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Abstract: The Interleukin (IL)-1 family of cytokines is composed of 11 members, including the most 10 
recently discovered IL-36α, β, γ, IL-37 and IL-38. Similar to IL-1, IL-36 cytokines are initiators and 11 
amplifiers of inflammation, whereas both IL-37 and IL-38 display anti-inflammatory activities. A 12 
few studies have outlined the role played by these cytokines in several inflammatory diseases. For 13 
instance, IL-36 agonists seem to be relevant for the pathogenesis of skin psoriasis whereas, despite 14 
being expressed within the synovial tissue, their silencing or overexpression do not critically 15 
influence the course of arthritis in mice. In this review, we will focus on the state of the art of the 16 
molecular features and biological roles of IL-36, IL-37 and IL-38 in representative skin- and 17 
joint-related inflammatory diseases, namely Psoriasis, Rheumatoid Arthritis and Psoriatic 18 
Arthritis. We will then offer an overview of the therapeutic potential of targeting the IL-36 axis in 19 
these diseases, either by blocking the pro-inflammatory agonists or enhancing the physiologic 20 
inhibitory feedback on the inflammation mediated by the antagonists IL-37 and IL-38. 21 
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 24 

1. Introduction 25 

The interleukin (IL)-1 family of cytokines includes seven agonists (IL-1α, IL-1β, IL-18, IL-33, 26 
IL-36α, IL-36β and IL-36γ) and four antagonists (IL-1 Receptor Antagonists -Ra-, IL-36Ra, IL-37 and 27 
IL-38). These cytokines play a significant role in both the innate and acquired immunity by either 28 
promoting the resolution of infection or favouring inflammation through their binding to one of the 29 
ten receptors and co-receptors of the IL-1R family. In homeostatic conditions, the expression and 30 
activity of these cytokines and receptors are finely regulated; in contrast, an unrestrained expression 31 
or uncontrolled activation can initiate or enhance a pathologic inflammatory response. 32 

IL-36, IL-37 and IL-38 are the most recently discovered members of the IL-1 family. Their 33 
encoding genes, firstly cloned in 2001, are located on chromosome 2 [1]. Although their molecular 34 
mechanisms have yet to be fully elucidated, several studies have already emphasized the potential 35 
therapeutic value of targeting the IL-36 axis during skin and joint inflammation.  36 

In this review, we will focus on three representative inflammatory diseases of skin and joints: 37 
Psoriasis, Psoriatic Arthritis (PsA) and Rheumatoid Arthritis (RA). Psoriasis is an autoimmune 38 
disease affecting around 1% of the population worldwide [2] and characterised by the formation of 39 
inflamed, red and scaly patches on the skin. Up to 30% of patients with skin psoriasis develop a 40 
chronic seronegative spondyloarthropathy named PsA and clinically defined by the presence of 41 
spondylitis, enthesitis or peripheral arthritis [3]. The diagnosis of PsA, sometimes laborious because 42 
of the huge variety of the presenting manifestations, can rely on the classification criteria published 43 
by the CASPAR (ClASsification criteria for Psoriatic ARthritis) group, which include: (i) evidence of 44 
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psoriasis; (ii) psoriatic nail dystrophy; (iii) negative tests for RA; (iv) dactylitis; and (v) radiographic 45 
evidence of juxta-articular new bone formation [4]. Although psoriasis and PsA share common 46 
features such as genetic susceptibility, comorbidities or certain pathogenic immunologic pathways, 47 
several important tissue-specific differences exist, as highlighted in a recent publication from our 48 
group [5]. RA is the most common chronic autoimmune joint disease, impacting around 0.3% of the 49 
population worldwide [6]. It is characterised by the inflammatory hyperplasia of the synovial 50 
membrane of diarthrodial joints and the subsequent cartilage destruction and bone erosions. The 51 
progressive damage of the articular structures cause disabilities and severely impairs patients’ 52 
quality of life.  53 

The introduction of the biologics agents into the therapeutic arsenal enabled a notable 54 
improvement of the clinical outcome of patients affected by skin psoriasis as well as psoriatic and 55 
rheumatoid arthritis. However, the efficacy of the currently available agents varies from patient to 56 
patient, and a still considerably high number of subjects fail to respond. Since the suboptimal 57 
response and the lack of prognostic predictors constitute significant health and economic burden, 58 
further research directed towards identifying novel therapeutic targets for the treatment of 59 
psoriasis/PsA and RA is needed.  60 

Interestingly, the specific targeting of IL-36 by blocking its receptor (IL-36R) has already shown 61 
compelling anti-inflammatory effects in skin psoriasis; however, exploiting the properties of the 62 
antagonists IL-37 and IL-38 may represent an even more powerful weapon to inhibit the IL-1-, 63 
Toll-Like Receptors (TLR)- and IL-36-driven inflammation. Here, we will provide a comprehensive 64 
and updated description of the molecular and biologic features of the IL-36, IL-37 and IL-38 agonists 65 
and antagonists, particularly in the context of psoriasis, PsA and RA, and we will explore the 66 
therapeutic potential of targeting the IL-36 axis to control skin and joint inflammation. 67 

