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Abstract18

Cytokines act as communication tools of the immune system, serving critical functions in many19

biological responses and shape the immune response. When cytokines production or their biological20

activity goes awry, the homeostatic balance of the immune response is altered with the21

development of several pathologies such as autoimmune and inflammatory disorders. Cytokines22

bind to specific receptors on cells, triggering the activation of intracellular enzymes known as Janus23

kinases (JAKs). TheJAKs family is comprised of four members, JAK1, JAK2, JAK3 and tyrosine kinase24

2 (TYK2), which are critical for intracellular cytokine signalling. Since the mid 2010s multiple JAK25

inhibitors have been approved for inflammatory and haematological indications. Currently,26

approved JAK inhibitors have demonstrated clinical efficacy; however, improved selectivity for27

specific JAKs is likely to enhance safety profiles, and different strategies have been employed to28

accomplish enhanced JAK selectivity. In this update, we discuss the background of JAK inhibitors,29

current approved indications and adverse effects along with new developments in this field. We30

address the issue of JAK selectivity and its relevance in term of efficacy, and describe new modalities31

of JAK targeting, as well as new aspects of JAK inhibitors action.32
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33

[H1] Introduction34

35

36

Cytokines have a critical role in the pathogenesis of a diverse range of inflammatory and37

autoimmune diseases. The development of biologic therapies targeting extracellular cytokines and38

their receptors revolutionized the treatment of several autoimmune and allergic diseases including39

rheumatoid arthritis (RA), atopic dermatitis and inflammatory bowel disease (IBD), validating40

cytokines as relevant drug targets. Despite their overall success, biologics have not been entirely41

successful, with a substantial portion of patients not achieving long-term remission, thereby42

creating the need for alternative therapeutic strategies including targeting intracellular signalling.43

JAKs are a family of phosphotransferases originally identified in the early 90´s, they possess tandem44

kinase domains making them plausible targets to target signalling of numerous cytokines (Figure 1)45

[1]. Many of these cytokines have important roles in the pathogenesis of immune-mediated46

diseases thus providing the rationale for JAK inhibition as a therapeutic approach. [2-6]47

48

The JAK family consists of four members, JAK1, JAK2, JAK3 and TYK2 and individual JAKs have49

selectivity for different cytokine receptor subunits [7, 8]. The binding of cytokines to their cognate50

receptors results in enzymatic activation of JAKs and subsequent phosphorylation of their51

substrates, including the signal transducer and activator of transcription (STAT) family of52

transcription factors.  The STAT family consists of seven mammalian members: STAT1, STAT2,53

STAT3, STAT4, STAT5A, STAT5B and STAT6. Selective binding of cytokines to their cognate receptors54

allows preferential recruitment of different STATs. The combination of four JAKs and seven STATs55

results in a complex web of signals, ultimately regulating various cellular functions. [9].56

57

The N-terminus of JAKs consist of FERM and SH2-like domains, which bind to the Box1 and 258

cytoplasmic regions of cytokine receptors, thereby mediating JAK-cytokine interactions and59

conferring functional specificity of JAKs in cytokine signalling [10] (Figure 2) JAKs contain two kinase60

domains: an active tyrosine kinase domain (JAK homology 1 (JH1)) and a catalytically-inactive61

pseudokinase domain (JAK homology 2 (JH2)) The role of the pseudokinase domain was recognized62

by mutational analysis but also thanks to the identification of the pseudokinase gain-of-function63

mutations underlying myeloproliferative neoplasms (MPNs) [11, 12].] Researchers defined the basic64



3

concepts of JAK-STAT signalling within just a few years. However, understanding of JAK activation at65

the molecular and atomic levels remained elusive until 2022, when researchers uncovered the66

structure of a full-length JAK1 in complex with the intracellular domain of a cytokine receptor [13].67

The crystal structure showed that JAKs pseudokinase domains facilitate receptor dimerization and68

had a critical multifunctional role in regulating JAK activity.  [14, 15][13, 16].  As mentioned below,69

the adenosine triphosphate (ATP) binding pocket of the pseudokinase domain, which is critical for70

JAK activation, was then considered a potential target for selective drug development is71

72

The first JAK inhibitor, ruxolitinib was approved by the FDA in 2011, followed by tofacitinib in 201273

[17, 18]. Since then, a dozen JAK inhibitors have been approved, providing additional possibilities to74

treat rheumatologic, dermatologic, gastroenterological and oncologic disease, as well as COVID-19.75

