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Spondyloarthritis (SpA) is a family of inflammatory arthritic diseases, which includes the prototypes of psoriatic arthritis and ankylosing spondylitis. SpA is commonly associated with systemic inflammatory diseases, such as psoriasis and inflammatory bowel disease. Immunological studies, murine models and the genetics of SpA all indicate a pathogenic role for the IL-23/IL-17 axis. Therapeutics targeting the IL-23/IL-17 pathway are successful at providing symptomatic relief, but may not provide complete protection against progression of arthritis. Thus there is still tremendous interest in the discovery of novel therapeutic targets for SpA. Tyrosine kinase 2 (TYK2) is a member of the Janus kinases, which mediate intracellular signaling of cytokines via signal transducer and activator of transcription (STAT) activation. TYK2 plays a crucial role in mediating IL-23 receptor signaling and STAT3 activation. A plethora of natural mutations in and around TYK2 have provided a wealth of data to associate this kinase with autoimmune/autoinflammatory diseases in humans. Induced and natural mutations in murine Tyk2 largely support human data; however, key inter-species differences exist, which means extrapolation of data from murine models to humans needs to be done with caution. Despite these reservations, novel selective TYK2 inhibitors are now proving successful in advanced clinical trials of inflammatory diseases. In this review, we will discuss TYK2 from basic biology to therapeutic targeting, with an emphasis on studies in SpA. Seminal studies uncovering the basic science of TYK2 have provided sound foundations for targeting it in SpA and related inflammatory diseases. TYK2 inhibitors may well be the next blockbuster therapeutic for SpA.
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INTRODUCTION

Spondyloarthritis (SpA) is a family of seronegative chronic inflammatory arthritic diseases, united by shared clinical features and the association with HLA-B27 (Taurog et al., 2016; Ritchlin et al., 2017). Both the axial and peripheral joints can be affected, with arthritis progression characterized by paradoxical bone erosion and new bone formation. In extreme forms, the axial joints, including the sacroiliac and intervertebral joints, can completely fuse. Inflammation of the skin, gastrointestinal tract and eyes are often present in SpA patients in the forms of psoriasis, inflammatory bowel disease (IBD) and uveitis, respectively. Intestinal inflammation, often subclinical, is common in axial forms of the disease, including the most common form, ankylosing spondylitis (AS) (Gracey et al., 2020b). Psoriasis on the other hand, is a diagnostic feature of psoriatic arthritis (PsA) (Taylor et al., 2006), which typically affects, but is not restricted to, the peripheral joints. Considerable overlap exists in the clinical phenotype of PsA and AS (Jadon et al., 2017), with modern classification criteria labeling them as peripheral SpA (pSpA) and axial SpA (axSpA), respectively (Sieper et al., 2009; Rudwaleit et al., 2011). Under these modern classification criteria, AS is a form of radiographic axSpA; however, the term AS is still in common use, so will be used throughout the manuscript where appropriate.

Therapeutic options for SpA are limited. Non-steroidal anti-inflammatory drugs (NSAIDs) remain a frontline therapy, particularly for AS (Van Der Heijde et al., 2017), with biologic and targeted synthetic disease modifying anti-rheumatic drugs (bDMARDs/tsDMARDs) acting as second line therapies when the response to NSAIDs is insufficient. For PsA, additional conventional synthetic (csDMARDs), such as methotrexate, are also recommended as frontline therapies prior to bDMARDs/tsDMARDs (Ogdie et al., 2020). Approved bDMARDS include TNF inhibitors (TNFi) and IL-17 inhibitors (IL-17i) for both AS and PsA, with IL-23 inhibitors (IL-23i) additionally approved for PsA (Al-Mossawi et al., 2019; Fragoulis and Siebert, 2020). For PsA, two types of tsDMARDs are approved: the PDE4 inhibitor, apremilast, and the Janus kinase (JAK) inhibitor, tofacitinib (Al-Mossawi et al., 2019). No tsDMARDs are currently approved for AS. With short term use, approximately 60–65% of SpA patients achieved a 20% reduction in symptoms (ASAS20) in most randomized controlled trials with current bDMARDs. With long term use, evidence exists for bDMARDs slowing joint fusion, but they may not prevent it (Haroon et al., 2013; Braun et al., 2017; Mease et al., 2018b; Koo et al., 2020).

Therapies approved for related inflammatory disease are more extensive and sometimes more effective than those approved for SpA. For rheumatoid arthritis (RA), three JAK inhibitors and a range of bDMARDs are approved, including those targeting TNFα, IL-6, IL-1β, B cells (CD20), and T cells (CD80/CD86). For IBD, the TNFi (except for etanercept) and IL-12/23i have remission rates comparable to those seen in SpA (Hanauer et al., 2002; Feagan et al., 2016). In contrast to SpA, IL-17i do not work and may worsen IBD (Hueber et al., 2012). Further, IBD has two integrin inhibitors approved, which do not appear to be effective in and may worsen SpA (Varkas et al., 2017; Dubash et al., 2018). Tofacitinib is also approved for IBD, with remission rates of around 40% (Panés et al., 2017; Sandborn et al., 2017). For psoriasis, the range of bDMARDs and tsDMARDs available is comparable to SpA, with the newer therapies, such as the IL-23i, achieving almost complete remission of skin disease in most patients (Kaushik and Lebwohl, 2019). By comparison, the same approved therapeutics for SpA generally achieve a 50% reduction in symptoms in around half of treated patients (Mease et al., 2020b).

The therapeutic armaments against SpA, and their efficacy, reflects our knowledge of the underlying immunopathology of the disease. Indeed, all approved bDMARDs and tsDMARDs for SpA were first trialed in diseases with extensively characterized immune components, such as RA or psoriasis, before being tested in SpA. In these diseases, animal models have been long established and widely used (Brand et al., 2007; van der Fits et al., 2009), and the latest omics techniques have been applied to the target tissue in humans (Zhang et al., 2019; Hughes et al., 2020). By comparison, there are few animal models of SpA that faithfully recapitulate the disease (Vieira-Sousa et al., 2015), and human target tissue, especially of the axial skeleton, remains largely inaccessible for research.

We know at the immunological level that type 3 immunity (also known as “Type-17 immunity” or the “Th17-axis”), namely IL-17A and IL-17A-producing cells, play a critical role in SpA (Taams et al., 2018; Gracey et al., 2020b). This is highlighted by the success of IL-17i across major forms of SpA. While IL-23 was long suspected to be the key driver of IL-17A in SpA, this does not seem to be the case, at least in patients with axSpA, who fail to respond to IL-23i (Baeten et al., 2018). IL-1β and IL-6 are IL-23 independent inducers of IL-17A, but biologics targeting both of these cytokines also failed clinical trials in AS (Haibel et al., 2005; Sieper et al., 2015). By comparison, IL-23 plays an essential role in all stages of psoriasis and blocking it is clinically effective (Papp et al., 2017), whereas IL-23 only seems to play a role in early experimental RA (Pfeifle et al., 2017), with its blockade providing no clinical protection against symptomatic disease in patients (Smolen et al., 2017).

HLA-B27 is a major histocompatibility complex (MHC) class I molecule that presents peptides to CD8+ T cells, allowing for their activation. By virtue of the strong association of HLA-B27 with SpA, CD8+ T cells likely play a central role in SpA pathogenesis; however, conclusive evidence from humans and animal models does not yet exist. As a result, alternative theories for how HLA-B27 may mediate a CD8+ T cell independent role in SpA have been put forward, such as the endoplasmic reticulum stress theory, and HLA-B27 interaction with killer inhibitory receptors (KIR) (Bowness, 2015). Nevertheless, a clear disturbance of cytotoxicity in CD8+ T cells of AS patients was recently revealed (Gracey et al., 2020c), and IL-17A+ CD8+ T cells expressing IL23R were found to be enriched in the synovial fluid of PsA patients (Steel et al., 2020). A better understanding of CD8+ T cells in SpA may facilitate the development of novel therapeutics against the diseases.

Genetic studies of SpA support the role of type 3 immunity and CD8+ T cells. Genome-wide association studies (GWAS) of AS implicate a number of genes involved in the production of, and response to, IL-17, and also many genes in MHC class I peptide processing and CD8+ T cell function (Cortes et al., 2013). PsA GWAS have not advanced as quickly as the AS GWAS, likely due to the strong overlap with psoriasis making it difficult to determine risk factors for PsA alone vs those shared with psoriasis. Nonetheless, a similar pattern of type 3 immunity and CD8+ T cell-related genes are linked to PsA (Bowes et al., 2015; Stuart et al., 2015). Importantly, various single-nucleotide polymorphisms (SNPs) in and around tyrosine kinase 2 (TYK2) were linked to both AS and PsA in these studies (Cortes et al., 2013; Bowes et al., 2015; Stuart et al., 2015; Ellinghaus et al., 2016). As TYK2, a member of the JAK family, is known to mediate intracellular signaling for the IL-23R, it is assumed that TYK2 is one of the many genes leading to a perturbed type 3 immune response in SpA patients.

Here, we discuss the biology of TYK2 and advances made in targeting it. While this article is included in a special publication on the genetics of SpA, only a handful of genetic studies have implicated TYK2 in the context of SpA (Cortes et al., 2013; Dendrou et al., 2016; Ellinghaus et al., 2016), and only one functional study of TYK2 has focused on SpA patients and animal models (Gracey et al., 2020a). In addition, TYK2 inhibitors are still relatively early in their development compared to other JAK inhibitors (JAKi), which is reflected in the lower number of publications on TYK2 compared to the other JAK family members (Figure 1). For these reasons, this article will more broadly discuss the biology and therapeutic targeting of TYK2 relevant to SpA, with direct citations of SpA research made when available.
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FIGURE 1. History and milestones of Janus kinase (JAK) research, with an emphasis on tyrosine kinase 2 (TYK2) in the context of SpA. Data obtained from SCOPUS database using searching the abstract and title for short name (e.g., “TYK2”) or long name (e.g., “tyrosine kinase 2”). The increase in JAK2 publications was likely driven by the discovery of JAK2 mutations in myeloproliferative disorders in 2005. The increase in JAK1 publications coincided with the discovery of its role in leukemia.




JAKS ARE ESSENTIAL INTRACELLULAR CYTOKINE SIGNALING MOLECULES

The JAK family of non-receptor kinases is a small but influential set of intracellular signaling molecules. Here, we illustrate key concepts of JAK mediated signaling using the IL-23R as an example to keep with the theme of this article (Figure 2). The JAK family shares the four functional domains: four-point-one, ezrin, radixin, moesin (FERM), and Src Homology 2 (SH2) domains, followed by pseudokinase and kinase domains. The peptide sequence of the FERM and SH2 domains dictate which specific cytokine receptors each JAK can bind (Haan et al., 2006; Ferrao and Lupardus, 2017). JAKs bind to their respective cytokine receptors constitutively, with JAK binding often being essential for surface expression of its cognate receptor chain (Ragimbeau et al., 2003; Kumar et al., 2008; Carbone and Fuchs, 2014). The pseudokinase and kinase domains are closely associated, with the former inhibiting the kinase activity in the resting state (Lupardus et al., 2014). The intimate association of these two kinase domains led to them being named after the Roman god, Janus, who has two faces looking in opposite directions (Wilks, 2008). The binding of a ligand to its corresponding JAK-associated receptor complex leads to conformational changes, which results in the activation of the associated JAKs through trans- and auto-phosphorylation, and subsequent phosphorylation of tyrosine residues of the signal transducing cytokine receptor chain (Villarino et al., 2017; Morris et al., 2018). These phospho-tyrosines act as docking sites for STAT transcription factors, which subsequently become phosphorylated by the JAKs, and translocate to the nucleus as homo- or heterodimers. Thus, JAKs are a critical link in the chain of events from cytokines to cellular responses.
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FIGURE 2. Role of TYK2 in IL-23 receptor signaling. (A) Inactive JAK2/TYK2 associate with the intracellular domain of their respective cytokine receptor subunits in the steady-state through FERM and SH2 domains. JAK inactivity is mediated in part by pseudokinase domain inhibition of the kinase domain. The binding of IL-23 unites its respective cytokine receptor subunits, which in turn causes a conformational change in JAK2/TYK2, allowing for their kinase activity. Phosphorylation of JAKs and the intracellular domain of the cytokine receptors allows for the recruitment and activation of the STAT3 transcription factor and subsequent induction of gene expression. Inducible inhibition of IL-23 is mediated in part by the SOCS family of proteins, which can bind to JAKs to block their cytokine activity, and can tag JAKs for ubiquitin mediated degradation. While not specifically researched in the context of IL-23R, constitutive inhibition of JAKs is mediated by phosphatases such as SHP1 and CD45. (B) Selected TYK2-associated cytokines, their receptor subunits and associated intracellular signaling molecules. The dominant STAT activated by the respective cytokine is indicated, but STAT usage can be cell- and context-dependent.


