1, 2, 3 and 4, respectively. Thus, all these compounds are potent and effective SST4 receptor agonists.
[image: Figure 3]FIGURE 3 | Effect of Compounds 1–4 compared with reference molecules NNC 26-9100 and J-2156 on SST4 receptor-linked G protein activation. [35S]GTPγS binding induced by the compound in SST4-expressing CHO cells. The ligand-stimulated [35S]GTPγS binding reflects the GDP–GTP exchange reaction on α subunits of G proteins by receptor agonists. Increasing concentrations of all compounds result in similar concentration-dependent stimulations of [35S]GTPγS binding. Each data point represents the mean ± SEM of n = 3 independent experiments, each performed in triplicates.
Effects of Compounds 1–4 on SST4 Activation-Related β-Arrestin 2 Recruitment
Subsequently, we investigated the ability of the agonists to mediate β-arrestin two recruitment, measured as an increase in the chemiluminescent signal. The novel ligands displayed no detectable β-arrestin 2 recruitment in the PathHunter assay (testing range: 10−12–10−5 M). However, the reference compounds, NNC 26-9100 and J-2156 showed marked β-arrestin 2 recruitment (Figure 4).
[image: Figure 4]FIGURE 4 | Concentration-response curves of Compounds 1–4 in the β-arrestin 2 recruitment assay. Data represent concentration–response curves of the novel compounds expressed as relative luminescence units (RLU) in comparison to the reference compounds NNC 26-9100 and J-2156. All values are means ± SEM (n = 2 experiments). In each experiment, data points were obtained in duplicates.
Anti-Hyperalgesic Effect of Compounds 1–4 in the Partial Sciatic Nerve Ligation-Induced Neuropathy Model
In response to the partial sciatic nerve ligation, 37.3 ± 0.8% mechanical hyperalgesia (drop of the mechanonociceptive threshold) developed on the seventh postoperative day, while the thresholds of the contralateral paws did not change compared to the baseline values. Treatment with the 500 µg·kg−1 oral dose of Compound 1, 2, 3 and 4 significantly increased the mechanonociceptive threshold of the treated paw 60 min later showing anti-hyperalgesic effects, while the vehicle had no effect (Compound 1: 52.1 ± 5.4% vs. vehicle: 14.7 ± 6.1%; Compound 2: 54.6 ± 13.6% vs. vehicle: 7.8 ± 8.1%; Compound 3: 57.0 ± 16.1%vs. vehicle: 12.0 ± 7.2%; Compound 4: 57.2 ± 14.6% vs. vehicle: 10.0 ± 7.6%). In case of Compound 2, the 100 µg·kg−1 dose also had a significant anti-hyperalgesic effect (Compound 2: 64.4 ± 14.3% vs. vehicle: 7.8 ± 8.1%). Higher doses of the compounds had smaller effects not reaching statistical significance making the dose–response relationship bell-shaped (Figure 5.).
[image: Figure 5]FIGURE 5 | Anti-hyperalgesic effect of a single oral treatment with Compounds 1–4 7 days after partial tight ligation of the sciatic nerve in the mouse. Columns represent anti-hyperalgesic effect 60 min after treatment with the respective test compound compared to pre-treatment control values. Each column represents the mean + S.E.M. of n. Data were analyzed with one-way ANOVA Bonferroni’s Multiple Comparison Test (*p < 0.05, **p < 0.001 vs. vehicle control values).
Spontaneous Locomotor Activity and Anxiety Level Are Not Influenced by Compound 2
Neither spontaneous locomotor activity nor anxiety-related behaviors in the OFT and the EPM were influenced by Compound 2.
There was no significant difference in the time spent in the open arms of the EPM (Compound 2: 52.8 ± 7.4 s vs. vehicle: 51.0 ± 8.5 s) or in the distant 1/3 of the open arms (Compound 2: 9.1 ± 3.1 s vs. vehicle: 6.2 ± 2.8) between Compound 2- and vehicle-treated mice (Figure 6.).
[image: Figure 6]FIGURE 6 | Anxiety-like behavior quantification using EPM. Results are expressed as means ± S.E.M., data were analyzed by Student’s unpaired t‐test, n = 10/group.
None of the parameters in the OFT, such as the distance moved (Compound 2: 1,798 ± 180.8 cm vs. vehicle: 1,824 ± 130.2 cm), velocity (Compound 2: 6.0 ± 0.6 m/s vs. vehicle: 6.1 ± 0.4 m/s), time spent moving (Compound 2: 56.0 ± 5.2 s vs. vehicle: 56.3 ± 3.7 s), time spent in center zone (Compound 2: 59.8 ± 8.7 s vs. vehicle: 59.5 ± 4.0 s), and number of rearings (Compound 2: 31.1 ± 4.1 vs. vehicle: 30.6 ± 3.2) differed significantly between Compound 2- and vehicle-treated mice (Figure 7.).
[image: Figure 7]FIGURE 7 | Spontaneous locomotor activity and anxiety-like behavior quantification using OFT. The number of rearings are expressed as the geometric mean with 95% confidence intervals and statistical comparisons were made using the Mann‐Whitney U‐test. All other data are determined as mean ± S.E.M. and were compared using the Student’s unpaired t‐test, n = 10/group.
DISCUSSION
In the present study, four novel ligands designed for agonism at SST4 somatostatin receptor have been characterized. In silico modeling studies revealed that Compounds 1–4 interact with the receptor with similar energy and have overlapping binding sites on the SST4 receptor (Liu et al., 2012) as the reference ligands NNC 26-9100 and J-2156 (Table 1). The binding region of J-2156 composed of amino acids Tyr18, Val67, Ser70, Ala71, Cys83, Val259 is overlapped to the binding site called high affinity binding pocket and described by Liu and coworkers (Liu et al., 2012). Docking calculations revealed that Compounds 2–4 maintain the interaction with Asp90 of TM3, as a key residue suggested by previous experimental studies with J-2156 (Kaupmann et al., 1995; Nehrung et al., 1995; Ozenberger and Hadcock, 1995; Chen et al., 1999; Liu et al., 2012). However, neither Compound 1 nor the high affinity reference NNC 26-9100 bind to the conserved aspartic acid. As they have interaction with similar residues in a high percent, our above findings suggest an alternative binding mode for these ligands.
Stimulation of G protein-coupled receptors by agonists regulates multiple downstream pathways through alpha and beta–gamma subunits of the various G proteins. In the G protein activation assay performed on SST4 receptor-expressing CHO cells, all the four novel compounds evoked concentration-dependent increases in [35S]GTPγS binding reflecting the GDP–GTP exchange reaction on the alpha subunit of G protein similarly to the reference agonists NNC 26-9100 and J-2156. As NNC 26-9100 and J-2156 proved to be full agonists of SST4 in a previous study (Liu et al., 1999) and the maximal achievable activation was comparable with that of the other four investigated compounds, all the novel ligands can be considered as full SST4 agonists. Based on the EC50 values, the novel ligands displayed similar potencies, but Compound 3 was the most potent.
Agonist-evoked activation of heptahelical receptors also stimulates G protein-coupled receptor kinases phosphorylating the activated receptor, thereby allowing attachment of β-arrestin proteins to the receptor. While β-arrestin recruitment/binding physically obstructs the G protein coupling with the receptor, additional mechanisms have been revealed by which β-arrestins ensure efficient blockade of G protein signaling and thus, desensitization of the heptahelical receptors (Shenoy and Lefkowitz, 2011). Although β-arrestins were initially held responsible only for desensitization and down-regulation of these receptors, newer data support the view that they can also initiate several signal transduction mechanisms including e.g. activation of mitogen-activated protein kinase enzymes (Lefkowitz, 2005). Furthermore, the existence of these two distinct pathways (i.e. G protein-dependent and β-arrestin-mediated) allows for biased agonism (also called stimulus trafficking) meaning that some ligands may act exclusively through either G protein-dependent or β-arrestin-mediated cascade (Rajagopal et al., 2010). In case of the SST4 receptor, a dissociation of G protein activation and desensitization of a cellular effect with some agonists has been revealed, but the possible role of β-arrestins in the latter response has not been demonstrated so far (Smalley et al., 1998; Engström et al., 2006). In addition, both reference compounds showed an association with β-arrestin 2 recruitment. It was a surprising finding that all four novel SST4 receptor agonists failed to evoke any detectable β-arrestin 2 recruitment. This result can be interpreted as biased agonism with Compounds 1–4 meaning that they initiate Gi protein-mediated receptor activation, but they are unable to recruit β-arrestin. The latter feature may be advantegous if it results in smaller degree of SST4 desensitization to SST4 receptor agonists upon repeated administration. However, if β-arrestin-mediated signaling also contributes to some potential therapeutic effects of SST4 receptor agonists, this biased agonism may reduce some effects mediated by these receptors. Further studies are needed to clarify these issues. It is worth to mention that the SST2A somatostatin receptor, biased agonism has also been demonstrated (Schonbrunn, 2008).
The high in vitro efficacy and potency of the novel SST4 agonists made them suitable for in vivo testing of their antinociceptive activity. In the mouse model of traumatic neuropathic pain employing partial sciatic nerve ligation (Seltzer et al., 1990), a decrease of the mechanonociceptive threshold of the hindpaw occurred indicating the development of mechanical hyperalgesia. Following oral administration, all novel compounds were able to increase the mechanonociceptive threshold evoking anti-hyperalgesic effects. Interestingly, no conventional dose–response relationship could be established for these drugs. Bell-shaped dose–response curves could be determined for all compounds with two lower and two higher statistically ineffective doses, while the middle dose (500 µg·kg−1) produced a significant anti-hyperalgesic effect. Similar efficacies corresponding to about 50–60% anti-hyperalgesic actions were observed for all drugs. Compound 2 also proved to be more potent than the other three ones as it was already effective at the 100 µg·kg−1 dose. The (minimal) effective anti-hyperalgesic dose of these novel SST4 agonists is rather low indicating high in vivo potencies of the compounds. The reason for the bell-shaped dose–response relationship is not clear. The SST4 receptors are present in pain-related brain regions (Kecskés et al., 2020) and also on primary sensory neurons including the peripheral terminals. We showed earlier that SST4 activation by the selective agonist J-2156 inhibits the release of sensory neuropeptides, such as substance P, calcitonin gene related peptide and somatostatin (Helyes et al., 2006). Therefore, the potential inhibitory effect of SST4 agonists on the release of endogenous inhibitory mediators, such as somatostatin and opioid peptides cannot be excluded and might explain the lack of dose-response relationship or the bell-shaped dose-response curves. The anti-hyperalgesic effect of the compounds is not accompanied by modulated spontaneous locomotor activity and/or anxiety level, as shown by the results obtained with Compound 2, suggesting selective actions on the pain pathway.
We clearly see a significant therapeutic potential in stable, orally active, non-peptide SST4 agonists. On the basis of the data obtained with the compounds tested in previous work as well as the present studies, these agents appear to possess broad-spectrum antinociceptive activity in models of both inflammatory and neuropathic pain (Kántás et al., 2019). Regarding the mode of action, a similarity with opioid analgesics is apparent: in both cases Gi protein-coupled, typically presynaptically/prejunctionally located receptors are activated. This may result in—among other actions—reduction of the release of a huge array of proinflammatory and/or pronociceptive mediators from peripheral and central endings of nociceptive primary sensory neurons. This mechanism is in sharp contrast with that of receptor antagonists which can only inhibit the action of the endogenous agonist(s) of the respective receptor. As the SST4 receptor does not appear to be involved in the myriad of endocrine effects of somatostatin (mediated by SST2, SST3 and SST5 receptors), a good tolerability can be predicted for these agents. A great interest of drug companies is indicated by Lilly’s recently announced licensing agreement for CNTX-0290, a SST4 receptor agonist studied in a phase 1 clinical trial (Lilly, 2020; Stevens et al., 2020).
CONCLUSION
The novel pyrrolo-pyrimidine compounds are effective and potent SST4 receptor agonists as shown by their in silico binding to the high affinity binding site and G protein activation on SST4-expressing cells, but do not recruit β-arrestin suggesting biased agonism. They inhibit chronic neuropathic mechanical hyperalgesia following a single oral administration of a low dose (500 µg·kg−1), therefore, they are promising candidates for the development of a completely novel group of analgesic drugs for a huge unmet medical need.
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Immune axonal neuropathies are a particular group of immune-mediated neuropathies that occasionally accompany systemic autoimmune rheumatic diseases such as connective tissue dissorders and primary systemic vasculitides. Apart from vasculitis of vasa nervorum, various other mechanisms are involved in their pathogenesis, with possible therapeutic implications. Immune axonal neuropathies have highly heterogeneous clinical presentation and course, ranging from mild chronic distal sensorimotor polyneuropathy to severe subacute mononeuritis multiplex with rapid progression and constitutional symptoms such as fever, malaise, weight loss and night sweats, underpinning a vasculitic process. Sensory neuronopathy (ganglionopathy), small fiber neuropathy (sensory and/or autonomic), axonal variants of Guillain-Barré syndrome and cranial neuropathies have also been reported. In contrast to demyelinating neuropathies, immune axonal neuropathies show absent or reduced nerve amplitudes with normal latencies and conduction velocities on nerve conduction studies. Diagnosis and initiation of treatment are often delayed, leading to accumulating disability. Considering the lack of validated diagnostic criteria and evidence-based treatment protocols for immune axonal neuropathies, this review offers a comprehensive perspective on etiopathogenesis, clinical and paraclinical findings as well as therapy guidance for assisting the clinician in approaching these patients. High quality clinical research is required in order to provide indications and follow up rules for treatment in immune axonal neuropathies related to systemic autoimmune rheumatic diseases.
Keywords: immune axonal neuropathy, vasculitic neuropathy, sensorimotor polyneuropathy, mononeuritis multiplex, connective tissue disease, systemic vasculitis, systemic autoimmune rheumatic disease, small fiber neuropathy
INTRODUCTION
Autoimmune diseases are a broad group of conditions characterized by chronic activation of the immune system that eventually leads to tissue inflammation and damage (Doria et al., 2012). In contrast to autoinflammatory disorders entirely mediated by the innate immune system, autoimmune diseases imply dysregulation of both innate and adaptive immunity, yet the injury is mediated by adaptive immune responses (Doria et al., 2012; Firestein et al., n.d.). However, a less restrictive demarcation might be appropriate since conditions such as Behçet’s disease (BD) share both autoimmune and autoinflammatory features, underpinning the possibility of an autoreactivity spectrum that encompasses autoimmune diseases at one end and autoinflammatory diseases at the other (Firestein et al., n.d.).
Autoimmune diseases are classified into organ-specific and systemic conditions, depending on their expansion (Firestein et al., n.d.). In systemic autoimmune disorders, autoreactivity targets ubiquitous self-antigens, leading to autoantibodies and/or T cells that mediate end-organ injury (Firestein et al., n.d.). Since the musculoskeletal system is often targeted, most of them are considered systemic autoimmune rheumatic diseases (SARDs) and include systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), primary Sjögren’s syndrome (SS), antiphospholipid syndrome (aPL), systemic sclerosis (SSc), sarcoidosis and systemic vasculitides (Doria et al., 2012; Firestein et al., n.d.; Starshinova et al., 2019). According to the type of the vessels involved, systemic vasculitides are further classified into predominantly large vessel vasculitides (e.g., giant cell arteritis), predominantly medium vessel vasculitides (e.g., polyarteritis nodosa (PAN)) and predominantly small vessel vasculitides (e.g., antineutrophil cytoplasmic antibody (ANCA)-associated vasculitides and cryoglobulinemia) (Jennette et al., 2012). Another classification identifies primary systemic vasculitides (e.g., ANCA-associated vasculitides) and secondary systemic vasculitides that occur in the setting of other SARDs (e.g., lupus vasculitis, rheumatoid vasculitis, sarcoid vasculitis), various infections, drugs, malignancies, inflammatory bowel disease and hypocomplementemic urticarial vasculitis syndrome (Collins et al., 2010; Sampaio et al., 2011; Collins, 2012; Jennette et al., 2012).
Systemic autoimmune rheumatic diseases occasionally involve the nervous system. Moreover, the presence of central or peripheral nervous system dysfunction of unknown cause can assist the diagnosis of SARDs, as pointed out by the classification criteria designed for some of these disorders. For instance, the 2012 SLICC Systemic Lupus Erythematosus Criteria refer to “mononeuritis multiplex, peripheral or cranial neuropathy” as a clinical criterion for lupus (Petri et al., 2012); the 1990 ACR Classification Criteria for Polyarteritis Nodosa (Lightfoot Jr. et al., 1990) or Churg-Strauss Syndrome (Masi et al., 1990) mention “mononeuropathy or polyneuropathy” likewise. However, the inaccurate definition of terms–i.e. “peripheral neuropathy” does not specifically refer to immune axonal neuropathy, which is the main peripheral nervous system involvement in SARDs–reveals the diagnostic limits of these criteria (Collins et al., 2013).
Immune axonal neuropathies are a heterogeneous group of immune-mediated peripheral neuropathies that target the axons, showing absent or reduced nerve amplitudes with normal latencies and conduction velocities on nerve conduction studies, in contrast to demyelinating neuropathies (Bril and Katzberg, 2014). They are linked to various conditions such as SARDs, monoclonal gammopathy, celiac disease, inflammatory bowel disease, paraneoplastic syndromes and infections (Bril and Katzberg, 2014). Vasculitic neuropathies are a distinct group of immune axonal neuropathies that appear in the setting of a vasculitis. Inflammation of vasa nervorum leads to fibrinoid necrosis, with multifocal nerve infarction and accumulating disability (Sampaio et al., 2011). Their recognition is important since they do not usually respond to intravenous (IV) immunoglobulin and require a higher level of immunosuppression straightaway.
We aim to review immune axonal neuropathies associated with SARDs, with a special focus on vasculitic neuropathies encountered in systemic vasculitides, both primary and secondary to other SARDs. We have briefly discussed about BD (and BD-associated neuropathy), which is classified either as SARD or autoinflammatory disorder. We have not included secondary systemic vasculitides (other than SARDs), non-systemic/localized vasculitides (i.e. non-systemic vasculitic neuropathy, localized cutaneous/neuropathic vasculitis), demyelinating neuropathies and neuropathies with other mechanisms (e.g. nerve entrapment). Considering the lack of validated diagnostic criteria and evidence-based treatment protocols, a comprehensive review on etiopathogenesis, clinical and paraclinical findings as well as treatment guidance are offered in order to assist the clinician in approaching the patients with immune axonal neuropathies related to SARDs.
EPIDEMIOLOGY
There is a scarcity of data regarding the incidence and prevalence of immune axonal neuropathies associated with SARDs, but some information can be drawn indirectly from other epidemiological findings. For instance, systemic vasculitides, both primary and secondary, have an annual incidence of 60–140/million (Blaes, 2015) and up to 60–70% of patients with systemic vasculitis develop neuropathy (Gwathmey et al., 2014). Up to 30% of elderly patients with progressive, severe and painful peripheral nervous system involvement might have vasculitic neuropathy (Vrancken and Said, 2013) and 1% of nerve biopsy specimens from patients with cryptogenic neuropathy display vasculitic features (Vrancken and Said, 2013; Blaes, 2015). However, since these findings pertain to the whole group of vasculitides (including non-systemic/localized vasculitides and systemic vasculitides secondary to infections, drugs, malignancies, etc.), it is difficult to obtain accurate and relevant information about vasculitic neuropathies strictly related to SARDs. Moreover, the broad interval of vasculitic neuropathy frequency reported in SARDs patients, ranging from 15 to 70% in RA, 65–80% in eosinophilic granulomatosis with polyangiits (EGPA), 5–50% in granulomatosis with polyangiits (GPA) and 6–75% in microscopic polyangiitis (MPA) reflects the heterogeneity in population and diagnostic means (either clinical or electrophysiological testing) among studies (Snoussi et al., 2019). Epidemiological data about other types of immune axonal neuropathies related to SARDs are even more scarce.
ETIOPATHOGENESIS
The nutrient supply of peripheral nerves is provided by both neuronal cell bodies (which synthesize proteins and transfer them down the axons through the microtubules) and blood vessels, the latter being particularly important in nerves with long axons (Ishibe et al., 2011). An impairment at any of these levels might damage the nerve and cause malfunctioning (e.g., ischemia due to vasa nervorum thrombosis/blood flow restriction usually manifests as mononeuritis multiplex, inflammatory damage of axons induces axonal sensorimotor polyneuropathy, inflammatory injury of dorsal root ganglia neurons leads to sensory neuronopathy (ganglionopathy), whereas immunological/metabolic changes elicit small nerve fiber degeneration with subsequent small fiber neuropathy).
Vasa Nervorum Vasculitis
Vasa nervorum (the vasculature of peripheral nerves) (Figure 1) are a complex vessel network designed to fulfill the structural and functional metabolic requirements of the nerves and to maintain homeostasis within the endoneurial microenvironment, as part of the blood nerve barrier (which involves the perineurial cellular layers and the endoneurial capillary endothelium) (Mizisin and Weerasuriya, 2011). Vasa nervorum consist of two distinct systems, the extrinsic and intrinsic vessels, with various anastomoses between and within each of them. The extrinsic system (extraneural vasa nervorum) includes regional arteries, either arteriae nutriciae from adjacent large muscular arteries or arteriae comites from musculocutaneous/fascial arteries, that branch into radicular vessels responsible for supplying the intraneural vessels (Boissaud-Cooke et al., 2015). As they insert segmentally into the epineurium, a longitudinal plexus of arterioles takes shape, marking the outer layer of the intrinsic system (intraneural vasa vasorum) (Boissaud-Cooke et al., 2015). While reaching deeper into the epineurium, a further multiplanar branching occurs, generating the terminal arterioles that penetrate the perineurium and cross it mainly obliquely (Boissaud-Cooke et al., 2015). They eventually end up as an intrafascicular endoneurial vascular plexus, running along the longitudinal axis of the nerve, yet with multidirectional branching and anastomoses (Boissaud-Cooke et al., 2015). The endoneurial capillary bed consists of particular capillaries—with large diameter resembling that of postcapillary venules, increased intercapillary distance and tight endothelial junctions with sporadic open interendothelial gaps (Mizisin and Weerasuriya, 2011), outlining the blood nerve interface (Ishibe et al., 2011; Boissaud-Cooke et al., 2015). This intricate structural and functional organization of the vasa nervorum coupled with the low compliance of the perineurium - preventing increases in intrafascicular volume - might explain the vulnerability of peripheral nerves to slight increases in capillary permeability: the endoneurial edema briskly raises the hydrostatic pressure and leads to compression of transperineurial vessels and subsequent reduction in blood flow and ischemia (Mizisin and Weerasuriya, 2011; Boissaud-Cooke et al., 2015).