2. IL-36, IL-37 and IL-38: a complex group of pro- and anti-inflammatory cytokines  68 

Even if the cytokines of the IL-1 family share common maturation and signalling pathways, 69 
each cytokine retains peculiar properties and specific mechanisms of action. Indeed, except for 70 
IL-1RA, all the cytokines of the IL-1 family do not present a signal peptide and are not secreted via 71 
the classical endoplasmic reticulum or Golgi apparatus. In this section, we will describe common 72 
and specific aspects of the maturation, secretion and activation of IL-36, IL-37 and IL-38, and briefly 73 
mention their signalling processes, which have been recently thoroughly reviewed by Bassoy and 74 
colleagues [7]. 75 

2.1 Maturation 76 

Although IL-1α and β bind a common receptor and have a similar effect, they do not require the 77 
same processing to become fully active. While IL-1α precursor is already active and works as an 78 
alarmin in the tissue, IL-1β precursor needs to be processed to become fully functional. Caspase-1 79 
has been demonstrated to be the primary enzyme responsible for IL-1 maturation [8] after its 80 
activation by the inflammasome, a cytoplasmic multiprotein complex activated by diverse 81 
Pathogen-Associated Molecular Patterns (PAMP) or Damage-Associated Molecular Patterns 82 
(DAMP). Members of the IL-1 family have a consensus sequence that plays an essential role in 83 
maintaining their three-dimensional structure; this sequence is composed of three amino-acids (aa) 84 
A-X-D, where A is an aliphatic aa, X can be any aa, and D is an aspartic aa that does not belong to the 85 
specific caspase-1 recognition sequence. The N-terminus of the fully active protein is usually placed 86 
nine aa before this sequence, allowing the formation of the first beta-sheet structure, a hallmark of 87 
the IL-1 family [9].  88 

2.1.1. IL-36 and IL-36Ra 89 

IL-36α, β, γ and IL-36Ra cytokines, similarly to IL-1β, need to be processed to acquire their full 90 
agonist or antagonist activity. In the native form, IL-36Ra has no antagonist ability, and IL-36α, β 91 
and γ are 100 to 1000 times less active than their processed counterparts [10]. The A-X-D sequence 92 
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rule has also been confirmed for IL-36α, β, γ and IL-36Ra by Towne and colleagues in 2011 [10]. 93 
Recently, neutrophils proteases have been identified as the chief regulators of all the IL-36 family 94 
members, although with different specificity and affinity. Neutrophil Elastase (NE) is the key 95 
enzyme required for enhancing IL-36Ra activity, especially in the context of psoriatic skin 96 
inflammation [11]. IL-36α seems to be activated by both NE and Cathepsin-G, however, with 97 
differential patterns. Conversely, whereas Cathepsin-G and proteinase-3 preferentially activate 98 
IL-36β, IL-36γ can be processed by NE, proteinase-3 and Cathepsin-S [12], the last being particularly 99 
important for enabling the IL-36γ-related inflammation in skin psoriasis [13]. Neutrophil 100 
extracellular traps (NETs), in addition to their antimicrobial role, can also serve as a platform for the 101 
activation of IL-1α and IL-36 cytokines through NETs-associated Cathepsin-G and NE [14]. Thus, 102 
neutrophils appear to be the principal cells responsible for IL-36 cytokines maturation via their 103 
secretory mechanisms and could, therefore, play an essential regulatory role on the IL-36-axis 104 
activity in skin- and joint-related inflammatory diseases [15].  105 

2.1.2. IL-37 106 

The six exons of the IL-37 gene encode five isoforms (IL-37a, IL-37b, IL-37c, IL-37d, and IL-37e), 107 
of which IL-37b is the best characterized so far. Similarly to other members of the IL-1 family, the 108 
N-terminus of IL-37 does not contain a signal peptide but encloses a caspase-1 cleavage site, which 109 
only partially mediates the maturation and anti-inflammatory activity of IL-37 [16,17]. However, in 110 
the presence of caspase-1 mutations, the IL-37 ability to translocate into the nucleus and form a 111 
molecular complex with Smad3 to down-regulate the transcription of specific key genes [18] is 112 
impaired [16]. Additional in silico-predicted IL-37 cleavage sites were described by Ellidson and 113 
colleagues in 2017 and included Cathepsin K, elastase-2, and matrix metalloproteinase (MMP)-9 114 
cleavage sites [19]; further studies will help to understand the maturation processes of all the IL-37 115 
isoforms fully.   116 