The use of JAK inhibitors to treat these diseases often shows similar or superior efficacy compared76

to biologics . Alongside the first-generation JAK inhibitors, which unselectively target several JAKs,77

new molecules with increased selectivity for one of the JAKs have been developed and here are78

described as second-generation inhibitors.79

80

In this Review, we briefly cover the biology of JAKs and history of JAK inhibitors, their selectivity and81

safety, which has fuelled consideration about the pros and cons of these agents. STATs also have a82

critical role in the regulation of immune and non-immune cell functions but due to the paucity of83

molecules available to inhibit their functions effectively, we do not include discussion of STAT84

inhibitors in this Review. New molecules with greater selectivity for single JAKs have already been85

approved with the goal of improving safety profiles while maintaining efficacy We also discuss some86

of the more recently developed allosteric inhibitors that do not target the kinase domain. We focus87

on enzyme-specific drugs, but also discuss future prospects, including the possibility of developing88

tissue or organ-specific JAK inhibitors and other modalities that target JAKs to treat immune-89

mediated diseases90

91

[H1] The evolving specificity of JAK inhibitors92

Thanks to the increased knowledge and mechanistic understanding of their activation, multiple JAK93

inhibitors have been approved for the treatment of a wide range of inflammatory and autoimmune94

diseases as well as for the treatment of MPNs [19]. The issue of JAK inhibitor selectivity stems from95

the need to have drugs that are effective and safe, limiting the predictable adverse effects of96
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cytokine and growth factor inhibition while maintaining therapeutic efficacy . The original first-97

generation JAK inhibitors targeted several JAKs. The development of second-generation JAK98

inhibitors aimed to increase selectivity towards one JAK isoform, particularly sparing JAK2, thereby99

reducing the risk of haematological adverse events. The quest for higher selectivity is also desirable100

for tailoring therapies to various diseases or disease conditions with distinct cytokine profiles.101

Approved drugs, such as monoclonal antibodies that specifically target a cytokine or a cytokine102

receptor have demonstrated that,] IL-6 (and downstream JAK1 signalling) is important in the103

pathogenesis of RA, IL-12 and IL-23 (and downstream JAK2 and TYK2 signalling)  in IBD, psoriasis and104

psoriatic arthritis, IL-4 and IL-13 (and downstream JAK1, TYK2 and JAK2 signalling)  in atopic105

dermatitis, and type I interferons (and downstream JAK1 and TYK2 signalling)  in systemic lupus106

erythematosus. Blocking these pathways is therefore a viable treatment option in these diseases.107

JAK inhibitors inherently lack cytokine specificity; inhibiting one JAK isoform can affect multiple108

cytokine pathways, which can lead to both beneficial or undesirable effects depending on the109

context. For example, by targeting various signals downstream of a single cytokine, such as IL-2,110

pan-JAK inhibitors can influence both pro-inflammatory events like expansion of cytotoxic T cells as111

well as regulatory pathways (such as regulatory T cell development) [20] Hence, one rationale for112

developing inhibitors with a higher JAK isoform selectivity is to enable a more accurate prediction113

of the biological and clinical outcomes .114

115

The first-generation and second-generation JAK inhibitors target the ATP binding pocket in the JAK116

kinase domain. The highly conserved structure of the ATP pocket poses challenges to obtain high117

selectivity, nevertheless, researchers have exploited the subtle structural differences in the ATP118

pocket to develop molecules with a higher affinity for one enzyme than others in the family [21].119

Examples of JAK inhibitors that target the ATP binding pocket in the kinase domain include120

abrocitinib and ritlecitinib. Importantly, some inhibitors such as filgotinib and upadacitinib are121

relatively more selective than tofacitinib or baricitinib but are not completely selective [22]. The122

clinical effects of first-generation and second-generation JAK inhibitors are quite similar, though123

differences between individual drugs exist, and the distinction between first-generation and124

second- generations reflect historical development For convenience, in this Review, the newer125

allosteric inhibitors that target the regulatory pseudokinase domain are referred to as third-126

generation JAK inhibitors. Research over the past 30 years provides a reliable model of the127

regulation of JAKs and their domains, this is critical not only to understand the JAK-STAT cascade128
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but also for the design of better drugs that could inhibit specific pathways. There are now drugs in129

development with increased selectivity for one of the JAKs or compounds with specificity for target130

tissues (topical or inhaled JAK inhibitors).131

132

[H2] First-generation JAK inhibitors133

134

As mentioned above, first-generation JAKinibs are orthosteric, ATP-competing inhibitors and135

generally display limited selectivity for a specific JAK.   In this Review, we summarise the affected136

JAKs, indications and doses of the approved first-generation and second-generation ATP-137

competitive JAK inhibitors (Table 1). In addition, we summarize the phase III clinical trials of first-138

generation JAK inhibitors in the different clinical indications with their respective primary endpoints.139

[H3] First-generation JAK inhibitors mode of action140

141

From a structural standpoint, ruxolitinib, tofacitinib and baricitinib share the pyrrolo-pyrimidine142

moiety, [23] which has an important role in making hydrogen bonds with the hinge region in the143

ATP binding pocket of the JAK kinase domain [24]. Additionally, ruxolitinib and baricitinib share a144

unique pyrazole moiety directly linked to the pyrrolo-pyrimidine moiety  [23]. From a145

pharmacological standpoint, these three drugs inhibit JAK1 as well as JAK2, albeit tofacitinib is less146

effective than ruxolitinib and barcitinib at JAK2 inhibition in immune cells Tofacitinib also inhibits147

JAK3, whereas ruxolitinib and baricitinib are much weaker inhibitors of JAK3 [24].148