[image: Figure 1]FIGURE 1 | Vasa nervorum. The extrinsic vessels derive from either arteriae nutriciae or arteria comites and branch into radicular vessels. The intrinsic vessels are supplied by radicular vessels, run longitudinally along the nerve and comprise epineurial, perineurial and endoneurial vessels. Various anastomoses between and within each of these structures arise.
Systemic vasculitides (either primary or secondary to other SARDs) can affect the vasa nervorum, leading to inflammatory damage of vessel walls and blood flow restriction/thrombosis responsible for nerve ischemia (Sampaio et al., 2011; Collins et al., 2013). Considering the dimensions of the blood vessels in the peripheral nerves (approximately 10–300 μm), it is not surprising that vasculitic neuropathies are mainly confined to medium and small vessel vasculitides (Vrancken and Said, 2013; Naddaf and Dyck, 2015). The inflammation usually occurs in the small arteries and large arterioles of the epineurium and perineurium, as opposed to the non-systemic vasculitic neuropathy that involves the endoneurial microvessels (Collins et al., 2013; Gwathmey et al., 2014). Although the pathogenesis of systemic vasculitides mainly implies a humoral immune response, the vasa nervorum display a cellular immune-mediated reaction with vascular infiltrates of CD4+/helper and CD8+/cytotoxic T cells and antigen-presenting cells (mainly macrophages) in the epineurial vessel walls (Jennette et al., 2012). A pathogenic model centered on T cells with the following sequences has been proposed: autoreactive T cells are recruited to the peripheral nervous system, recognize the antigens presented by macrophages, endothelial cells and Schwann cells, undergo activation by cell adhesion molecules and chemotactic cytokines and ultimately mature into or recruit cytotoxic T cells that mediate the destruction of vessel walls (Sampaio et al., 2011; Collins et al., 2013). An ongoing inflammatory milieu ensues as the macrophages exhibit upregulation of the inducible costimulator ligand that binds to the highly expressed inducible costimulator (a CD28-like molecule engaged in T-cell activation) on effector memory T cells, hence restimulating activated T cells (Collins et al., 2013). Although of lesser importance, humoral immune mechanisms also contribute to vasa nervorum vasculitis, as indicated by the deposits of immunoglobulin and complement in epineurial vessel walls that imply either in situ formation of immune complexes or deposition of circulating ones, with consecutive activation of the complement system and recruitment of phagocytes (Collins et al., 2013). The involvement of ANCA in the pathogenesis of vasculitic neuropathy is doubtful: more than half of the ANCA-negative EGPA patients have peripheral neuropathy, whereas ANCA are rarely detected in the most common vasculitic neuropathy, namely nonsystemic vasculitic neuropathy (Collins et al., 2013). Furthermore, the rich immune complex deposits found in vasculitic neuropathies do not match the pauci-immune states of ANCA-associated vasculitides (Collins et al., 2013) and the prevalence of vasculitic neuropathy is similar in seropositive and seronegative ANCA-associated vasculitides (Collins, 2012).
Immune and Metabolic Abnormalities
Apart from the vasculitis of vasa nervorum that leads to ischemic damage of the axon, various other pathogenic mechanisms have been observed in patients with immune axonal neuropathy related to SARDs, particularly immune/inflammatory abnormalities and metabolic changes (Bril and Katzberg, 2014; Snoussi et al., 2019). In SLE, local inflammatory changes (i.e. increased vascular permeability and cellular trafficking) are mediated by neuropeptides such as substance P, calcitonin gene-related protein, nitric oxide and chemokines (Imam et al., 2019). Inflammatory molecules released from activated immune cells induce peripheral sensitization and hyperalgesia by targeting sensory neurons (Imam et al., 2019). Additionally, a direct autoantibody-induced aggression is supposedly pathogenic (Mizisin and Weerasuriya, 2011). Antiphospholipid antibodies are linked to severe neural lesions (Snoussi et al., 2019) and are thought to induce ischemic damage by thrombosis of vasa nervorum (Imam et al., 2019) or vasculitis (Santos et al., 2010; Fleetwood et al., 2018). Antigenic determinants of the myelin phospholipids might be targets for anticardiolipin antibodies, leading to demyelinating neuropathies, as suggested by Santos et al. (Santos et al., 2010). Moreover, it has been hypothesized that anticardiolipin antibodies elicit an immune response by binding to nodal axonal epitopes, which might be responsible for the axonal variants of Guillain-Barré syndrome (GBS) reported in SLE patients (Santiago-Casas et al., 2013). In SS, small fiber neuropathy is probably the result of immune-mediated disruption of small unmyelinated or thinly myelinated fibers by inflammatory perivascular infiltrates, with elevated local proinflammatory cytokines such as IL-6, IL-8, TNF-α and IL-1β (Hoeijmakers et al., 2012; Bril and Katzberg, 2014), whereas sensory neuronopathy (ganglionopathy) occurs in the setting of direct inflammatory damage of dorsal root ganglia neurons mediated by CD8 T lymphocytes (Martinez et al., 2012). In SSc, the mechanism of neuropathy has not been elucidated, but acral vasospasm secondary to Raynaud phenomenon might be involved in its etiopathogenesis (Paik et al., 2016). Infiltration of the epineurium and perineurium by sarcoid granuloma supposedly causes axonal damage and neuropathy in sarcoidosis (Pirau and Lui, 2020), whereas both humoral and cellular abnormal immune responses might play a role in the development of neuropathy in BD (Emam, 2019). Apart from the vasculitis of vasa nervorum, eosinophilic infiltration and granuloma formation are involved in the pathogenesis of EGPA-related neuropathy (Collins, 2012). In cryoglobulinemia, either cryoglobulin precipitation with subsequent vessel occlusion or immune complex deposition along myelin occurs (Collins, 2012). A direct pathogenic role of antisulfatide antibodies and GM1-ganglioside antibodies has also been proposed (Blaes, 2015). Up to 32% of patients with connective tissue disorders have increased levels of serum anti-nerve growth factor antibodies, which correlate with high disease activity and severe nervous system manifestations (Snoussi et al., 2019). On the other hand, an increased expression of nerve growth factor occurs in painful vasculitic neuropathies (Blaes, 2015).
Axonal Degeneration
The axons play a significant role in long-distance neuronal communication through action potential initiation and propagation and action potential-mediated transmitter release. The vasculitic neuropathies lead to nerve ischemia and consecutive focal and asymmetrical axonal loss in a specific spatial distribution–it is likely to be centrofascicular in the proximal areas and multifocal/diffuse in distal ones because of twisted nerve fibers (Sampaio et al., 2011; Collins et al., 2013). Axonal degeneration occurs mostly in large sensory and motor myelinated fibers (Sampaio et al., 2011; Suppiah et al., 2011) and is responsible for the length-dependent pattern of the disease, affecting the longest nerves from distal extremities. There is a reciprocal link between the axons and the vasa nervorum. On one hand, as already mentioned, inflammatory damage of vessel walls and blood flow restriction promote axonal ischemia and loss. Since axonal degeneration is associated with increased permeability of the perineurium, it has been suggested that the axon might be responsible for producing diffusible factors that maintain the tight intercellular junctions (by regulating the synthesis of intercellular junctional proteins) in the perineurium (Weerasuriya and Mizisin, 2011). This could indicate that axonal degeneration is not merely a final path in the etiopathogenic process of vasculitic neuropathy. However, this hypothesis needs to be tested.
CLINICAL PRESENTATION
In immune axonal neuropathy related to SARDs, the clinical presentation ranges from asymptomatic to very aggressive forms of neuropathy leading to significant disability (Blaes, 2015).
Clinical Patterns of Immune Axonal Neuropathy in Systemic Autoimmune Rheumatic Diseases
Sensorimotor polyneuropathy is the main phenotype of neuropathy in collagen vascular diseases and the second most common presentation of vasculitic neuropathy in primary systemic vasculitides (Bril and Katzberg, 2014; Blaes, 2015). These patients present with chronic distal symmetrical sensorimotor symptoms. A pure sensory or motor presentation is rarely found (Blaes, 2015).
Mononeuritis multiplex is the classical presentation of vasculitic neuropathy, occurring in up to 65% of cases (Blaes, 2015). It is defined as an “acute or subacute involvement of multiple individual nerves serially or almost simultaneously” (Ropper et al., 2014). It usually presents with painful sensorimotor deficit in the distribution of a single peripheral nerve (Bril and Katzberg, 2014), the peroneal and tibial nerves being mostly affected, followed by the ulnar nerve (Blaes, 2015). The simultaneous or sequential multifocal involvement with overlapping clinical deficits might give the appearance of an asymmetrical polyneuropathy (Collins et al., 2013), but constitutional symptoms (i.e. fever, fatigue, weight loss) should raise suspicion of a vasculitic process. Constitutional symptoms accompany neurological dysfunction in up to 80% of patients with systemic vasculitis (Blaes, 2015).
Pure sensory neuropathy may also be a presentation of sensory neuronopathy (ganglionopathy) in SS or SLE (Martinez et al., 2012; Bril and Katzberg, 2014; Lefter et al., 2020). The manifestations of sensory neuronopathy are usually multifocal and spread toward both proximal and distal regions of the limbs. They comprise all sensory modalities (proprioception, vibration sense, fine touch, pain, temperature), with prominent gait ataxia as well as widespread areflexia and possible pseudoathetosis, pain and allodynia (Martinez et al., 2012). An acute onset with disabling manifestations is often encountered in SS-related ganglionopathy (Martinez et al., 2012). Pure sensory symptoms might also arise as a consequence of small fiber neuropathy in SS or sarcoidosis (Levine, 2018), usually with positive manifestations such as paresthesia, dysesthesia, hyperpathia, allodynia and hyperalgesia that are more severe in the evening and have a symmetrical length-dependent distribution–beginning in the feet and extending proximally (Hoeijmakers et al., 2012; Gondim et al., 2018). However, non-length-dependent and patchy symptoms (on the face, tongue, scalp, trunk) have also been reported (Hoeijmakers et al., 2012; Gondim et al., 2018). When present, negative symptoms include thermal sensory loss and numbness (Hoeijmakers et al., 2012).
Autonomic dysfunction alone or combined with sensory manifestations could also be the result of small fiber neuropathy (Bril and Katzberg, 2014). Although not a prominent feature of immune-mediated neuropathies related to SARDs, autonomic dysfunction can occur in SS, SLE and SSc (Adams et al., 2012). Autonomic dysfunction has clinical manifestations ranging from mild symptoms to pandysautonomia that can be life-threatening or severely affecting the quality of life. Clinical findings can be further classified into cardiovascular (at-rest tachycardia, orthostatic hypotension, silent myocardial ischemia), gastrointestinal (gastroparesis, diarrhea, constipation, fecal incontinence), genitourinary (neurogenic bladder, erectile dysfunction) and sudomotor manifestations (anhidrosis, excessive sweating, heat intolerance) as well as pupillary abnormalities (i.e. Argyll Robertson pupils) (Adams et al., 2012).
Cranial neuropathy might be encountered in SARDs in an isolated fashion or a multifocal distribution, but its etiopathogenesis is not always related to the vasculitic process–optic and olfactory nerves might be affected by granulomatous invasion, whereas basilar meningitis or other inflammatory processes might involve the rest of the cranial nerves (Wludarczyk and Szczeklik, 2016).
Acute motor axonal neuropathy (AMAN) and acute motor and sensory axonal neuropathy (AMSAN) are two variants of GBS rarely reported in SARDs, notably in LES (Santiago-Casas et al., 2013; Thakolwiboon et al., 2019). Acute motor axonal neuropathy presents as acute ascending symmetrical quadriparesis with occasional preservation of deep tendon reflexes, whereas AMSAN is a more severe form of AMAN, with superimposed sensory symptoms. It is important to recognize these entities since they might require a combination of IV immunoglobulin or plasma exchange and immunosuppressants (Ubogu et al., 2001; Santiago-Casas et al., 2013).
Asymptomatic neuropathy is a controversial entity detected only by nerve conduction studies and/or nerve biopsy performed in patients with systemic symptoms and laboratory findings suggestive of a systemic vasculitis. As already mentioned, neuropathy could serve as a diagnostic criterion for systemic vasculitides. Kurt et al. identified 21 patients with asymptomatic, biopsy-proven vasculitic neuropathy, out of which 20 had diffuse neuropathy involving both legs and one had mononeuritis multiplex (Kurt et al., 2015). Similar to other studies, they reported a prevalence of 7.8% of asymptomatic vasculitic neuropathies among patients with biopsy-proven vasculitis. Sural nerve conduction studies and biopsy were abnormal in all the cases, indicating a high sensitivity of these methods. Interestingly, the majority of these patients had biopsy-proven active vasculitis (Kurt et al., 2015). These data indicate the relevance of searching for neuropathy in the setting of a systemic vasculitis.
Types of Immune Axonal Neuropathy in Systemic Autoimmune Rheumatic Diseases
Axonal sensorimotor polyneuropathy is the main presentation of neuropathy in collagen vascular diseases (Bril and Katzberg, 2014) (Table 1).
TABLE 1 | Types and frequency of immune-mediated axonal neuropathy in SARDs. Legend: +++ - > mostly found, ++ - > frequently encountered, + - > moderately found,/ - > rarely encountered, sar - > sarcoidosis, cryo - > cryoglobulinemia, PNS - > peripheral nervous system.
[image: Table 1]Systemic lupus erythematosus affects the central and peripheral nervous system either independently or simultaneously (Bril and Katzberg, 2014)–neuropsychiatric events attributed to SLE emerge as primary manifestations of SLE and should be distinguished from complications of the disease (e.g. hypertension) and its therapy (e.g. diabetes, infections) or concurrent neuropsychiatric disease not related to lupus (Hanly, 2014). All axonal neuropathy phenotypes have been reported in SLE patients, namely axonal sensorimotor polyneuropathy, mononeuritis multiplex, cranial neuropathy, small fiber neuropathy, sensory neuronopathy (ganglionopathy), AMAN and AMSAN, reflecting the diverse mechanisms of neuropathy in this disease (Bril and Katzberg, 2014; Hanly, 2014). However, axonal sensorimotor polyneuropathy is the main presentation, followed by mononeuritis multiplex (Mizisin and Weerasuriya, 2011). Sensory loss involving vibratory and position senses is usually more prominent than motor deficit in axonal sensorimotor polyneuropathy (Ropper et al., 2014). Although axonal degeneration is the cardinal histopathological pattern (70–80%), demyelination can also occur (20%) (Ropper et al., 2014; Blaes, 2015). Neuropathy is rarely the inaugural manifestation in SLE and usually occurs in the advanced stages of the disease (Ropper et al., 2014) and correlates with disease activity (Mizisin and Weerasuriya, 2011). Interestingly, AMAN and AMSAN have been reported as initial manifestations of SLE in 4 cases and preceding the diagnosis of SLE in 2 cases (Thakolwiboon et al., 2019).
Rheumatoid arthritis involves the peripheral nervous system in up to 75% of cases. Neuropathy usually takes the form of an aggressive axonal sensorimotor polyneuropathy, but mononeuritis multiplex also manifests in up to 8% of patients with RA (Bril and Katzberg, 2014). One study found pure sensory polyneuropathy to be the most prevalent pattern of neuropathy in RA patients (Agarwal et al., 2008) and another one reported pure motor polyneuropathy in 15 patients with RA (Kaeley et al., 2019). Mononeuritis multiplex is sometimes not easily differentiated from entrapment mononeuropathy (secondary to thickened tendons and destructive joint lesions) or drug-induced neuropathy (Blaes, 2015). Neuropathy mostly occurs in strongly seropositive patients (Ropper et al., 2014) in the advanced stages of the disease (Bril and Katzberg, 2014), accompanying other extraarticular manifestations such as rheumatoid nodules and purpura (Ropper et al., 2014).
Sjögren’s syndrome is an autoimmune disease mainly affecting the exocrine glands, therefore causing xerophthalmia and xerostomia. Extraglandular manifestations include peripheral neuropathies (2–64%), but only few of them are vasculitic (Blaes, 2015). SS has a wide spectrum of neuropathy phenotypes. Small fiber neuropathy is the most frequent finding, presenting with burning pain if sensory fibers in the skin are damaged and dysautonomia provided that autonomic fibers are involved (Bril and Katzberg, 2014). However, autonomic dysfunction is rarely inaugural and usually accompanies sensory symptoms (Adams et al., 2012). Sensory neuronopathy leading to sensory ataxia is also a common finding, as opposed to sensorimotor polyneuropathies that only occur in 1% of patients with SS (Bril and Katzberg, 2014); cranial neuropathy (especially trigeminal sensory neuropathy) and mononeuritis multiplex have been reported even more rarely (Bril and Katzberg, 2014).
Primary antiphospholipid syndrome associates neuropathy in up to 35% of cases according to Santos et al. (Santos et al., 2010). In their group of patients, the most common phenotype was sensorimotor polyneuropathy, followed by sensory polyneuropathy and carpal tunnel syndrome (Santos et al., 2010). Interestingly, most of the patients with electrophysiological findings compatible with neuropathy had no clinical symptoms or signs (Santos et al., 2010). Schofield identified 22 patients with aPS and autonomic neuropathy as the inaugural manifestation, out of which 71% also had sensory small fiber neuropathy (Schofield, 2017). Autonomic involvement was associated with significant thrombotic risk (Schofield, 2017).
Systemic sclerosis and localized scleroderma affect the peripheral nervous system in up to 30% of cases. Sensory symptoms and dysautonomia (including gut motility disturbance) are the most frequent complaints of patients with SSc (Blaes, 2015). Cranial nerve involvement occurs in almost 8% of patients with localized scleroderma, encompassing 7th, 3rd and 6th nerve palsies as well as trigeminal neuropathy (Amaral et al., 2013). Systemic sclerosis mostly features trigeminal neuropathy (16.52%), peripheral sensorimotor polyneuropathy (14.25%) and entrapment neuropathies (9.25%) and, to a lesser extent, symptomatic carpal tunnel syndrome (6.65%), ulnar nerve involvement (3.39%), mononeuritis multiplex (1.81%) and facial nerve damage (1.58%) (Amaral et al., 2013). Brachial plexopathy (0.68%), lumbar plexopathy (0.44%), 8th nerve (0.44%) as well as other cranial nerve (e.g. 6th, 9th, 12th nerve) involvement are rarely found in SSc (Amaral et al., 2013). Autonomic neuropathies have been reported in up to 80% of patients with SSc. Parasympathetic underactivity and sympathetic overdrive were most commonly encountered and could precede visceral fibrosis (Amaral et al., 2013). Nevertheless, Paik et al. (Paik et al., 2016) found that 35% of patients with SSc and peripheral neuropathy had an alternative cause for the nerve impairment, recommending screening for other etiologies since they might be reversed or potentially treatable.
In sarcoidosis, cranial neuropathy is the most common manifestation of peripheral nervous system involvement (Lacomis, 2011). Any cranial nerve could be affected, but facial nerves are most frequently involved, sometimes bilaterally (Lacomis, 2011). Heerfordt syndrome is a pathognomonic manifestation of sarcoidosis, including facial palsy combined with uveitis, chronic fever and parotid enlargement (Bril and Katzberg, 2014). Apart from the granulomatous infiltration and compression of nerves along their course, basilar leptomeningitis can also be responsible for cranial nerve palsies (Lacomis, 2011). Basilar leptomeningitis can have a monophasic, chronic or relapsing course, usually with a good outcome (Lacomis, 2011). Peripheral neuropathy occurs in 4–20% of patients with sarcoidosis and all axonal subtypes have been reported (Said et al., 2002; Lacomis, 2011). Out of these, mononeuropathies affecting ulnar and peroneal nerves were the most frequent (Lacomis, 2011). Peripheral neuropathy can occur at any stage of disease (Lacomis, 2011).
In BD, neurological involvement carries a bad prognosis (Emam, 2019). Cranial neuropathy and peripheral neuropathy are atypical presentations of BD and other plausible causes should be excluded in order to link them to BD, especially iatrogenic effects of colchicine or thalidomide (Siva and Saip, 2009; Dutra LAaB, 2016). Birol et al. found subclinical neuropathy in almost 77% of BD patients, with lower extremity nerves being more affected, especially sural and peroneal nerves (Birol et al., 2004). Sensory and motor components were equally involved according to the electrophysiological studies (Birol et al., 2004). Sensorimotor polyneuropathy, mononeuritis multiplex, autonomic dysfunction, sensory neuropathy with recurrent episodes of myositis and cranial neuropathy can sporadically occur in BD (Siva and Saip, 2009; Dutra LAaB, 2016).
As previously mentioned, primary systemic vasculitides are idiopathic inflammatory diseases of blood vessels that can virtually affect any organ or tissue in the body, including the peripheral nervous system (Table 1).
Polyarteritis nodosa is a primary systemic necrotizing vasculitis of the medium-sized vessels. Absence of glomerulonephritis, ANCA and small vessel involvement are its distinctive features. PAN might be either idiopathic or triggered by viral infections such as hepatitis B virus (HBV) (Collins et al., 2013). The peripheral nervous system is the most frequent target, the prevalence of neuropathy in HBV-associated PAN being even higher than in the idiopathic form (Collins et al., 2013). Neuropathy is the first clinical event in one third of PAN patients (Bril and Katzberg, 2014). Up to 72% of patients present with mononeuritis multiplex (mainly of the lower extremity) and less than 2% associate cranial nerve palsy (Hernández-Rodríguez et al., 2014). Mononeuritis multiplex in PAN usually has a sudden onset with pain or numbness in the distal part of a nerve and sensory or motor deficit in the distribution of the same nerve (Ropper et al., 2014). As mononeuritis multiplex in PAN features many small nerve infarctions, it might seem symmetrical and generalized, resembling a polyneuropathy (Ropper et al., 2014).
Eosinophilic granulomatosis with polyangiitis, formerly known as Churg Strauss syndrome, is an ANCA-associated primary systemic vasculitis (usually against myeloperoxidase: p-ANCA) of the small-to-medium sized vessels that presents with asthma, paranasal sinus abnormalities, non-fixed pulmonary infiltrates, blood eosinophilia and tissue eosinophilic invasion. Peripheral nervous system involvement occurs in up to 65% of patients and is preceded by constitutional symptoms, giving rise to different phenotypes, particularly mononeuritis multiplex, mononeuropathy or polyneuropathy (Bril and Katzberg, 2014; Ropper et al., 2014). The onset is often acute, with tingling or painful paresthesia in the distal parts of the lower limbs (Koike and Sobue, 2013).
Granulomatosis with polyangiitis, formerly known as Wegener’s granulomatosis, is also an ANCA-associated primary systemic vasculitis (usually against proteinase 3: c-ANCA) of the small-to-medium sized vessels that primarily affects the upper and lower respiratory tract as well as renal glomeruli. Vasculitic neuropathy is the first clinical presentation in 8% of GPA patients (Suppiah et al., 2011) and is distributed as mononeuritis multiplex in most of the cases (Blaes, 2015). A distinctive feature of peripheral nervous system involvement is lower cranial nerve mononeuropathy (Ropper et al., 2014).
Conversely, MPA is a pauci-immune necrotizing vasculitis of lung and kidney capillaries mainly associated with p-ANCA that does not elicit granulomatous inflammation. Motor polyneuropathy and sensorimotor polyneuropathy are as frequent as in GPA (7%), whereas pure sensory neuropathy and cranial nerve palsy are far less commonly encountered (Suppiah et al., 2011). Instead, the clinical course of MPA shares many similarities with EGPA, with sensory impairment distributed as mononeuritis multiplex in the initial phase (Koike and Sobue, 2013).