2.1.3. IL-38 117 

As described for the other members of the IL-1 family, IL-38 is likewise released from cells 118 
independently of the presence of a signal peptide. The IL-38 maturation process has yet to be 119 
completely unravelled. Interestingly, Mora and colleagues discovered that, in vitro, IL-38 is 120 
N-terminally processed under apoptotic conditions [20], but they failed to identify the exact 121 
breakdown site and the enzymes responsible for the protein cleavage. The hypothetic maturation 122 
processes potentially enabling the activation of IL-38 were extensively reviewed by Garraud and 123 
colleagues in 2018 [21]. The degree of maturation is particularly crucial for IL-38 since it can have 124 
antithetic effects on macrophages depending on its size. Indeed, while the full-length IL-38 is able to 125 
increase the IL-6 production, the cleaved form down-regulates the IL-6 expression by binding IL-1 126 
Receptor Accessory Protein Like 1 (IL-1RAPL1) and subsequently inhibiting the Jun N-terminal 127 
Kinase (JNK) pathway [20]. Discovering the details of the IL-38 maturation process will be essential 128 
to understand and exploit its impact on regulating inflammatory processes.  129 

2.2. Receptors and intracellular signalling 130 

The common structure of the receptors of the IL-1 family cytokines is generally characterized by 131 
three extracellular Ig domains and an intracellular Toll/IL-1 Receptor (TIR) domain. Similarly to 132 
TLR, they can recruit the adaptor protein Myeloid Differentiation Primary Response Protein 88 133 
(MyD88) following the dimerization into a complex of signalization. So far, four distinct complexes 134 
have been described: IL-1R (IL-1R1 and IL-1 Receptor Accessory Protein -IL-1RAcP-), IL-33R (ST2 135 
and IL-1RAcP), IL-18R (IL-18Rα and β), and IL-36R (IL-1 Receptor Like 2 -IL-1RL2 or IL-1Rrp2- and 136 
IL-1RAcP). IL-1R2 and IL-18 Binding Protein (BP) lack the intracellular domain and act as decoy 137 
receptors by competitively linking to IL-1β and IL-18, respectively, and preventing their binding to 138 
IL-1R1 and IL-18R. The recently discovered TIR8 (also known as IL-1R8) is another exception to the 139 
characteristic structure as it contains one extracellular domain and one mutated TIR intracellular 140 
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domain that competes, in a decoy fashion, with the activated IL-1R or TLR complex, eventually 141 
leading to a decreased intracellular signalling [22]. Figure 1 summarises and graphically represents 142 
the receptors and intracellular pathways activated by IL-1, IL-36, IL-37 and IL-38.    143 

2.2.1. IL-36 and IL-36Ra 144 

IL-36α, β and γ bind their cognate receptor IL-1Rrp2 and mediate the recruitment of the 145 
common chain IL-1RAcP. The subsequent dimerization of the cytosolic TIR domains and the 146 
recruitment of post-receptor signal transducers lead to the formation of a complex signalosome able 147 
to activate Mitogen-Activated Protein Kinases (MAPK) and Nuclear Factor-kappa B (NFκB) 148 
pathways [23,24] via several mediators, such as the IL-1R-Associated Kinases (IRAK) (1 and 4) and 149 
the signalling adaptor TNF Receptor Associated Factor 6 (TRAF6).  150 

Overall, the activation of IL-36-dependent downstream signalling pathways induces the 151 
up-regulation of pro-inflammatory genes including IL-8 or IL-6. The A471T polymorphism of the 152 
IL1Rrp2 TIR domain, occurring in 2% of the population, leads to a reduced IL-36R signalization by 153 
diminishing the interaction between the two elements of the receptor (IL-1Rrp2 and IL-1RAcP) [25]. 154 
IL-36Ra specifically antagonises the pro-inflammatory activity of the three IL-36 cytokines by 155 
binding IL-1Rrp2 with a higher affinity than the agonists [26] and preventing the recruitment of the 156 
common subunit IL-1RAcP, mirroring the same inhibitory mechanism used by IL-1Ra for 157 
antagonising IL-1α and β.  158 

2.2.2. IL-37 159 

In 2002, for the first time, it had been proposed that IL-37 could bind IL-18Rα [17] with low 160 
affinity and, in turn, antagonise the effects mediated by this receptor. At the same time, a different 161 
group demonstrated that IL-37 could also bind IL-18BP and recruit IL-18Rβ to prevent the formation 162 
of the active complex IL-18R [27]. In addition to these possible mechanisms of action, further studies 163 
confirmed that IL-37 is a non-classical inhibitor that can bind IL-18Rα and subsequently favour the 164 
recruitment of IL-1R8 instead of the usual IL-18Rβ [28]. As the IL-1R8 TIR domain lacks the Ser447 165 
and Tyr536 residues, the subsequent binding of MyD88 results in poor signal transduction and 166 
triggers multiple intracellular switches that block the inflammation [28] and regulate inflammatory 167 
and immune processes in various pathologic conditions [29]. Noteworthy, at high concentration, 168 
IL-37b tends to form homodimers, which limit its bioactivity by either reducing the affinity for IL‐169 
18Rα or restricting the recruitment of IL-1R8, representing a possible auto-regulatory mechanism to 170 
hinder further immunosuppression [30]. 171 