149

In addition to inhibition of JAK enzyme phosphorylation, first-generation JAK inhibitors have150

reported off-target effects. In 2020, the first artificial intelligence predictions of off-target effects151

were made whilst identifying potential therapeutic targets for the treatment of SARS coronavirus 2152

[25]. A study searching for compounds that can inhibit clathrin-mediated endocytosis,  showed that153

baricitinib targets the numb-associated kinase family. In vitro studies suggest that members of the154

numb-associated kinase family, including AAK1 and GAK, are involved in protection against viral155

infection of cells  [25] . Other off-target effects identified by machine learning approaches are based156

on ligand similarity including attenuation of pulmonary vascular remodelling, modulation of157

response to hepatitis C virus, and hypomagnesemia [26] .158

[H3] Approved applications of first-generation JAK inhibitors159
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160

Ruxolitinib was the first JAK inhibitor approved by the FDA for the treatment of patients with161

myelofibrosis in November 2011 (Figure 3 . The association between the JAK2 V617F gain-of-162

function mutation  (in the pseudokinase domain) and clinical features of myelofibrosis such as163

anaemia, splenomegaly and increased risk of transformation to acute myeloid leukaemia made JAK2164

an ideal target for treating myelofibrosis [27]. The authorization for myelofibrosis came from two165

phase III randomised clinical trials, where ruxolitinib reduced spleen size by at least 35%,166

ameliorated debilitating symptoms, improved quality of life and had a favourable safety profile  [28,167

29]. In 2014 and 2019, respectively, ruxolitinib received approval for two more pathologies:168

polycythemia vera and graft versus host disease (GVHD) [30, 31]. Tofacitinib was first assessed for169

the prevention of renal transplant rejection [32] but was the pioneer of JAK inhibitors approved for170

rheumatological and gastroenterological conditions, with the first approval received in 2012 for RA171

(Figure 3). The phase III ORAL program assessing tofacitinib treatment in patients with RA who had172

an inadequate response to methotrexate or biological DMARDs (bDMARDs) led to the FDA approval173

of tofacitinib 5mg twice a day for patients with moderate to severe active disease and inadequate174

response to methotrexate . In these clinical studies,  tofacitinib treatment resulted in greater clinical175

and radiological benefits than treatment with placebo in patients who failed – for efficacy or safety176

reasons – at least one conventional synthetic or bDMARD [33-35]. Tofacitinib showed non-177

inferiority to the TNF inhibitor adalimumab . The use of tofacitinib was then extended to psoriatic178

arthritis (PsA), polyarticular juvenile idiopathic arthritis (JIA) and ankylosing spondylitis (AS).179

Moreover, the OCTAVE program, involving patients with ulcerative colitis with inadequate response180

to conventional therapies or TNF inhibitors, showed the superiority of tofacitinib compared to181

placebo in inducing and maintaining up to 52 weeks clinical remission and mucosal healing [36] [182

183

 Baricitinib was first approved for RA by the EMA in 2017 (2mg and 4mg per day) and by the FDA in184

2018 (2mg only) (Figure 3). The phase III program included four randomized clinical trials that185

involved patients with RA with an inadequate response to both methotrexate and, bDMARDs  or186

naive to methotrexate [37-40]. Overall, baricitinib met the primary endpoint, showing superiority187

to placebo in clinical outcomes (ACR20 response) in all patients enrolled, and to adalimumab in188

patients with an inadequate response to  methotrexate; moreover, the radiographic progression189

was slower in baricitinib-treated patients than with placebo-treated patients [38, 41]. In April 2023,190

baricitinib (4mg) received approval for the treatment of polyarticular JIA in children >2 years. The191
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JUVE-BASIS trial demonstrated that in patients with various forms of JIA (including polyarticular JIA,192

extended oligoarticular JIA, enthesitis-related arthritis JIA, and juvenile psoriatic arthritis) who has193

an inadequate response or intolerance to standard therapy , the time to flare was remarkably longer194

with baricitinib than with placebo [42]. Notably, after FDA emergency use approval, baricitinib is195

now the only JAK inhibitor approved for COVID-19 in hospitalized adult patients requiring oxygen196

therapy [43]. Another first-generation JAK inhibitor, peficitinib, is currently approved for RA in197

Japan, Taiwan and South Korea only. The phase III clinical trials of peficitinib (RAJ3 and RAJ4)198

demonstrated treatment with peficitinib (100mg or 150mg) was superior to placebo treatment at199

week 12, in terms of the ACR20 response [44, 45] .200

201

[H2] Second-generation JAK inhibitors202

203

As mentioned above, first-generation JAK inhibitors, which include four compounds approved204

through extensive phase 3 clinical programmes (Supplemental Table 2) inhibited more than one JAK205

with similar potency. Therefore,  a new set of inhibitors with improved selectivity toward a specific206

JAK isoform (such as JAK1, JAK3 or TYK2) known as second-generation inhibitors were developed207

and several other compounds are currently in phase II or III trials (Table 2I).208