There are four members of the family, namely JAK1, JAK2, JAK3, and TYK2, which mediate selected hormone, colony stimulating factor and cytokine signaling (O’Shea et al., 2015). These JAK family members partner predictably with specific cytokine receptor subunits, resulting in a consistent pairing of homo- or heterodimer JAK-receptor subunits (Morris et al., 2018). For example, the IL-12 family utilizes TYK2 through its interaction with the common receptor subunit IL-12RB1. JAK2 binds to the partner receptors, IL-23R and IL-12RB2, to provide specificity to IL-23 and IL-12, respectively. TYK2 also associates with the type I interferon receptor 1 (IFNAR1) to mediate IFN-I signaling; IL-10R2 to mediate IL-10 family signaling (IL-10, IL-22); IL-13RA1 to mediate IL-13 and in some circumstances IL-4 signaling; and gp130, the common chain of the IL-6 receptor. Despite binding to gp130, TYK2 is not required for mediating IL-6R family signaling (Wöss et al., 2019).

While JAK-STAT signaling is often portrayed as a linear path, there are multiple levels of complexity and control. JAK signaling is negatively regulated in a number of ways. Constitutively expressed phosphatases act to restrain the duration of JAK signaling, such as CD45 and SHP1/SHP2 (Morris et al., 2018), but no conclusive evidence exists if this negative regulation plays a role in IL-23R signaling. Inducible negative regulation occurs through the suppressor of cytokine signaling (SOCS) family, which can specifically block kinase activity of JAK (Liau et al., 2018), block STAT docking (Yamamoto et al., 2003) and can also target the activated cytokine receptor for degradation via ubiquitination (Kamizono et al., 2001; Durham et al., 2019). Some evidence exists that SOCS1 is able to negatively regulate IFN-I signaling via TYK2 (Piganis et al., 2011), and SOCS3 may be an important negative regulator of IL-23R signaling (Chen et al., 2006).

The STAT specificity of a given cytokine receptor is driven not by the JAKs themselves, but by the peptide sequence of the cytokine receptor’s intracellular domain providing a docking site for a given STAT (Stahl et al., 1995; Naeger et al., 1999). For example the IL-12RB2 binds STAT4, while IL-23R binds STAT3 (Teng et al., 2015; Floss et al., 2020). While a given cytokine receptor preferentially induces the activation of selected STATs, there is no clear understanding of what role the specific receptor-associated JAKs play in activating a given STAT. Our poor understanding of how these intracellular signaling pathways work is also reflected by the fact that not all phosphorylations of STATs are activating, a fact that can be overlooked in research. As an example, while STAT3 tyrosine (Y)705 is generally considered to be an indication of activation, serine (S)727 and Y640 phosphorylation negatively regulate STAT3 activity (Chung et al., 1997; Mori et al., 2017). The STAT molecules also undergo other post-translational modifications that alter their function. For example, STAT3 undergoes non-degradative ubiquitination that promotes Y705 phosphorylation (Cho et al., 2019). STAT3 also undergoes palmitoylation to promote its recruitment to the cell membrane and de-palmitoylation to release STAT3 for nuclear translocation (Zhang et al., 2020).

An additional aspect of the JAK family of kinases relevant to inhibition by small molecules is that they may also undertake kinase-independent functions. TYK2 is described to have a scaffold function in cytokine signaling receptor complexes, whereby JAK binding to a cytokine receptor chain can be essential for its surface expression (Ragimbeau et al., 2003; Kumar et al., 2008; Carbone and Fuchs, 2014). Specifically, kinase inactive (mutated) TYK2 stabilizes the receptor subunit it binds, such as IL-10R2, IL-12RB1, and IFNAR1, facilitating sustained surface expression and cytokine binding. The kinase active JAK on the partner cytokine receptor subunit can then initiate the signaling cascade (Li et al., 2013; Kreins et al., 2015). Finally, TYK2 might also act on non-STAT substrates; in the context of IFN-I signaling, phosphoinositide 3 kinase appears to be activated by TYK2 independent of its kinase activity (Rani et al., 1999). Thus, while the textbook depiction of JAK-STAT signaling often portrays a linear pathway, the truth is considerably more complicated, as is often the case in biology.



TYROSINE KINASE 2 DEFICIENCY AND POLYMORPHISMS IN MAN

A plethora of functional mutations have been identified at the TYK2 locus in man, ranging from complete inactivation, to mild modification of function (Figure 3 and Table 1). These “experiments of nature” have revealed the roles that TYK2 plays in specific cytokine signaling cascades, guided the development of targeted mutations in mice, and ultimately have provided the rationale for therapeutic targeting for inflammatory diseases. While most TYK2 biology is conserved between mouse and man, some important differences do exist, which will be highlighted in the next section.
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FIGURE 3. The TYK2 locus (DNA), transcript (mRNA) and protein annotated with single-nucleotide polymorphisms (SNPs) associated with AS or related inflammatory diseases. Non-coding SNPs (intronic or intergenic) lie on top of the TYK2 DNA locus, while non-synonymous (protein changing) SNPs indicated below TYK2 protein. Details on the indicated SNPs can be found in Table 1.



TABLE 1. Tyrosine kinase 2 (TYK2) locus single-nucleotide polymorphisms (SNPs) associated with ankylosing spondylitis (AS) or related autoimmune diseases.
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Tyrosine kinase 2 mutations that cause deficiency are rare, but impart a strong immune phenotype on carriers through the introduction of a premature stop codon in the TYK2 transcript (Minegishi et al., 2006; Kreins et al., 2015; Fuchs et al., 2016). It is estimated that homozygous complete inactivation of TYK2 occurs in less than 1 in 600,000 people (Boisson-Dupuis et al., 2018). The first report of a TYK2 deficient person arose from an investigation into the cause of a patient with hyper IgE syndrome (HIES) and repeated fungal, viral and mycobacterial infections (Minegishi et al., 2006). A molecular investigation found the patient to have signaling deficiencies for IFN-I, IL-6, IL-10, IL-12, and IL-23. In particular, the patient’s T cells displayed no STAT phosphorylation or gene induction in response to IFN-I, and were incapable of making IFNy in response to IL-12. This later point was proposed as the reason why the patient had elevated Th2 and reduced Th1 cell frequency. It is important to note that IL-23-induced IL-17 in CD4+ T cells had only recently been discovered at the time of this publication in 2006 (Cua et al., 2003; Park et al., 2005), which may have been why Th17 cells were not explored. A series of case reports, published in 2015, detailed seven additional TYK2-deficient patients from five families (Kreins et al., 2015). These patients all presented with recurrent mycobacterial and viral infections, without recurrent fungal infections or HIES. As with the index TYK2 deficient patient, these subsequent individuals all had impaired responses to IFN-I, IL-10, IL-12, and IL-23, but unlike the index case, they responded normally to IL-6. Moreover, this study showed that impaired IL-6 signaling in the first patient is not due to the TYK2 deficiency. Of importance to SpA, this paper showed that despite a loss of response to IL-23, circulating Th17 cell frequencies appeared normal in TYK2 deficient individuals. A final case report, published in 2016, confirmed the essential role of TYK2 in IFN-I responses and a limited role in IL-10 activity through reduced IL-10R2 expression (Fuchs et al., 2016). The effect of this mutation on IL-12 and IL-23 signaling was not assessed.

Mutations that cause, or associate with, a reduction in TYK2 function are relatively common and can be found in and around the TYK2 gene. Small genetic studies that focused on the TYK2 locus itself were the first to link variants to autoimmune disease. Specifically, IFN-I related genes were targeted in studies of systemic lupus erythematosus (SLE), a rheumatic disease strongly linked to altered IFN-I activity (Sigurdsson et al., 2005). Here, the SNP rs2304256 (V362F) was found to be strongly associated with SLE (OR 1.6, corrected P-value 3.4 × 10–7). Large, unbiased genome wide association studies (GWAS) later found TYK2 to be associated to a range of autoimmune diseases, including rs12720356 (I684S) with Crohn’s disease [odds ratio (OR) 1.12] (Franke et al., 2010) and psoriasis (OR 1.4) (Bowes et al., 2015), while AS was associated with an intergenic SNP near TYK2 (rs35164067, OR 1.16) (Cortes et al., 2013). A large meta-analysis utilizing the GWAS data from five autoimmune diseases, including AS, confirmed the link with rs12720356 (I684S), but highlighted that the direction of association (i.e., risk vs protection) was not the same for each disease (Ellinghaus et al., 2016). This paradox was further explored in a meta-analysis specifically for TYK2 by Dendrou et al. (2016), in which rs12720356 (I684S) was found to be a risk factor for AS, CD, and ulcerative colitis (UC), but not other autoimmune diseases such as RA, psoriasis, SLE and type I diabetes. The biological reason for this clustering is not clear, but may reflect the relative contribution of the kinase vs pseudokinase domains in the target tissues of the respective diseases. Dendrou et al. (2016) further commented that rs12720356 may not be a causative SNP in all association studies, with linked SNPs potentially providing disease risk by modulating the expression of adjacent genes. Nonetheless, the broad pattern of disease clustering based on rs12720356 resembles that seen previously in a GWAS meta-analysis of all risk factors, whereby AS was genetically closer to CD, UC, and psoriasis than to RA, SLE or diabetes (Farh et al., 2015). In addition, the aforementioned meta-analysis of TYK2 showed the TYK2 variant with the strongest link to all tested autoimmune diseases was rs34536443 (P1104A), whereby homozygosity imparted an OR in AS of 0.1. Below, we will give examples of how these and other natural mutations across different TYK2 domains can affect its function.

One common non-synonymous mutation in TYK2 occurs in the pseudokinase domain, namely I684S (rs12720356). It has been reported that I684S reduces IL-12 signaling (Enerbäck et al., 2018) and that IFNy production in CD4+ T cells and NK cells, but not IL-17 production, correlates with I684S genotype (Gracey et al., 2020a). It should be mentioned that the results as to the biological effects of I684S are conflicting, with some reports disputing an effect in cell-based assays (Dendrou et al., 2016; Boisson-Dupuis et al., 2018). It is noteworthy to mention here that rs12720356 (I684S) heterozygosity was found to correlate with reduced spinal fusion in AS patients (Gracey et al., 2020a).

One of the most frequent and well-studied TYK2 mutations, P1104A (rs34536443), can be found in 4% of Europeans (NCBI dbSNP), with one in 600 Europeans being homozygous (Boisson-Dupuis et al., 2018). This missense mutation in the catalytic domain causes a loss of TYK2 kinase activity, yet the protein is fully translated (Li et al., 2013). Akin to the TYK2 deficiency discussed above, individuals homozygous for P1104A are susceptible to mycobacterial infections and do have impaired IL-23 signaling (Dendrou et al., 2016; Boisson-Dupuis et al., 2018; Kerner et al., 2019). Data on the functional effects of P1104A beyond IL-23 are conflicting: One paper reported P1104A transduced EBV T and B cells and primary human cells have only a modest interference with IFN-I and IL-10 signaling and no alteration in IL-12 signaling (Boisson-Dupuis et al., 2018). Another study of P1104A reported an effect on IFN-I and IL-12 induced STAT phosphorylation, but no effects on IL-10 or IL-6 signaling in primary human cells (Dendrou et al., 2016). Both studies reported no impact of P1104A on the surface receptor expression of IFNAR1, IL-12R, and IL-23R.