As mentioned above (2.1.2), and similarly to IL-1α or IL-33, also IL-37 is a “dual function” 172 
cytokine, able to translocate into the nucleus and bind nuclear DNA to exert regulatory functions on 173 
gene transcription. This process is caspase-1-dependent and relies on the formation of a Smad3-IL-37 174 
complex in the peri-nuclear space, followed by its subsequent translocation into the nucleus. The 175 
role of Smad3 is demonstrated by the lost ability of IL-37 to suppress cytokines-induced 176 
inflammation in response to Smad3 inhibition [18].  177 

2.2.3. IL-38 178 

As noticed above concerning the maturation process of IL-38, little is also known about its exact 179 
molecular mechanism of action. Since 2001, several hypotheses, occasionally contradictory, have 180 
been postulated. IL-1R1 was initially proposed to be an IL-38 receptor [31]; however, this has not 181 
been consistently confirmed later on. Van de Veerdonk and colleagues suggested that IL-38 could 182 
instead bind IL-1Rrp2, as IL-36Ra does [32], and cause a 42% reduction of the IL-36-dependent IL-8 183 
production by human Peripheral Blood Mononuclear Cells (PBMC) (in comparison with the 75% 184 
IL-36Ra-mediated). Interestingly, IL-38 seems to work as a non-classical inhibitor, being more active 185 
at low (10ng/mL) rather than high doses (1μg/mL) [32]. A recent study proposed that IL-38 might 186 
also bind IL-1RAPL1, and confirmed the role of IL-1R1, but not IL-1Rrp2, as an additional IL-38 187 
cognate receptor [20].  188 
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Overall, since conflicting data exist on IL-38 binding partners, further studies are needed to 189 
delineate its specific molecular mechanism.  190 

 191 

Figure 1. Overview of the IL-1, IL-36, IL-37 and IL-38 receptors and intracellular signalling. IL-1β 192 
binds the IL-1R1 receptor. Activated IL-1R1 recruits the IL-1RAcP common subunit and enables 193 
MyD88 to form a complex of signalisation with IRAK and TRAF, which leads in turn to the 194 
phosphorylation/activation of the downstream signalling. A counter-regulatory pathway is 195 
represented by IL-1β binding its decoy receptor IL-1R2 (membrane-bound or soluble) (not shown). 196 
IL-36α, β and γ bind to the IL-1Rrp2 and recruit the common subunit IL-1RAcP, inducing similar 197 
downstream signalling cascades as IL-1β. IL-37 binds IL-18Rα, which recruits IL-1R8 instead of the 198 
usual IL-18Rβ, causing sequestration of Myd88 and transduction of a weak signal because of the 199 
IL-1R8 mutated intracellular domain. IL-38 might be able to bind IL-1R1, IL-1Rrp2 and/or IL-1RAPL1 200 
but further studies need to confirm its preferential intracellular mechanism of action. IL1R = IL-1 201 
Receptor; IL-1RAcp = IL-1 Receptor Accessory Protein; IL-1RAPL1 = IL-1 Receptor Accessory Protein 202 
Like 1 ; IL-1Rrp2 (or IL-1RL2) = IL-1 Receptor Like 2 ; MyD88 = Myeloid Differentiation Primary 203 
Response Protein 88 ; IRAK = IL-1R-Associated Kinase ; TRAF = TNF Receptor Associated Factor; 204 
JNK = Jun N-terminal Kinase; AP1 = Activator Protein 1; NFκB = Nuclear Factor-kappa B; MAPK = 205 
Mitogen-Activated Protein Kinases. 206 

3. Expression and role of IL-36 cytokines in inflamed skin and joints 207 

Although IL-36 cytokines have long been considered as “less-powerful” counterparts of IL-1β, 208 
their critical role in inflammatory conditions, such as psoriasis, is now recognized. In this section, we 209 
will describe the expression and functions of the IL-36 family members within the tissues and organs 210 
primarily involved in psoriasis, PsA and RA.  211 

3.1. Expression and role in the inflamed skin 212 
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IL-36 and IL-36Ra are physiologically present in the skin, and their expression is enhanced in 213 
psoriasis [33]. They are mainly produced by keratinocytes but also by macrophages or dendritic cells 214 
[34,35], and their release is up-regulated in vitro by various stimuli like pro-inflammatory cytokines 215 
or TLR agonists (e.g., Lipopolysaccharide -LPS-, double-stranded -ds- RNA) [36–39]. In both human 216 
and murine psoriatic skin samples IL-36α, β, γ, IL-36Ra and IL-38 are constitutively detectable but 217 
only IL-36α, γ and IL-36Ra are selectively further induced during active inflammation [39]. IL-36 218 
cytokines are also up-regulated in anti-TNF-induced psoriasiform lesions in patients with Crohn’s 219 
disease [40], and might be involved in the pathogenesis of allergic dermatitis [41], alopecia [42] and 220 
Kindler syndrome [43].  221 

Psoriatic skin lesions are characterized by hyperproliferation and altered differentiation of 222 
keratinocytes, which, by releasing pro-inflammatory mediators that act on immune cells, sustain a 223 
self-amplifying loop able to perpetuate the cutaneous inflammatory process [44].  224 