Cryoglobulinemia is a paraproteinemic state that leads to a small-vessel immune-complex-mediated vasculitis. Its main clinical features are purpura, arthralgia and renal involvement. It might be classified into type I cryoglobulinemia associated with monoclonal immunoglobulins, type II cryoglobulinemia with both monoclonal and polyclonal immunoglobulins and type III cryoglobulinemia with polyclonal IgG. Type III is most frequently accompanied by peripheral nervous system involvement and is usually the consequence of a systemic disease, either an infection or a noninfectious inflammatory disorder (Bril and Katzberg, 2014). Painful mononeuritis multiplex is the main clinical presentation, but aggressive sensorimotor polyneuropathy is also encountered (Bril and Katzberg, 2014; Blaes, 2015). The course of the asymmetrical form is slower than in other diseases, with long “silent” periods between the attacks of mononeuropathy (Ropper et al., 2014). Interestingly, there is no relationship between the severity of neuropathy and the titer of serum cryoglobulins (Ropper et al., 2014).
PARACLINICAL FINDINGS
Although a peripheral nerve disorder is suspected based on history and physical examination, paraclinical tests are essential in making the final diagnosis of immune-mediated axonal neuropathies. Table 2 provides information on laboratory tests and their utility in the diagnosis of immune-mediated neuropathies related to SARDs (Table 2).
TABLE 2 | Paraclinical tests and their utility in patients with SARDs and immune-mediated axonal neuropathies related to SARDs. Some tests are mandatory (routine blood tests, differential diagnosis of axonal neuropathies, electrophysiological testing), whereas others should be performed in selected cases, according to the clinical suspicion. Legend: abs - > antibodies, HbA1c - > glycated hemoglobin.
[image: Table 2]Blood Tests and Imaging Methods
Blood and urine tests should be performed in suspected SARDs, both for establishing the diagnosis (and excluding differential diagnoses) and assessing disease activity and expansion. Routine blood tests and urinalysis could identify relevant findings such as cytopenia, eosinophilia, inflammatory biomarkers, proteinuria, elevated transaminases, cholestasis and elevated creatine kinase levels, whereas immunological tests such as autoantibodies support the diagnosis of SARDs (Bril and Katzberg, 2014; Blaes, 2015).
Relevant findings for SARDs diagnosis and expansion can also be detected by imaging modalities such as: optical coherence tomography–uveitis, optic neuropathy; sinus x-ray–sinusitis; chest x-ray/CT–chest infiltrates, lymphadenopathy, pleural effusion; echocardiography–pericardial effusion, Libman-Sacks endocarditis; abdominal ultrasound/CT–lymphadenopathy, hepatosplenomegaly; joint ultrasonography–arthritis, synovitis. A contrast-enhanced brain MRI might identify basal meningeal enhancement in sarcoidosis presenting with multiple cranial neuropathies (Pirau and Lui, 2020).
Nevertheless, we emphasize the fact that SARDs are usually diagnosed based on classification criteria (in the absence of diagnostic criteria), which means that exclusion of alternative diagnoses such as infections and malignancies is mandatory (Aggarwal et al., 2015). Moreover, other plausible causes for axonal neuropathy should be excluded before linking it to SARDs.
Electrophysiological Studies
In immune axonal neuropathies, electrodiagnosis reveals an axonal process, identifies the type of the affected fiber and indicates the distribution, course and severity of the disease (Karvelas et al., 2013).
Axonal degeneration impairs its function, leading to failure in properly conducting electrical signals to the recording electrode. Reduced sensory nerve action potentials (SNAPs) and compound muscle action potentials (CMAPs) amplitudes subsequently emerge, usually in a sequential manner–the sensory nerves are the first ones to display electrophysiological abnormalities, possibly because of their lack of compensatory reinnervation, whereas CMAP amplitudes can be normal until 75% of axons are affected as there is collateral sprouting in the motor nerves. However, axonal neuropathies may fail to show abnormalities on nerve conduction studies (NCS) in the early phases, exhibiting spontaneous muscle activity and aberrant motor unit action potential morphology on needle electromyography (EMG) instead. Since demyelinating features such as increased latencies, prolonged F waves or diminished conduction velocities might occur as a consequence of fast conducting fibers loss or demyelination secondary to prominent axonal loss, electrophysiological distinction between axonal and demyelinating processes might be a challenge (Karvelas et al., 2013). In this regard, Tankisi et al. (Tankisi et al., 2005) proposed a series of criteria for electrophysiological classification of polyneuropathies. According to them, a primarily axonal process requires the presence of at least two nerves (sensory and/or motor) fulfilling the criteria for axonal loss, namely a decrease in SNAP or CMAP amplitude with at least 2.5 standard deviations (SD) and a slight reduction in conduction velocity/distal motor latency by up to 2.5 SD and consistent EMG findings (Tankisi et al., 2005).
Standard electrophysiological studies indicate the fiber type involvement - motor or large sensory - by analyzing the SNAPs and CMAPs latencies and amplitudes. They do not directly assess the small sensory fibers responsible for pain/burning sensation in the extremities or small autonomic fibers and are expected to be normal in isolated involvement of these nerve fibers (Karvelas et al., 2013). An asymmetrical axonal sensory neuropathy without distal worsening gradient toward the legs is suggestive of sensory neuronopathy (ganglionopathy) (Martinez et al., 2012). Up to 18% of the patients also have reduced CMAP amplitude, especially at peroneal and tibial nerves, whereas EMG is usually normal in sensory neuronopathy (Martinez et al., 2012).
The distribution of neuropathy gives important clues regarding its etiopathogenesis. In mononeuritis multiplex multiple single nerves are affected either simultaneously or serially in an asymmetrical pattern. Chronic and severe vasculitis leads to axonal loss in multiple areas of a single nerve with eventual involvement of multiple nerves mimicking a distal symmetric polyneuropathy. In the initial phases of a distal symmetric neuropathy, the amplitudes of SNAPs and CMAPs are diminished in the distal lower limbs. As the disease progresses, similar abnormalities are likely to be found in the distal upper limbs. Moreover, a neurogenic pattern can be spotted on EMG.
The course and severity of neuropathy are assessed indirectly by electrophysiological studies. The severity of axon loss is well correlated with electrophysiological findings, but not with symptoms. Motor deficit is not clinically evident until 50% of the axons in the motor unit are damaged, but denervation with spontaneous muscle activity can be detected on EMG after minimal axonal degeneration. On the other hand, chronic neuropathies are likely to have collateral sprouting with fiber reinnervation expressed as abnormal motor unit action potential morphology (increased amplitude, duration and polyphasia) on EMG.
Since NCS are normal in small fiber neuropathy, other tests have been employed to assess the function of somatic and/or autonomic small fibers. Quantitative sensory testing (QST) assesses temperature thresholds by two methods: the method of levels and the method of limits (Hoeijmakers et al., 2012). In small fiber neuropathy, QST high thresholds are expected. However, QST specificity is low since central nervous system disorders such as multiple sclerosis and stroke might impair the results (Hoeijmakers et al., 2012). Another limit of QST is that the patient needs to be alert and cooperative (Hoeijmakers et al., 2012). Nociceptive-evoked potentials (laser-evoked potentials, contact-heat evoked potentials, pain-related evoked potentials, intraepidermal electrical stimulation) are elicited by selective stimulation of Aδ fibers and/or C-fibers (Hoeijmakers et al., 2012). Poor responses are correlated with the severity of the disease (Hoeijmakers et al., 2012). Microneurography provides direct measurement of sympathetic activity, but requires expert investigators and cooperative patients (Hoeijmakers et al., 2012). Autonomic testing such as the Ewing battery test for cardiovascular autonomic reflex and Quantitative Sudomotor Axon Reflex Test (QSART), Thermoregulatory Sweat Test (TST), Sympathetic Skin Response (SSR), Skin Vasomotor Reflex (SVR) as well as Axon Reflex Flare Size (ARFS) for sudomotor and vasodilation function could be used for assessing autonomic small fiber function (Hoeijmakers et al., 2012).
Cerebrospinal Fluid Analysis
Cerebrospinal fluid (CSF) analysis is not commonly recommended in neuropathies since it has a low diagnostic yield (except for demyelinating neuropathies) (England et al., 2009). However, serum neurofilament light (NFL), a structural protein specific to neurons that was previously proven indicative of axonal damage in central nervous system disorders such as multiple sclerosis, has displayed a 100% specificity and 82% sensitivity for a cut-off value of 155 pg/ml in discriminating between active vasculitic neuropathy and non-vasculitic neuropathy or systemic vasculitis without neuropathy (Bischof et al., 2018). Mariotto et al. (Mariotto et al., 2018) showed that serum and CSF NFL levels are increased not only in vasculitic neuropathies, but in many other types of acquired neuropathies irrespective of neurophysiological findings or clinical subtypes. Furthermore, they proved that serum NFL is correlated with disease activity and disability progression, subsequently extending the previous findings and suggesting a potential role for this biomarker in monitoring axonal damage and treatment efficiency in peripheral nervous system disorders (Mariotto et al., 2018). In neurosarcoidosis, CSF analysis occasionally reveals elevated angiotensin-converting enzyme, pleocytosis and hypoglycorrhachia (Bril and Katzberg, 2014). In AMAN and AMSAN, CSF pleocytosis can occur (Bril and Katzberg, 2014).
Nerve Sonography and Magnetic Resonance Imaging
High resolution nerve sonography directly visualizes the peripheral nerves and provides data regarding their morphology. In addition to the well-known advantages of echography such as non-invasivity, low price and good tolerability, it provides an easy access to small fibers and many peripheral nerves since they display a superficial course, as well as a rapid assessment of a long nerve course (Goedee et al., 2013). Its complementary role in diagnostic approach has already been validated in mononeuropathies, but available data regarding polyneuropathies are still lacking. Information on vasculitic neuropathy is even more scarce, sometimes being obtained indirectly–for instance, Rajabally et al. (Rajabally et al., 2012) found that distal median nerve is significantly thicker in chronic inflammatory demyelinating polyneuropathy compared to vasculitic neuropathy. Nodora et al. (Nodera et al., 2006) reported a patient with vasculitic neuropathy who had multiple nerve hypertrophy, as suggested by bilateral enlargement (i.e. increased cross-sectional area) of the median, ulnar, tibial and cervical nerve roots that diminished after steroid treatment. Ito et al. (Ito et al., 2007) proved tibial nerve thickening and hypoechogenicity (possibly secondary to intraneural edema) in eight patients with vasculitic neuropathy. Data related to the size of fascicles, thickness of the epineurium or nerve vascularization are unavailable in the aforementioned studies. However, high resolution nerve sonography is to be considered in axonal neuropathies and should benefit from further quality research in order to be validated as a diagnostic tool, especially since electrophysiological studies are often not well tolerated because of intense pain (Goedee et al., 2013).
In sarcoidosis, apart from the basal meningeal enhancement already mentioned, contrast enhancement of nerve roots, plexuses and nerves can sometimes be identified on spine and limb MRI (Pirau and Lui, 2020). In chronic sensory neuronopathy, hyperintense T2-weighted lesions and volumetric reduction of posterior columns are evident due to dorsal root ganglia neuronal destruction with subsequent degeneration of their central projections (Martinez et al., 2012).
Nerve Biopsy
Nerve biopsy is indicated whenever there is a high suspicion of vasculitis but no supportive evidence from other paraclinical tests (Bril and Katzberg, 2014; Blaes, 2015). The classical histopathological findings of vasculitic neuropathy are: inflammatory infiltration of vasa nervorum with wall destruction, fibrinoid necrosis of the tunica media with fragmentation of the internal elastic lamina and centrofascicular axonal degeneration (Vallat et al., 2009; Collins et al., 2013). In older lesions, the fibrinoid necrosis is replaced by extensive fibrosis, but inflammatory cells are still present at the periphery (Vallat et al., 2009). There are three histopathological degrees of certainty for the diagnosis of vasculitic neuropathy: definite, probable and possible. The diagnosis of vasculitic neuropathy is certain when intramural vasa nervorum inflammation is associated with vascular wall damage in the absence of vasculitic mimicker (Collins et al., 2010). Vascular wall damage is reflected by either active lesions such as “fibrinoid necrosis, loss/disruption of endothelium, loss/fragmentation of internal elastic lamina, loss/fragmentation/separation of smooth muscle cells in media, acute thrombosis, vascular/perivascular hemorrhage or leukocytoclasia” or chronic lesions with signs of healing/repair, namely “intimal hyperplasia, fibrosis of media, adventitial/periadventitial fibrosis or chronic thrombosis with recanalization” (Collins et al., 2010). Some supportive criteria for the diagnosis of vasculitic neuropathy (also considered pathologic predictors of definite vasculitic neuropathy) have also been proposed, specifically “neovascularization, endoneurial hemorrhage, focal perineurial inflammation/degeneration/thickening, injury neuroma, microfasciculation, swollen axons filled with organelles and other axonal changes of acute ischemia” (Collins et al., 2010). Probable vasculitic neuropathy is suspected whenever predominant axonal changes occur in addition to both perivascular/vascular inflammation and vascular damage or “vascular deposition of complement/IgM/fibrinogen/hemosiderin, asymmetrical/multifocal nerve fiber loss/degeneration, prominent active axonal degeneration, myofiber necrosis, regeneration/infarcts in concomitant peroneus brevis muscle biopsy” (Collins et al., 2010). Predominant axonal changes associating either vascular inflammation, vascular damage or pathologic predictors of definite vasculitic neuropathy stand for a possible vasculitic neuropathy (Collins et al., 2010). Figures 2–5 reveal some of the features commonly encountered in vasculitic neuropathy.
[image: Figure 2]FIGURE 2 | Sural nerve biopsy showing vasa nervorum lesions suggestive of vasculitic neuropathy: (A)–transmural inflammation (arrowhead) and fibrinoid necrosis: thick layer in the center of the vessel, near lumen, in pink (arrow). This section is slightly oblique, so the vessel wall is elongated (paraffin embedded tissue section, H&E staining); (B)–blood vessel wall thickening, with marked luminal narrowing and presumptive fibrinoid necrosis (arrows) (longitudinal cryosection, modified Gӧmӧri trichrome staining); (C)–thickened vessel wall in endoneurium (semithin section, epon embedding tissue, toluidine blue staining); (D)–a vessel with abnormal structure and thickened wall in epineurium. A narrowed lumen is observed (semithin section, epon embedding tissue, toluidine blue staining); (E)–a vessel with reactive endothelial cells, multilayered basal membrane and very narrow lumen (semithin section, epon embedding tissue, toluidine blue staining); (F)–a vessel with reactive endothelial cells and narrow lumen (arrow) (semithin section, epon embedding tissue, toluidine blue staining).
[image: Figure 3]FIGURE 3 | Small vessels inflammation in skeletal muscle biopsy: (A)–significant perivascular inflammatory infiltrate; (B)–microvasculitis: some small vessels with perivascular inflammatory infiltrate (transversal cryosections, modified Gӧmӧri trichrome staining).
[image: Figure 4]FIGURE 4 | Peripheral nerve lesions in vasculitic neuropathy: (A–C)–transverse semithin sections of sural nerve biopsy in a patient with severe acute axonal neuropathy, showing findings that are highly suggestive of vasculitic neuropathy: focal fiber damage in the same nerve fascicle with axonal degeneration in different zones (three images from the same semithin section), loss of large-caliber axons; (D)–another case more severely affected, with focal axonal loss, axonal degeneration (arrow) and subperineurial edema. Other abnormalities observed in vasculitic peripheral neuropathy, but without specificity, could be (E)–axonal los, axonal regeneration represented by the presence of a small group of axons with same caliber (arrow), some abnormal small myelinated axons in perineurium (star); (F)–thickened perineurium (thick arrow) with subperineurial marked edema (semithin sections, epon embedding tissue, toluidine blue staining).
[image: Figure 5]FIGURE 5 | Teased fiber studies showing axonal degeneration in dissociated myelinated fibers - fibers with myelin spheres and ovoids along with normally myelinated axons (osmium tetroxide).
Histological proof is the “gold standard” for the diagnosis of vasculitic neuropathy. However, superficial nerve biopsy (sural nerve) has a sensitivity of only 50%, whereas combined nerve-muscle biopsy (superficial peroneal nerve/peroneus brevis muscle or sural nerve/anterior tibialis or gastrocnemius muscle) adds a 5.1% additional yield in clinically suspected vasculitic neuropathy and 15% in established vasculitic neuropathy (Collins et al., 2010; Vrancken et al., 2011). In this setting, histopathological predictors of vasculitis have been looked for. Immune deposits (immunoglobulin, complement, fibrinogen) have been detected by electron microscopy in epineurial vessel walls in up to 80% of patients with vasculitic neuropathy, but their specificity has been subject of debate since their presence might be the consequence of the disruption of blood-nerve interface. Collins et al. (Collins et al., 2013) hypothesized that a larger amount of immune proteins in the vessel walls might be more specific for a vasculitic process, hence a specific diagnosis might require a laboratory method that fails to identify low concentrations of these proteins. Therefore, they evaluated a cohort of patients with suspected vasculitic neuropathy undergoing combined nerve-muscle biopsy with direct immunofluorescence analysis (a less sensitive method) for detection of IgG, IgM and C3 and demonstrated a 92% specificity of this method for the diagnosis of vasculitic neuropathy (Collins et al., 2010).
Skin biopsy is increasingly being used as an additional test for the diagnosis of small fiber neuropathy (Hoeijmakers et al., 2012). It employs morphometric evaluation of intraepidermal nerve fibers (the distal ends of axons originating from dorsal root ganglia and trigeminal ganglion that cross the dermo-epidermal junction and reach the epidermis) density (IENFD). Intraepidermal nerve fibers density is significantly reduced in small fiber neuropathy (Tesfaye et al., 2010). In addition to decreased IENFD, degenerative changes of IENF and dermal fibers could also be spotted (Hoeijmakers et al., 2012). Moreover, skin biopsy can also be used to evaluate autonomic structures and innervation in sweat glands and arrector pili muscles (Hoeijmakers et al., 2012). In diabetes mellitus and toxic neuropathies, IENF loss is an early feature of the disease, progresses with disease severity and may repair with proper management (Tesfaye et al., 2010; Hoeijmakers et al., 2012). Since damage of small nerve fibers is not disease-specific, these findings could also apply to immune-mediated small fiber neuropathy related to SARDs (Hoeijmakers et al., 2012). Skin biopsy can also identify the underlying cause of small fiber neuropathy when concurrent conditions such as diabetes mellitus emerge (Hoeijmakers et al., 2012). Perivascular inflammation and vascular injury point to SLE rather than diabetes mellitus (Hoeijmakers et al., 2012). Nevertheless, equivocal clinical-histological correlations have been reported, emphasizing the need for an accurate history taking and thorough neurological examination. For instance, decreased IENFD might arise as a result of distal damage to large sensory fibers (Gondim et al., 2018), but symptoms of small fiber involvement and normal NCS are highly suggestive of small fiber neuropathy (Levine, 2018). Corneal confocal microscopy is a non-invasive method that might be useful in the diagnosis of small fiber neuropathy (Hoeijmakers et al., 2012). Corneal fiber density seems to be inversely correlated with IENF loss in distal leg and disease severity (Hoeijmakers et al., 2012).
Dorsal root ganglia excisional biopsy with histological analysis reveals neuronal loss, the Nageotte nodules and mononuclear infiltrates in sensory neuronopathy (Martinez et al., 2012). However, this biopsy is rarely performed because is very invasive and requires trained neurosurgeons (Martinez et al., 2012).
We conclude that nerve biopsy is crucial for definite diagnosis in vasculitic neuropathies unless other examinations are conclusive. However, its low diagnostic yield in a phenotype not highly suggestive of a vasculitic neuropathy and the risks it implies (permanent hypoesthesia, wound infection and delayed healing or post-biopsy pain) require further research for identifying diagnostic biomarkers of vasculitic neuropathy with higher efficacy and safety profiles. Skin biopsy is the “gold standard” test for diagnosis of small fiber neuropathy. Dorsal root ganglia excisional biopsy is seldom performed for diagnosing sensory neuronopathy. Nerve biopsy is currently not recommended in other types of immune-mediated axonal neuropathy.
TREATMENT
Immunosuppressive and Immunomodulatory Treatment
Since neuropathy associated with SARDs is supposedly immune-mediated, its treatment aims for immunosuppression, likewise in other affected organs/tissues targeted by SARDs (lupus nephritis, rheumatoid lung disease, scleroderma-related interstitial lung disease, etc.). However, considering the low prevalence of systemic autoimmune diseases and the difficulty to conduct clinical trials, there is a scarcity of good evidence regarding their treatment, particularly when it comes to peripheral neurological involvement. Moreover, considering that peripheral neuropathy is usually overshadowed by life-threatening manifestations (pulmonary, renal, cardiac, central nervous system, severe thrombocytopenia or hemolytic anemia) or more disturbing symptoms (fever, polyarthritis, rash, malaise), treatment is generally directed toward these, whereas neuropathy is the main target only when it is an isolated manifestation or displays a severe and progressive course.
The guideline for the management of SLE with neuropsychiatric manifestations (Bertsias et al., 2010) states that “glucocorticoids alone or with immunosuppressive therapy have been used with good results (60–75% response rate). Intravenous immunoglobulin, plasma exchange and rituximab have been used in severe cases”, without listing any reference. Similarly, the recommendation regarding the treatment of peripheral neuropathy “Peripheral neuropathy: Combination therapy with glucocorticoids and immunosuppressive agents may be considered in severe cases” is rated with level A of evidence and class I recommendation (very strong), although the statement “may be considered” does not actually suggest a strong evidence. These features are inappropriate for a guideline and emphasize the lack of good quality data concerning immune-mediated neuropathy treatment. Furthermore, PubMed labels only one randomized controlled trial comparing IV cyclophosphamide with IV methylprednisolone in severe neurological manifestations of SLE, which reported only 7 patients with peripheral neuropathy out of 32 patients evaluated (Barile-Fabris et al., 2005). Additionally, there are only two retrospective observational studies regarding neurolupus, each evaluating 10 patients with neuropathy (Neuwelt et al., 1995; Fanouriakis et al., 2016), a restrospective case series of 10 patients with mononeuritis multiplex (Rivière et al., 2017) and various case reports. Generally, the cases describe patients who responded to an immunosuppressive drug or a combination therapy, sometimes following a lack of response to another immunosuppressive drug or combination, therefore providing no clear suggestion for a treatment algorithm, apart from the low evidence level (Constantin et al., 2020). Evidence is even more scarce for other SARDs that associate neuropathy, particularly RA, SS (Huma et al., 2020), PAN, ANCA-associated vasculitides or cryoglobulinemia.