The IL-23 specific effect of TYK2 was recently replicated in a study of two siblings with compound heterozygous mutations in the TYK2 FERM domain (Nemoto et al., 2018). These patients were heterozygous for both the index truncation mutation discussed above (Minegishi et al., 2006) (now designated rs770927552), and a novel non-synonymous mutation (rs201917359, R231W). It was estimated that the protein levels of TYK2 were reduced by 35% in these subjects; however, IFN-I, IL-6, IL-10, and IL-12 signaling remained intact. It is likely that R231W results in altered binding of TYK2 to the cytokine receptors given its location in the FERM domain. Indeed a recent study demonstrated reduced IL-23 signaling activity in a cell based assay for R231W (Motegi et al., 2019), yet in neither study was surface cytokine receptor expression assessed.

Finally, it is possible that common variants in the TYK2 locus can also affect TYK2 splicing. One recent study addresses this concept, in which two SNPs were found to cause alternative splicing of TYK2 (Li et al., 2020). Specifically, the intronic rs12720270 and exonic rs2304256 (V362F) were found to promote the inclusion of exon 8 in the TYK2 transcript. The same study showed exon 8 not to affect kinase activity of TYK2, but to be essential for cell responsiveness to IFN-I. These results can be best explained by location of exon 8 in the FERM domain, thus these splice variants impact on association of TYK2 with cytokine receptors, but not its catalytic activity.

In summary, nonsense mutations of TYK2 resulting in complete loss of TYK2 protein have strong immunological phenotypes by affecting the intracellular signaling of a range of cytokines both directly through kinase activity of TYK2, and indirectly through its scaffolding function. On the other hand, missense mutations which keep TYK2 protein largely intact, but selectively affect its function, appear to have a more restricted effect on cytokine signaling, with the strongest known effects being on IFN-I, IL-12, and IL-23.



USING MICE TO STUDY TYK2: PROS AND CONS

Mice play a crucial role in biomedical research, yet approximately 96 million years of divergent evolution have resulted in biological discrepancies when using animals to understand human biology (Nei et al., 2001; Mestas and Hughes, 2004). While many biological roles of TYK2 between mouse and man are conserved, there are some crucial differences that must be considered. Here, the development of mice to study TYK2 will be discussed, before comparing the biological function and effects of TYK2 in mice vs man.

Human TYK2 and murine Tyk2 share approximately 80% sequence identity at the mRNA level and 85% at the protein levels (NCBI blast). While this may seem low, it is on par with the average conservation of orthologous genes between the species (Makałowski et al., 1996). To this point, one recent study examined the inter-species sequence homology of the Tyk2 ATP binding site in the kinase domain, revealing only one amino acid substitution out of 42 amino acids between species (Gerstenberger et al., 2020b). Here, human isoleucine (I) 960 was found to be substituted by a valine in mouse at the equivalent position (V980). While the functional effect of this single amino acid change on the activity of Tyk2 in vitro and in vivo is not known, it was found to have a clear effect on the potency of selective TYK2 inhibitors as discussed in the following section.

The first manipulations of Tyk2 in mice were complete knockouts. Tyk2 KO mice were shown to have defective IFN-I and IL-12 responses, and were susceptible to viral infection, albeit not as severely as IFNAR1 KO mice (Karaghiosoff et al., 2000; Shimoda et al., 2000). IL-10 signaling was shown to be impaired only in certain experimental conditions (Shaw et al., 2006) and no effect was seen on IL-6 signaling (Karaghiosoff et al., 2000; Shimoda et al., 2000). These initial studies preceded the discovery of IL-23, with subsequent studies using Tyk2 KO mice revealing a crucial role for this JAK in IL-23 signaling (Nakamura et al., 2008), including an essential role in models for both dermatitis and colitis (Ishizaki et al., 2011).

Following the characterization of complete Tyk2 KO mice, loss of function mutations were reported. The first was a spontaneous mutation in the B10.Q/J strain (Shaw et al., 2003). This mouse strain was noted for its lack of response to IL-12 (Yap et al., 2001), leading to genomic studies pinpointing the mutation to a SNP in the pseudokinase domain rendering Tyk2 non-functional (Shaw et al., 2003). Importantly, this pseudokinase mutation completely blocked STAT3 phosphorylation in response to IL-23. The second loss of function mutation to be reported was kinase inactivation through targeted single base pair mutation (K923E) (Prchal-Murphy et al., 2012). These mice have defective IFN-I and IL-12 response akin to complete Tyk2 KO mice (Prchal-Murphy et al., 2015). Importantly, it was observed that the Tyk2-K923E mice also had drastically reduced protein levels of Tyk2 despite transcript levels being unaffected, suggesting an important role for kinase activity of Tyk2 on its stability in mice (Prchal-Murphy et al., 2012), an effect not seen in humans. A third targeted mutation of Tyk2 was designed to mimic P1104A (rs34536443) through mutating the orthologous proline at 1124 (P1124A) (Dendrou et al., 2016). Unlike the Tyk2-K923E mice, Tyk2-P1124A mice had normal transcript and protein levels of Tyk2. Despite this, the Tyk2-P1124A mice also had defective IFN-I, IL-12, and IL-23 responses.

The take home message from these murine models of altered Tyk2 function is that, as with humans, IFN-I, IL-12 and IL-23 pathways are undeniably reliant on Tyk2. Care must be taken when selecting Tyk2 mutated mice as to which particular model to use for the question to be answered; complete knockout, kinase silencing, or loss of function through targeted mutation. For certain applications, inter-species differences may also need to be considered, such as that occurring in the ATP binding site of Tyk2.



TYROSINE KINASE 2, A ONCE NEGLECTED THERAPEUTIC TARGET

The hunt for selective inhibitors for JAKs began in the mid 1990’s as a collaboration between Pfizer and the NIH (Garber, 2013). The general strategy at the time was to generate ATP-mimics that would block the kinase domain of JAKs, and thus inhibit their function. The first generation inhibitors were relatively non-specific, blocking all members of the JAK family with various potencies; tofacitinib mainly targeted JAK1/JAK3, baricitinib JAK1/JAK2, and ruxolitinib JAK1/JAK2 (Banerjee et al., 2017). The second generation of JAKi for inflammatory diseases were designed to avoid JAK2, as inhibition of this molecule was found to induce cytopenia, a serious adverse event. JAK1 was the favored target, owing to its broad involvement in signaling by inflammatory disease-relevant cytokines, including the IL-2, IL-6, IL-13, type I and type II IFN families (Schwartz et al., 2017). Two promising examples of JAK1 inhibitors approved for use in rheumatic diseases are filgotinib and upadacitinib (Choy, 2019). TYK2 has long been touted as an ideal therapeutic target for inflammatory diseases due to its association with a small number of cytokine receptors relative to the other JAKs, and central role in blocking IL-23 (Shaw et al., 2003; Ishizaki et al., 2014). Despite this, the development of selective TYK2 inhibitors lagged behind the progress made by other second generation JAKi. That is not to say that attempts at inhibiting TYK2 have not been made: the patent history for TYK2 reveals a number of approaches made by academic groups and pharmaceutical companies to target this JAK (Menet, 2014; He et al., 2019), but this activity is not reflected in the literature, with relatively few papers published for TYK2 inhibitors.

Targeting of TYK2 by small molecule initially followed the same strategy as with the other JAKs, namely targeting of the kinase domain (“catalytic inhibitors”). A notable example of such a kinase domain inhibitor is NDI-031407, which effectively blocked IL-23-induced skin inflammation and SpA-like arthritis in mice (Gracey et al., 2020a). In addition, there have been publications involving dual TYK2 and JAK1 catalytic inhibitors; SAR-20347, blocked psoriasis-like skin inflammation in mice (Works et al., 2014) and PF-06700841 (brepocitinib), was found to be protective against adjuvant-induced arthritis in rats (Fensome et al., 2018). Despite this apparent success, this line of TYK2/JAK1 dual inhibitors were found to have drastically reduced potency against murine and rat Tyk2 compared to human TYK2 due a single amino acid substitution in the ATP binding site (Gerstenberger et al., 2020b), as discussed above. Using the humanized Tyk2-V980I mouse, a TYK2-selective inhibitor, PF-06826647, was shown to be effective against murine dermatitis (Gerstenberger et al., 2020a). Thus, it is possible that the relatively slow progress in targeting catalytic domain of TYK2 was in part caused by this previously overlooked inter-species variation.

A novel approach was recently taken to target not the kinase domain, but the pseudokinase domain of TYK2. These so called “allosteric” inhibitors act by stabilizing the pseudokinase domain of TYK2, thus promoting auto-inhibition of kinase domain of TYK2 (Tokarski et al., 2015; Wrobleski et al., 2019). BMS-986165 (deucravacitinib) was the first and most advanced molecule to take this approach (Burke et al., 2019; Wrobleski et al., 2019), revealing unprecedented specificity for TYK2 over the other JAKs (>10,000×). The preclinical and clinical trials involving this molecule will be discussed in the following section. A second pair of pseudokinase inhibitors, TYK2iA and TYK2iB, have been developed with available data demonstrating strong inhibition of IL-12 and IFN-I in cellular assays in the context of type I diabetes (Coomans de Brachène et al., 2020). These allosteric inhibitors have yet to be tested for their ability to block IL-23, or inhibit the rheumatic diseases.

Taken together, TYK2 inhibition by small molecule appears to have come of age. Initial targeting of the kinase domain yielded promising lead molecules, and provided preclinical evidence that TYK2 is a valid target. However, taking the novel approach of targeting the pseudokinase domain revolutionized the field. This is evident in the success of early stage clinical trials, and the initiation of phase III trials in various inflammatory diseases that will be discussed in the next section.



PRECLINICAL AND CLINICAL TRIALS OF TYK2 INHIBITORS

While there have been a number of publications detailing preclinical in vitro and in vivo experiments with a range of TYK2 inhibitors, few have progressed to clinical trials. Of those in trials, the primary indication has been psoriasis, owing to its strong link to IL-23, and unambiguous primary clinical endpoint, namely resolution of skin inflammation. Here we will discuss the preclinical and clinical data pertaining to TYK2 inhibitors that have focused on the type 3 immunity in SpA and related inflammatory diseases. For completeness, we will also discuss first generation JAKi that block TYK2 as a secondary target, and second generation non-TYK2 targeting JAKi that have completed advanced clinical trials in SpA (Table 2).


TABLE 2. Janus kinase (JAK) inhibitors and their specificity for TYK2.

[image: Table 2]As early as 2015, the first TYK2-selective inhibitors were displaying exciting preclinical results. Conference abstracts on the catalytic inhibitors, NDI-031407 and its predecessor NDI-031301, revealed potency for IL-12 signaling blockade in vitro, and IL-23-induced dermatitis in vivo (Miao et al., 2015, 2016). NDI-031407 was recently shown to block both human and murine IL-23R signaling and IL-17 induction in vitro, and was successful in limiting Th17 cell expansion and halting the development of experimental murine SpA in vivo (Gracey et al., 2020a). Importantly, despite TYK2 being essential for IL-23-induced STAT3 phosphorylation and IL-22 production, TYK2 was only partially responsible for IL-23-induced IL-17. Successors to these molecules are now in phase I clinical trials (Bristol Myers Squibb, 2021).

Pfizer, who developed one of the most widely used JAKi to date, tofacitinib, has been active in developing TYK2 catalytic inhibitors. As early as 2014, phase I clinical trials (NCT02310750) had begun on the TYK2/JAK1 dual inhibitor brepocitinib (PF-06700841), although preclinical or clinical data was not published until 2018 (Banfield et al., 2018; Fensome et al., 2018). Preclinical data on brepocitinib showed it to be effective at blocking IL-23 signaling in human in vitro cellular assays, and blocked adjuvant-induced arthritis in rats (Fensome et al., 2018). Brepocitinib has since done well in both phase I and phase II trials, whereby it reduced C-reactive protein (CRP) by almost 50% and almost completely resolved skin inflammation in psoriasis patients (75% reduction in their psoriasis symptoms [PASI75] in ∼80% of subjects) (Banfield et al., 2018; Forman et al., 2020). Of importance to SpA, brepocitinib is currently in phase II trials for PsA (NCT03963401). In addition, Pfizer has also developed a TYK2-specific catalytic inhibitor, PF-06826647. This molecule has been shown to block IL-23 in vitro, and can suppress imiquimod-induced dermatitis in Tyk2-V980I mice (Gerstenberger et al., 2020a). While phase I trials only started in 2017 (NCT03210961), they revealed a reasonable safety profile, and a clinical effect against psoriasis (Tehlirian et al., 2020). Phase II trials are ongoing for PF-06826647 in various inflammatory diseases, yet no forms of SpA are currently being investigated as targets.