[H3] Second generation JAK inhibitors mode of action209

210

First-generation JAK inhibitors were followed by the development of a new set of inhibitors with211

improved selectivity toward a specific JAK isoform (such as JAK1, JAK3 or TYK2) known as second-212

generation inhibitors. Two of the main reasons to develop a more selective JAK inhibitor were to213

target a specific set of cytokines while sparing inhibition of JAK2 to avoid undesirable214

haematopoietic effects including inhibition of red blood cell development and actions of215

erythropoietin [46], or effects on megakaryocytes and platelets development dependent on216

thrombopoietin [47]. Mechanistic characterization and preclinical studies of JAK1 inhibitors, as well217

as the aforementioned first-generation JAK inhibitors  have demonstrated that second-generation218

compounds have a profile of cytokine inhibition that is consistent with inhibition and the respective219

roles of these JAK isoforms in cytokine receptor signalling [48-50]. Importantly, all JAK1 inhibitors,220

regardless of their selectivity towards other JAK proteins in biochemical assays, display equivalent221

inhibition of JAK1-dependent cytokine pathways [48, 50, 51] .222
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223

[H3] Approved applications of second-generation JAK1 selective inhibitors224

225

The second-generation JAK1 inhibitors , abrocitinib, filgotinib and upadacitinib are approved for the226

treatment of various inflammatory diseases [49, 52, 53]. Upadacitinib shows some JAK1 selectivity227

but, at clinically used doses, JAK2 seems to be inhibited as well [22, 51]. This JAK inhibitor was first228

approved in August 2019 for moderate-severe active RA [54] . The extensive phase III SELECT229

program included patients with inadequate response to  methotrexate or other conventional230

synthetic DMARDs or bDMARDs and demonstrated the superiority of upadacitinib (15mg) over231

placebo, as monotherapy over  methotrexate, and over two bDMARDs: adalimumab (in232

methotrexate- inadequate response patients) and abatacept (in TNF inhibitor inadequate response233

patients) [55-60]. The trials met the primary endpoints including the ACR20 response and more234

stringent outcomes as requested by the EMA, including low disease activity or remission . Two235

studies confirmed the effect of upadacitinib on structural damage, as evaluated with radiographic236

outcome measures, in patients naive to treatment and in methotrexate-inadequate responders.237

Along with RA, three more rheumatological indications were added : PsA, AS and non-radiographic238

axial spondylarthritis. In 2022, upadacitinib was approved for adult and adolescent patients with239

atopic dermatitis and for two gastroenterological conditions, ulcerative colitis and Crohn’s disease.240

241

Filgotinib was approved by the EMA and Pharmaceuticals and Medical Devices Agency but not by242

the FDA, for RA (in 2020) and ulcerative colitis (in 2021) . The phase III FINCH program included three243

studies involving patients with RA who has an inadequate response to TNF inhibitors or244

methotrexate or who were naive to methotrexate treatment; the primary endpoint was the245

percentage of patients achieving an ACR20 response at week 12 (FINCH 1 and FINCH 2, in246

conventional synthetic bDMARDs experienced patients) or week 24 (FINCH 3, including patients247

with no or limited exposure to  methotrexate) [61-63]. The studies demonstrated the superiority of248

filgotinib versus placebo and the non-inferiority to adalimumab [61-63]. In the SELECTION study,249

filgotinib (200mg) induced clinical remission in a  greater percentage of patients with moderately to250

severely active ulcerative colitis compared with placebo after 10 weeks (induction study) and 58251

weeks of treatment (maintenance study) [64]. Abrocitinib was approved by the FDA for the252

treatment of atopic dermatitis in September 2021. The approval was based on a large phase III253

clinical program with abrocitinib in adults and adolescents . In moderate-severe atopic dermatitis,254
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abrocitinib (100 and 200mg) in combination with topical steroids or as a monotherapy showed255

superiority to placebo in combination with topical corticosteroids,  with a greater percentage of256

patients achieving the endpoints [65-67]. Moreover, in patients who showed a clinical response257

after 12 weeks of open label treatment, abrocitinib (200mg and 100mg)  reduced the risk of flares258

at week 40 compared with placebo [68]. In  the JADE COMPARE trials, abrocitinib 100 and 200mg259

with placebo or dupilumab (currently the gold standard and most prescribed drug in atopic260

dermatitis treatment) were assessed. The primary endpoints were investigator global assessment261

(IGA) and eczema area and severity index (EASI)-75 responses at week 12 and Peak Pruritus262

Numerical Rating Scale (PP-NRS4) at week 2 and a 90% or better improvement in Eczema Area and263

Severity Index (EASI-90) at week 4 [69, 70]  . Both doses showed significantly greater reductions in264

signs and symptoms of moderate-to-severe atopic dermatitis than placebo at weeks 12 and 16 but265

only abrocitinib 200mg, showed a superior itch response at week 2 compared with dupilumab. [69,266