Immunosuppressive treatment for immune-mediated axonal neuropathies related to SARDs consists of corticosteroids and cyclophosphamide, either in oral regimens or IV pulses. As in other organ involvement, rituximab and mycophenolate mofetil have been recently tried. Plasmapheresis is reserved for severe cases. Induction therapy for severe axonal immune-mediated neuropathy related to SARDs consists of prednisone 1 mg/kg (or methylprednisolone 7–15 mg/kg up to 1 g/day IV in severe cases of acute mononeuritis) plus either rituximab (off label) (375 mg/m2/week, four weeks) or cyclophosphamide (15 mg/kg IV every 2 weeks for three doses, then every 3 weeks, 6 or 7 pulses). Provided that cyclophosphamide or rituximab are not tolerated or are unavailable, azathioprine or mycophenolate could be used instead (the latter off label). The dose of azathioprine is 2–2.5 mg/kg if thiopurine methyltransferase (an enzyme required for azathioprine metabolism) is present. Otherwise, the drug is very toxic and is restricted; if the enzyme assays are unavailable or too expensive, azathioprine 50 mg/day is administered and blood cell count is checked after one week–absence of leukopenia means that the enzyme is present, requiring full dosage afterward. For mycophenolate mofetil the induction dose is 2–3 g/day for 6 months (dose for induction in lupus nephritis) (Hahn et al., 2012). The maintenance therapy includes either azathioprine (dose mentioned above) or mycophenolate mofetil (1–1.5 g b. i.d) (Ong et al., 2005; Hahn et al., 2012).
Specific Advice for Each Disease/Manifestation
Systemic lupus erythematosus: cyclophosphamide pulse should be administered monthly instead of every 2 and then 3 weeks. If secondary aPL is confirmed, anticoagulants or antiplatelet agents should be used.
Rheumatoid arthritis: if the patient is already treated with DMARDs (either methotrexate or leflunomide) or biological therapy, ceasing them is recommended.
Sjögren’s syndrome: patients who do not respond adequately to symptomatic therapy could receive immunosuppressive medication, namely corticosteroids with azathioprine or rituximab. If cryoglobulinemic vasculitis (cryoglobulins can appear in SS) is suspected, immunosuppression should be more aggressive, with cyclophosphamide or rituximab. The same regimen applies for mononeuritis multiplex. In sensory neuronopathy, plasma exchange (5-9 sessions), IV immunoglobulin (3 cycles at 3 weeks interval) +/− rituximab, azathioprine (2–3 mg/kg/day) or TNFα antagonist infliximab (3 mg/kg in refractory cases) might have beneficial results (Martinez et al., 2012).
Sarcoidois: oral prednisone should be used in facial neuropathy (2 weeks) and peripheral neuropathy (4 weeks). For severe forms of neuropathy, IV methylprednisolone could be given for 3 days, followed by oral prednisone for 2–4 weeks, with subsequent tapering.
ANCA-associated vasculitides: acute-onset mononeuritis multiplex requires remission induction therapy as in vital organ involvement - high dose corticosteroids in combination with IV cyclophosphamide (3 pulses every 2 weeks, then 6–7 pulses every 3 weeks) or rituximab, as previously stated (Yates et al., 2016). In severe disease course, plasmapheresis could be added.
Polyarteritis nodosa: The “five factor score” that guides therapy in vasculitis does not include peripheral neuropathy. Corticosteroids and cyclophosphamide should be used for induction, while azathioprine or methotrexate maintain remission (De Virgilio et al., 2016). PAN secondary to hepatitis B virus infection requires treatment with lamivudine, short term use of corticosteroids and plasmapheresis in more severe cases.
Cryoglobulinemic vasculitis: rapidly progressive neuropathy is considered a feature of severe disease, requiring etiological treatment (most frequently, anti-hepatitis C) in addition to immunosuppressive therapy with rituximab alone or in combination with pulsed high-dose corticosteroids (instead of chronic use of low-medium doses); plasmapheresis should be performed in nonresponders, emergency situations or hyperviscosity syndrome (Pietrogrande et al., 2011).
Small fiber neuropathy: immunomodulatory therapy seems to show benefits in relieving symptoms (Hoeijmakers et al., 2012).
AMAN/AMSAN: apart from IV immunoglobulin or plasma exchange, immunosuppressants should also be used (IV methylprednisolone and high-dose cyclophosphamide).
Nevertheless, as previously mentioned, these recommendations are based on poor evidence (Benstead et al., 2014).
Analgesic Treatment
There are no studies specifically addressing pain treatment in immune-mediated neuropathy. Therefore, recommendations are extrapolated from diabetic peripheral neuropathy trials: pregabalin has consistent evidence with class I recommendation, whereas other drugs like gabapentin, duloxetine, venlafaxine, amitriptyline, valproate, opioids and capsaicin are probably effective and should be considered for treatment (class II recommendation for pain in diabetic neuropathy) (Bril et al., 2011).
PROGNOSIS
Although immune axonal neuropathy does not affect patient survival in SARDs, it has a major negative impact on daily activities and functionality level, with subsequent decrease in life quality (Koike and Sobue, 2013; Naddaf and Dyck, 2015). Apart from the unpleasant subjective experience (pain, paresthesia) that interferes with daily activities and significantly alters the quality of life (mood, sleep, etc.), these patients can have balance impairment leading to falls due to sensory and motor deficits. As expected, patients with active vasculitic neuropathy are more likely to have constitutional symptoms, active disease and multivisceral involvement (Suppiah et al., 2011).
CONCLUSION
Final Remarks
About 30–50% of patients with systemic vasculitis and 5–93% of those with connective tissue disorders have peripheral nervous system involvement (Blaes, 2015; Snoussi et al., 2019), either as inaugural presentation or throughout the course of the disease. It is mandatory to recognize and properly assess immune axonal neuropathy since it might be the only manifestation of an aggressive disease or cause significant distress to the patient. Moreover, appropriately classifying the underlying disorder assists the clinician in choosing the right treatment and influence the prognosis. Discovering new diagnostic biomarkers with high safety and efficacy profiles would be valuable since the diagnosis is sometimes difficult and delayed.
Future Perspectives
Considering the few trials directly addressing the effect of immunosuppression and immunomodulation on immune axonal neuropathy related to SARDs, current treatment strategies depend mainly on extrapolation from studies pertaining to other organ involvement such as lupus nephritis (Suppiah et al., 2011). High quality clinical research is required in order to provide indications and follow up guidelines for immunosuppressive therapies in immune axonal neuropathies associated with SARDs.
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Pruritus or itch generated in the skin is one of the most widespread symptoms associated with various dermatological and systemic (immunological) conditions. Although many details about the molecular mechanisms of the development of both acute and chronic itch were uncovered in the last 2 decades, our understanding is still incomplete and the clinical management of pruritic conditions is one of the biggest challenges in daily dermatological practice. Recent research revealed molecular interactions between pruriceptive sensory neurons and surrounding cutaneous cell types including keratinocytes, as well as resident and transient cells of innate and adaptive immunity. Especially in inflammatory conditions, these cutaneous cells can produce various mediators, which can contribute to the excitation of pruriceptive sensory fibers resulting in itch sensation. There also exists significant communication in the opposite direction: sensory neurons can release mediators that maintain an inflamed, pruritic tissue-environment. In this review, we summarize the current knowledge about the sensory transduction of pruritus detailing the local intercellular interactions that generate itch. We especially emphasize the role of various pruritic mediators in the bidirectional crosstalk between cutaneous non-neuronal cells and sensory fibers. We also list various dermatoses and immunological conditions associated with itch, and discuss the potential immune-neuronal interactions promoting the development of pruritus in the particular diseases. These data may unveil putative new targets for antipruritic pharmacological interventions.
Keywords: itch, molecular transduction of pruritus, sensory neurons, inflammation, skin, cytokines, dermatoses
THE CUTANEOUS ITCH
General Introduction
Itch is a common somatosensory modality well-known from the everyday life. It was defined as an “unpleasant sensation that elicits the desire or reflex to scratch” by Samuel Hafenreffer in the 17th century (Ikoma et al., 2006, p. 535), which is a pragmatic and valid definition even today. Our knowledge has been hugely expanded since Hafenreffer’s definition and, especially in the last 2 decades, we reached a deeper insight into the molecular and cellular details of how itch is generated, yet our understanding is far from complete. Although itch in general is not a life-threatening situation, the clinical management of itching conditions is still one of the biggest challenges of daily dermatological practice. Treatment of chronic itch (lasting longer than 6 weeks) remains an unmet medical challenge in many instances, affecting millions of people worldwide. According to epidemiological results the prevalence of chronic itch in the general population is between 8–28% (Weisshaar and Dalgard, 2009; Leader et al., 2015). Based on these data, it is not surprising that the socioeconomic burden of chronic pruritus is comparable to that of chronic pain. Development of effective treatments is mainly impaired by our lack of understanding of the signaling pathways underlying pruriception, especially in chronic itch, where itch develops and is maintained (at least partly) independently of external stimuli.
Itch can be classified into four categories based on both the different mechanisms by which it may be generated, and by taking into account their clinical appearence (Paus et al., 2006; Bíró et al., 2007; Ständer et al., 2007; Tóth et al., 2015; Dong and Dong, 2018). Pruriceptive itch is peripherally induced itch generated in the skin. In this case, itch is evoked by locally released pruritogens exciting the pruriceptive nerve endings in the skin. The release of these chemical mediators can be triggered acutely by external irritants (e.g. insect bite, poisonous plants or skin sensitizers) or may be related to various, typically inflammatory skin conditions which can affect an extended area of the skin, and is likely to be chronic. Neurogenic itch is also evoked by the (peripheral) excitation of itch sensitive neurons, but in this case the triggering pruritic mediators stem from a “central source” and their production is related to systemic diseases, such as kidney failure, hepatic conditions or immunological diseases. In contrast, neuropathic itch is due to a damage of the itch processing neural network at any level. It can be associated with peripheral neuropathies (e.g. postherpetic neuropathy), nerve compression or irritation (e.g. in notalgia paresthetica) or certain brain lesions and tumors. Finally, psychogenic itch is related to psychiatric disorders or psychological conditions like phobias, obsessive-compulsive disorder or psychotic diseases. In this review, we focus on the role of peripheral interactions in the generation of pruritus, therefore, mainly discussing cases of pruriceptive and some neurogenic pruritus as these are evoked by the excitation of pruriceptive cutaneous nerve endings.
Sensing Pruritus
Pruriceptive Fibers of the Skin
The sensory transduction of pruritus, i.e. how propagating action potentials are generated by pruritic stimuli, is realized by exciting a subpopulation of cutaneous bare nerve endings which also express molecular markers typical of nociceptors. Therefore, pruriceptive fibers are generally considered a subpopulation of nociceptors, the selective activation of which results in itch sensation. This is in contrast to a general activation of nociceptors that results in nociception and evokes pain. This is postulated as the selectivity theory of itch, a nowadays generally accepted description of the relation between pruriception and nociception (LaMotte et al., 2014). This is also supported by the findings that depletion of nociceptors by overdosing transient receptor potential 1 (TRPV1) agonists (Cavanaugh et al., 2009; Imamachi et al., 2009) or genetic ablation of TRPV1-lineage nociceptive neurons of the dorsal root ganglia (DRGs) resulted in a dramatic reduction of both nociception and pruriception (Mishra et al., 2011; Mishra and Hoon, 2013). However, intense efforts were taken to identify molecular markers of a “labelled line” for pruriception. Among primary sensory neurons of the DRGs, a few molecular markers were identified which are believed to be (more or less) specifically expressed by pruriceptive sensory neurons. For example, specific neurotransmitters can be released from the central terminal of the pruriceptive sensory neurons which may differentiate these neurons from the nociceptor population. The fact that the ablation of gastrin releasing peptide receptor expressing (GRPR+) neurons–or only the GRPR molecules from the spinal cord–strongly inhibited pruritogen evoked scratching behavior without affecting acute nociception suggested that gastrin releasing peptide (GRP) may be a neurotransmitter released selectively from itch sensitive sensory neurons of DRGs. GRP was indeed detected in peripheral sensory neurons (Sun and Chen, 2007; Barry et al., 2016, 2020) and its expression was found to be elevated in chronic itch conditions in mice (Zhao et al., 2013) and primates (Nattkemper et al., 2013). The optogenic activation of GRP expressing cutaneous sensory fibers resulted in itch behavior, and chemically induced itch was attenuated by conditional deletion of GRP from DRG neurons (Barry et al., 2020). However, other studies resulted in controversial findings as they could not (or hardly) detect GRP in peripheral sensory neurons, rather localized it in the spinal cord, expressed by higher order neurons in the itch pathway (Fleming et al., 2012; Mishra and Hoon, 2013; Sun et al., 2017). Other studies argue for the role of natriuretic polypeptide b (NPPB) as a peripheral itch specific neurotransmitter. It was shown to be expressed in a subpopulation of DRG neurons and its genetic deletion, as well as ablating its receptor, dramatically decreased scratching behavior induced by various pruritogens (Mishra and Hoon, 2013). Moreover, members of Mas1-related G protein-coupled receptors (MRGPRs) were also identified as markers of itch specific neurons (Liu et al., 2009; Liu and Dong, 2015). In mouse, MRGPRs are coded by an extended gene cluster and divided into several subfamilies. However, in human, there are only four members of the family identified, marked as MRGPRX1-4, which do not form orthologous pairs with rodent counterparts (Dong et al., 2001; Lembo et al., 2002). Some MRGPRs, expressed exclusively in skin innervating fibers, are not only markers of pruriceptive neurons, but also serve as receptors for pruritic ligands. Especially the role of MRGPRA3, MRGPRC11 and MRGPRD, as well as the human MRGPRX1 were described to be involved in various forms of non-histaminergic itch. Interestingly, MRGPRA3 and MRGPRD display non-overlapping expression in pruriceptive neurons and are activated by different pruritic ligands, suggesting the existence of different labeled lines even within the non-histaminergic itch sensing neuron population (Liu et al., 2009, Liu et al., 2012 Q.; Han et al., 2013; Liu and Dong, 2015).
Recently, large scale transcriptome profiling studies also characterized and classified somatosensory neurons in an unbiased manner and identified different neuronal subpopulations potentially responsible for pruriception based on their specific expression patterns. Following single cell RNA-Seq, Usoskin et al. (2015) identified 11 clusters of somatosensory neurons by principal component analysis. Among them, itch associated markers (Mrgprs, Nppb, histamine receptors (Hrs) serotonin receptors (Htrs) endothelin receptor A (Ednra), etc.) were highly and selectively enriched in the NP1-3 clusters which represents a fraction of the unmyelinated, small size neurons expressing the classical markers of non-peptidergic sensory neurons. Interestingly, within these clusters, marked inhomogeneity was found in the expression of particular pruritic markers, e. g. Nppb and IL-31 receptor (Il31ra) were highly expressed in the NP3 cluster, or Mrgpra3 and Mrgprd displayed highest expression in different clusters, in line with previous data from “biased” studies. Clustering somatosensory neurons using a similar approach, Chiu et al. (2014) also identified a specific subset of DRG neurons highly expressing Nppb and Il31ra genes within the Trpv1+ Nav1.8/1.9+ nociceptor population. Interestingly, these cells were mainly negative for isolectin B4 (IB4), a classical marker of non-peptidergic nociceptors (Priestley, 2009). Most recently, a similar single neuron RNAseq transcriptome profiling identified that the neuronal clusters described in mice are highly conserved in non-human primates (Kupari et al., 2021). The NP1-3 classes were also identified in rhesus macaque expressing, among others, MRGPRX1-4 in NP1-NP2 clusters and HR1 in NP3. However, there are some remarkable interspecies differences in the expression of individual genes within some clusters. For example, although somatostatine (SST), Janus kinase 1 (JAK1), IL31RA, Oncostatin M receptor β (OSMRβ), and Sphingosine-1-phosphate receptor 1 (S1PR1) were highly expressed in the NP3 cluster in both mice and macaque, Nppb, serotonin receptor 1F (HTR1F), and neurotensin (NTS) were specifically expressed only in mice whereas the expression of some other genes were mainly restricted to primates (Kupari et al., 2021). In a current study, Nguyen et al. (2021) classified human DRG neurons based on single nucleus RNA sequencing and supported their analysis with multiplex in situ hybridization. They grouped the sensory neurons into 15 classes (H1-H15) that mainly matched the previously described mouse clusters, but they also identified some human-specific classes which does not have a clear mouse counterpart. From the point of view of itch, H10 and H11 classes seem to be the most relevant. The expression pattern of these classes resembled to the mouse NP1-3 classes, likely representing non-peptidergic pruriceptive neurons. Neurons in the H11 class highly expressed OSMRβ, JAK1 and SST especially similarly to NP3 mouse neurons, whereas MRGPRX1 was found mainly in H10 as its counterpart genes are characteristic for NP2 mouse cells. However, both human classes also expressed markers characteristic for NP1 group in mice, and in general, the in situ hybridization indicated that H10 and H11 are relatively heterogeneous classes of sensory neurons. Interestingly, some H10 neurons co-expressed the low-threshold mechanosensitive ion channel PIEZO2 with pruriceptive markers that was not found in mice. Thus, it is tempting to consider these cells as the mediators of the human mechanically evoked itch (Nguyen et al., 2021). It is important to mention that these data revealed remarkable differences in the expression of growth factor receptors between the corresponding neuron classes of mice and human, suggesting that the development and differentiation of the analogue somatosensory neurons might be controlled by different mechanisms in rodent and human (Nguyen et al., 2021).
Phenomenologically, pruriceptive fibers can be characterized by their (electro)physiological properties in humans (Schmelz, 2015). The unmyelinated C fibers innervating the skin contains mechanosensitive polymodal nociceptors responding to mechanical, chemical and thermal stimuli, and less numerous mechano-insensitive nociceptive fibers, as well (Schmidt et al., 1995, 1997, 2002). In this latter, mechano-insensitive group, a subset of neurons are identified by their marked responses to the prototypic itch mediator histamine, suggesting that they form an “itch-sensitive” population within the primary afferents. These histamine-sensitive sensory neurons were characterized by low conduction velocity, high transcutaneous electrical threshold, large receptive field and poor two point discrimination threshold for histamine-induced itch (Wahlgren and Ekblom, 1996; Schmelz et al., 1997, 2000, 2003; Schmidt et al., 2002; Schmelz and Schmidt, 2010). A distinct group of histamine insensitive pruriceptive afferents was also proposed by the experiments demonstrating that low intensity-high frequency focal electrical stimulation evoked itch sensation without causing erythema, which erythema is a characteristic consequence of the axon reflex activated by exciting the histamine sensitive fibers (Ikoma et al., 2005; Steinhoff et al., 2006). In contrast to histamine, the pruritic spicules of the cowhage (Mucuna pruriens) pod activated a subgroup of mechanosensitive nociceptive afferents and not the mechano-insensitive ones (Namer et al., 2008). Moreover, the involvement of nociceptive, myelinated A-fibers was also demonstrated in the itch sensation evoked by cowhage (Ringkamp et al., 2011).
These human data are in good accordance to the above mentioned rodent results describing distinct sub-groups of pruriceptive fibers within the nociceptor population. Indeed, results of rodent behavior experiments on pruriception can be successfully translated to human itch sensation, especially with the use of advanced experimental paradigms which are able to discriminate between nociception and pruriception in mice, like the cheek test or calf injection model. In the cheek model, compounds are injected into the cheek of the animals which results in wiping with the forelimb or scratching with the hind limb in case of algogens and pruritogens, respectively. Similarly, calf injection resulting in pain and itch will induce selectively licking and biting responses, respectively (Shimada and LaMotte, 2008; LaMotte et al., 2011, 2014). These techniques were found to be very useful to discriminate between pruriception and nociception and identifying the selective molecular events in the sensory transduction on pruritus.
Mechanisms of the Sensory Transduction in Pruritus
The activation of the above detailed pruriceptive primary sensory neurons is responsible for the sensory transduction of itch, which is the first step of pruriception, (i.e. the neural processing of the information which finally will result in itch sensation). The pruritic sensory transduction is typically initiated by chemical mediators acting on their receptors expressed by the cutaneous sensory terminals. During the molecular events of the sensory transduction of itch, pruritic mediators typically bind to a metabotropic receptor which initiates the activation of intracellular signaling pathways resulting in the opening of some ion channels responsible for the generator potential which finally evokes the discharge of the neuron (Tóth et al., 2015, 2020; Dong and Dong, 2018).