The most advanced TYK2 inhibitor is deucravacitinib (BMS-986165). As previously discussed, this inhibitor targets the pseudokinase domain. As early as 2016, conference abstracts of preclinical data on deucravacitinib revealed it to be effective at blocking IL-23 signaling, and showed that it could prevent experimental colitis in mice (Gillooly et al., 2016). These preclinical results were recently published, demonstrating the ability of deucravacitinib to block IL-23-induced STAT3 phosphorylation in human CD4+ T cells and IL-17 production in murine CD4+ T cells (Burke et al., 2019). The same publication showed that this TYK2 inhibitor could prevent colitis in two distinct murine models and a partner publication demonstrated the ability of deucravacitinib to prevent IL-23-induced skin inflammation in mice (Wrobleski et al., 2019). There are no publications that detail efficacy of deucravacitinib in preclinical models of SpA or rheumatoid arthritis, but it is effective in blocking IFN-I dependent lupus-like disease in mice (Burke et al., 2019). Phase I trials with deucravacitinib began in 2017, with phase II trials cumulating in astounding results for the treatment of psoriasis (Papp et al., 2018). Specifically, 75% of patients achieved a PASI75 and almost 50% achieved a 90% reduction in skin scores (PASI90). Of considerable importance to SpA, the results of a phase II trial of 200 PsA patients treated with deucravacitinib were recently presented, in which 63% of patients achieved a 20% improvement in rheumatic symptoms (ACR20), compared to 32% in the placebo group (NCT03881059) (Mease et al., 2020).

While not yet compared head-to-head against biologics or other JAKi, deucravacitinib looks to be a solid candidate for treatment of inflammatory diseases. Specifically, deucravacitinib achieved primary endpoints comparable to the TNFi trials for psoriasis, yet is less effective than anti-IL23 blockers (Reich et al., 2019), which achieve PASI90 in 90% of patients. In addition, deucravacitinib appears to be more effective against psoriasis than existing JAK inhibitors such as tofacitinib and baricitinib, likely due to more specific targeting of IL-23 (Papp et al., 2016a,b). Importantly, this phase II trial of deucravacitinib did not report any of the common side effects of current JAKi, such as cytopenia, likely due to avoidance of JAK2 inhibition.

There are currently no clinical trials reported for TYK2 inhibition in axSpA. Given IL-23i failed to demonstrate a meaningful effect against AS (radiographic axSpA) (Deodhar et al., 2019) and broad axSpA (Baeten et al., 2018), it is not clear if blocking this pathway by TYK2 will be beneficial for this group of diseases. The failure of IL-23i for axSpA has created an enigma in the field as anti-IL-23 is effective against pSpA (PsA) (Mease et al., 2020b), and related skin (Reich et al., 2019) and gut diseases (Feagan et al., 2016, 2017). While there are many possible explanations for this discrepancy (Siebert et al., 2018; McGonagle et al., 2021), there has been no conclusive evidence at the molecular level as to why IL-23i failed in axSpA. The use of TYK2 inhibitors against axSpA to target the IL-23 axis from a different angle, may shed light on this currently unexplainable conundrum.

One concern with blocking TYK2 is the occurrence of viral and mycobacterial infections as predicted by individuals with TYK2 deficiency (Kreins et al., 2015; Kerner et al., 2019). While mycobacteria infections were not reported in the trials of deucravacitinib, there was a higher incidence of respiratory and nasopharyngeal infections, indicating enhanced susceptibility to viral infection as an adverse event to TYK2 blockade. Of note, an expert committee was recently formed to evaluate existing data on JAKi in order to provide guidance for the use of JAKi in the treatment of the rheumatic diseases (Nash et al., 2020). This report concluded that given the available safety profiles, serious infections do occur with JAKi at a rate comparable to the TNF inhibitors. Only tofacitinib presents an enhanced risk for infection relative to the TNFi in patients over 65 (Lortholary et al., 2020; Nash et al., 2020).

For completeness, it is important to mention that non-TYK2 targeting JAKi have been generating considerable interest in SpA, with many achieving encouraging results in clinical trials. Proof of JAKi effectiveness in axSpA came from an off-label, proof of concept phase II trial of tofacitinib in AS (van der Heijde et al., 2017). This pan-JAK inhibitor achieved 20% improvement in AS symptoms (ASAS20) in 80% of patients at the higher dose (vs 40% in placebo), and was able to reduce MRI scores of the sacroiliac joint. Based on the success of this trial, tofacitinib entered phase III trials, which were recently completed (NCT03502616). Conference proceedings of these advanced trials appear to have confirmed the successes of the phase II trial, with 56% achieving ASAS20 vs 29% in the placebo group, and 40% achieving a 40% improvement in symptoms (ASAS40) vs 12.5% in the placebo (Deodhar et al., 2020). These levels are slightly lower than phase III trials with IL-17i, which report an ASAS20 of 70% (Marzo-Ortega et al., 2017). PsA was also proven to be effectively treated with tofacitinib, achieving an ACR20 of 50% vs 24% in the placebo group (Gladman et al., 2017). On the basis of such results, tofacitinib is approved for use in PsA, with applications submitted to regulatory agencies for use in AS.

The success of tofacitinib in SpA spurred interest in treating SpA with second generation JAKi. The JAK1 selective inhibitor, filgotinib, reached primary endpoints in phase II trials of both AS and PsA (Mease et al., 2018a; van der Heijde et al., 2018). In both forms of SpA, this JAK1 inhibitor appear on par with, if not superior to, tofacitinib, achieving an ASAS20 of 76% for AS and an ACR20 of 80% for PsA. Head-to-head trials are required to confirm this. Phase III trials recently begun for filgotinib treatment of AS (NCT04483700 and NCT04483687). Upadacitinib, also a selective JAK1 inhibitor, displays similar efficacy against SpA. In PsA, a phase III trial revealed reasonable success, with 64% of the treated group reaching an ACR20 (Mease et al., 2020a). In AS, a combined phase II/III trial demonstrated an ASAS20 of 65%, and significant improvements in both spine and sacroiliac MRI scores (van der Heijde et al., 2019). Based on these successes, approval for upadacitinib treatment of axSpA has been requested to both the FDA and EMA, with a decision expected in 2021. Without a doubt, the therapeutic armament against SpA will expand over the next 5 years with the addition of multiple JAKi.



CONCLUSION

With current approved therapeutics for SpA failing to fully prevent disease progression despite providing symptomatic relief and some modulation of progression of structural damage with TNFi (Haroon et al., 2013; Koo et al., 2020; Sepriano et al., 2021), there is a clear unmet medical need for novel DMARDs. TYK2 is implicated in multiple chronic inflammatory diseases, including SpA, through genetic associations and a central role in IL-23 activation of innate, innate-like and adaptive immune cells. Further, TYK2 is an attractive therapeutic target as it mediates more selective intracellular cytokine signaling compared to other JAKs. Despite depictions of TYK2 as an on/off switch, biochemical and immunological studies in mouse and man reveal considerable complexity in the regulation of TYK2, and kinase-dependent vs -independent functions. This complexity is highlighted by diverse functional and immunological effects of natural mutations throughout the TYK2 gene, with selected SNPs having opposing risk vs protective effects in different autoimmune diseases. While the tools exist to understand the functional complexity of TYK2 in mice, caution must be taken when selecting the correct mouse model for the question at hand, given both the biological differences between murine and human TYK2, and TYK2 kinase-dependent and -independent functions.

Janus kinase inhibitor appear set to disrupt the 15-years dominance that cytokine-blocking mAb have had on the treatment of SpA. Blocking JAK1 and all its associated cytokines appear to be as effective as the current approved biologics for SpA. Time will tell if the oral availability of such a JAK inhibitors will provide a competitive advantage against established injectable biologics. While TYK2 inhibitors are relatively early in their development as compared to other JAKi, they appear to now be coming of age. Available data suggests that TYK2 blockade will be effective at treating forms of SpA such as PsA, with a safety profile comparable, if not superior to, other JAK inhibitors. Preclinical data strongly supports a role for TYK2 in axSpA, and thus TYK2 inhibitors are poised to resolve the paradoxical failure of the IL-23i in axSpA. Time will tell if the science behind TYK2 inhibition will prove successful in SpA.



AUTHOR CONTRIBUTIONS

EG and DH planned and wrote the manuscript. DE, RI, and BS critically reviewed the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Nimbus Therapeutics provided unrestricted funds to support the work published by EG and RI on TYK2 in spondyloarthritis (https://www.jci.org/articles/view/126567).



REFERENCES

Al-Mossawi, H., Taams, L. S., Goodyear, C. S., Kirkham, B. W., McInnes, I. B., Siebert, S., et al. (2019). Precision medicine in psoriatic arthritis: how should we select targeted therapies? Lancet Rheumatol. 1, e66–e73.

Baeten, D., Østergaard, M., Wei, J. C. C., Sieper, J., Järvinen, P., Tam, L. S., et al. (2018). Risankizumab, an IL-23 inhibitor, for ankylosing spondylitis: results of a randomised, double-blind, placebo-controlled, proof-of-concept, dose-finding phase 2 study. Ann. Rheum. Dis. 77, 1295–1302. doi: 10.1136/annrheumdis-2018-213328

Banerjee, S., Biehl, A., Gadina, M., Hasni, S., and Schwartz, D. M. (2017). JAK–STAT signaling as a target for inflammatory and autoimmune diseases: current and future prospects. Drugs 77, 521–546. doi: 10.1007/s40265-017-0701-9

Banfield, C., Scaramozza, M., Zhang, W., Kieras, E., Page, K. M., Fensome, A., et al. (2018). The safety, tolerability, pharmacokinetics, and pharmacodynamics of a TYK2/JAK1 inhibitor (PF-06700841) in healthy subjects and patients with plaque psoriasis. J. Clin. Pharmacol. 58, 434–447. doi: 10.1002/jcph.1046

Boisson-Dupuis, S., Ramirez-Alejo, N., Li, Z., Patin, E., Rao, G., Kerner, G., et al. (2018). Tuberculosis and impaired IL-23–dependent IFN- immunity in humans homozygous for a common TYK2 missense variant. Sci. Immunol. 3:8714.

Bowes, J., Budu-Aggrey, A., Huffmeier, U., Uebe, S., Steel, K., Hebert, H. L., et al. (2015). Dense genotyping of immune-related susceptibility loci reveals new insights into the genetics of psoriatic arthritis. Nat. Commun. 6:6046.

Bowness, P. (2015). HLA-B27. Annu. Rev. Immunol. 33, 29–48.

Brand, D. D., Latham, K. A., and Rosloniec, E. F. (2007). Collagen-induced arthritis. Nat. Protoc. 2, 1269–1275.

Braun, J., Baraliakos, X., Deodhar, A., Baeten, D., Sieper, J., Emery, P., et al. (2017). Effect of secukinumab on clinical and radiographic outcomes in ankylosing spondylitis: 2-year results from the randomised phase III MEASURE 1 study. Ann. Rheum. Dis. 76, 1070–1077. doi: 10.1136/annrheumdis-2016-209730

Bristol Myers Squibb (2021). In the Pipeline. Available Online at: https://www.bms.com/researchers-and-partners/in-the-pipeline.html (accessed February 19, 2021).

Burke, J. R., Cheng, L., Gillooly, K. M., Strnad, J., Zupa-Fernandez, A., Catlett, I. M., et al. (2019). Autoimmune pathways in mice and humans are blocked by pharmacological stabilization of the TYK2 pseudokinase domain. Sci. Transl. Med. 11:eaaw1736. doi: 10.1126/scitranslmed.aaw1736

Carbone, C. J., and Fuchs, S. Y. (2014). Eliminative signaling by janus kinases: role in the downregulation of associated receptors. J. Cell. Biochem. 115, 8–16. doi: 10.1002/jcb.24647

Chen, Z., Laurence, A., Kanno, Y., Pacher-Zavisin, M., Zhu, B. M., Tato, C., et al. (2006). Selective regulatory function of Socs3 in the formation of IL-17-secreting T cells. Proc. Natl. Acad. Sci. U. S. A. 103, 8137–8142. doi: 10.1073/pnas.0600666103

Cho, J. J., Xu, Z., Parthasarathy, U., Drashansky, T. T., Helm, E. Y., Zuniga, A. N., et al. (2019). Hectd3 promotes pathogenic Th17 lineage through Stat3 activation and Malt1 signaling in neuroinflammation. Nat. Commun. 10:701.