70].267

268

[H3] Approved applications of second-generation JAK2 selective inhibitors269

270

Given the importance of JAK2 in haematologic malignancies , selective JAK2 inhibitors have also271

been developed for the treatment of MPNs, particular MPNs caused by mutations in JAK2, but also272

other cancers. Three JAK inhibitors, namely, fedratinib, pacritinib (which also inhibits Fms-like273

tyrosine kinase 3) and momelotinib (which also inhibits activin A receptor type 1 and increases iron274

availability) are approved for the treatment of myelofibrosis and hydroxyl urea resistant275

polycythemia vera. These drugs can reduce various clinical symptoms such as splenomegaly and276

fatigue [71-73].277

278

[H3] Approved applications of second-generation JAK3 selective inhibitors279

To date, ritlecitinib is the only approved  JAK3 selective inhibitor, this drug was approved in 2023 by280

the EMA and FDA for the treatment of severe alopecia areata in adults and adolescents ≥12 years281

[74].  Ritlecitinib inhibits JAK3 by binding in an irreversible fashion to cysteine 909 in this molecule;282

this residue is adjacent to the ATP pocket, and hence ritlecitinib functions as a competitive ATP283

compound. Cysteine 909 is unique to JAK3 and other JAKs instead contain a serine residue at this284

position [21]. In addition to JAK3, TEC kinases also contain a conserved cysteine in proximity to the285

ATP pocket; hence, ritlecitinib also inhibits five TEC kinase family members  [21, 75]. Notably,286
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decernotinib is also a JAK3 selective inhibitor; however, the clinical use of this agent was limited by287

drug-drug interactions. Moreover, JAK1 displays a lower affinity for ATP than JAK3, which partly288

explains why several ATP competitive reversible JAK1-selective inhibitors have been developed289

whereas no other JAK3 inhibitors have reached the clinical stage.290

[H2] The next generation: allosteric JAK inhibitors291

In the absence of stimulation, the pseudokinase domain interacts with the kinase domain,292

preventing the conformational dynamics needed for kinase activation [14, 15]. In an active state,293

JAK extends to an open conformation where the pseudokinase domain forms dimers between the294

neighbouring JAKs (Figure 2). The resulting close apposition enables transphosphorylation of the295

kinase domains, leading to their activation and initiation of the signalling cascade [13, 16]. This296

knowledge led to the possibility to target the pseudokinase domain in allosteric fashion. (also known297

as Type III inhibitors) or remote from the ATP binding site of the pseudokinase domain (Type IV298

inhibitors). Both type III and type IV allosteric inhibitors  have been exploited for JAK inhibition based299

on the important regulatory role of the pseudokinase domain [76]. Notably, the allosteric inhibitors300

already approved or under development (Table 3) have a higher specificity than ATP-competitive301

kinase-domain targeting inhibitors and correlate with less adverse events [77-79].302

[H3] Allosteric inhibitors mode of action303

304

, Deucravacitinib, a drug that binds with high-affinity to the pseudokinase ATP pocket of TYK2, is, as305

of 2024, the only approved allosteric inhibitor .  Deucravacitinib also binds to JAK1 and, to a lesser306

extent, JAK2 [51, 80-84]. Despite sub-nanomolar affinity to TYK2 and JAK1, and nanomolar affinity307

to JAK2, this drug preferentially inhibits TYK2-mediated cytokine pathways. The mode-of-action of308

deucravacitinib remains elusive, but this drug is postulated to stabilize kinase-pseudokinase domain309

interactions, an interaction that results in in TYK2 autoinhibition. The latter hypothesis is supported310

by in vitro enzymatic activity studies in which deucravacitinib did not inhibit recombinant TYK2311

pseudokinase-kinase recombinant protein indicating the need of other signaling molecules for the312

inhibitory effect.  One would assume that if deucravacitinib induces intramolecular inhibition313

(stabilization of inhibitory interaction between the kinase and pseudokinase domains), it would314

induce inhibition of enzymatic activity of TYK2 kinase-pseudokinase protein. Thus, the absence of315

this inhibition suggests that other pathway components are needed for the inhibitory effect. [51].316
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Deucravacitinib might, upon binding to the TYK2 pseudokinase domain, prevent TYK2 from317

assuming a conformation required for transphosphorylation of another JAK and subsequent318

pathway activation [16]. Given the quest for better selectivity with preservation of efficacy, the319

interest in allosteric inhibition of JAKs has increased in the past decade and several investigational320

allosteric inhibitors are currently being evaluated in clinical trials.321

322

Other allosteric TYK2 inhibitors including zasocitinib, are being investigated in plaque psoriasis and323

psoriatic arthritis. ESK-001 is being evaluated in plaque psoriasis, non-infectious uveitis and systemic324

lupus erythematosus . VTX958 is in phase II trials for plaque psoriasis and achieved the study’s325

primary endpoint showing a statistically significant proportion of patients experienced a 75%326

reduction in the Psoriasis Area and Severity Index (PASI75) at week 16 compared with placebo.327

Nonetheless, development of VTX958 for psoriasis as well as for PsA has ceased, but is continuing328

for Crohn’s disease . Interestingly, another allosteric type IV inhibitor (VVD-118313) also binds to329

JAK1 and TYK2 pseudokinase  domains but selectively inhibits only JAK1-mediated signalling. VVD-330