The ion channels involved in the initial depolarization are considered as molecular integrators and amplifiers of pruriception. The best studied of these ion channels mostly belong to the transient receptor potential (TRP) family of ion channels and show significant overlap with those involved in nociception. The pruriceptive role of the thermosensitive nociceptors TRPV1 and transient receptor potential ankyrin 1 (TRPA1) is the most characterized on sensory neurons (Wilson and Bautista, 2014, 201; Schmelz, 2015; Tóth et al., 2015, 2020). The role of TRPV1 was described primarily in the transduction of histamine induced pruritus, but it is involved in some forms of non-histaminergic pruritus as well (Imamachi et al., 2009; Dong and Dong, 2018). In contrast, TRPA1 is a general integrator in the transduction of itch induced by various non-histaminergic mediators (Wilson et al., 2011; Wilson et al., 2013; Lieu et al., 2014; Wilson and Bautista, 2014). Although histaminergic and non-histaminergic forms of pruritus signal via different pathways and may be transmitted by selective labeled lines, the partially overlapping expression of TRPV1 and TRPA1 is more widespread in sensory afferents and is not restricted to pruriceptors. Beyond their role in pruriception, they are thermosensitive and can mediate different forms of nociception as well: e.g. TRPV1 is a central molecule of inflammatory warm hyperalgesia and TRPA1 plays a role in cold and mechanical hyperalgesia (Tominaga et al., 1998; Caterina et al., 2000; da Costa et al., 2010; Julius, 2013; Vriens et al., 2014). However, in certain cases, TRPA1 and TRPV1 can play a synergistic role in the same process. They were recently shown as key transducers of heat-pain together with transient receptor potential melastatin 3 (TRPM3), another thermosensitive nociceptor TRP channel significantly co-expressed with TRPV1 and TRPA1. Interestingly, despite their co-expression and functional overlap in thermal nociception (Vandewauw et al., 2018; Held and Tóth, 2021), TRPM3 is not involved in transduction of pruritus evoked by either histamine or serotonin (5-HT) and endothelin-1 (ET-1) (Kelemen et al., 2021). These data suggests, that individual TRP channels, even if coexpressed by some sensory neurons, can play selective roles in certain forms of pruriception or nociception. Even different sensations evoked by the same substance can be mediated by different TRP channels: Sphingosine 1-phosphate (S1P) activates S1P receptor 3 (S1PR3) which induces both itch and pain. However, itch transduction is due to activation of TRPA1 via Gβγ signaling pathway but pain transduction realized by TRPV1 activation via PLC mediated signal transduction (Hill et al., 2018).
Beyond TRPV1 and TRPA1, other ion channels can integrate the effect of pruritogens. Recently, TRPV4 was described to mediate (at least some forms of) 5-HT evoked itch and cellular responses of DRG neurons (Akiyama et al., 2016). Beyond TRP channels, the Ca2+-activated chloride channel anoctamine 1 (ANO1/TMEM16A) (Yang et al., 2008) was proposed to mediate the activation of C fibers by chloroquine, a strongly pruritic antimalarial drug activating MrgprA3 (Ru et al., 2017). Similar to TRP channels, ANO1 is a thermosensitive nociceptor, as well: it can be activated by noxious warm temperature and mediates nociceptive responses in thermal pain models. Although ANO1 is a chloride channel, its activation can result in depolarization and consequent discharge of DRG neurons due to their relatively higher intracellular Cl− concentration in physiological circumstances and it can contribute to the neural depolarization induced by ET-1 and histamine (Cho et al., 2012). Interestingly ANO1 can also amplify the neural activity elicited by depolarizing nociceptive Ca2+-permeable cationic channels. In nociceptors, Ca2+ influx via TRPV1 was demonstrated to activate ANO1, strongly exacerbating TRPV1 induced depolarization and nociception (Takayama et al., 2015, 2019). Similarly, TRPV4 can be also coupled to ANO1 as reported in secretory cells (Takayama et al., 2014; Derouiche et al., 2018).
Receptors for Pruritogens in Sensory Fibers
The activation of the above listed neuronal ion channels can be initiated by several receptors of the cutaneous pruriceptive nerve endings which are sensitive for the peripherally released pruritic mediators (Table 1). The most well-known, “traditional” pruritogenic mediator histamine binds to its G protein coupled histamine receptors (H1R, H3R, and H4R) that are linked to pruritus and expressed on the cutaneous sensory fibers (Panula et al., 2015) (Rossbach et al., 2011). Of these, activation of H1R and H4R excites pruriceptors resulting in itch. H1R signalizes via Gq/11 proteins (Panula et al., 2015), and is shown to activate phospholipase C β3 (PLCβ3) and consequently TRPV1 (Han et al., 2006). Pharmacological data also support the involvement of phospholipase A2 and lipoxygenases in the H1R-induced activation of TRPV1 (Kim et al., 2004). H4R can also activate TRPV1 via a PLC-mediated pathway (Jian et al., 2016). Moreover, the role of protein kinase C δ (PKCδ) was also described in the activation of pruriceptors by histamine but not by non-histaminergic pruritogens (Valtcheva et al., 2015). In contrast, the activation of H3R, which is known as an inhibitory histamine receptor transmitting negative feedback on histamine release (Panula et al., 2015), seems to inhibit histamine-induced pruritic responses as its inverse agonists can evoke both activation of pruriceptive neurons and itch (Rossbach et al., 2011).
TABLE 1 | Cutaneous pruritic mediators stimulating sensory nerve endings
[image: Table 1]5-HT is also a potent pruritogen in both humans and rodents (Weisshaar et al., 1997; Akiyama et al., 2010; Dong and Dong, 2018), which can activate several 5-HT receptors expressed by sensory nerve endings. Among them, pharmacological activators of 5-HT2A and 5-HT7 were shown to sensitize TRPV1 responses via PKC- and PKA-dependent pathways (Ohta et al., 2006). In contrast, the genetic ablation of the ionotropic 5-HT3A did not affect 5-HT evoked behavioral responses, while the lack of PLCβ3 diminished it. This further supports the role of the metabotropic 5-HT receptors and related signaling pathways in pruriception. However, genetic deletion of TRPV1 did not influence the 5-HT-induced responses which were mainly abolished in the absence of TRPV1 expressing sensory neurons arguing for the role of an alternative ion channel in the 5-HT signaling pathway in TRPV1+ neurons (Imamachi et al., 2009). Indeed, studies of gene deleted animals provided evidence for the role of 5-HT7 receptor in mediating acute serotonergic itch via consequent TRPA1 activation (Morita et al., 2015). Moreover, as mentioned above, TRPV4 was also described as a component in the transduction of serotonergic itch in sensory neurons (Akiyama et al., 2016).
The otherwise vasoconstrictive peptide ET-1 acts as an effective endogenously produced itch mediator, although ET-1 can also induce nociception (Hans et al., 2009; Gomes et al., 2012; Kido-Nakahara et al., 2014). Sensory neurons express mainly the ET receptor A (ETA) (Khodorova et al., 2009) which signals partly via a Gq-related pathway stimulating PLCβ (Khodorova et al., 2009; Davenport et al., 2016). In nociceptors, ETA activation by endothelin results in increase in intracellular Ca2+ concentration which activates PKC resulting in the potentiation of TRPV1 responses (Plant et al., 2007). The pruritic signaling also starts from ETA (McQueen et al., 2007), and involves PLCβ3, but endothelin-evoked itch is independent of TRPV1 (Imamachi et al., 2009). It is strongly reduced by genetic deletion or pharmacological blockade of TRPA1 (Kido-Nakahara et al., 2014), although there is some controversy about the role of this ion channel in ET-1-induced scratching (Liang et al., 2011). Moreover, the role of extracellular signal-regulated kinases ERK1/2 was also proposed in the ETA induced pruritic responses. ET-1-induced scratching is negatively regulated by the endothelin-converting enzyme 1 (ECE1) co-expressed with ETA in somatosensory neurons (Kido-Nakahara et al., 2014).
As mentioned above, MRGPRs serve not only as markers of the pruriceptive fibers but also as receptors for some non-histaminergic pruritogens. As their name indicates, they are G protein-coupled receptors that signal mainly via the Gq pathway, resulting in Ca2+ release from intracellular stores. The deletion of a gene cluster of 12 Mrgpr genes in mice resulted in impaired itch evoked by selected non-histaminergic pruritogens: the antimalarial drug chloroquine was identified to activate MRGPRA3, and bovine adrenal medulla 8-22 (BAM8-22, a proenkephalin A-derived peptide) and SLIGRL (a peptide product cleaved from the protease activated receptor 2, PAR2) stimulate MRGPRC11. These receptors were shown to signal via Gαq11 activating TRPA1 (and not TRPV1) (Lembo et al., 2002; Liu et al., 2009, 2011; Wilson et al., 2011; Liu and Dong, 2015). However, a recent study challenged the role of TRPA1 in mediating chloroquine-induced itch, and suggested the role of the calcium-activated chloride channel ANO1/TMEM16A as a downstream target of the chloroquine-induced PLCβ-mediated signaling resulting in depolarization and consequent discharge of sensory fibers (Ru et al., 2017). Importantly, these mouse Mrgpr ligands are also pruritogenic in humans, activating MRGPRX1 (chloroquine and BAM8-22) and MRGPRX2 (SLIGKV, the human analog of the SLIGRL) (Liu et al., 2009, 2011; Sikand et al., 2011; Liu and Dong, 2015). Moreover, in humans, MRGPRX4 also induces pruritic signal transduction via Gq/PLC pathway upon activation by bile acids (Yu et al., 2019). Interestingly, in mice, bile acids activate another G-protein coupled receptor, the G-protein-coupled bile acid receptor 1 (TGR5) in sensory afferents, which also signals via TRPA1 and evokes itch (Alemi et al., 2013; Lieu et al., 2014). Next to the above MRGPRs, the activation of MRGPRD by β-alanine can also induce itch. Similar to the previously mentioned receptors, MRGPRD activates TRPA1, albeit via a PKA-dependent manner (Liu Q. et al., 2012; Wang et al., 2019).
Although several cytokines, especially Th2-associated ones, are involved in the development of pruritus and itchy (dermatological) disorders, only some of them can directly excite pruriceptive nerve endings via cytokine receptors. Neural cytokine receptors can influence the responsiveness of the sensory fibers even if their activation does not initiate immediate action potential firing. Therefore, they can contribute to the development of chronic itch characteristic of several of the most prevalent dermatological conditions (Storan et al., 2015). One of the most well-established pruritic cytokines is IL-31 which activates a subpopulation of sensory neurons via a receptor heterodimer composed of IL-31 receptor A (IL-31RA) and Oncostatin M receptor β (OSMRβ) (Cevikbas et al., 2014; Datsi et al., 2021). IL-31RA activation induces signal transduction through the activation of ERK1/2 and both TRPV1 and TRPA1 (Cevikbas et al., 2014). Sensory neurons also express receptors of other Th2-type cytokines, like IL-4 (IL-4Rα) and IL-13 (IL-13Rα1). Interestingly, although IL-4 and IL-13 also activate a small percentage of pruriceptive fibers in both mice and humans, they did not evoke acute itching, in contrast to IL-31. However, they sensitized the sensory neurons toward histamine and other pruritogens, and increased the intensity of histamine-evoked itch. These responses were mediated by IL-4Rα and downstream JAK1 signaling (Oetjen et al., 2017). A recent report raised some controversy about the itch-inducing effect of IL-4 and IL-13 demonstrating that they can evoke even acute itch if applied at lower concentration. A potential explanation might be that higher concentration of the cytokines saturates the JAK1 pathway, and induces negative feedback reactions (Campion et al., 2019). Sensory neurons also express the receptor of thymic stromal lymphopoietin (TSLP), which is another pruritic Th2-type cytokine produced by various epithelial cells, including epidermal keratinocytes (Wilson et al., 2013; Varricchi et al., 2018). It activates a small population of the cutaneous nerve endings expressing the heteromeric TSLP receptor composed of IL7 receptor alpha (IL7Rα) and TSLP-specific receptor chain (TSLPR) chains. The activation of TSLP receptor evokes itch via TRPA1 (Wilson et al., 2013). IL-1 receptor accessory protein (IL-1RAcP) and a membrane-bound IL-33–specific ST2 form a heteromeric receptor for IL-33, and both subunits can be found in the membrane of pruriceptive nerve endings. IL-33 is a pro-inflammatory cytokine, which can activate sensory neurons via ST2 receptor involving both TRPA1 and TRPV1. These IL-33-induced signaling pathways evoked itch in an urushiol-induced allergic contact dermatitis model (Liu et al., 2016; Topal et al., 2020). In early phase of AD and contact hypersensitivity model of allergic contact dermatitis, CXC chemokine receptor 3 (CXCR3) was found to be upregulated in pruriceptive neurons as was its ligand CXCL10 in the surrounding tissue. In these models, antagonist of CXCR3 inhibited spontaneous disease-related itch (Qu et al., 2015, 3; Walsh et al., 2019). Pharmacological evidence suggests that CXCR3 may signal via a Ca2+-regulated chloride channel (Qu et al., 2017).
Toll-like receptors (TLRs) belong to pattern recognition receptors that are activated by exogenous pathogen- or endogenous danger-associated molecular patterns (PAMPs or DAMPs, respectively). Expressed in various immune cells and peripheral tissues, they are key players in initiating innate immune responses. Among them, TLR3 and TLR7 are expressed in sensory neurons and have been suggested to play roles in the development of pruritus (Taves and Ji, 2015; Dong and Dong, 2018). TLR3 activation by its ligand polyinosinic-polycytidylic acid (poly I:C) evoked action potential firing in sensory neurons and induced acute scratching behavior. Moreover, TLR3 was found to be important in the development of both histaminergic and non-histaminergic itch as both were markedly decreased in Tlr3 knock out animals (Liu T. et al., 2012). Like TLR3, TLR7 was also detected in peripheral sensory neurons of the DRGs and TLR7 activators evoked acute itching in a TLR7-dependent manner. Moreover, the TLR7 agonist imiquimod induced discharge of DRG neurons in wild type, but not in Tlr7−/− mice (Liu et al., 2010). Although both TLR3 and TLR7 are mostly known to be localized in intracellular membranes, it is proposed that they can be expressed in the surface membrane of the sensory neurons, and are thereby available for extracellular ligands (Taves and Ji, 2015). However, the role of TLR7 was questioned by another study indicating that imiquimod-induced scratching as well as neuronal responses are independent of TLR7, but may be due to the inhibition of background or voltage-gated potassium channels of the somatosensory neurons (Kim et al., 2011; Lee et al., 2012). Moreover, imiquimod was recently shown to directly activate TRPA1 which, in sensory neurons, may initiate immediate acute itch (Esancy et al., 2018; Kemény et al., 2018).
Recently, the extracellular matrix protein periostin was shown to activate the receptor integrin αVβ3 on the surface of DRG neurons resulting in itch behavior in mice. The periostin induced, integrin αVβ3-dependent itch was strongly reduced in mice lacking TRPA1 and TRPV1 ion channels, and NPPB suggesting that these ion channels and neurotransmitters of the pruriceptive neurons are involved in the periostin evoked itch. However, the signaling pathway connecting the integrin αVβ3 to TRP channels is still under investigation (Mishra et al., 2020; Hashimoto et al., 2021a).
As mentioned above, the activation of Sphingosine 1-phosphate receptor 3 (S1PR3) by S1P can also initiate itch activating TRPA1 via Gβγ signal transduction. However, the same receptor can also activate TRPV1 via PLC dependent signaling but this pathway results in nociception and can only be activated by higher S1P concentration (Hill et al., 2018).
Somatosensory neurons also express Lysophosphatidic acid receptor 5 (LPA5), a receptor for lysophosphatidic acid (LPA), that mediates LPA evoked itch (Kittaka et al., 2017; Yamanoi et al., 2019). In the LPA5 signaling pathway, LPA can be (re-)generated intracellularly mainly via phospholipase D (PLD), but PLA2 and PLC can be also involved. Finally, intracellular LPA can directly activate TRPV1 and TRPA1 resulting in the excitation of the pruriceptive neurons (Nieto-Posadas et al., 2011; Kittaka et al., 2017).
Currently, cysteinyl leukotriene receptor 2 (CysLT2R), the receptor of the cysteinyl leukotriene C4 (LTC4), was described as a highly expressed receptor in sensory neurons. CysLT2R was detected especially in the subset of NP3 cluster DRG neurons, strongly coexpressed with Il31ra and Nppb. Its activation by LTC4 induced acute scratching behavior via CysLT2R. Although it was not investigated whether CysLT2R activates DRG neurons or not, and the downstream signaling pathway is also largely unknown, LTC4-induced scratching was diminished in Trpv1 knock out mice and in the presence of TRPA1 antagonist suggesting that both ion channels can mediate the effect (Voisin et al., 2021).
Urokinase plasminogen activator receptor (U-PAR) was also reported in a subset of DRG neurons and its agonist serpin E1 evoked Ca2+ transients in DRG neurons as well as itching in mice, but the mechanism of action and the related signaling pathway is largely unknown (Larkin et al., 2021).
Cutaneous Pruritic Crosstalk
Recent advances in the field have shown that itch does not necessarily start at the level of the nerves, but can also be initiated by non-neuronal elements in the skin. In this section we will list the possible contribution of cutaneous cells to the development of itch through mediator release (skin-nerve axis), as well as the role of factors released by nerves that act locally to propagate both the release of pruritogens and local inflammation (nerve-skin axis) (Figure 1).
[image: Figure 1]FIGURE 1 | Potential elements and mechanisms in pruritic cutaneous crosstalk. In the skin, products of keratinocytes, mast cells, several immune cells, and additional metabolic and tissue factors can contribute to the excitation of pruriceptive sensory nerve endings. Moreover, sensory terminals can also release pro- and anti-pruritic factors. Note, that the sensory nerve ending in the figure represents a hypothetic pruriceptor demonstrating the expression of several receptors and signaling pathways which may be expressed by different individual sensory neurons. For more detailed explanation, please see the text. Abbreviations: 5-HT–Serotonin, 5-HT2A/7—Serotonin receptor2A/7, ANO1—Anoctamine 1, ATX–Autotaxin, CXCL10—C-X-C motif chemokine ligand 10, CXCR3—C-X-C Motif Chemokine Receptor 3, DAMPs—Damage associated molecular patterns, CysLT2R—cysteinyl leukotriene receptor 2, ERK1/2—Extracellular signal-regulated kinase 1/2, ET-1—Endothelin 1, ETA—Endothelin receptor A, GIRK2/5—glutamate ionotropic receptor kainate type subunit 2/5, IL-13Rα1—Interleukin 13 receptor, alpha 1, IL-1RAcP-ST2—IL-1 receptor accessory protein - ST2 heterodimer, IL-31RA-OSMRβ—IL-31 receptor A- Oncostatin M receptor β heterodimer, IL-4Rα—Interleukin 4 receptor, JAK1—Janus kinase 1, LPA—Lysophosphatidic acid, LPA5—Lysophosphatidic acid receptor 5, LPC—lysophosphatidylcholine, LTC4—cysteinyl leukotriene C4, MRGPRB2/C11/X1/X2/X4—Mas-related G-protein-coupled receptor B2/C11/X1/X2/X4, NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells, PLD/C/Cβ3/A2—phospholipase D/C/Cβ3/A2, S1P - Sphingosine 1-phosphate, S1P3R—Sphingosine 1-phosphate receptor 3, SP—Substance P, TGR5—G-protein-coupled bile acid receptor 1 (Takeda G protein-coupled receptor 5), TLR3/7—Toll-like receptor 3/7, TRPA1/V1/V3/V4—Transient receptor potential Ankyrin 1/Vanilloid 1/Vanilloid 3/Vanilloid 4, TSLP—Thymic stromal lymphopoietin, TSLPR—Thymic stromal lymphopoietin receptor.
Keratinocytes’ Contribution to Itch
Keratinocytes were classically considered to be important in forming and maintaining the skin barrier. This view has been supplemented by numerous observations, including the fact that keratinocytes express sensory receptors, among others TRP channels (Denda et al., 2001; Inoue et al., 2002; Peier et al., 2002; Bodó et al., 2004; Chung et al., 2004) and that they can actively secrete various substances that communicate with neighboring cells and nerve endings, including ATP (Denda and Denda, 2007; Mandadi et al., 2009; Mihara et al., 2011), dopamine (Fuziwara et al., 2005) and glutamate (Fuziwara et al., 2003). Based on these results keratinocytes can be considered as the forefront of the sensory nervous system (Denda et al., 2007).
In terms of itch sensation, the triggers that can elicit the release of pruritogens from keratinocytes are still not fully known. Keratinocytes express multiple receptors that have been implicated in itch induction, including PAR2 (Buhl et al., 2020), TLR3 (Szöllősi et al., 2019), H1 and H4 receptors (Gschwandtner et al., 2008; Schaper et al., 2016), ETA and endothelin receptor B (ETB) (Tsuboi et al., 1995), 5-HT receptors (Lundeberg et al., 2002; Slominski et al., 2003), OSMRβ (Boniface et al., 2007; Kato et al., 2014), integrin αVβ3 (Masuoka et al., 2012), TSLPR (Mishra et al., 2020), as well as neuropeptide receptors (Sandoval-Talamantes et al., 2020), and two members of the transient receptor potential vanilloid (TRPV) family, TRPV3 and 4 (Peier et al., 2002; Sokabe et al., 2010; Mihara et al., 2011; Tóth et al., 2014; Szöllősi et al., 2018). While we have evidence that the receptors listed above are all functionally expressed by keratinocytes, their role in the development and propagation of itch is less well-defined. In general we can classify them into two large groups: receptors that influence the barrier forming function of keratinocytes, and those that cause the cells to secrete factors that can activate pruritic nerve endings. The former may be considered as an indirect mechanism of itch induction, since impaired barrier function leads to increased transepidermal water loss, dry skin, and an increased likelihood of exogenous pruritogens penetrating the stratum corneum (Yosipovitch et al., 2019). The latter can be considered a direct mechanism of itch signaling, where the activated keratinocytes secrete signaling molecules (IL-33, TSLP and ET-1) known to activate pruritic nerve fibers.
The indirect path of itch induction as mentioned above is dependent on the disruption of the epidermal barrier. This is usually accompanied by the production of pro-inflammatory cytokines (e.g. IL-6) and chemokines (e.g. CXCL-8, CCL17/TARC, CCL19/MIP-3β, CCL22/MDC, CCL23/MIP-3, CCL4/MIP-1β and CXCL1/GRO1α) (Cornelissen et al., 2012; Kabashima, 2013; Lee et al., 2013), as well as nerve growth factor (NGF) by keratinocytes. The combined effect of these factors is recruitment of further inflammatory cells to the skin, and in the case of chronic pruritus, increased density of nerve fibers and response in the affected area (Buhl et al., 2020). The disruption of the epidermal barrier can occur through increased keratinocyte proliferation (as caused by agonists of H4R (Glatzer et al., 2013), TLR3 (Szöllősi et al., 2019), periostin (Masuoka et al., 2012), and neuropeptides (Sandoval-Talamantes et al., 2020)), through disruption of the differentiation process, by the production of matrix metallopeptidase 9 (MMP9), which can drive recruitment of immune cells to the skin [as caused by agonists to H1 (Gschwandtner et al., 2013; Chen J. et al., 2021)], and the increased production of antimicrobial peptides, a common characteristic of inflammatory skin diseases [as seen after OSMRβ activation (Boniface et al., 2007)]. TRPV3, a non-selective calcium-permeable channel first identified in keratinocytes (Peier et al., 2002), was linked to pruritus based on the consequence of gain-of-function mutations in the channel. These lead to the hairless and pruritic dermatitis phenotype of DS-Nh mice (Yoshioka et al., 2009) and to the development of Olmsted syndrome in humans, which is characterized by palmoplantar keratoderma and periorificial plaques, as well as hair and nail malformities, pain and itch (Lin et al., 2012). Conversely, the activation of TRPV4 accelerates barrier recovery, and the formation of intercellular junctions between keratinocytes since this channel is co-localized to adherent junction proteins such as E-cadherin and β-catenin. The role of TRPV4 in the development of itch is more nuanced however, since it has also been linked to regulation serotonin and histamine release as well as a consequent development of itch (Chen et al., 2016; Luo et al., 2018; Boudaka et al., 2020).