Choy, E. H. (2019). Clinical significance of janus kinase inhibitor selectivity. Rheumatology 58, 953–962. doi: 10.1093/rheumatology/key339

Chung, J., Uchida, E., Grammer, T. C., and Blenis, J. (1997). STAT3 serine phosphorylation by ERK-dependent and -independent pathways negatively modulates its tyrosine phosphorylation. Mol. Cell. Biol. 17, 6508–6516. doi: 10.1128/mcb.17.11.6508

Coomans, de Brachène, A., Castela, A., Op, de Beeck, A., Mirmira, R. G., et al. (2020). Preclinical evaluation of tyrosine kinase 2 inhibitors for human beta-cell protection in type 1 diabetes. Diabetes Obes. Metab. 22, 1827–1836. doi: 10.1111/dom.14104

Cortes, A., Hadler, J., Pointon, J. P., Robinson, P. C., Karaderi, T., Leo, P., et al. (2013). Identification of multiple risk variants for ankylosing spondylitis through high-density genotyping of immune-related loci. Nat. Genet. 45, 730–738. doi: 10.1038/ng.2667

Cua, D. J., Sherlock, J., Chen, Y., Murphy, C. A., Joyce, B., Seymour, B., et al. (2003). Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation of the brain. Nature 421, 744–748. doi: 10.1038/nature01355

Cunninghame Graham, D. S., Morris, D. L., Bhangale, T. R., Criswell, L. A., Syvänen, A.-C., Rönnblom, L., et al. (2011). Association of NCF2, IKZF1, IRF8, IFIH1, and TYK2 with systemic lupus erythematosus. PLoS Genet. 7:e1002341. doi: 10.1371/journal.pgen.1002341

Dendrou, C. A., Cortes, A., Shipman, L., Evans, H. G., Attfield, K. E., Jostins, L., et al. (2016). Resolving TYK2 locus genotype-To-phenotype differences in autoimmunity. Sci. Transl. Med. 8, 363ra149–63ra149.

Deodhar, A., Gensler, L. S., Sieper, J., Clark, M., Calderon, C., Wang, Y., et al. (2019). Three multicenter, randomized, double-blind, placebo-controlled studies evaluating the efficacy and safety of ustekinumab in axial spondyloarthritis. Arthritis Rheumatol. 71, 258–270.

Deodhar, A., Sliwinska-Stanczyk, P., Xu, H., Baraliakos, X., Gensler, L., Fleishaker, D., et al. (2020). “Tofacitinib for the treatment of adult patients with ankylosing spondylitis: primary analysis of a phase 3, randomized, double-blind, placebo-controlled study,” in Proceedings of the ACR Meeting, (Georgia: ACR).

Diogo, D., Bastarache, L., Liao, K. P., Graham, R. R., Fulton, R. S., Greenberg, J. D., et al. (2015). TYK2 protein-coding variants protect against rheumatoid arthritis and autoimmunity, with no evidence of major pleiotropic effects on non-autoimmune complex traits. PLoS One 10:e0122271.

Dubash, S., Marianayagam, T., Tinazzi, I., Al-Araimi, T., Pagnoux, C., Weizman, A. V., et al. (2018). Emergence of severe spondyloarthropathy-related entheseal pathology following successful vedolizumab therapy for inflammatory bowel disease. Rheumatology 58, 963–968. doi: 10.1093/rheumatology/key267

Durham, G. A., Williams, J. J. L., Nasim, M. T., and Palmer, T. M. (2019). Targeting SOCS proteins to control JAK-STAT signalling in disease. Trends Pharmacol. Sci. 40, 298–308. doi: 10.1016/j.tips.2019.03.001

Dyment, D. A., Cader, M. Z., Chao, M. J., Lincoln, M. R., Morrison, K. M., Disanto, G., et al. (2012). Exome sequencing identifies a novel multiple sclerosis susceptibility variant in the TYK2 gene. Neurology 79, 406–411. doi: 10.1212/wnl.0b013e3182616fc4

Ellinghaus, D., Jostins, L., Spain, S. L., Cortes, A., Bethune, J., Han, B., et al. (2016). Analysis of five chronic inflammatory diseases identifies 27 new associations and highlights disease-specific patterns at shared loci. Nat. Genet. 48, 510–518.

Enerbäck, C., Sandin, C., Lambert, S., Zawistowski, M., Stuart, P. E., Verma, D., et al. (2018). The psoriasis-protective TYK2 I684S variant impairs IL-12 stimulated pSTAT4 response in skin-homing CD4+ and CD8+ memory T-cells. Sci. Rep. 8:7043.

Farh, K. K. H., Marson, A., Zhu, J., Kleinewietfeld, M., Housley, W. J., Beik, S., et al. (2015). Genetic and epigenetic fine mapping of causal autoimmune disease variants. Nature 518, 337–343. doi: 10.1038/nature13835

Feagan, B. G., Sandborn, W. J., D’Haens, G., Panés, J., Kaser, A., Ferrante, M., et al. (2017). Induction therapy with the selective interleukin-23 inhibitor risankizumab in patients with moderate-to-severe Crohn’s disease: a randomised, double-blind, placebo-controlled phase 2 study. Lancet 389, 1699–1709. doi: 10.1016/s0140-6736(17)30570-6

Feagan, B. G., Sandborn, W. J., Gasink, C., Jacobstein, D., Lang, Y., Friedman, J. R., et al. (2016). Ustekinumab as induction and maintenance therapy for Crohn’s disease. N. Engl. J. Med. 375, 1946–1960.

Fensome, A., Ambler, C. M., Arnold, E., Banker, M. E., Brown, M. F., Chrencik, J., et al. (2018). Dual inhibition of TYK2 and JAK1 for the treatment of autoimmune diseases: discovery of ((S)-2,2-Difluorocyclopropyl)((1 R,5 S)-3-(2-((1-methyl-1 H-pyrazol-4-yl)amino)pyrimidin-4-yl)-3,8-diazabicyclo[3.2.1]octan-8-yl)methanone (PF-06700841). J. Med. Chem. 61, 8597–8612. doi: 10.1021/acs.jmedchem.8b00917

Ferrao, R., and Lupardus, P. J. (2017). The Janus Kinase (JAK) FERM and SH2 domains: bringing specificity to JAK-receptor interactions. Front. Endocrinol. 8:71.

Floss, D. M., Moll, J. M., and Scheller, J. (2020). IL-12 and IL-23-close relatives with structural homologies but distinct immunological functions. Cells 9:2184. doi: 10.3390/cells9102184

Forman, S. B., Pariser, D. M., Poulin, Y., Vincent, M. S., Gilbert, S. A., Kieras, E. M., et al. (2020). TYK2/JAK1 inhibitor PF-06700841 in patients with plaque psoriasis: phase iia, randomized, double-blind, placebo-controlled trial. J. Invest. Dermatol. 140, 2359–2370.e5.

Fragoulis, G. E., and Siebert, S. (2020). Treatment strategies in axial spondyloarthritis: what, when and how? Rheumatology 59, iv79–iv89.

Franke, A., McGovern, D. P. B., Barrett, J. C., Wang, K., Radford-Smith, G. L., Ahmad, T., et al. (2010). Genome-wide meta-analysis increases to 71 the number of confirmed Crohn’s disease susceptibility loci. Nat. Genet. 42, 1118–1125.

Fridman, J. S., Scherle, P. A., Collins, R., Burn, T. C., Li, Y., Li, J., et al. (2010). Selective inhibition of JAK1 and JAK2 is efficacious in rodent models of arthritis: preclinical characterization of INCB028050. J. Immunol. 184, 5298–5307. doi: 10.4049/jimmunol.0902819

Fuchs, S., Kaiser-Labusch, P., Bank, J., Ammann, S., Kolb-Kokocinski, A., Edelbusch, C., et al. (2016). Tyrosine kinase 2 is not limiting human antiviral type III interferon responses. Eur. J. Immunol. 46, 2639–2649. doi: 10.1002/eji.201646519

Garber, K. (2013). Pfizer’s first-in-class JAK inhibitor pricey for rheumatoid arthritis market. Nat. Biotechnol. 31, 3–4. doi: 10.1038/nbt0113-3

Gerstenberger, B. S., Ambler, C., Arnold, E. P., Banker, M. E., Brown, M. F., Clark, J. D., et al. (2020a). Discovery of tyrosine kinase 2 (TYK2) inhibitor (PF-06826647) for the treatment of autoimmune diseases. J. Med. Chem. 63, 13561–13577.

Gerstenberger, B. S., Banker, M. E., Clark, J. D., Dowty, M. E., Fensome, A., Gifford, R., et al. (2020b). Demonstration of in vitro to in vivo translation of a TYK2 inhibitor that shows cross species potency differences. Sci. Rep. 10:8974.

Gillooly, K., Zhang, Y., Yang, X., Zupa-Fernandez, A., Cheng, L., Strnad, J., et al. (2016). “BMS-986165 is a highly potent and selective allosteric inhibitor of Tyk2, Blocks IL-12, IL-23 and Type I interferon signaling and provides for robust efficacy in preclinical models of systemic lupus erythematosus and inflammatory bowel disease,” in Proceedings of the ACR Meeting (Georgia: ACR).

Gladman, D., Rigby, W., Azevedo, V. F., Behrens, F., Blanco, R., Kaszuba, A., et al. (2017). Tofacitinib for psoriatic arthritis in patients with an inadequate response to TNF inhibitors. N. Engl. J. Med. 377, 1525–1536. doi: 10.1056/nejmoa1615977

Gracey, E., Hromadová, D., Lim, M., Qaiyum, Z., Zeng, M., Yao, Y., et al. (2020a). TYK2 inhibition reduces type 3 immunity and modifies disease progression in murine spondyloarthritis. J. Clin. Invest. 130, 1863–1878. doi: 10.1172/jci126567

Gracey, E., Vereecke, L., McGovern, D., Fröhling, M., Schett, G., Danese, S., et al. (2020b). Revisiting the gut–joint axis: links between gut inflammation and spondyloarthritis. Nat. Rev. Rheumatol. 16, 415–433. doi: 10.1038/s41584-020-0454-9

Gracey, E., Yao, Y., Qaiyum, Z., Lim, M., Tang, M., and Inman, R. D. (2020c). Altered cytotoxicity profile of CD8+ T cells in ankylosing spondylitis. Arthritis Rheumatol. 72, 428–434. doi: 10.1002/art.41129

Graham, D. S. C., Akil, M., and Vyse, T. J. (2007). Association of polymorphisms across the tyrosine kinase gene, TYK2 in UK SLE families. Rheumatology 46, 927–930. doi: 10.1093/rheumatology/kel449

Haan, C., Kreis, S., Margue, C., and Behrmann, I. (2006). Jaks and cytokine receptors-an intimate relationship. Biochem. Pharmacol. 72, 1538–1546. doi: 10.1016/j.bcp.2006.04.013

Haibel, H., Rudwaleit, M., Listing, J., and Sieper, J. (2005). Open label trial of anakinra in active ankylosing spondylitis over 24 weeks. Ann. Rheum. Dis. 64, 296–298. doi: 10.1136/ard.2004.023176

Hanauer, S. B., Feagan, B. G., Lichtenstein, G. R., Mayer, L. F., Schreiber, S., Colombel, J. F., et al. (2002). Maintenance infliximab for Crohn’s disease: the ACCENT I randomised trial. Lancet 359, 1541–1549. doi: 10.1016/s0140-6736(02)08512-4

Haroon, N., Inman, R. D., Learch, T. J., Weisman, M. H., Lee, M., Rahbar, M. H., et al. (2013). The impact of tumor necrosis factor α inhibitors on radiographic progression in ankylosing spondylitis. Arthritis Rheum. 65, 2645–2654.