In this context, IL-36 cytokines negatively regulate keratinocytes differentiation and induce 225 
their pro-inflammatory phenotype, in cooperation with IL-17 [45,46], thus contributing to the 226 
development of skin lesions. IL-36 plays an important role also directly on myeloid immune cells. 227 
Upon IL-36 stimulation, dendritic cells overexpress specific activation markers such as Cluster of 228 
Differentiation (CD)80, CD86 or class I Major Histocompatibility Complex (MHC) and produce 229 
IL-1β, IL-12, IL-23, IL-6, TNFα but also Chemokine (C-C motif) Ligand 1 (CCL1), Chemokine (C-X-C 230 
motif) Ligand 1 (CXCL1) and Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) in an 231 
IL-36R-dependent manner [47]. Langerhans cells and M2 macrophages (i.e. alternatively-induced 232 
macrophages) are similarly prompted by IL-36 to increase their pro-inflammatory activity [48]. 233 
IL-36R is expressed by CD4 and CD8 T cells, and by B cells. Unlike other receptors of the IL-1 family 234 
that are mostly detected on polarized T cells (e.g., IL-1R), IL-36R is primarily found on the surface of 235 
naïve CD4 T lymphocytes, suggesting that IL-36 plays a role in initiating the immune response. The 236 
ability of IL-36 to regulate T cells biologic activity is of fundamental importance in psoriasis since 237 
this disease has been traditionally considered to have a T-cell mediated pathogenesis [49]. Several 238 
studies have indeed demonstrated that IL-36 is involved in the maturation of T cells, can increase 239 
CD4 T cells proliferation [50], induce T helper (Th) 1 polarization of Th0 cells in synergy with IL-12 240 
[51], and directly trigger IL-17 production by murine CD4 T cells [34]. 241 

IL-36γ is also able to activate endothelial cells and promote leukocyte recruitment during skin 242 
inflammation through the induction of the expression of adhesion molecules Vascular cell adhesion 243 
protein (VCAM)-1 and Intercellular Adhesion Molecule (ICAM)-1 [52].  244 

Concerning the regulation of the IL-36 family members by other cytokines, it seems that IL-22 245 
and the Th17-related cytokines are involved in enhancing the IL-36 expression within psoriatic 246 
lesions in murine models and human tissues [36], thus sustaining an autocrine and paracrine 247 
positive amplification loop between IL-36 and Th17 cytokines [36,53].  248 

Furthermore, the IL-36Ra deficiency exacerbates psoriasis in animal models [34] and the 249 
Deficiency of the Interleukin-36-Receptor Antagonist (DITRA) is a recognised human syndrome 250 
characterised by generalized pustular psoriasis [54]. Some genetic polymorphisms in the IL-36β 251 
locus are also known to be associated with a higher susceptibility to psoriatic arthritis [55]. In mice, 252 
IL-36α is essential for the development of psoriasis. In fact, transgenic mice overexpressing IL-36α 253 
have severe skin inflammation, which is further intensified by IL-36Ra deletion [56]; viceversa, 254 
IL-36α deficiency significantly reduces skin lesions development. On the contrary, the specific 255 
deletion of IL-36β or γ does not affect the severity of the disease [57]. Mice lacking both IL-1R1 and 256 
IL-36α are disease-free in imiquimod-induced models of skin inflammation [58]. IL-36 cytokines 257 
have also been shown to be involved in inducing neutrophil infiltration and pustules formation in 258 
psoriatic lesions [59]. 259 

In keeping with the critical role played by IL-36 in driving psoriatic-like skin inflammation and 260 
after the success of pre-clinical studies [58], IL-36R blocking antibodies have been developed for the 261 
treatment of psoriasis and are currently being tested in clinical trials [60,61].  262 

3.2. Expression and role in the inflamed joints 263 
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In synovial tissue of RA patients, IL-36 cytokines are expressed by various cells, mainly plasma 264 
cells and macrophages and, to a lower extent, fibroblasts, endothelial cells and dendritic cells [39,62]. 265 
During the course of Collagen-Induced Arthritis (CIA) in mice, the gene expression of IL-36α, β and 266 
γ and IL-36Ra are locally enhanced in the joints at the peak of inflammation [39]. Fibroblast-Like 267 
Synoviocytes (FLS) from RA synovial membranes express IL-36R, and, upon IL-36 stimulation, they 268 
proliferate and produce pro-inflammatory cytokines, chemokines and MMPs [63,64]. Besides, IL-36 269 
cytokines have recently been demonstrated to mediate the crosstalk between plasma cells and FLS 270 
within the inflamed joints, eventually supporting the maintenance of autoreactive B cell niches [64]. 271 
Plasma cells, which surround the Ectopic Lymphoid Structures (ELS) observed in the synovium of 272 
about 40% of subjects with RA, may be key players in this subset of patients by locally producing 273 
pathogenic autoantibodies and influencing the chronicity of the inflammatory response [65]. 274 
Interestingly, IL-36 is also associated with the presence of ELS in other organs and diseases, e.g., 275 
colorectal cancer [66]. A role for IL-36 in inducing and maintaining ELS formation in RA synovium is 276 
therefore plausible and potentially exploitable for therapeutic purposes. 277 