Of the above listed mediators, their involvement in direct keratinocyte-nerve communication has been proven for H4R (Schaper et al., 2016), PAR2 (Kempkes et al., 2014; Buhl et al., 2020) TLR3 (Szöllősi et al., 2019) and both TRPV3 (Seo et al., 2020) and TRPV4 (Moore et al., 2013). To date the major pruritic mediators that can directly activate pruritic nerve endings released by keratinocytes are TSLP, periostin, ET-1, IL-33 and most recently BNP. On keratinocytes histamine dominantly acts through the H4 receptor and increases the release of TSLP subsequently to poly I:C stimulation in both murine and human cells (Schaper et al., 2016). TSLP secretion has also been observed after activation of all the above mentioned receptors with the exception of TRPV4, which solidifies its role as one of the most important skin-derived pruritic mediators (Kinoshita et al., 2009; Wilson et al., 2013; Park et al., 2017). Furthermore, TSLP (and other Th2 cytokines) can induce periostin secretion and periostin can stimulate further TSLP release potentially establishing another pruritic positive feedback (Masuoka et al., 2012; Mishra et al., 2020; Hashimoto et al., 2021a). One of the most potent keratinocyte-derived pruritic mediators is ET-1 (Kido-Nakahara et al., 2014), the production of which can be initiated by PAR2 (Buhl et al., 2020), TLR3 (Szöllősi et al., 2019), TRPV3 (Zhao et al., 2020), and TRPV4 (Chen et al., 2016) activation. IL-33 is a member of the IL-1 inflammatory cytokine family, and is constitutively expressed in the nucleus of keratinocytes, and acts as an alarmin that is released upon inflammation or cellular damage (Moussion et al., 2008). While first shown to act on cells of the innate and adaptive arm of the immune system [specifically mast cells, type 2 innate lymphoid cells, basophils and type 2 T helper cells (Kondo et al., 2008)], the receptor of IL-33, ST2 is also expressed on sensory nerve endings in the skin and its activation leads to an itch response in mice, as discussed above (Liu et al., 2016). Moreover, IL-33 is upregulated in atopic dermatitis (AD) lesions which may contribute to its pruritic phenotype (Imai, 2019).
As seen above the contribution of keratinocytes to itch sensation is multifaceted, and this is further complicated by the interplay between these receptors in the keratinocytes themselves. PAR2 has been shown to signal through TRPV3 (Zhao et al., 2020), the expression of TLR3 is increased upon TLR3 activation (forming a positive feedback loop that could be a major factor in the chronification of itch (Szöllősi et al., 2019)), and the effect of histamine is also potentiated through TLR3 (Schaper et al., 2016). This is also compounded by the crosstalk between keratinocytes and immune cells, as detailed below.
Immune Cells
Mast cells have long been considered to be a central player in the pathogenesis of itch, mainly through their release of histamine. Histamine is the main mediator responsible for acute itch, by activating the H1 and H4 receptors on sensory nerves (Shim and Oh, 2008). Mast cells also release a wide array of other signaling molecules including cytokines and chemokines, and have recently been shown to contribute to non-histaminergic itch as well (Meixiong et al., 2019a) through these mediators. The direct role of mast cells in itch transduction is further supported by their close proximity to afferent nerves in the skin (Bienenstock et al., 1991). The most important cytokines known to directly activate pruritogenic nerves are IL-4, IL-13 and IL-31, all of which are associated with Th2 cells and which can be released from mast cells, among others. Other sources of these cytokines include natural killer cells, basophils and eosinophils, although the contribution of these latter cell populations to itch is not well defined.
The role of Th2 cells in pruritic skin diseases, especially in AD, is well documented (Gandhi et al., 2017), and forms the basis for some of the most effective treatments of itch in AD (Ruzicka et al., 2017; Gooderham et al., 2018; Bawany et al., 2020). Dupilumab inhibits the effect of IL-4 and IL-13 by blocking the IL-4α subunit which is shared by both cytokines, while Nemolizumab targets IL-31RA to block the effect of IL-31 (Ruzicka et al., 2017). IL-4 and IL-13 act both as amplifiers of Th2 responses that contribute to the upkeep of the environment that promotes pruritic signaling (Furue et al., 2019), and as direct activators of pruritic nerve endings (Campion et al., 2019). IL-31 acts on both keratinocytes and sensory nerves (Sonkoly et al., 2006), although its direct link to itch is only proven in mice, since in humans it does not induce immediate, only delayed itch responses (Hawro et al., 2014). Nevertheless, Nemolizumab has been proven to be efficacious in the treatment of AD (Ruzicka et al., 2017), which hints that in humans IL-31 acts indirectly to induce itch.
An indirect contribution of the abovementioned cytokines to the development of chronic itch is their contribution to barrier dysfunction, by the downregulation of skin barrier proteins in keratinocytes (Kim et al., 2008). Since this may lead to the release of TSLP that strengthens Th2 cell functions (Kitajima et al., 2011), we can once again see a possible positive feedback loop that may lead to the chronification of itch. Keratinocytes may also produce IL-33, which also leads to Th2 polarization in AD (Imai, 2019), and results in IL-31 secretion from mast cells (Petra et al., 2018). Recently, next to its direct pruritogenic effect, the role of the extracellular matrix protein periostin emerged as a regulator of barrier functions, and an amplifier of Th2 responses, as well (Hashimoto et al., 2021a).
Neurogenic Pruritus – Role of Sensory Neurons in the Establishment of a Pruritus-Prone Local Milieu
The crucial role of the cutaneous immune cells and keratinocytes in the establishment of a local pruritic environment via the secretion of mediators that signal toward the itch-detecting sensory fibers in various skin conditions is unquestionable. However, emerging evidence supports the concept that this is not a one-way interaction, but rather a local pruritic intercellular network between the sensory neurons and the peripheral cells, in which the neurons can also actively take part by influencing the function of the neighboring cells, and thereby contributing to the development of an inflamed, pro-pruritic local tissue micromilieu. The “classical” concept of neurogenic inflammation has been known since the ‘60s, when Miklós Jancsó and his colleagues showed that the excitation of capsaicin-sensitive nerve endings causes local inflammation (Jancsó et al., 1967, 1968). Later research described the “sensocrine” function of the sensory neurons by which they release neuropeptides such as substance P (SP) and calcitonin gene related peptide (CGRP), as well as glutamate, ATP, chemokine (C–C motif) ligand 2 (CCL2), colony stimulating factor 1 (CSF-1) and other mediators, including even micro-RNAs at the peripheral nerve endings. These sensory neuron-derived mediators can influence the local barrier and immune functions as well as inflammatory responses (Shouman and Benarroch, 2021). As time passes, more and more specific “neuron-to-periphery” interactions are identified, and some of them are likely to have an impact on the development of pruritus.
Neuropeptides released from the sensory nerve endings, especially from C-fibers, can target keratinocytes, dermal endothelial cells, mast cells, Langerhans cells, and lymphocytes as well. For example, SP can increase histamine and TNFα release from mast cells, IL-1, IL-6 and IL-8 production in keratinocytes, or IL-8 production in dermal microvascular endothelial cells, all contributing to local inflammation (Ansel et al., 1997; Choi and Di Nardo, 2018; Shouman and Benarroch, 2021). In contrast to the inflammatory role of SP, the effect of CGRP is more ambiguous. It can activate mast cells, evoke vasodilation (Ansel et al., 1997; Choi and Di Nardo, 2018; Shouman and Benarroch, 2021), and shift Langerhans cells-initiated immune responses toward Th2 direction (Ding et al., 2008), but it was also found to inhibit 5-HT- or histamine-induced inflammatory responses (Granstein et al., 2015), as well as the Th2 cytokine production in type 2 innate lymphoid cells (Wallrapp et al., 2019). Somatostatin is also released from the peripheral sensory endings, but it evokes rather anti-inflammatory responses (Szolcsányi et al., 1998; Helyes et al., 2004, 2009).
As described above, Th2 cell mediated immune responses play a crucial role in the development and maintenance of a pruritic tissue environment. It was shown in a mouse AD model that substance P-dependent neurogenic inflammation mediated the stress-evoked shift in the cutaneous cytokine profile toward Th2 cytokines (Pavlovic et al., 2008). Moreover, sensory neuron-derived SP can regulate allergic responses as well. It was recently described that allergen house dust mite proteases activate TRPV1 expressing sensory neurons resulting in SP release, and SP then induces mast cell degranulation via MRGPRB2 (Serhan et al., 2019). Another recent study also demonstrated that intradermal injection of protease allergens initiated not only immediate itch and pain behavior, but stimulated SP (and inhibited CGRP) release from TRPV1 expressing sensory fibers. The released SP activated the CD301b + dendritic cells and induced their migration to draining lymph nodes, where these cells were responsible for Th2-differentiation. It was found that ablation or pharmacological blockade of allergen responder TRPV1+ sensory neurons decreased allergen-induced Th2 cell differentiation and related IL-4 and IL-13 expression (Perner et al., 2020). Moreover, CGRP released from cutaneous sensory nerve endings was also described to stimulate CD301b+ dendritic cells to produce IL-23 in murine skin, which resulted in increased IL-17A production of γδT cells (Kashem et al., 2015).
Importantly, cutaneous sensory neurons can not only initiate but also suppress this inflammatory, pruritic environment. In contrast to neuropeptides, some non-peptidergic fibers expressing MRGPRD can negatively regulate mast cells via glutamate release, which likely acts via an ionotropic glutamate receptor heterodimer composed of glutamate ionotropic receptor kainate type subunit 2 (GIRK2/GLUR6) and GIRK5 expressed by mast cells (Zhang et al., 2021).
PRURITIC DISEASES
Pruritus is a common symptom of several dermatological and systemic diseases with the involvement of the above discussed cutaneous immuno-neuronal crosstalk. In the next part of our review, we provide a concise summary of some of these diseases and the potential mechanisms which can lead to the development of the pruritic symptoms (Table 2).
TABLE 2 | Overview of the potential pathogenesis of itch in selected pruritic diseases and pathological conditions.
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Contact Dermatitis
There are two forms of contact dermatitis to distinguish: irritant and allergic contact dermatitis (ICD and ACD, respectively). In case of ICD, the primary cause is a (chronic) exposure to irritants that causes epidermal barrier perturbation. Epidermal keratinocytes are the primary targets of the irritants. Upon exposure, they subsequently synthesize and release pro-inflammatory cytokines that are not biased toward Th2-mediated immune responses. Indeed, the infiltrating T cells rather belong to the Th1 class and especially IL-2, IFNγ, IL-1α, IL-1β, IL-6, CXCL-8, TNFα, GMCSF, and VEGF are upregulated in the skin (Lisby and Baadsgaard, 2006; Lee et al., 2013). Importantly, different irritants can differentially affect cytokine levels, and can evoke various biological responses in keratinocytes ranging from hyperproliferation to necrotic cell death. Itch is a common symptom in ICD, but pain-like sensations (e.g., stinging or burning) are also often observed (Lisby and Baadsgaard, 2006; Bains et al., 2019). In contrast, ACD is a delayed, type 4 hypersensitivity reaction, i.e., an antigen-specific T-cell mediated inflammatory response to repeated exposure. It is composed of two distinct immunological phases, i.e., the sensitization and the elicitation or effector phase. In the sensitization phase, the haptens penetrate the epidermal barrier, and establish direct contacts with various skin components including MHC molecules expressed by epidermal Langerhans cells resulting in the activation of said cells. Activated, allergen-presenting Langerhans cells travel to the draining lymph nodes to be recognized by specific T cells. This process is associated with a cascade of cytokine production that stimulates the proliferation of the specific allergen-recognizing T cells which finally enter the circulation in high numbers. Upon a repeated allergen contact, the effector phase is initiated. The activated antigen presenting cells recruit the circulating primed T cells that will locally be activated by the allergens and will subsequently release large amounts of inflammatory cytokines thereby contributing to the local inflammation. This reaction typically peaks in 12–48 h after the allergen exposure. This process involves both type 1 and type 2 cytokines, which, beyond the inflammatory responses, can initiate ACD-associated sensory phenomena, like itch (Rustemeyer et al., 2006; Leonard and Guttman-Yassky, 2019).
A recent study compared itch and pain behavior, and scored the accompanying inflammation in mouse hypersensitivity models of ICD and ACD. The authors applied the same topical challenge for both conditions, using the hapten squaric acid dibutylester (SADBE; challenge with 1% solution on three consecutive days). The two experimental protocols only differed in the sensitization phase, when SADBE was applied to the abdominal skin of the animals belonging to the ACD group, whereas ICD mice as well as members of the control group received acetone. Finally, both group was challenged with 1% SADBE on the tested skin area (cheek or calf). It was found, that both ICD and ACD are characterized by itch- and pain-related behavior, inflammatory symptoms and pro-inflammatory cytokine production, but in general, both the sensory symptoms as well as the inflammatory features are stronger in ACD than in ICD. However, C-X-C motif chemokine ligand 10 (CXCL10) was elevated only in ACD (Zhang et al., 2019). Moreover, in SADBE-induced murine ACD, chemokine receptor CXCR3, which serves as the receptor of CXCL10, was upregulated in the DRG and its pharmacological inhibition attenuated spontaneous itch, but not pain. Injected CXCL10, on the other hand, evoked itch-, but not pain-related behavior in ACD mice (Qu et al., 2015).
Importantly, the exact pathomechanism, the cytokine production, and T-cell polarization in contact dermatitis largely depend on the allergen both in humans and in mice (Dhingra et al., 2014; Leonard and Guttman-Yassky, 2019). For example, nickel induces Th1-biased responses with certain Th17 and Th22 elements, whereas house dust mite elicits Th2-polarized responses with additional Th9 and Th17/Th22 activation, and fragrance allergens cause Th2/Th22 skewed immune responses (Dhingra et al., 2014; Malik et al., 2017; Leonard and Guttman-Yassky, 2019). Allergen-specific reactions were also identified in skin biopsies after food patch tests applied in delayed-type hypersensitivity food reaction. For example, besides Th17 polarization, peanut, but not beef or codfish, was also characterized by increased IL-33 expression (Ungar et al., 2017; Leonard and Guttman-Yassky, 2019). In mouse pruritic ACD models, the generally used oxazolone induced a mixed Th1/Th2 response with elevated level of 5-HT, ET-1, and substance P, but not TSLP. In contrast, the poison ivy-driven allergen urushiol resulted in Th2-biased responses associated with increased IL-33, TSLP, 5-HT, and ET-1 expression without affecting substance P (Liu et al., 2016, 2019). These mediators are capable of activating their own receptors in the itch-sensitive sensory neurons that transduce the pruritic signals likely via TRPA1 in oxazolone- and urushiol-induced ACD (Liu et al., 2013).
Urticaria
Chronic urticaria (CU) is characterized by the occurrence of weals (hives), angioedema, or both for more than 6 weeks, and is usually accompanied by severe pruritus (Gonçalo et al., 2021). It is estimated to affect ∼1% of the population, and it may significantly impair quality of life (Gonçalo et al., 2021). Although the signaling pathways involved in the development of itch in CU are not completely explored, pathological degranulation of dermal mast cells as well as dysregulation of basophil and eosinophil granulocytes and the subsequent histamine release appear to be central players in the process (Hon et al., 2021).
Indeed, the classical symptoms of urticaria are well-modelled by intradermal histamine injection. Besides pruritus, locally applied histamine also causes increased vascular permeability and development of edema (weal), as well as local vasodilation resulting in dermal hyperaemia (erythema), which latest is a consequence of neuropeptide release (SP and CGRP) from the activated mechano-insensitive, peptidergic C fibers. These symptoms are specifically related to histamine and are not associated to non-histaminergic itch (Andersen et al., 2015). Although urticaria is mainly characterized by a histaminergic nature, clinical data indicate that both histaminergic and non-histaminergic components may be involved in the development of pruritus in CU. Indeed, second generation antihistamines are recommended to be the first choice to alleviate itch (Hon et al., 2019), and, if they remain ineffective in spite of the elevation of their dose, administration of IgE-neutralizing antibodies (e.g., Omalizumab or the more effective Ligelizumab) (Wedi, 2020), corticosteroids, leukotriene receptor antagonists (e.g., montelukast), Cyclosporine A, or even certain antidepressants and anti-inflammatory drugs should be considered (Hon et al., 2019).
Importantly, recent research suggests that other mast cell and basophil granulocyte-related targets may also become useful tools in the treatment of CU. These include spleen tyrosine kinase (SYK; a down-stream target of the high-affinity IgE receptor FcεR1α), Bruton tyrosine kinase (BTK; an important regulator of IgE-independent mast cell activation), CRTh2 (a receptor for PGD2 expressed among others on mast cells), as well as H4 histamine and MRGPRX2 receptors (Hon et al., 2021). Last, but not least, besides the aforementioned biological drugs targeting mostly mast cells and basophils, eosinophil-targeting [e.g., ones neutralizing IL-5 [mepolizumab and reslizumab] or IL-5 receptor (benralizumab)], and other antibodies (interfering with the signaling of IL-1, IL-4, and TNF-α) also showed promising effects in clinical trials [for details, see (Hon et al., 2021)].
Atopic Dermatitis
AD is a chronic, inflammatory skin disease affecting ca. 20% of children and ca. 10% of adults in the industrial countries (Langan et al., 2020). Based on the symptoms and certain aspects of the pathogenesis, it can be classified into two major subtypes, i.e., “extrinsic” and “intrinsic” AD (Czarnowicki et al., 2019). The extrinsic endotype is more common. It usually develops on an atopic background, and it is characterized by eosinophilia, high serum IgE level, and greater filaggrin mutation rate as compared to the intrinsic endotype that exhibits female predominance, delayed onset, as well as lack of atopic background, and is characterized by a relatively more preserved barrier function, normal serum IgE level, and an increased prevalence of metal contact hypersensitivity (Czarnowicki et al., 2019). Importantly, the existence of intra-endotype variations in the immune polarization and epidermal barrier function is also well-described across different races (Czarnowicki et al., 2019). However, despite of the aforementioned complexity, it is well-evidenced that disturbance of each element of the complex cutaneous barrier (i.e., physicochemical, immunological and microbiological) (Proksch et al., 2008; Jensen and Proksch, 2009) is a key contributor in the development of AD (Bieber, 2008; Griffiths et al., 2017). Although clinical symptoms of the disease may exhibit a great inter-individual heterogeneity (Langan et al., 2020), development of eczematous lesions, intense pruritus, and a chronic or relapsing disease course are characteristic features of AD.
Of great importance, itch is not only one of the most unpleasant symptoms of AD, but, via the “itch-scratch cycle”, it also contributes to the pathogenesis of the disease by damaging the epidermal barrier, and facilitating the permeation of allergens and irritants (Mack and Kim, 2018; Furue et al., 2020; Langan et al., 2020; Nakahara et al., 2021). Thus, alleviating itch could be much more than a mere symptomatic treatment in AD. Research efforts of the last decades have highlighted the role of several itch mediators and pathways in AD-related pruritus (Langan et al., 2020; Umehara et al., 2021). Indeed, periostin (Mishra et al., 2020) and type 2 cytokines (e.g., IL-4, IL-13, IL-31, and TSLP) (Yang and Kim, 2019) and most especially, the IL-4—neuronal IL-4 receptor interaction, together with the subsequent JAK-1 signaling appear to be key players in the process (Cevikbas et al., 2014; Oetjen et al., 2017), whereas histamine and its key pruritic receptors are likely to be of inferior significance (Umehara et al., 2021). Indeed, “classical” anti-histamines targeting H1R failed to be effective as “add-on” therapy in eczema (Matterne et al., 2019), although recently, promising results were published with H4R antagonists (Werfel et al., 2019) and combination of H1R and H4R antagonists (Köchling et al., 2017). On the other hand, dupilumab (a human monoclonal antibody blocking the effects of IL-4 and IL-13 and thereby interfering with the activation of Th2 cells and group 2 innate lymphoid cells (Beck et al., 2014; Imai et al., 2021)) monotherapy was greatly efficient in reducing Eczema Area and Severity Index (EASI) and pruritus scores in a double-blind placebo-controlled trial involving patients with moderate-to-severe AD (Beck et al., 2014). Likewise, nemolizumab (CIM331), a humanized antibody against interleukin-31 receptor A could also significantly improve pruritus in patients with moderate-to-severe AD in a phase 2, randomized, double-blind, placebo-controlled study (Ruzicka et al., 2017).
Recent pieces of evidence argue that dysregulation of other signaling pathways (e.g., cutaneous cannabinoid (Tóth et al., 2019), and opioidergic signaling (Slominski, 2015; Bigliardi et al., 2016)) may also contribute to AD-related pruritus. Indeed, CB1 and CB2 cannabinoid receptors, as well as κ-opioid receptor (KOR) were found to be significantly downregulated in the lesional skin of AD patients suffering from severe itch as compared to the non-itchy, non-lesional skin of the patients (RNAseq) (Nattkemper et al., 2018). In line with these data, KOR, as well as dynorphin A 1-17 and dynorphin A 1-8 were found to be down-regulated in the lesional epidermis of AD patients (Tominaga et al., 2007), and topically applied nalfurafine (a selective KOR agonist) alleviated itch in AD (Inui, 2015; Elliott et al., 2016). Moreover, the serum concentration of β-endorphin (an endogenous opioid exhibiting higher affinity towards the “pro-pruritic” μ-opioid receptor) was found to be elevated in AD, and its level correlated with the severity of itch (Lee et al., 2006). Taken together, these pieces of evidence suggest that dysregulation of homeostatic cutaneous cannabinoid and opioid signaling may contribute to the development of pruritus in AD.
Importantly, several other peptide and lipid signaling pathways were also suggested to be involved in the development of AD-related itch. Indeed, both the number of mast cell–sensory nerve contacts, as well as the number of SP and CGRP positive nerve fibers were elevated in the lesional epidermis of AD patients as compared to healthy controls (Järvikallio et al., 2003). Moreover, the NKR1 antagonist aprepitant was found to exert significant anti-pruritic effects in AD suggesting that the SP–NKR1 pathway is also important in AD-related itch (Ständer et al., 2010). Moreover, 12/15-LOX and COX pathways were also found to be dysregulated in the lesional skin of AD patients leading to the elevation of the levels of several potentially pruritogenic lipid mediators, including 12-hydroxy-eicosatetraenoic acid (12-HETE), leukotriene B4 (LTB4), thromboxane B2 (TXB2), prostaglandin (PG) E2, and PGF2 (Töröcsik et al., 2019).
Last, but not least, it should also be noted that TRPV3 is a potent promoter of the production and release of various pro-inflammatory regulators on multiple cell types of the human skin, including keratinocytes and sebocytes (Szöllősi et al., 2018; Szántó et al., 2019), and is likely to play a role in dry skin dermatoses (Szántó et al., 2019), including AD as well as AD-related pruritus. Indeed, PAR2 and TRPV3 were shown to be up-regulated in skin biopsies of AD patients (Zhao et al., 2020). Activation of PAR2 on epidermal keratinocytes was shown to influence Ca2+-homeostasis of the cells via STIM1-Orai1 interaction, resulting in TSLP release leading to itch (Wilson et al., 2013). More recently, it has also been demonstrated that the ability of keratinocyte PAR2 activation to evoke TSLP release and subsequent itch can be abrogated by the genetic deletion of TRPV3, arguing that the two receptors may cooperate in mediating itch in AD (Zhao et al., 2020). Finally, according to a recent study, the IL-31-induced BNP-release from the sensory neurons increases TRPV3 expression and activity on epidermal keratinocytes in a natriuretic peptide receptor 1 (NPR1)-dependent manner. Enhanced activity of TRPV3 in turn led to elevated SERPIN E1 [a.k.a. plasminogen activator inhibitor 1; an adipokine expressed in keratinocytes as well (Kovács et al., 2020)] release that evoked itch (Larkin et al., 2021). Thus, abrogation of TRPV3 activity promises to be a powerful tool to alleviate itch in AD.