He, X., Chen, X., Zhang, H., Xie, T., and Ye, X. Y. (2019). Selective Tyk2 inhibitors as potential therapeutic agents: a patent review (2015–2018). Expert Opin. Ther. Pat. 29, 137–149. doi: 10.1080/13543776.2019.1567713

Hellquist, A., Järvinen, T. M., Koskenmies, S., Zucchelli, M., Orsmark-Pietras, C., Berglind, L., et al. (2009). Evidence for genetic association and interaction between the TYK2 and IRF5 genes in systemic lupus erythematosus. J. Rheumatol. 36, 1631–1638. doi: 10.3899/jrheum.081160

Hueber, W., Sands, B. E., Lewitzky, S., Vandemeulebroecke, M., Reinisch, W., Higgins, P. D. R., et al. (2012). Secukinumab, a human anti-IL-17A monoclonal antibody, for moderate to severe Crohn’s disease: unexpected results of a randomised, double-blind placebo-controlled trial. Gut 61, 1693–1700. doi: 10.1136/gutjnl-2011-301668

Hughes, T. K., Wadsworth, M. H., Gierahn, T. M., Do, T., Weiss, D., Andrade, P. R., et al. (2020). Second-strand synthesis-based massively parallel scRNA-Seq reveals cellular states and molecular features of human inflammatory skin pathologies. Immunity 53, 878–894.e7.

Ishizaki, M., Akimoto, T., Muromoto, R., Yokoyama, M., Ohshiro, Y., Sekine, Y., et al. (2011). Involvement of tyrosine kinase-2 in both the IL-12/Th1 and IL-23/Th17 axes in Vivo. J. Immunol. 187, 181–189. doi: 10.4049/jimmunol.1003244

Ishizaki, M., Muromoto, R., Akimoto, T., Sekine, Y., Kon, S., Diwan, M., et al. (2014). Tyk2 is a therapeutic target for psoriasis-like skin inflammation. Int. Immunol. 26, 257–267. doi: 10.1093/intimm/dxt062

Jadon, D. R., Sengupta, R., Nightingale, A., Lindsay, M., Korendowych, E., Robinson, G., et al. (2017). Axial disease in psoriatic arthritis study: defining the clinical and radiographic phenotype of psoriatic spondyloarthritis. Ann. Rheum. Dis. 76, 701–707. doi: 10.1136/annrheumdis-2016-209853

Kamizono, S., Hanada, T., Yasukawa, H., Minoguchi, S., Kato, R., Minoguchi, M., et al. (2001). The SOCS box of SOCS-1 accelerates ubiquitin-dependent proteolysis of TEL-JAK2. J. Biol. Chem. 276, 12530–12538. doi: 10.1074/jbc.m010074200

Karaghiosoff, M., Neubauer, H., Lassnig, C., Kovarik, P., Schindler, H., Pircher, H., et al. (2000). Partial impairment of cytokine responses in Tyk2-deficient mice. Immunity 13, 549–560. doi: 10.1016/s1074-7613(00)00054-6

Kaushik, S. B., and Lebwohl, M. G. (2019). Review of safety and efficacy of approved systemic psoriasis therapies. Int. J. Dermatol. 58, 649–658. doi: 10.1111/ijd.14246

Kerner, G., Ramirez-Alejo, N., Seeleuthner, Y., Yang, R., Ogishi, M., Cobat, A., et al. (2019). Homozygosity for TYK2 P1104A underlies tuberculosis in about 1% of patients in a cohort of European ancestry. Proc. Natl. Acad. Sci. U. S. A. 116, 10430–10434. doi: 10.1073/pnas.1903561116

Koo, B. S., Oh, J. S., Park, S. Y., Shin, J. H., Ahn, G. Y., Lee, S., et al. (2020). Tumour necrosis factor inhibitors slow radiographic progression in patients with ankylosing spondylitis: 18-year real-world evidence. Ann. Rheum. Dis. 79, 1327–1332. doi: 10.1136/annrheumdis-2019-216741

Kreins, A. Y., Ciancanelli, M. J., Okada, S., Kong, X. F., Ramírez-Alejo, N., Kilic, S. S., et al. (2015). Human TYK2 deficiency: mycobacterial and viral infections without hyper-IgE syndrome. J. Exp. Med. 212, 1641–1662.

Kumar, K. G. S., Varghese, B., Banerjee, A., Baker, D. P., Constantinescu, S. N., Pellegrini, S., et al. (2008). Basal ubiquitin-independent internalization of interferon α receptor is prevented by Tyk2-mediated masking of a linear endocytic motif. J. Biol. Chem. 283, 18566–18572. doi: 10.1074/jbc.m800991200

Li, Z., Gakovic, M., Ragimbeau, J., Eloranta, M.-L., Rönnblom, L., Michel, F., et al. (2013). Two rare disease-associated Tyk2 variants are catalytically impaired but signaling competent. J. Immunol. 190, 2335–2344. doi: 10.4049/jimmunol.1203118

Li, Z., Rotival, M., Patin, E., Michel, F., and Pellegrini, S. (2020). Two common disease-associated TYK2 variants impact exon splicing and TYK2 dosage. PLoS One 15:e0225289. doi: 10.1371/journal.pone.0225289

Liau, N. P. D., Laktyushin, A., Lucet, I. S., Murphy, J. M., Yao, S., Whitlock, E., et al. (2018). The molecular basis of JAK/STAT inhibition by SOCS1. Nat. Commun. 9:1558.

Lortholary, O., Fernandez-Ruiz, M., Baddley, J. W., Manuel, O., Mariette, X., and Winthrop, K. L. (2020). Infectious complications of rheumatoid arthritis and psoriatic arthritis during targeted and biological therapies: a viewpoint in 2020. Ann. Rheum. Dis. 79, 1532–1543. doi: 10.1136/annrheumdis-2020-217092

Lupardus, P. J., Ultsch, M., Wallweber, H., Kohli, P. B., Johnson, A. R., and Eigenbrot, C. (2014). Structure of the pseudokinase-kinase domains from protein kinase TYK2 reveals a mechanism for Janus kinase (JAK) autoinhibition. Proc. Natl. Acad. Sci. U. S. A. 111, 8025–8030. doi: 10.1073/pnas.1401180111

Makałowski, W., Zhang, J., and Boguski, M. S. (1996). Comparative analysis of 1196 orthologous mouse and human full-length mRNA and protein sequences. Genome Res. 6, 846–857. doi: 10.1101/gr.6.9.846

Marzo-Ortega, H., Sieper, J., Kivitz, A., Blanco, R., Cohen, M., Delicha, E.-M., et al. (2017). Secukinumab provides sustained improvements in the signs and symptoms of active ankylosing spondylitis with high retention rate: 3-year results from the phase III trial, MEASURE 2. RMD Open 3:e000592. doi: 10.1136/rmdopen-2017-000592

McGonagle, D., Watad, A., Sharif, K., and Bridgewood, C. (2021). Why inhibition of IL-23 lacked efficacy in ankylosing spondylitis. Front. Immunol. 12:614255.

Mease, P. J., Lertratanakul, A., Anderson, J. K., Papp, K., Van Den Bosch, F., Tsuji, S., et al. (2020a). Upadacitinib for psoriatic arthritis refractory to biologics: SELECT-PsA 2. Ann. Rheum. Dis. 80, 312–320. doi: 10.1136/annrheumdis-2020-218870

Mease, P. J., Rahman, P., Gottlieb, A. B., Kollmeier, A. P., Hsia, E. C., Xu, X. L., et al. (2020b). Guselkumab in biologic-naive patients with active psoriatic arthritis (DISCOVER-2): a double-blind, randomised, placebo-controlled phase 3 trial. Lancet 395, 1126–1136.

Mease, P., Coates, L. C., Helliwell, P. S., Stanislavchuk, M., Rychlewska-Hanczewska, A., Dudek, A., et al. (2018a). Efficacy and safety of filgotinib, a selective Janus kinase 1 inhibitor, in patients with active psoriatic arthritis (EQUATOR): results from a randomised, placebo-controlled, phase 2 trial. Lancet 392, 2367–2377. doi: 10.1016/s0140-6736(18)32483-8

Mease, P., Deodhar, A., van der Heijde, D., Behrens, F., Kivitz, A., Kim, J., et al. (2020). “Efficacy and safety of deucravacitinib (BMS-986165), an oral, selective tyrosine Kinase 2 inhibitor, in patients with active psoriatic arthritis: results from a Phase 2, randomized, double-blind, placebo-controlled trial,” in Proceedings of the ACR Meeting (Georgia: ACR).

Mease, P., Van Der Heijde, D., Landewé, R., Mpofu, S., Rahman, P., Tahir, H., et al. (2018b). Secukinumab improves active psoriatic arthritis symptoms and inhibits radiographic progression: primary results from the randomised, double-blind, phase III FUTURE 5 study. Ann. Rheum. Dis. 77, 890–897.

Menet, C. J. (2014). Toward selective TYK2 inhibitors as therapeutic agents for the treatment of inflammatory diseases. Pharm. Pat. Anal. 3, 449–466. doi: 10.4155/ppa.14.23

Mestas, J., and Hughes, C. C. W. (2004). Of mice and not men: differences between mouse and human immunology. J. Immunol. 172, 2731–2738. doi: 10.4049/jimmunol.172.5.2731

Meyer, D. M., Jesson, M. I., Li, X., Elrick, M. M., Funckes-Shippy, C. L., Warner, J. D., et al. (2010). Anti-inflammatory activity and neutrophil reductions mediated by the JAK1/JAK3 inhibitor, CP-690,550, in rat adjuvant-induced arthritis. J. Inflamm. 7:41. doi: 10.1186/1476-9255-7-41

Miao, W., Masse, C., Greenwood, J., Kapeller, R., and Westlin, W. (2015). “Potent and selective Tyk2 inhibitors Block Th1- and Th17- mediated immune responses and reduce disease progression in rodent models of delayed-type hypersensitivity and psoriasis,” in Proceedings of the ACR Meeting, (Georgia: ACR).

Miao, W., Masse, C., Greenwood, J., Kapeller, R., and Westlin, W. (2016). “Potent and selective Tyk2 inhibitor highly efficacious in rodent models of inflammatory bowel disease and psoriasis,” in Proceedings of the ACR Meeting, (Georgia: ACR).

Minegishi, Y., Saito, M., Morio, T., Watanabe, K., Agematsu, K., Tsuchiya, S., et al. (2006). Human tyrosine Kinase 2 deficiency reveals its requisite roles in multiple cytokine signals involved in innate and acquired immunity. Immunity 25, 745–755. doi: 10.1016/j.immuni.2006.09.009

Mori, R., Wauman, J., Icardi, L., Van Der Heyden, J., De Cauwer, L., Peelman, F., et al. (2017). TYK2-induced phosphorylation of Y640 suppresses STAT3 transcriptional activity. Sci. Rep. 7:15919.

Morris, R., Kershaw, N. J., and Babon, J. J. (2018). The molecular details of cytokine signaling via the JAK/STAT pathway. Protein Sci. 27, 1984–2009. doi: 10.1002/pro.3519

Motegi, T., Kochi, Y., Matsuda, K., Kubo, M., Yamamoto, K., and Momozawa, Y. (2019). Identification of rare coding variants in TYK2 protective for rheumatoid arthritis in the Japanese population and their effects on cytokine signalling. Ann. Rheum. Dis. 78, 1062–1069. doi: 10.1136/annrheumdis-2019-215062

Naeger, L. K., McKinney, J., Salvekar, A., and Hoey, T. (1999). Identification of a STAT4 binding site in the interleukin-12 receptor required for signaling. J. Biol. Chem. 274, 1875–1878. doi: 10.1074/jbc.274.4.1875

Nakamura, R., Shibata, K., Yamada, H., Shimoda, K., Nakayama, K., and Yoshikai, Y. (2008). Tyk2-signaling plays an important role in host defense against Escherichia coli through IL-23-Induced IL-17 production by γδ T Cells. J. Immunol. 181, 2071–2075. doi: 10.4049/jimmunol.181.3.2071

Nash, P., Kerschbaumer, A., Dörner, T., Dougados, M., Fleischmann, R. M., Geissler, K., et al. (2020). Points to consider for the treatment of immune-mediated inflammatory diseases with Janus kinase inhibitors: a consensus statement. Ann. Rheum. Dis. 80, 71–87. doi: 10.1136/annrheumdis-2020-218398

Nei, M., Xu, P., and Glazko, G. (2001). Estimation of divergence times from multiprotein sequences for a few mammalian species and several distantly related organisms. Proc. Natl. Acad. Sci. U. S. A. 98, 2497–2502. doi: 10.1073/pnas.051611498

Nemoto, M., Hattori, H., Maeda, N., Akita, N., Muramatsu, H., Moritani, S., et al. (2018). Compound heterozygous TYK2 mutations underlie primary immunodeficiency with T-cell lymphopenia. Sci. Rep. 8:6956.