Furthermore, IL-36γ can promote the T cells differentiation towards IL-9-producing 278 
lymphocytes (Th9) [67], which have been associated with augmented neutrophils survival and 279 
enhanced Th17 differentiation in the synovial tissue [68]. Not surprisingly, Th9 cells are enriched in 280 
peripheral blood and synovium of patients with inflammatory arthritis [69,70], and their presence 281 
correlates with disease activity in RA [68].  282 

Although IL-36 cytokines are widely expressed within the synovial tissue, they seem to be 283 
generally dispensable for driving local and systemic inflammation in autoimmune arthritis. The 284 
silencing of IL-36R with blocking antibodies or by inhibiting its gene expression does not affect 285 
inflammation and bone destruction in several experimental models of arthritis [71–73], differently 286 
from that observed in models of psoriasis. However, it has been described that a subset of RA 287 
patients (about 20%) is characterized by an elevated agonists (IL-36α, β, γ)/antagonists (IL-36Ra, 288 
IL-38) ratio, as found in more than 90% of patients with psoriasis [39].  289 

The presence of different subgroups of RA patients could be explained by the considerable 290 
heterogeneity of the human synovial tissue during inflammatory joint diseases [74]. It is plausible, 291 
therefore, that the subpopulation of RA patients with an increased IL-36 agonists/antagonists ratio 292 
has a peculiar synovial histological pathotype and/or a specific clinical phenotype. Since the 293 
histological and clinical features of this group of patients who could potentially benefit from IL-36 294 
inhibition have not yet been defined, further research in this field will be critically important, 295 
particularly in keeping with the still significant rate of non-responders to the currently available 296 
treatment.  297 

In line with the importance of IL-36 cytokines in driving skin psoriasis and the recognised role 298 
played by Th17-related cytokines in the development of PsA [5], we hypothesized that the IL-36 axis 299 
could be actively involved in driving synovial inflammation in PsA. The available knowledge on this 300 
topic is relatively little and, so far, a single study has confirmed the expression of IL-36α in PsA 301 
synovium [62]. Our data (unpublished, manuscript in preparation) reinforce this concept but also 302 
further suggest that the impaired balance between IL-36 agonists and antagonists contributes to the 303 
persistent inflammatory response that characterises the inflamed synovium. 304 

The main functions exerted by IL-36 agonists on inflammatory cells involved in skin and joint 305 
inflammation are represented in Figure 2. 306 

 307 
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 308 

Figure 2. IL-36 agonists drive skin and joint inflammation. IL-36 cytokines are cleaved and activated 309 
by neutrophil proteases and act on multiple immune and resident stromal cells through their specific 310 
receptor complex IL-36R to initiate and amplify the inflammatory cascade. FLS = Fibroblast Like 311 
Synoviocytes; Th = T helper. 312 

  3.3. Are IL-36 cytokines a good target in skin and joint-related inflammation? 313 

It is now well accepted that IL-36 cytokines are paramount in psoriasis pathogenesis, and IL-36 314 
receptor inhibition represents a promising therapeutic strategy for treating generalized pustular 315 
psoriasis (GPP) and palmoplantar pustulosis (PPP). Two phase-I trials are currently evaluating the 316 
safety and pharmacokinetics of two different IL-36R blocking antibodies (ANB019 and BI655130) 317 
[75,76]. In the attempt to develop additional strategies to target the activation of the IL-36 cytokines, 318 
small-molecules inhibiting the elastase have been generated. Since their efficacy to reduce IL-36 319 
activation has been proven [77] they might represent a novel approach to inhibit IL-36-driven 320 
inflammation in psoriasis and other IL-36-dependent inflammatory diseases [78].  321 

Whether or not the same pathogenic mechanisms sustain psoriasis and PsA is still under 322 
debate. Nevertheless, the significant neutrophil component characterizing the PsA synovium [79] 323 
and the well-known relevance of the Th17-related cytokines in the PsA development suggest that the 324 
IL-36 axis is a potential new therapeutic target in PsA with synovial inflammation (manuscript in 325 
preparation). 326 

Several pre-clinical studies failed to demonstrate a pivotal role of the IL-36 cytokines in driving 327 
synovial inflammation in RA. However, analysis of human rheumatoid synovial tissue emphasized 328 
that at least a subset of patients defined by a high IL-36 agonists/antagonists ratio, similar to the 329 
lesional skin in psoriasis, might benefit from the inhibition of the IL-36 pathway [39].  330 

Even if preliminary data on the effectiveness of IL-36 neutralization are encouraging, combined 331 
inhibition of the IL-1/IL-36 axis would be even more efficient and, possibly, necessary for obtaining a 332 
meaningful clinical effect.  333 
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We learned indeed that the single inhibition of IL-1α/β was of limited efficacy in treating RA 334 
patients, despite extremely promising pre-clinical data [80]; likely, this discrepancy relates to the 335 
redundancy of other pro-inflammatory compensatory pathways such as TNFα, IL-6 or other IL-1 336 
family members like IL-36. In this context, the two newly discovered cytokines IL-37 and IL-38 may 337 
play a revolutionary role thanks to their ability to broadly inhibit the IL-1 and the TLR-mediated 338 
inflammation.  339 