118313 is an investigational compound that covalently binds to an allosteric cysteine present in JAK1331

and TYK2, a site analogous to the myristoyl pocket of ABL kinase [79]. In ABL, this pocket is the target332

of asciminib, an ABL-inhibitor approved to treat Philadelphia chromosome-positive chronic myeloid333

leukaemia [85]. VVD-118313 inhibits JAK1-mediated transphosphorylation [79] and modelling data334

suggests that this compound perturbs the conformation of a linker between kinase and335

pseudokinase domains, destabilizing transactivation and resulting in loss of JAK1 phosphorylation336

[16]. Proof of VVD-118313 mediated loss of JAK1 phosphorylation though, is still lacking. The fact337

that two allosteric inhibitors target the same JAKs (JAK1 and TYK2) but show different inhibition338

profiles demonstrate that cytokine signalling specificity can be obtained via allosteric JAK targeting.339

However, this disparity also illustrates that in vitro JAK-selectivity profiles do not always translate340

into the expected cellular effects.341

342

[H3] Approved applications for allosteric inhibitors343

344

The efficacy and safety of deucravacitinib in psoriasis was assessed by comparison to placebo or345

apremilast as active comparators (POETYK PSO-1 and POETYK PSO-2) [86, 87]. The co-primary346

endpoints, ≥75% reduction from baseline in PASI75 and a Physician's Global Assessment (PGA) score347

of 0 or 1 at week 16, were met in the two phase III clinical trials. Specifically, a higher percentage of348
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patients treated with deucravacitinib (6mg) met the primary endpoints compared with those349

treated with placebo or  apremilast, confirming the superiority of the TYK2 inhibitor [78, 79]. These350

results led to the approval of deucravacitinib by the EMA and FDA in 2023 for adult patients with351

moderate to severe plaque psoriasis who are eligible for systemic therapy or phototherapy.352

[H1] Adverse effects and events353

354

Owing to the wide range of signalling pathways downstream of cytokines and growth factors that355

are affected by JAK inhibitors, some adverse effects are predictable, although the underlying356

mechanism of some adverse events remain unknown . JAKs work in pairs and knowledge of the357

hierarchy of one enzyme over the other is still incomplete. Therefore, understanding the exact358

contribution of inhibition of each kinase in the pair in specific cells, tissues or cell state is not an easy359

task. Certain adverse effects are common to JAK inhibitors, regardless of the drug selectivity profile,360

and other factors such as ethnicity and underlying disease could explain different incidence rates.361

Notably, JAK inhibitors are quickly absorbed and reach peak plasma concentrations within 1 to 2362

hours [88]. Conversely, these drugs are also rapidly cleared, predominantly by the liver and kidneys.363

This rapid clearance often requires twice daily administration or extended-release formulations.364

This regime  could be seen as a problem leading to compliance issues but also as a safety net in case365

of severe adverse events. Deucravacitinib has a longer half-life ranging between 10 and 16 hours366

and can be administered once daily [89]Interestingly, covalent binding of JAK inhibitors to the kinase367

domain might  not result in a prolonged pharmacokinetic profile, as observed in the case of368

ritlecitinib targeting of JAK3, as this kinase is rapidly resynthesized.369

[H2] Infections370

371

While severe and opportunistic infections occur in patients treated with JAK inhibitors; as well as372

those exposed to other immunosuppressive therapies, a specific adverse effect of JAK inhibitors is373

reactivation of varicella zoster virus infection. This effect is not surprising, given the role of374

interferons in the antiviral response, and is common to all available JAK inhibitors. Sparing JAK2 and375

JAK3, however, could result in a better safety profile. In fact, the JAK1 preferential drug, filgotinib,376

has a two-fold lower incidence of herpes zoster reactivation [90]. In a randomized controlled trial in377

patients with inflammatory diseases including RA, PsA, psoriasis, spondylarthritis and IBD , network378

metanalysis found only baricitinib (4mg daily), tofacitinib (10mg twice a day) and upadacitinib (30mg379
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daily) were associated with a higher incidence of herpes zoster compared with placebo, with odd380

ratios (95% CI) of 3.46 (1.38-8.67), 1.96 (1.01-3.78), and 3.25 (1.50-7.02), respectively. Conversely,381

no difference emerged with other compounds (filgotinib, peficitinib and decernotinib), other382

dosages compared with placebo and between different JAK inhibitors [91]. Overall, these data383

should be interpreted with caution in the absence of direct comparison between different384

molecules. Zoster reactivation is also less common with deucravacitinib compared to the other JAK385

inhibitors [92].386

387

[H2] Haematological changes388

389

Common -chain cytokines signal via JAK1, JAK2 and JAK3. These cytokines have a role in the390

development, proliferation, and function of adaptive immune cells including B and T lymphocytes,391

and NK cells, and hence a transient and reversible reduction in lymphocyte number is common392

following JAK inhibitor therapy [42]. Some cytokines have a more selective JAK signalling profile. For393

example, granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating394

factor signal through JAK2 heterodimers-coupled receptors. These cytokines are critical for395