O’Shea, J. J., Schwartz, D. M., Villarino, A. V., Gadina, M., McInnes, I. B., and Laurence, A. (2015). The JAK-STAT pathway: impact on human disease and therapeutic intervention. Annu. Rev. Med. 66, 311–328. doi: 10.1146/annurev-med-051113-024537

Ogdie, A., Coates, L. C., and Gladman, D. D. (2020). Treatment guidelines in psoriatic arthritis. Rheumatology 59, i37–i46.

Panés, J., Sandborn, W. J., Schreiber, S., Sands, B. E., Vermeire, S., D’Haens, G., et al. (2017). Tofacitinib for induction and maintenance therapy of Crohn’s disease: results of two phase IIb randomised placebo-controlled trials. Gut 66, 1049–1059. doi: 10.1136/gutjnl-2016-312735

Papp, K. A., Blauvelt, A., Bukhalo, M., Gooderham, M., Krueger, J. G., Lacour, J.-P., et al. (2017). Risankizumab versus ustekinumab for moderate-to-severe plaque psoriasis. N. Engl. J. Med. 376, 1551–1560.

Papp, K. A., Krueger, J. G., Feldman, S. R., Langley, R. G., Thaci, D., Torii, H., et al. (2016a). Tofacitinib, an oral Janus kinase inhibitor, for the treatment of chronic plaque psoriasis: long-term efficacy and safety results from 2 randomized phase-III studies and 1 open-label long-term extension study. J. Am. Acad. Dermatol. 74, 841–850. doi: 10.1016/j.jaad.2016.01.013

Papp, K. A., Menter, M. A., Raman, M., Disch, D., Schlichting, D. E., Gaich, C., et al. (2016b). A randomized phase 2b trial of baricitinib, an oral Janus kinase (JAK) 1/JAK2 inhibitor, in patients with moderate-to-severe psoriasis. Br. J. Dermatol. 174, 1266–1276. doi: 10.1111/bjd.14403

Papp, K., Gordon, K., Thaçi, D., Morita, A., Gooderham, M., Foley, P., et al. (2018). Phase 2 trial of selective tyrosine kinase 2 inhibition in psoriasis. N. Engl. J. Med. 379, 1313–1321. doi: 10.1056/nejmoa1806382

Park, H., Li, Z., Yang, X. O., Chang, S. H., Nurieva, R., Wang, Y. H., et al. (2005). A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat. Immunol. 6, 1133–1141. doi: 10.1038/ni1261

Parmentier, J. M., Voss, J., Graff, C., Schwartz, A., Argiriadi, M., Friedman, M., et al. (2018). In vitro and in vivo characterization of the JAK1 selectivity of upadacitinib (ABT-494). BMC Rheumatol. 2:23.

Pfeifle, R., Rothe, T., Ipseiz, N., Scherer, H. U., Culemann, S., Harre, U., et al. (2017). Regulation of autoantibody activity by the IL-23–TH17 axis determines the onset of autoimmune disease. Nat. Immunol. 18, 104–113. doi: 10.1038/ni.3579

Piganis, R. A. R., De Weerd, N. A., Gould, J. A., Schindler, C. W., Mansell, A., Nicholson, S. E., et al. (2011). Suppressor of cytokine signaling (SOCS) 1 inhibits type I interferon (IFN) signaling via the interferon α receptor (IFNAR1)-associated tyrosine kinase tyk2. J. Biol. Chem. 286, 33811–33818. doi: 10.1074/jbc.m111.270207

Prchal-Murphy, M., Semper, C., Lassnig, C., Wallner, B., Gausterer, C., Teppner-Klymiuk, I., et al. (2012). TYK2 kinase activity is required for functional type I interferon responses in Vivo. PLoS One 7:e39141. doi: 10.1371/journal.pone.0039141

Prchal-Murphy, M., Witalisz-Siepracka, A., Bednarik, K. T., Putz, E. M., Gotthardt, D., Meissl, K., et al. (2015). In vivo tumor surveillance by NK cells requires TYK2 but not TYK2 kinase activity. Oncoimmunology 4:e1047579. doi: 10.1080/2162402x.2015.1047579

Ragimbeau, J., Dondi, E., Alcover, A., Eid, P., Uzé, G., and Pellegrini, S. (2003). The tyrosine kinase Tyk2 controls IFNAR1 cell surface expression. EMBO J. 22, 537–547. doi: 10.1093/emboj/cdg038

Rani, M. R. S., Leaman, D. W., Han, Y., Leung, S., Croze, E., Fish, E. N., et al. (1999). Catalytically active TYK2 is essential for interferon-β-mediated phosphorylation of STAT3 and interferon-α receptor-1 (IFNAR-1) but not for activation of phosphoinositol 3-kinase. J. Biol. Chem. 274, 32507–32511. doi: 10.1074/jbc.274.45.32507

Reich, K., Gooderham, M., Thaçi, D., Crowley, J. J., Ryan, C., Krueger, J. G., et al. (2019). Risankizumab compared with adalimumab in patients with moderate-to-severe plaque psoriasis (IMMvent): a randomised, double-blind, active-comparator-controlled phase 3 trial. Lancet 394, 576–586. doi: 10.1016/s0140-6736(19)30952-3

Ritchlin, C. T., Colbert, R. A., and Gladman, D. D. (2017). Psoriatic Arthritis. N. Engl. J. Med. 376, 957–970.

Rudwaleit, M., van der Heijde, D., Landewé, R., Akkoc, N., Brandt, J., Chou, C. T., et al. (2011). The assessment of spondyloarthritis international society classification criteria for peripheral spondyloarthritis and for spondyloarthritis in general. Ann. Rheum. Dis. 70, 25–31. doi: 10.1136/ard.2010.133645

Sandborn, W. J., Su, C., Sands, B. E., D’Haens, G. R., Vermeire, S., Schreiber, S., et al. (2017). Tofacitinib as induction and maintenance therapy for ulcerative colitis. N. Engl. J. Med. 376, 1723–1736.

Schwartz, D. M., Kanno, Y., Villarino, A., Ward, M., Gadina, M., and O’Shea, J. J. (2017). JAK inhibition as a therapeutic strategy for immune and inflammatory diseases. Nat. Rev. Drug Discov. 16, 843–862. doi: 10.1038/nrd.2017.201

Sepriano, A., Ramiro, S., Wichuk, S., Chiowchanwisawakit, P., Paschke, J., van der Heijde, D., et al. (2021). TNF inhibitors reduce spinal radiographic progression in patients with radiographic axial spondyloarthritis: a longitudinal analysis from the ALBERTA FORCAST cohort. Arthritis Rheumatol. 73, 1211–1219. doi: 10.1002/art.41667

Shaw, M. H., Boyartchuk, V., Wong, S., Karaghiosoff, M., Ragimbeau, J., Pellegrini, S., et al. (2003). A natural mutation in the Tyk2 pseudokinase domain underlies altered susceptibility of B10.Q/J mice to infection and autoimmunity. Proc. Natl. Acad. Sci. 100, 11594–11599. doi: 10.1073/pnas.1930781100

Shaw, M. H., Freeman, G. J., Scott, M. F., Fox, B. A., Bzik, D. J., Belkaid, Y., et al. (2006). Tyk2 negatively regulates adaptive Th1 immunity by mediating IL-10 signaling and promoting IFN-γ-dependent IL-10 reactivation. J. Immunol. 176, 7263–7271. doi: 10.4049/jimmunol.176.12.7263

Shimoda, K., Kato, K., Aoki, K., Matsuda, T., Miyamoto, A., Shibamori, M., et al. (2000). Tyk2 plays a restricted role in IFNα signaling, although it is required for IL-12-mediated T cell function. Immunity 13, 561–571. doi: 10.1016/s1074-7613(00)00055-8

Siebert, S., Millar, N. L., and McInnes, I. B. (2018). Why did IL-23p19 inhibition fail in AS: a tale of tissues, trials or translation? Ann. Rheum. Dis. 78, 1015–1018. doi: 10.1136/annrheumdis-2018-213654

Sieper, J., Braun, J., Kay, J., Badalamenti, S., Radin, A. R., Jiao, L., et al. (2015). Sarilumab for the treatment of ankylosing spondylitis: results of a Phase II, randomised, double-blind, placebo-controlled study (ALIGN). Ann. Rheum. Dis. 74, 1051–1057. doi: 10.1136/annrheumdis-2013-204963

Sieper, J., Rudwaleit, M., Baraliakos, X., Brandt, J., Braun, J., Burgos-Vargas, R., et al. (2009). The assessment of spondyloarthritis international society (ASAS) handbook: a guide to assess spondyloarthritis. Ann. Rheum. Dis. 68, ii1–ii44.

Sigurdsson, S., Nordmark, G., Göring, H. H. H., Lindroos, K., Wiman, A. C., Sturfeit, G., et al. (2005). Polymorphisms in the tyrosine kinase 2 and interferon regulatory factor 5 genes are associated with systemic lupus erythematosus. Am. J. Hum. Genet. 76, 528–537. doi: 10.1086/428480

Smolen, J. S., Agarwal, S. K., Ilivanova, E., Xu, X. L., Miao, Y., Zhuang, Y., et al. (2017). A randomised phase II study evaluating the efficacy and safety of subcutaneously administered ustekinumab and guselkumab in patients with active rheumatoid arthritis despite treatment with methotrexate. Ann. Rheum. Dis. 76, 831–839. doi: 10.1136/annrheumdis-2016-209831

Stahl, N., Farruggella, T. J., Boulton, T. G., Zhong, Z., Darnell, J. E., and Yancopoulos, G. D. (1995). Choice of STATs and other substrates specified by modular tyrosine-based motifs in cytokine receptors. Science 267, 1349–1353. doi: 10.1126/science.7871433

Steel, K. J. A., Srenathan, U., Ridley, M., Durham, L. E., Wu, S. Y., Ryan, S. E., et al. (2020). Polyfunctional, proinflammatory, tissue-resident memory phenotype and function of synovial interleukin-17A+CD8+ T cells in psoriatic arthritis. Arthritis Rheumatol. 72, 435–447. doi: 10.1002/art.41156

Strange, A., Capon, F., Spencer, C. C. A., Knight, J., Weale, M. E., Allen, M. H., et al. (2010). A genome-wide asociation study identifies new psoriasis susceptibility loci and an interaction betwEn HLA-C and ERAP1. Nat. Genet. 42, 985–990. doi: 10.1038/ng.694

Stuart, P. E., Nair, R. P., Tsoi, L. C., Tejasvi, T., Das, S., Kang, H. M., et al. (2015). Genome-wide association analysis of psoriatic arthritis and cutaneous psoriasis reveals differences in their genetic architecture. Am. J. Hum. Genet. 97, 816–836.

Taams, L. S., Steel, K. J. A., Srenathan, U., Burns, L. A., and Kirkham, B. W. (2018). IL-17 in the immunopathogenesis of spondyloarthritis. Nat. Rev. Rheumatol. 14, 453–466. doi: 10.1038/s41584-018-0044-2

Taurog, J. D., Chhabra, A., and Colbert, R. A. (2016). Ankylosing spondylitis and axial spondyloarthritis. N. Engl. J. Med. 374, 2563–2574.