Psoriasis Vulgaris
Psoriasis is a common inflammatory skin disease affecting 1–3% of the world population (Szepietowski and Reich, 2016) characterized by sharply demarcated, erythematous, pruritic plaques covered in grey scales that can cover large areas on the extensor surfaces of the limbs, the trunk, and the scalp (Rendon and Schäkel, 2019). Even though the name derives from the Greek word for itch (psora), pruritus has long been an overlooked aspect of the disease, even though 60–90% of psoriatic patients report itch as one of their symptoms. Indeed, many report pruritus as the most bothersome of their symptoms (Komiya et al., 2020). The treatment of pruritus in psoriatic disease poses an unmet need, since antihistamines are generally considered to have only moderate effects, and the exact cause of itch remains unknown in psoriatic lesions (Domagała et al., 2017).
Psoriasis can easily be considered an immuno-epithelial disease, since the main driving factor of plaque development is the production of IL-17 and IL-22 by Th17 cells, which is initiated by TNFα and IL-23 from dendritic cells (Zheng et al., 2007). These cytokines have not been linked directly to pruritus, and it is likely that itch develops as a secondary consequence of the disease, instead of being a primary symptom that leads to the development of the psoriatic plaques. Nevertheless monoclonal antibody treatment targeting IL-17 has been reported to improve itch in psoriasis (Bushmakin et al., 2015; Strober et al., 2016; Kimball et al., 2018).
The role of multiple pruritic mediators have been investigated in psoriasis, including neuropeptides, nerve growth factor, IL-31, and TSLP (Komiya et al., 2020). Neuropeptides, specifically SP and Neuropeptide Y (NPY), have been implicated in the pruritus found in psoriasis. The levels of SP (Saraceno et al., 2006), as well as the number of SP + fibers in pruritic psoriatic lesions (Nakamura et al., 2003) is increased, and serlopitant, an antagonist of the neurokinin-1 receptor, was effective against chronic itch (Yosipovitch et al., 2018). Interestingly, the effect of SP on murine dorsal root ganglia was found to be more dependent on MrgprA1 (Azimi et al., 2017), so it is possible that in humans SP also acts on MRGPRX2, which is also highly expressed in psoriatic lesions (Nattkemper et al., 2018). NPY, on the other hand is found at lower levels in psoriatic patients with pruritus (Reich et al., 2007), which is possibly explained by the finding that it suppresses mechanical itch transmission in wild-type mice (Acton et al., 2019). NGF expression was also found to be higher in psoriatic lesions, as well as the expression of the NGF receptor tropomyosin-receptor A, both of which correlated with the intensity of pruritus (Nakamura et al., 2003).
Multiple lines of evidence support the role of two classically AD-linked cytokines, TSLP and IL-31 in psoriasis. The serum level of both TSLP and IL-31 is elevated in patients with pruritic psoriasis (Narbutt et al., 2013; Suwarsa et al., 2019), as well the number of IL-31-immunoreactive mast cells at lesional sites (Niyonsaba et al., 2010), while TSLP expression is increased in the epidermis of psoriatic lesions (Volpe et al., 2014). TSLP has also been linked more directly to scalp psoriasis (Volpe et al., 2014).
The sphingolipid metabolite S1P is also associated to psoriasis. S1P, similar to IL-23, primes the maturation of Th17 cells via S1PR1 (Huang et al., 2007; Liao et al., 2007). Indeed, in psoriasis, elevated plasma S1P level was reported (Checa et al., 2015; Myśliwiec et al., 2017), which may stimulate pruriceptive fibers via S1PR3 (Hill et al., 2018), as discussed above.
The involvement of the nervous system in the pathogenesis of the disease has been suspected for some time. Multiple reports (Raychaudhuri and Farber, 1993; Zhu et al., 2016; Onderdijk et al., 2017; Keçici et al., 2018; Qin et al., 2021) showed that denervation of the skin on one side of the body can lead to the clearance of the lesions, and that stress can exacerbate the disease (Harvima et al., 1993; Singh et al., 1999). The mechanisms behind these observations were considered to be both increased local production of neuropeptides (Hosoi et al., 1993), and changes in the density of innervation in psoriatic lesions. Interestingly, both increased (Naukkarinen et al., 1991) and decreased innervation have been reported (Pergolizzi et al., 1998), as well as some reports that found no significant differences (Di Francesco et al., 1978; Armagni et al., 1979). Since, as mentioned above epidermal keratinocytes in psoriasis produce increased levels of NGF (Pincelli, 2000), it is logical to assume that this would influence the growth of nerves (Kou et al., 2012). Applying a selective optogenetic stimulation of TRPV1+ cutaneous nerve endings in mice resulted in the development of type 17 inflammatory response associated with histological features that highly resembled the imiquimod-induced psoriasiform lesions. The ablation of TRPV1+ sensory fibers attenuated these responses clearly indicating that psoriasiform symptoms can develop on neurogenic inflammatory background (Cohen et al., 2019).
Prurigo Nodularis
Prurigo nodularis is a chronic inflammatory skin disease characterized by multiple extremely pruritic lesions commonly found on the trunk and the extensor surfaces of the extremities (Mullins et al., 2021). Prurigo nodularis commonly occurs with other diseases, including AD, xerosis cutis, excoriation disorder, hypertension, type II diabetes mellitus, chronic kidney disease, HIV infection, substance-use disorders, mood disorders, and obesity (Mullins et al., 2021; Pereira et al., 2021). The exact pathophysiology of the disease is still unknown, but a strong neural component is likely based on increased number of protein gene product 9.5 immunoreactive nerve fibers and increased expression of SP and CGRP in the lesions (Abadía Molina et al., 1992; Lee and Shumack, 2005). Both neuropeptides stimulate local immune responses and promote endothelial cell proliferation through the release of vascular endothelial growth factor, and further increase in the number of nerve fibers through NGF production (Choi and Di Nardo, 2018). In terms of the immune system, lesional skin in PN contains a dense infiltrate of eosinophils, mast cells and T cells. These cells contribute multiple cytokines to the inflammatory milieu of the lesions, including IL-4 and VIP from eosinophils (who can also contribute NGF and SP) (Johansson et al., 2000), IL-31 from T lymphocytes and macrophages (Hashimoto et al., 2021b) and histamine and prostaglandins from mast cells (Zeidler et al., 2018).
Cutaneous T-Cell Lymphoma
Cutaneous T-cell lymphoma is typically divided into two common subtypes: mycosis fungoides (MF) and its leukemic variant, Sézary syndrome (SS). Pruritus affects a large population (approximately 88%) of both subtypes, and the severity of itch increases in late-stage disease, as well as being higher in general in SS (Vij and Duvic, 2012; Nattkemper et al., 2016). Pruritus in these patients responds poorly to treatment, which is unsurprising considering the fact the exact mechanism behind it is still unknown. Various mediators have implicated, although mostly based on empirical experience in a limited number of patients.
IL-31 levels are higher in sera of patients with MF and SS (Ohmatsu et al., 2012; Malek et al., 2015), although other results show contradictory results (Möbs et al., 2015). It is also unclear whether the IL-31 serum levels correlate with disease or pruritus severity (Malek et al., 2015). IL-31 expression locally in the skin is also increased, as well as the level of IL-31RA and OSMRβ (Nattkemper et al., 2016).
IL-4 and IL-13 may also play important roles in itch in these patients, since dupilimab significantly reduced itch in a patient with SS (Steck et al., 2020). SP may also be involved in itch in both SS and MF, since multiple reports show that the NK1 receptor antagonist aprepritant showed some efficacy in alleviating pruritus (Duval and Dubertret, 2009; Booken et al., 2011; Ladizinski et al., 2012; Torres et al., 2012; Song et al., 2017).
Selected Systemic Diseases and Pathological Conditions
Dermatomyositis
Dermatomyositis (DM) is a rare heterogeneous systemic autoimmune connective tissue disease, which is a subtype of idiopathic inflammatory myopathies. DM might have a wide variety of clinical manifestations including lung, joint, esophageal and cardiac findings; however, its hallmark features are the characteristic skin manifestations and progressive symmetrical muscle weakness (Griger et al., 2017). Based on data from question surveys, the majority of the patients (84.6–90.4%) suffers from pruritus (Shirani et al., 2004; Kim et al., 2018) which has a significant impact on quality of life (QoL). It seems that the severity of pruritus significantly correlates with disease activity, but the pathogenesis of DM-related itch is poorly understood. One small retrospective study (Khanna et al., 2020) found that there is a trend between histopathologic presence of eosinophils in skin biopsies, and pruritus. Recently, it was shown that IL-31 and IL-31RA gene expression in lesional skin was upregulated compared with either non-lesional skin or that from healthy controls (Kim et al., 2018). IL-31 mRNA expression also positively correlated with itch score and immunoreactivity for IL-31 and IL-31RA was greater in lesional skin. Furthermore, lesional DM skin contained significantly more IL-31-producing cells, of which CD4+ cells were the most abundant IL-31-expressing cell type (Kim et al., 2018). Importantly, lenabasum (a.k.a. JBT-101 or ajulemic acid), an investigational, non-psychotropic, orally bioavailable CB2 receptor agonist with remarkable anti-inflammatory potential, was recently found to significantly downregulate IL-31 in CpG-stimulated PBMCs in vitro (Kim et al., 2018). These data indicate that lenabasum may have potential as a new therapy for DM and DM-related itch; its efficiency is also currently being tested in a phase 3 clinical trial (NCT03813160).
Systemic Sclerosis
Systemic sclerosis (SSc) is a rare and complex chronic autoimmune connective tissue disease characterized by Raynaud’s phenomenon (RP), nailfold capillary changes, excessive production of collagen, manifested as skin thickening and fibrosis of internal organs such as the lungs, heart, gastrointestinal tract, and kidneys. Clinically, patients can be subdivided into limited cutaneous SSc (lcSSc) and diffuse cutaneous SSc (dcSSc) forms. Pruritus represents a common, but infrequently reported skin symptom in SSc, with a prevalence of 43–62% (El-Baalbaki et al., 2010; Razykov et al., 2013; Théréné et al., 2017). It is significantly associated with greater skin and gastrointestinal involvement (Razykov et al., 2013) as well as worse mental status, physical function, and disability (El-Baalbaki et al., 2010).
The pathophysiology of pruritus in patients with SSc is unknown. Pruritus could arise either from 1) abnormalities of nerve fiber endings in SSc skin, 2) from the presence of an excess of mast cells, and/or 3) from the release of local mediators in the skin. The role of chemokines (derived not only from mast cells, but possibly also from other perivascular immune cells) on SSc itch is also of interest (Frech and Baron, 2013). Previous clinical observations in SSc, namely that pruritus is associated with sensory symptoms that predominate in the extremities and non-sclerotic areas, argue for a neuropathic component of pruritus (Théréné et al., 2017). The compression of small nerve fibers by thickened and/or dense collagen might contribute to the neuropathic component. A reduction of sensory and autonomic innervation in both sclerotic and apparently uninvolved skin has been reported in SSc (Provitera et al., 2005) with mast cell association early in the pathologic process. In addition, an inflammatory and immunological component of neuropathic pruritus had also been adduced by regeneration of C-fibers after destruction by collagen deposition and increasing sensitization of itch fibers by inflammatory mediators (Haber et al., 2016). On the other hand, elevated levels of histamine were found in 56% of patients with SSc and was more common in patients with diffuse disease (74%), in contrast to limited disease (31%), thus mast cells and histamine could also be the part of the pathogenesis of SSc-related itch (Falanga et al., 1990).
Chronic Renal Failure
Chronic renal failure is a worldwide public health problem with a global prevalence rate of 13.4% (Hill et al., 2016). Based on data of a multicenter study from 18,801 hemodialysis patients, moderate to extreme pruritus was experienced by 42% (Pisoni et al., 2006). The importance of pruritus is underlined not only because of poorer quality of life of the patients, but pruritus in HD patients was significantly associated with a 17% higher mortality risk (Pisoni et al., 2006). Although the association between chronic renal failure and skin itching has been recognized for more than a century, the exact pathogenesis of pruritus in renal failure remains poorly understood. It seems that uremic pruritus cannot be caused by a single factor, whereas many metabolic factors have been implicated in the pathogenesis of itching. Based on the existing literature, 4 general theories have emerged: 1) toxin deposition, 2) peripheral neuropathy, 3) immune system dysregulation, and 4) opioid imbalance (Verduzco and Shirazian, 2020).
The initial theory of chronic renal failure associated pruritus pathogenesis is deposition of pruritogenic toxins in the skin, like uremic compounds, vitamin A, calcium, phosphorus, and magnesium. This theory is mainly based on early observations, like pruritus is associated with underdialysis, improvement of pruritus after treatment of high calcium, parathormone and phosphorus level (Hampers et al., 1968; Hiroshige et al., 1995; Kimata et al., 2014; Mettang and Kremer, 2015), but further studies have not confirmed these associations (Shirazian et al., 2013). It is currently thought that underdialysis and toxin deposition may cause pruritus in a subset of patients, which should resolve with adequate dialysis. The second theory is based on the fact that in patients with chronic dialysis, there is a high prevalence of peripheral neuropathy and autonomic dysfunction, which could lead to abnormal skin innervation and nerve conduction resulting itch sensation. The pruritus in uremic patients occurred significantly more frequently in patients with paresthesia (Verduzco and Shirazian, 2020) and gabapentin, a drug approved for the treatment of epilepsy and neuropathic pain significantly reduced pruritus score, supporting the neuropathic hypothesis of uremic pruritus (Gunal et al., 2004).
The elevated levels of pro-inflammatory cytokines and inflammatory markers (C-reactive protein, IL-6, and IL-2) in patients with severe pruritus argue for the hypothesis that dysregulation of the immune system underlies pruritus in kidney disease (Kimmel et al., 2006; Narita et al., 2006). It is further supported by the fact that after kidney transplantation patients do not complain about pruritus as long as immunosuppressive therapy, including cyclosporine or tacrolimus is administered, even when a substantial loss of transplant function has occurred (Mettang et al., 2002). In addition, in small randomized trials thalidomide and tacrolimus ointment were effective in the therapy of uremic pruritus (Silva et al., 1994; Pauli-Magnus et al., 2000). However the effectivity of this latter compound was not proved by another vehicle controlled study (Duque et al., 2005). Increased levels of eosinophils, mast cells, histamine and tryptase have also been found in patients with uremic pruritus, which might draw attention to this hypothesis (Francos et al., 1991; Dugas-Breit et al., 2005).
Finally, the alteration of the opioid pathway, modulation of its receptors and cellular processes might also affect chronic renal failure associated pruritus. Overstimulation of central μ-opioid receptors, antagonism of peripheral κ-opioid receptors, or an imbalance of stimulation and antagonism of μ- and κ -opioid receptors causes itching (Tey and Yosipovitch, 2011; Verduzco and Shirazian, 2020). In a recently published double blind, randomized trial, difelikefalin, a peripherally restricted and selective agonist of κ opioid receptors, had a significant reduction in itch intensity and improved itch-related quality of life as compared with those who received placebo in patients undergoing hemodialysis who had moderate-to-severe pruritus (Fishbane et al., 2020). In addition, nalfurafine hydrochloride, an κ-opioid-selective agonist, has been officially approved for resistant pruritus in HD patients on the basis of a well-evidenced clinical trial in Japan (Inui, 2015).
Cholestatic Liver Diseases
Pruritus is a common and debilitating symptom in patients with cholestatic liver pathology such as cholangiocellular (primary biliary cholangitis, primary sclerosing cholangitis), obstructive biliary (gallstone diseases, pancreatic head carcinoma, etc.,) and hepatocellular (pregnancy related cholestasis, viral hepatitis) diseases. The pathogenesis of itch in cholestatic disease remains elusive and is likely multifactorial, while the mechanisms of HCV-associated pruritus are attributed to HCV induced cholestasis and the induction of interferon stimulated genes as a result of viral overload (Alhmada et al., 2017). Numerous candidate pruritogens are present in bile and upregulated in cholestatic patients, including endogenous opioids, histamine, serotonin, lysophosphatidic acid (LPA), bilirubin, and bile acids (BA) (Beuers et al., 2014). These substances might interact with the nerve endings of the skin and induce the sensation of itching. One of these key factors is Autotaxin (ATX), whose elevated activity in patients’ sera may be a consequence of HCV-induced chronic liver diseases and has a crucial role in the synthesis of LPA (Ikeda et al., 2009). Under pathological conditions elevated bile salts in patient’s tissues and sera are able to signal the activation of ATX-LPA signaling (Nguyen et al., 2014), leading to the accumulation of LPA, which can initiate the pruritus via its receptor LPA5 (Yamanoi et al., 2019). LPA is able to trigger the activation of TRPV1 and TRPA1 (Nieto-Posadas et al., 2011; Kittaka et al., 2017) and regulation of LPA by PI3k, protein kinase A (PKA) and C (PKC)-dependent mechanisms has been reported (Kassmann et al., 2013). Most recently, the LPA precursor lysophosphatidylcholine (LPC) was shown to directly bind to and activate epidermal TRPV4 resulting in the release of a micro RNA (miR-146a) which activates pruriceptive cutaneous nerve endings eliciting itch. The miR-146 evoked neural activation depended on TRPV1 activation, although the exact mechanism is not discovered yet. Importantly from a clinical point of view, elevated levels of LPC and miR-146 were found in pruritic primary biliary cholangitis patients compared to non-itching patients and the concentration of both LPC and miR-146a correlated with the severity of itch, although in another sample, there was no significant difference between primary biliary cholangitis patients and healthy subjects (Chen Y. et al., 2021).
Furthermore, animal experiments revealed that BAs activate TGR5 on sensory nerves. TGR5 is a Gs protein coupled bile acid receptor that is known to regulate metabolic processes in several tissues (Guo et al., 2016), which stimulates the release of neuropeptides in the spinal cord that transmit itch and analgesia (Alemi et al., 2013). It was found that TRPA1 is involved in this BA-evoked, TGR5-dependent pruritus in mice (Lieu et al., 2014). However, recently, experiments based on expression characterizations as well as functional assays revealed that TGR5 is not expressed in human DRG neurons and does not directly mediate itch sensation in human (Yu et al., 2019). Instead, it was proved, using humanized mouse models and calcium imaging, that the human sensory neuron-expressed MRGPRX4 is a novel bile acid receptor. The data suggest that targeting MRGPRX4 is a promising strategy for alleviating cholestatic itch (Meixiong et al., 2019b; Yu et al., 2019). Moreover, in a mouse biliary duct ligation model of cholestasis, that induced spontaneous itching, an increased expression of BAM8-22 was detected in the skin, and its receptor MRGPRX1/MRGPRC11 and the related TRPA1 were also upregulated in the sensory neurons of the DRGs. In this model, the number of the BAM8-22 responsive neurons was increased and BAM8-22 seemed to potentiate the spontaneous itching behavior suggesting that peripheral BAM8-22 may also mediate cholestatic itch (Sanjel et al., 2019). However, the recent recommendations for the treatment of cholestasis associated pruritus are based on 1) ursodeoxycholic acid (UDCA), which enhances biliary secretion of bile salts and other cholephiles; 2) the non-absorbable anion exchange resin cholestyramine, which binds a wide variety of amphiphilic molecules in the small intestinal lumen, increasing the bile excretion; 3) the potent pregnane X receptor agonist rifampicin, altering the metabolism of the presumed pruritogens in the liver and/or the gut by biotransformation and 4) opioid antagonists such as naltrexone and serotonin reuptake inhibitors such as sertraline, affecting the endogenous opioidergic and serotonergic system (European Association for the Study of the Liver, 2009; Bergasa, 2011; Kremer et al., 2011; Beuers et al., 2014).
THERAPEUTIC CONCLUSIONS
No universal itch-specific therapy has been established to date. The European guideline on chronic pruritus recommends several therapeutic options including diseases specific and various sympthomatic interventions based on a careful diagnosis and several individual factors (Weisshaar et al., 2019). The application of these diverse clinical approaches in different diseases and increasing evidence from recent research suggest that the anti-pruritic philosophers’ stone probably does not even exist. Inefficiency of antihistamines is well-established in several cases, and often-used immunosuppressants, for example glucocorticoids or calcineurin inhibitors are far from being specific in targeting pruritus or any specific pruritic disorders. They evoke their beneficial effect by generally suppressing immune responses, including several local immune-neuronal interactions characteristic for individual pathologies (Buddenkotte and Steinhoff, 2010). Specifically targeting this intercellular crosstalk locally in the skin may provide a highly specific and effective therapeutic approach with fewer side effects. The possible targets can be the pruritic mediators, their receptors and the related signaling pathways carefully chosen in light of the underlying pathology. The putative efficiency of such a selective approach is supported by several successful attempts using monoclonal neutralizing antibodies targeting Th2 and Th17 cytokines or their receptors e.g., in the treatment of AD and psoriasis, respectively (Fourzali et al., 2020; Zhang and He, 2020; Garcovich et al., 2021). The related signal transduction of these receptors can also be successfully targeted e.g., by JAK or phosphodiesterase 4 inhibitors (Fourzali et al., 2020; Soeberdt et al., 2020). Future alternative targets may be neural receptors (e.g., MRGPRs), signaling molecules, and ion channels (e.g., TRP channels) involved in the transduction of itch (Buddenkotte and Steinhoff, 2010; Tóth et al., 2015; Moore et al., 2018; Xie and Hu, 2018; Golpanian and Yosipovitch, 2020). However, the investigation of the specificity of these novel methods requires a cautious approach since certain molecular elements may overlap with different sensory transduction systems. For example, TRPV1 and TRPA1 are known not only as pruritic ion channels, but they also take part in temperature sensation and regulation, as well as in nociception (Vriens et al., 2014; Moore et al., 2018). Therefore, better understanding of the cutaneous pruritic interactions and identification of novel therapeutic targets are of great importance in current pruritus research.
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Stainings
NLRP3 (IHC)
ASC (IHO)