In the next section, we will review the therapeutic potential of IL-37 and IL-38 in the skin and 340 
joint inflammation.  341 

4. IL-37 and IL-38, broad inhibitors of skin and joint inflammation 342 

4.1. Anti-inflammatory role of IL-37 in skin and joints 343 

Although IL-37 is not a direct inhibitor of IL-36 cytokines, Nold-Petry and colleagues 344 
demonstrated that, through its binding to IL-1R8, IL-37 could limit TLR-, IL-1-, IL-18-, IL-33- and 345 
IL-36-mediated inflammation [28]. Indeed, IL-1R8 interacts with and usurps molecules such as IRAK 346 
or TRAF6, involved in the downstream signalling of TLR and IL-1 family members cytokines, 347 
eventually limiting the activation of the signal. Not surprisingly, IL-1R8 deficient mice display a 348 
hyper-inflammatory phenotype, are more susceptible to psoriasis, and develop more severe arthritis 349 
[81].  350 

The critical role of IL-37 in inhibiting skin inflammation has been identified and described in 351 
human and animal models of psoriasis. IL-37 is less expressed in psoriatic skin lesions compared 352 
with non lesional skin [82,83], and can down-regulate the production of key mediators like IL-8, IL-6 353 
or S100 calcium-binding protein A7 (S100A7) involved in the development of psoriasis in mice [84], 354 
suggesting that its exogenous replenishment represents a promising therapeutic strategy for patients 355 
with psoriasis.  356 

Although data in this field are somewhat limited, IL-37 also seems to be involved in preventing 357 
joint inflammation. Intra-articular injections of recombinant (rh) IL-37 or adenovirus encoding 358 
human IL-37 in mice with collagen-induced [85] or streptococcal-cell-wall (SCW)-induced arthritis 359 
[86] drive the down-regulation of locally-produced IL-17 and other Th17-related cytokines and 360 
ameliorate arthritic symptoms. 361 

Furthermore, Tang and colleagues recently discovered that IL-37 could inhibit 362 
osteoclastogenesis [87]; this ability is particularly relevant for its potential therapeutic use in RA 363 
since the typical bone erosions seen in this form of arthritis are driven by the activation of 364 
osteoclasts, and represent a major cause of pain and disability [88]. Somehow unexpectedly, IL-37 365 
levels in plasma and PBMCs in patients with RA are significantly higher compared with healthy 366 
controls [85] and correlate with the presence of activated T cells and the disease activity [89]. 367 
Conversely, the level of expression of IL-37 within the synovium of RA patients is not dissimilar 368 
from healthy controls [86]. 369 
Figure 3 summarises the primary roles and functions of IL-37 in human and mice skin and joints. 370 

 Even if further studies are needed in this field, for instance, for clarifying the divergence of 371 
expression between the circulating and local synovial compartments, overall, these data suggest that 372 
IL-37 might be exploited not only to treat psoriasis but also RA. To date, nothing is known about the 373 
direct role of IL-37 in PsA pathophysiology. The lower circulating levels of IL-1R8 observed in PsA 374 
patients might suggest a protective role [90], but additional studies are called to clarify these aspects.   375 

4.2. Anti-inflammatory role of IL-38 in skin and joints 376 

The IL-38 gene expression profile in skin and joints is the opposite of the IL-36 agonists and 377 
IL-36Ra. Indeed, IL-38 mRNA is significantly reduced in the inflamed skin [39] and, during the 378 
course of CIA in mice, IL-38 articular expression is increased lately in the resolution phase of 379 
inflammation in comparison with IL-36/IL-36Ra that are induced at the peak [39]. It is plausible to 380 
hypothesise that the lack of IL-38 may contribute to the persistent chronic inflammatory response 381 
characterising psoriasis, RA or PsA.  382 
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Alike IL-37, IL-38 has been shown to reduce the IL-1-, IL-36- and TLR-mediated inflammation 383 
globally. However, IL-38 can act directly on the IL-36 axis by binding IL-36R, as IL-36Ra, but not 384 
IL-37, does. Thanks to this mechanism, IL-38 can decrease the IL-36-dependent IL-8 expression by 385 
human PBMCs [32] and inhibit the phosphorylation of MAPK/NFκB induced by IL-36γ in 386 
keratinocytes, thus counteracting the pro-inflammatory and de-differentiation activities played by 387 
IL-36 agonists on keratinocytes [91]. Consistently, the administration of IL-38 to mice reduces the 388 
endogenous level of IL-36γ within the inflamed skin [91].  389 