myelopoiesis, and a reduction in neutrophil count can occur following JAK inhibition, depending on396

the JAK inhibitor selectivity profile  [51, 93]. JAK2 mediates signalling downstream of the397

erythropoietin receptor, and reduction of haemoglobin levels can occur following treatment with398

first-generation JAK inhibitors and to a lesser extent with upadacitinib, as well as with the JAK2399

inhibitor, fedratinib. However, the decline in haemoglobin levels is generally not clinically relevant,400

with less than 1% of patients with RA showing meaningful changes with tofacitinib [94, 95]. As401

expected, JAK inhibitors that spare the JAK2 signalling pathway (filgotinib, abrocitinib and402

ritlecitinib) are not associated with a decrease in haemoglobin [60, 61, 63, 65, 66, 96]. In the SELECT403

EARLY study, a higher incidence of anaemia occurs with 30mg upadacitinib compared with the lower404

dose of 15mg  (4.1 percent vs. 2.6 percent). By contrast, in the FINCH programme, filgotinib405

treatment led to increased levels of haemoglobin compared with placebo treatment. These findings406

suggest that changes in haemoglobin levels might serve as a surrogate marker of JAK 2 inhibition407

[60, 61, 63]. Treatment with most JAK inhibitors leads to a modest, and transient reduction in408

platelet count, regardless of JAK selectivity [97].409

410

[H2] Change in lipid profile411
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The lipid profile can be affected by the inflammatory state and by drugs targeting inflammatory412

pathways; this is particularly relevant in pathological conditions known to be associated with excess413

cardiovascular risk [98]. Changes in total, low density lipoprotein and high-density lipoprotein414

cholesterol commonly occur in patients treated with JAK inhibitors targeting JAK1, but not with415

ritlecitinib, fedratinib and abrocitinib [65, 74, 99]. Indeed, cytokines that signal via JAKs are involved416

in cholesterol metabolism . For instance, type I interferons reduce the biosynthesis of cholesterol417

which, in turn, affects interferon-mediated responses to viral infection and promotes the418

accumulation of cholesterol in lipid droplets [100]. Similarly, IL-6 affects cholesterol levels by419

decreasing the hepatic synthesis of lipids, stimulating lipid uptake, and increasing lipolysis [101].420

Therefore, an increase in cholesterol levels when targeting IL-6 and interferons, which both signal421

via JAK1, is not surprising.422

[H2] Cardiovascular and thromboembolic risk423

424

Neoplastic, cardiovascular and thromboembolic risks are associated with all commercially available425

JAK inhibitors (with the exception of deucravacitinib). These adverse events are unlikely to be426

explained by the inhibition of a single JAK.  A safety signal emerged from the phase IIIb and IV  ORAL427

Surveillance study. The study showed non-inferiority of tofacitinib 5mg twice a day and 10mg twice428

a day compared with two TNF inhibitors (adalimumab and etanercept) in the incidence of major429

cardiovascular events (MACEs) and malignancies, with tofacitinib overtaking the upper limit of the430

confidence interval [102]. Specifically, the incidence rate of MACEs with tofacitinib 5mg twice a day431

and TNF inhibitors in the ORAL Surveillance was 0.91 (0.67–1.21) and 0.73 (0.52–1.01) per 100432

patient-years, respectively [108]. In The ENTRACTE study comparing anti-IL-6 receptor with TNF433

inhibitors in a similar population of patients with RA, the incidence rate of MACEs with tocilizumab434

and TNF inhibitors was 1.82 (1.46–2.24) and 1.7 (1.35-2.10) per 100 patient-years , respectively435

[103]. The long-term observation of two cohorts of patients with RA treated mainly with csDMARDs436

(60% with  methotrexate and only 10% with bDMARDs), showed an incidence rate of 2.8-3.1 per437

100 patient-years of MACEs  [104, 105] . Data from the German RABBIT register suggest that the438

incidence rate of MACEs with JAK inhibitors is similar to that of bDMARDs and lower than that of439

csDMARDs. Among 14,203 treatment courses, 145 MACEs were recorded, accounting for an overall440

incidence rate of 0.73 per 100 patient-years without any significant difference between JAK441

inhibitors and other RA treatments: incidence rate of 0.68 (0.47-0.95) for JAK inhibitors, 0.62 (95%442
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CI 0.45-0.83) for TNF inhibitors, 0.76 (95% CI 0.53-1.06) for bDMARDs with other mode of action and443

incidence rate of 0.95 (95% CI 0.68-1.29) for csDMARDs [106]. There are higher incidence rates in444

male patients, individuals with cardiovascular risk (regardless of treatment), those older than 65445

years and in those with previous cardiovascular events  [106]. A Korean national database analysis446

including 111,334 patients followed-up for a mean time of 5.23 year showed an incidence rate ratio447

for cardiovascular disease of 0.91 (95% CI 0.90–0.92) in patients treated with JAK inhibitors or448

bDMARDs compared with patients treated only with csDMARDs (1.17 vs 1.3 per 100 patient years).449