Taylor, W., Gladman, D., Helliwell, P., Marchesoni, A., Mease, P., and Mielants, H. (2006). Classification criteria for psoriatic arthritis: development of new criteria from a large international study. Arthritis Rheum. 54, 2665–2673. doi: 10.1002/art.21972

Tehlirian, C., Peeva, E., Kieras, E., Scaramozza, M., Roberts, E. S., Singh, R. S. P., et al. (2020). Safety, tolerability, efficacy, pharmacokinetics, and pharmacodynamics of the oral TYK2 inhibitor PF-06826647 in participants with plaque psoriasis: a phase 1, randomised, double-blind, placebo-controlled, parallel-group study. Lancet Rheumatol. 3, 204–213. doi: 10.1111/cts.12929

Teng, M. W. L., Bowman, E. P., McElwee, J. J., Smyth, M. J., Casanova, J. L., Cooper, A. M., et al. (2015). IL-12 and IL-23 cytokines: from discovery to targeted therapies for immune-mediated inflammatory diseases. Nat. Med. 21, 719–729. doi: 10.1038/nm.3895

Tokarski, J. S., Zupa-Fernandez, A., Tredup, J. A., Pike, K., Chang, C. Y., Xie, D., et al. (2015). Tyrosine kinase 2-mediated signal transduction in T lymphocytes is blocked by pharmacological stabilization of its pseudokinase domain. J. Biol. Chem. 290, 11061–11074. doi: 10.1074/jbc.m114.619502

van der Fits, L., Mourits, S., Voerman, J. S. A., Kant, M., Boon, L., Laman, J. D., et al. (2009). Imiquimod-Induced psoriasis-like skin inflammation in mice is mediated via the IL-23/IL-17 axis. J. Immunol. 182, 5836–5845. doi: 10.4049/jimmunol.0802999

van der Heijde, D., Baraliakos, X., Gensler, L. S., Maksymowych, W. P., Tseluyko, V., Nadashkevich, O., et al. (2018). Efficacy and safety of filgotinib, a selective Janus kinase 1 inhibitor, in patients with active ankylosing spondylitis (TORTUGA): results from a randomised, placebo-controlled, phase 2 trial. Lancet 392, 2378–2387. doi: 10.1016/s0140-6736(18)32463-2

van der Heijde, D., Deodhar, A., Wei, J. C., Drescher, E., Fleishaker, D., Hendrikx, T., et al. (2017). Tofacitinib in patients with ankylosing spondylitis: a phase II, 16-week, randomised, placebo-controlled, dose-ranging study. Ann. Rheum. Dis. 76, 1340–1347. doi: 10.1136/annrheumdis-2016-210322

Van Der Heijde, D., Ramiro, S., Landewé, R., Baraliakos, X., Van Den Bosch, F., Sepriano, A., et al. (2017). 2016 update of the ASAS-EULAR management recommendations for axial spondyloarthritis. Ann. Rheum. Dis. 76, 978–991.

van der Heijde, D., Song, I. H., Pangan, A. L., Deodhar, A., van den Bosch, F., Maksymowych, W. P., et al. (2019). Efficacy and safety of upadacitinib in patients with active ankylosing spondylitis (SELECT-AXIS 1): a multicentre, randomised, double-blind, placebo-controlled, phase 2/3 trial. Lancet 394, 2108–2117. doi: 10.1016/s0140-6736(19)32534-6

Van Rompaey, L., Galien, R., van der Aar, E. M., Clement-Lacroix, P., Nelles, L., Smets, B., et al. (2013). Preclinical characterization of GLPG0634, a selective inhibitor of JAK1, for the treatment of inflammatory diseases. J. Immunol. 191, 3568–3577. doi: 10.4049/jimmunol.1201348

Varkas, G., Thevissen, K., De Brabanter, G., Van Praet, L., Czul-gurdian, F., Cypers, H., et al. (2017). An induction or flare of arthritis and/or sacroiliitis by vedolizumab in inflammatory bowel disease: a case series. Ann. Rheum. Dis. 76, 878–881. doi: 10.1136/annrheumdis-2016-210233

Vieira-Sousa, E., van Duivenvoorde, L. M., Fonseca, J. E., Lories, R. J., and Baeten, D. L. (2015). Review: animal models as a tool to dissect pivotal pathways driving spondyloarthritis. Arthritis Rheumatol. 67, 2813–2827. doi: 10.1002/art.39282

Villarino, A. V., Kanno, Y., and O’Shea, J. J. (2017). Mechanisms and consequences of Jak-STAT signaling in the immune system. Nat. Immunol. 18, 374–384. doi: 10.1038/ni.3691

Wallace, C., Smyth, D. J., Maisuria-Armer, M., Walker, N. M., Todd, J. A., and Clayton, D. G. (2010). The imprinted DLK1-MEG3 gene region on chromosome 14q32.2 alters susceptibility to type 1 diabetes. Nat. Genet. 42, 68–71. doi: 10.1038/ng.493

Wilks, A. F. (2008). The JAK kinases: not just another kinase drug discovery target. Semin. Cell Dev. Biol. 19, 319–328. doi: 10.1016/j.semcdb.2008.07.020

Works, M. G., Yin, F., Yin, C. C., Yiu, Y., Shew, K., Tran, T.-T., et al. (2014). Inhibition of TYK2 and JAK1 ameliorates imiquimod-induced psoriasis-like dermatitis by inhibiting IL-22 and the IL-23/IL-17 axis. J. Immunol. 193, 3278–3287. doi: 10.4049/jimmunol.1400205

Wöss, K., Simonović, N., Strobl, B., Macho-Maschler, S., and Müller, M. (2019). Tyk2: an upstream kinase of stats in cancer. Cancers 11:1728. doi: 10.3390/cancers11111728

Wrobleski, S. T., Moslin, R., Lin, S., Zhang, Y., Spergel, S., Kempson, J., et al. (2019). Highly selective inhibition of tyrosine Kinase 2 (TYK2) for the treatment of autoimmune diseases: discovery of the allosteric inhibitor BMS-986165. J. Med. Chem. 62, 8973–8995. doi: 10.1021/acs.jmedchem.9b00444

Yamamoto, K., Yamaguchi, M., Miyasaka, N., and Miura, O. (2003). SOCS-3 inhibits IL-12-induced STAT4 activation by binding through its SH2 domain to the STAT4 docking site in the IL-12 receptor β2 subunit. Biochem. Biophys. Res. Commun. 310, 1188–1193. doi: 10.1016/j.bbrc.2003.09.140

Yap, G. S., Ortmann, R., Shevach, E., and Sher, A. (2001). A Heritable defect in IL-12 signaling in B10.Q/J mice. ii. effect on acute resistance to toxoplasma gondii and rescue by IL-18 treatment. J. Immunol. 166, 5720–5725. doi: 10.4049/jimmunol.166.9.5720

Zhang, F., Wei, K., Slowikowski, K., Fonseka, C. Y., Rao, D. A., Kelly, S., et al. (2019). Defining inflammatory cell states in rheumatoid arthritis joint synovial tissues by integrating single-cell transcriptomics and mass cytometry. Nat. Immunol. 20, 928–942. doi: 10.1038/s41590-019-0378-1

Zhang, M., Zhou, L., Xu, Y., Yang, M., Xu, Y., and Komaniecki, G. P. (2020). A STAT3 palmitoylation cycle promotes TH17 differentiation and colitis. Nature 586, 434–439. doi: 10.1038/s41586-020-2799-2


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 © 2021 Hromadová, Elewaut, Inman, Strobl and Gracey. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		From Science to Success? Targeting Tyrosine Kinase 2 in Spondyloarthritis and Related Chronic Inflammatory Diseases



		INTRODUCTION



		JAKS ARE ESSENTIAL INTRACELLULAR CYTOKINE SIGNALING MOLECULES



		TYROSINE KINASE 2 DEFICIENCY AND POLYMORPHISMS IN MAN



		USING MICE TO STUDY TYK2: PROS AND CONS



		TYROSINE KINASE 2, A ONCE NEGLECTED THERAPEUTIC TARGET



		PRECLINICAL AND CLINICAL TRIALS OF TYK2 INHIBITORS



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Genetics

From Science to Success?
Targeting Tyrosine Kinase 2
in Spondyloarthritis and Related
Chronic Inflammatory Diseases





OPS/images/fgene-12-685280-g003.jpg
<, 3, %
o o "0 % 3N
PDE4A Chrom.19
DNA
l (p13.2)
RNA
3’ Exon 25 5" Exon 1
protein C OENE pseudokinase | SH2 N
3 4 A ~ ”~ ~ A
&&y J‘o’\s\ $ 75 /:‘33\ 3 ‘)\9 Ry eo Ry )) J‘\S:S\)
% % - % % < %, &
R % %, % % 5 N









OPS/images/fgene-12-685280-t001.jpg
SNP AA change Location Functional effect MAF MAF Asian OR (AS) Association References
European
rs35251378 - Intergenic 0.2840 0.5090 N/A PsA Stuart et al. (2015)
rs34536443 P1104A Exon23 kinase Loss of kinase 0.0420 0.0003 0.70 Ps, RA, SLE, T1D, AS, Dendrou et al.
activity CD, UC, and MS (2016)
rs35018800 A928V Exon20 kinase Loss of kinase 0.0075 0.0000 0.60 RA, SLE, AS, CD, and Diogo et al. (2015)
activity uc
rs12720356 1684S Exon15 Loss of kinase 0.0863 0.0000 1.09 Ps, RA, SLE, T1D, AS, Dendrou et al.
pseudokinase activity CD, and UC (2016)
rs280519 - Intron 11 0.5032 0.5740 N/A Ps and SLE Strange et al.
(2010) and
Cunninghame
Graham et al.
(2011)
rs55882956 R703W Exon15 Loss of kinase 0.0011 0.0280 N/A RA (suggestive Motegi et al. (2019)
pseudokinase activity association)
rs2304256 V362F Exon8 FERM Promotion of exon 0.2836 0.4430 N/A Ps, SLE, and T1D Wallace et al.
8 inclusion (2010), Diogo et al.
(2015), Enerback
et al. (2018), and Li
et al. (2020)
rs12720270 = Intron 7 Promotion of exon 0.1832 0.4700 N/A SLE Graham et al.
8 inclusion (2007), Hellquist
et al. (2009), and Li
et al. (2020)
rs201917359 R231W Exon7 FERM 0.0010* 0.0030* N/A RA Motegi et al. (2019)
rs34725611 - Intron 6 0.2768 0.5060 N/A PsA Bowes et al. (2015)
rs770927552  GCTT deletion  Exon4 FERM Truncation 0.0000 0.0000 N/A Minegishi et al.
(nonsense (2006) and Kreins
mutation) et al. (2015)
rsb5762744 A53T Exon3 FERM Impact on protein 0.0109 0.0006 N/A MS Dyment et al.
function (2012)
rs35164067 - Intergenic 0.2001 0.4690 1.14 T1D and AS Cortes et al. (2013)

Functional effect, OR (for AS only) and disease associated found in indicated reference. Minor allele frequency (MAF) obtained from ALFA project data of over 100,000
individuals on NCBI’s SNP database. *ALFA project SNP data not available, so 1,000 genomes used instead.
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Name Other name Primary Selectivity (cell free kinase assay) References
JAKs
Tofacitinib CP-690550 JAKB/JAK2 21x (JAKB vs TYK2) Meyer et al. (2010)
Baricitinib INCB-28050/ JAK2/JAKA 10x (JAK2 vs TYK2) Fridman et al. (2010)
LY-3009104
Upadacitinib ABT-494 JAK1 100x (JAK1 vs TYK2) Parmentier et al. (2018)
Filgotinib GLPG0634 JAK1 12x (JAK1 vs TYK2) Van Rompaey et al. (2013)
Brepocitinib PF-06700841 JAKT/TYK2 3.3x (TYK2 vs JAK2) 282x (TYK2 vs JAK3) Fensome et al. (2018)
Deucravacitinib BMS-986165 TYK2 5x (TYK2 JH2 vs JAK1 >10,000x (all JAK JH1 domains, Wrobleski et al. (2019)
JH2) JAK2, and JAKS JH2)

For non-TYKZ2 selective JAKI, selectivity of primary targeted JAK vs TYKZ2 given. For TYK2-selective inhibitors, selectivity of TYK2 vs off target inhibition of other JAKs
given. Note that for first generation JAKS (tofacitinib and baricitinib), secondary JAKs are effectively blocked at working JAK concentrations, and thus these JAKi are often

referred to as “pan-JAK” inhibitors.
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