NLRP3, NeuN (IF) and hoechst

NLRP3, ChAT (IF) and hoechst

NLRP3, GFAP (IF) and hoechst

NLRPS, IBAT (IF) and hoechst

NLRPS and AQP4 (IF)

NLRP3, GFAP and ASC (F)

IL-1B (WB)

IL-18 (WB)

-actin (WB)

Primary antibodies

Polyclonal goat against NLRPS, 1:500 (GTX88190, GeneTex)

Monocional mouse against ASC, 1:400 (sc-271054, Santa Cruz
Biotechnology)
Anti-NLRP3, 1:400

Polyclonal mouse against NeuN, 1:500 (MABS77, Milipore)
Anti-NLRP3, 1:400
Polyclonal rabbit against ChAT, 1:250 (GTX113164, GeneTex)

Anti-NLRP3, 1:400
Polyclonal rabbit against GFAP, 1:500 (ab7260, Abcarr)

Polyclonal goat against NLRPS, 1:400 (GTX88190, GeneTex)
Polyclonal rabbit against IBA1, 1:500 (019-19,741, Wako)
anti-NLRP3, 1:400

Polyclonal rabbit against AQP4, 1:100, (sc-390488, Santa Cruz
Biotechnology)

Anti-NLRP3, 1:400

Anti-GFAP, 1:500
Anti-ASC, 1:100
Polyclonal goat against IL-1p, 1:500 (AF-401-NA, R&D Systerms)

Polyclonal rabbit against IL-18, 1:500 (5180R-100, BioVision
Incorporated)

Monocional mouse against p-actin, 1:10,000 (A5441, Sigma-
Aldrich)

Secondary antibodies

Biotinylated rabbit anti-goat IgG antibody (H + L), 1:800 (BA-5000,
Vector Laboratories)

Biotinylated goat anti-mouse IgG antibody (H + L), 1:800 (BA-
5000, Vector Laboratories)

Alexa Fluor® 488 cross-adsorbed donkey anti-goat IgG, 1:500
(A-11055, Thermo Fisher Scientific)

OyTm5 AffiniPure donkey anti-mouse IgG (H + L), 1:500
(715-175-150, Jackson Immunoresearch)

Oy T3 AffiniPure donkey anti-goat IgG (H +L), 1:500 (705-165-
003, Jackson Immunoresearch)

Alexa Fluor® 488 AffiniPure donkey anti-rabbit IgG (H + L), 1:500
(711-545-152, Jackson Immunoresearch)

Alexa Fluor® 488 donkey anti-goat IgG (H + L), 1:500

Alexa Fluor® 546 highly cross-adsorbed donkey anti-rabbit IgG
(H + L), 1:500 (A-10040, Thermo Fisher Scientific)

Alexa Fluor® 488 donkey anti-goat IgG (H + L), 1:500

Alexa Fluor® 546 donkey anti-rabbit IgG, 1:500

Oy T3 donkey anti-goat IgG (H + L), 1:500

Alexa Fluor® 647 AffiniPure donkey anti-rabbit IgG (H + L), 1:500
(711-605-152, Jackson Immunoresearch)

Alexa Fluor® 488 cross-adsorbed donkey anti-goat IgG, 1:500
(A-11055, Thermo Fisher Scientific)

Alexa Fluor® 546 donkey anti-rabbit IgG, 1:500

Oy M5 donkey anti-mouse IgG, 1:500

HRP-conjugated rabbit anti-goat IgG (H + L), 1:4,000 (A5420,
Sigma-Aldrich)

HRP-conjugated goat anti-rabbit IgG (H + L), 1:4,000 (111-035-
003, Jackson Immunoresearch)

HRP-conjugated goat anti-mouse IgG (H + L), 1:4,000 (115-035-
003, Jackson Immunoresearch)

NLRP3, nucleotide-binding oligomerization domain-, LRR- and pyrin domain-containing protein 3; ASC, apoptosis-associated speck-like protein containing a caspase activation and
recruitment domain; IF, immunofiuorescence; IHC, immunohistochemistry: WB, westem biot; IL-1; interleukin-1 beta; IL-18, interleukin-18: GFAP, glial fibrillary acidic protein.
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Allergic contact dermatits (ACD)

Urticaria

Atopic dermatits (AD)

Psoriasis

Prurigo nodularis

Cutaneous T-cell lymphorma

Dermatomyositis

Systemic sclerosis

Chronic renal failure

Cholestatic liver diseases
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Keratinocyte injury and barrier damage — inflammatory response, T, 1 cytokines

Allergen specific, T cell mediated inflammatory responses, typically T2 type — 5-HTT, ET-17, TSLPT, CXCL10T, IL-83]
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Type 2 inflammation: IL-47, IL-137, IL-311, TSLPT

Dysregulation of cutaneous signaling pathways: opioid, cannabinoid, neuropepitide (SP—NKR1) signaiing
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Neuropathic component: Destruction of sensory fibers by accumulating collagen, and later regeneration by the inflammatory
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Mast cellsT, histamineT

EosinophilsT, mast celsT, histaminef, tryptasef, inflammation]
Peripheral neuropathy
Imbalance of - and « -opioid receptor activity
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Paraclinical tests

Blood and urine tests

Electrophysiological
testing

imaging methods

CSF analysis

Biopsy

Autonomic testing

Complete blood count; erythrocyte sedimentation rate; C-reactive
protein; fibrinogen; creatinine; blood urea nitrogen; electrolytes;
urinalysis; transaminases; gamma-glutamyl transpeptidase; akaline
phosphatase; lactate dehydrogenase; creatine kinase

G-ANCA and p-ANCA; antinuclear abs; anti-double-stranded DNA abs;
Ca; Ca: Cryoglobuiins; rheumatoid factor; anti-CCP abs; ACE; anti-ro/
SSA and anti-La/SSB abs

Hepatitis B surface antigen; hepatitis C abs; anti-HIV abs

Fasting glucose; HbA1G; vitamin By thyroid hormones; immunofixation
electrophoresis; immunogram; B, microglobulin; anti-tissue
transglutaminase abs; anti-borrelia burgdorferi abs; VDRL; toxicology
testing; spot urine for porphobilinogen and total porphyrins

NCS; EMG

Nociceptive-evoked potentials; microneurography

Optical coherence tomography; sinus x-ray; echocardiography:
abdominal ultrasound/CT; joint ultrasonography; contrast-enhanced
brain MRI

High resolution nerve sonography
Contrast-enhanced spine and limb MR

Corneal confocal microscopy
NFL (also from serum)

Glucose (CSF:serum ratio); protein; cell count

Angiotensin-converting enzyme
Nerve biopsy or combined nerve-muscle biopsy

Skin biopsy with quantification of IENFD

Dorsal root ganglia excisional biopsy
Ewing battery test; QSART; TST; SSR; SVR; ARFS

Utility

Activity and expansion of SARDs

Diagnosis of SARDs

Differential diagnosis of SARDs; Etiological diagnosis of neuropathy
Differential diagnosis of immune-meciated axonal neuropathy related to
SARDs

Diagnosis of axonal neuropathy

Fiber type involvement

Distribution of neuropathy

Severity of neuropathy

Function of somatic small fivers
Expansion of SARDs; Diagnosis of SARDs

Complementary role in mononeuropathy diagnosis

Enhancement of nerve roots, plexuses and nerves can occur in
sarcoidosis; hyperintense T2-weighted lesions and volumetric
redluction of posterior columns can oceur in chronic sensory
neuronopathy

Possible use in the diagnosis of sensory small fioer neuropathy
Might differentiate active vasculiic neuropathy from non-vasculitic
neuropathy

Pleocytosis and hypoglycorrhachia could be found in sarcoidosis
Pleocytosis might occur in AMAN

Elevated values might ocour in sarcoidosis

“Gold standard” for the diagnosis of vascuiltic neuropathy; should be
performed when there is a high suspicion of vasculitis

Diagnosis of small fiber neuropathy

Smallfiber neuropathy progression and response to treatment
Etiology of small fiber neuropathy

Rarely performed for the diagnoss of sensory neuronopathy
Cardiovascular autonomic reflex and sudomotor and vasodiation
function of autonomic fibers
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IL-31

IL-33

IL-13
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S1P
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(ds)RNA/hairpin structures of
self-RNA

Potential sources
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Mast cells, keratinocytes
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Mast cells, keratinocytes
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Keratinocytes

Ty2 type immune response

Ta2 type immune response

Neutrophils, Keratinocytes

Various leukocytes, especially in T2 type immune response

Erythrocytes, Endothelial cells, Mast cells, Denditic cells;
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Tissue damage?

Potential targets on sensory fibers: Receptors,
signal transduction, cellular responses

HIR — G — PLCB3/PLA2 — TRPV1
H4R — PLC — TRPV1
Further potential elements of transduction: PKCS, lipoxygenase
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Role of ERK1/2?
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Factors Influencing LKN Time to Recanalization (min)

Estimate Std. Error p-Value
ASC -0.195 0.087 0041
Caspase-1 3872 1.429 0016*
L-18 1777 0805 0.043*
LB 1.904 1.004 0.102
TPA -145.342 208.956 0497
BMI -31.165 15.832 0.068
CAD 883.713 264.213 0.004*
DM 601.35 263.286 0037

tPA, tissue plasminogen activator; BM, body mass index; CAD, Coronary artery disease;
DM, Diabetes Melitus. o < 0.05.
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Patient and procedural characteristics (N = 30)

Mean age (StdDev)
Male (%)
Median NIHSS (SEM)
IV APA (%)

Comorbidities
Congestive heart failure (%)
Atrial fiorilation (%)
Coronary artery disease (%)
Diabetes mellitus (%)
Hyperiipidemia (%)
Hypertension (%)
Cancer (%)
Prior stroke (%)
Smoking (%)
Substance abuse (%)
Antiplatelet (%)
Anticoagulation (%)
Median mRS pre-MT
Median time LKN to recanalization (SEM)
Mean # passes
Stentriever (%)
ADAPT (%)

TIC! score
28 (%)
2C (%)
3 (%)

Hemorrhage
fICH (%)
SICH (%)
Median mRS @ discharge
Death (%)

70 (15)
18 (60%)
16 (1.1)
14 (46%)

3(10%)
14 (47%)
10 (33%)
9 (30%)
13 (43%)
26 (87%)
5(17%)
9 (30%)
13 (43%)
4 (13%)

4(13%)

6 (20%)

0(0.23

303 min (92)

18(1.1)
22 (73%)
8(2.7%)

2(6.7%)
7 (28%)
21 (70%)

9 (30%)
2(6.7%)
4(0.39)
7 (28%)

tPA, tissue plasminogen activator; mRS, modified ranking score; MT, mechanical
thrombectomy; LKN, Last known normal; ADAPT, a direct aspiration first pass
technique, TICI: thrombolysis in cerebral infarction; riCH, radiographic intracranial
hemomhage; siH, symplomatic intracranial hemorrhage.
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Factors influencing Number of Passes

Estimate std. Error
L-18 0045 0030
IL-1p 0019 0010
TiCI -5.353 2221
Smoking -0.951 0835

TICI, Thrombolysis in Cerebral Infarction. *p < 0.05.

p-Value

0.131

0.049"
0.016"
0.255
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NNC-269100 J2156 Compound 1 ‘Compound 2 Compound 3 Compound 4

Tyrig x x x
Vai67 X x x x

Ser70 Xx ¢ xx xx x

Ala71 x

Tip76 X x x x

Cys83 Xx xx xx x x
Args4 x x
Vaigs x

Leus? X« ¢ xx xx xx

AP0 x x x x
Pro153 x x
Asn163 x x
Pro169 xx ¢ xx xx xx x
Aa170 x x
Trpi71 XX XX XX XX XX
His258 xx ¢ x
Vai259 x X

le262 xx ¢ xx xx xx

Tyr265 X

Fit (%) 82 82 73 73 82 45
Eiter -6.58 -6.58 -8.17 667 797 747

Amino acids interacting with the docked representatives within 3.5 A are marked with  cross. Gray color shows the amino acids interacting with reference molecules. Double cross
indlicates amino acids interacting with both reference molecules.
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Variable

Age
Disdur
cos
HDL

Chol
Hoalc
CRP
DAS
artAge
artAge_dif

N

112
112
112
109
m
110
112
12
112
112

Mean

63.00
12.09
253.25
1.64
5.48
5.67
7.08
3.16
62.22
10.45

SD

11.40
10.20
488.30
0.42
111
0.75
12.89
1.36
19.86
1853

Min

35.00
0.50
0.00
0.82
3.40
4.40
0.06
0.57

39.10

35.35

Max

84.00
58.00
3,379.00
366
850
9.40
79.00
6.63
98.01
52.56

Median

64
10
45
1.62
55
5.6
36
291
66.96
6.35
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