The inhibitory action of IL-38 on the IL-36 pathway can also be ‘indirect’ through at least two 390 
mechanisms. On the one hand, since IL-36γ expression is enhanced by TLR4 activation, the 391 
IL-38-mediated inhibition of TLR signalling indirectly decreases the release of the agonist IL-36γ   392 
[38]. On the other hand, the down-regulation of Th17-associated mediators operated by IL-38 has 393 
rebound effects on IL-36, which is a potent inducer of IL-23 [52] and can feedback positively the loop 394 
with the Th17 cytokines.  395 

So far, it has been demonstrated by multiple studies that IL-38 can bind IL-1R1 [20,31] and 396 
IL-1APL1 [20] and act on both IL-1- and TLR-mediated inflammation. For instance, IL-38 reduces 397 
TLR4-mediated inflammation by significantly decreasing IL-6 and IL-23 produced by THP1 cells or 398 
primary M1 macrophages upon LPS stimulation [92,93]. Since blocking the TLR4 pathway in an 399 
animal model of DITRA syndrome significantly limits the auto-inflammatory response [94], the 400 
IL-38-mediated targeting of the TLR signalling in inflammatory skin conditions is encouraging.  401 

Several authors confirmed that IL-38 reduces Th-17 associated inflammation. Indeed, IL-38 402 
indirectly acts on Th17 differentiation by modulating macrophages cytokines release [20]. Moreover, 403 
PBMCs treated in vitro with a combination of IL-38-siRNA and TLR-ligands produce more 404 
mediators involved in Th17 recruitment and activation (e.g., IL-6 or CCL2) [95].  405 

The low endogenous levels of IL-38 [39,91] are not able to control the course of 406 
imiquimod-induced psoriasis in mice [96]; however, the exogenous administration of recombinant 407 
IL-38 attenuates the severity of the disease [91]. The supplementation of IL-38 is also able to improve 408 
the skin lesions in an animal model of systemic lupus erythematosus [97]. 409 

Concerning the effects of IL-38 on arthritis, the induction of serum-transfer induced arthritis 410 
(STIA) in IL-38-deficient mice determines a more severe phenotype and a higher joint expression of 411 
IL-1β and IL-6 compared with littermates control [98]. Accordingly, the overexpression of IL-38 in 412 
the joints of CIA and STIA mice can reduce Th17 cytokines production and improve the clinical 413 
scores of the disease [93].  414 

As observed for IL-37, also IL-38 expression in plasma, synovial fluid and synovium of RA 415 
patients is higher in comparison with healthy or OA controls, and correlates with disease activity 416 
[39,99], thus suggesting its potential use as a diagnostic or prognostic biomarker in RA. Some 417 
polymorphisms of the gene encoding IL-38 are associated with RA, PsA, and ankylosing spondylitis, 418 
but also with cardiovascular diseases involving coronaries and physiopathological levels of 419 
C-reactive protein (CRP), therefore implying a broad role of this inhibitory molecule in several 420 
inflammatory conditions [55,100–103].  421 

Specifically, in psoriatic patients, IL-38 levels are reduced in both plasma and affected skin 422 
[39,91]. Moreover, the ratio between IL-36γ and IL-38 expression associates with disease activity. 423 
Interestingly, in patients treated with the anti-IL-17 agent secukinumab, IL-38 expression is 424 
up-regulated and associates with the therapeutic efficacy [91]. Our unpublished data showed that 425 
IL-38 expression is significantly reduced in early treatment-naïve PsA patients in comparison with 426 
RA, suggesting that its exogenous replacement with therapeutic purposes is worth further research 427 
(manuscript in preparation). 428 

Altogether, the inhibitory activities of IL-38 on TLR, IL-1 and IL-36 pathways (represented in 429 
Figure 3) will hopefully be tested and exploited for improving skin and joint inflammation in several 430 
diseases.  431 
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 432 

Figure 3. Main activities of IL-37 and IL-38 on skin and joints inflammation in mice and human. CIA 433 
= Collagen Induced Arthritis; SCW = Streptococcal Cell Wall; PBMC = Peripheral Blood Mononuclear 434 
cells; RA = Rheumatoid Arthritis; STIA = Serum Transfer Induced Arthritis; Th = T helper; PsA = 435 
Psoriatic Arthritis. 436 

5. Conclusions 437 

In this review, we focused on three skin and joint-related autoimmune inflammatory diseases, 438 
namely Psoriasis, PsA and RA. Through a comprehensive revision of the up-to-date literature, we 439 
have thoroughly described the tissue-specific expression and roles of IL-36, IL-37 and IL-38.  440 

A still significantly large group of patients with psoriasis, PsA or RA do not reach the remission 441 
status despite the notable improvement of the clinical outcome following the introduction of 442 
biologic agents such as TNFα blockers and those targeting the IL-23/IL-17 axis. Therefore, a better 443 
characterization of the pathways actively contributing to the chronic inflammation in these diseases 444 
will pave the way towards the discovery of novel therapeutics. Among the more promising targets, 445 
exploiting the IL-37/IL-38 pathway represents an innovative strategy for controlling the pathologic 446 
inflammatory response in several diseases.  447 
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