These data suggest that optimal disease control could  better control cardiovascular risk [107]. Real450

world data from large national registries or administrative data did not confirm increased risk of451

MACEs in patients with RA treated with JAK inhibitors (mainly tofacitinib and baricitinib) matched452

with patients treated with TNF inhibitors or bDMARDs, even in patients with cardiovascular risk453

factors such as those enrolled in the ORAL Surveillance study [106, 108-116].454

455

Conversely, data on thromboembolic risk remain controversial. Most real-world evidence suggests456

no excess of venous thromboembolism (VTE) in patients treated for up to five years. However, some457

data indicate a potential increase in thromboembolic events, particularly primary pulmonary458

embolism [116-123] . In the Swedish registry, the incidence of VTE was  higher in patients treated459

with baricitinib or tofacitinib than in those treated with TNF inhibitors, and pulmonary embolism,460

rather than deep vein thrombosis, accounted for the increased risk [123]. Long-term extension461

studies with tofacitinib, baricitinib, upadacitinib and filgotinib in RA as well as the post-hoc analysis462

of tofacitinib and upadacitinib in RA, PsA, AS and atopic dermatitis patients did not show any463

increased risk of MACEs or VTE [124-128]. Interestingly, the more selective second-generation JAK464

inhibitors do not seem to be associated with any increased incidence of MACEs, VTE or malignancies465

[128, 129]. Notably, MACEs and VTE were reported almost exclusively in patients with466

rheumatologic conditions, suggesting a role for the underlying disease [130]. Moreover, patients467

with RA who were at greatest risk were those carrying cardiovascular risk factors or with previous468

atherosclerotic cardiovascular disease along with smoking and increased age [131-133]. Indeed, RA469

and atherosclerosis share many common inflammatory pathways that contribute to the progression470

of both atherosclerotic plaque and synovial hyperplasia, affect the arterial wall in both the disease471

and modulating traditional risk factors such as dyslipidaemia and metabolic syndrome [98]. Whether472

JAK inhibitor administration is actually associated with an increased risk of cardiovascular events473

has yet to be defined, and a mechanistic explanation of this possible association is also lacking.474
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Interestingly, in a phase II, placebo-controlled trial with baricitinib in patients with recent onset type475

1 diabetes — a disease known to be associated with increased cardiovascular risk — the insulin-476

secreting function of β-cells was preserved. Moreover, baricitinib improved the glycaemic control477

as assessed by continuous glucose monitoring and allowed patients to use lower doses of insulin478

[134].479

480

Notably in patients with ulcerative colitis, known to be at risk of thrombotic events, tofacitinib did481

not increase the risk of MACEs or VTE compared with TNF inhibitors [135]. Concerns of excess482

thromboembolic events first arose in the RA clinical trial program, where six cases of excess483

thromboembolic events were reported in patients treated with baricitinib and none in those treated484

with placebo  [136]. Moreover, analysing 14 real-world datasets including 9,013 baricitinib-treated485

patients propensity score-matched with 7,606 TNF inhibitor-treated patients found that   risk of VTE486

increased with baricitinib versus TNF inhibitors [122]. Notably, in patients with myeloproliferative487

disorders carrying a high risk of thromboembolic events treatment with ruxolitinib, another JAK1488

and JAK2  inhibitor, reduced the risk of thromboembolic events, supporting the contribution of the489

underlying disease to the occurrence of certain adverse events [137]. Safety data regarding events490

of special interest (including cardiovascular, thromboembolic and neoplastic risk) should be put into491

the correct context and taken into consideration for patients who are candidates or already being492

treated with JAK inhibitors. Particularly, the warnings and prescribing restrictions issued by the EMA493

following its review of ORAL surveillance data and registrational trials of all JAK inhibitors should be494

considered.495

496

[H2] Neoplastic risk497

498

From a mechanistic point of view, it remains unknown whether selectivity of JAK inhibition could499

be associated with lower neoplastic risk. A first signal of a possible carcinogenetic effect came with500

the report of an increased risk of non-melanoma skin cancer (NMSC) in patients with myelofibrosis501

and polycythemia vera treated with ruxolitinib. In a cohort of 564 patients (188 treated with502

ruxolitinib) the hazard ratio for NMSC was 2.69 (95% CI, 1.03-7.02) with a higher risk of squamous503

cell carcinoma, hazard ratio of 3.24 (95% CI, 1.45-7.22) [138]. A large dataset of patients developed504

NMSC  following treatment with ruxolitinib  suggesting an aggressive phenotype of this cancer that505

was recurrent, metastatic and associated with a high mortality rate [139]. For ruxolitinib, a warning506
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of a potential increased risk of NMSC is given. An analysis of the World Health Organization507

pharmacovigilance database published in 2022 showed a disproportionality signal for melanoma508

and NMSC with tofacitinib, ruxolitinib, and to a lesser extent, baricitinib, suggesting an additional509

risk of skin cancer with the use of JAK inhibitors. However, the pharmacovigilance analysis did not510

report if patients had previously been treated with other immunosuppressive drugs, which can also511

promote cancer development, which is an important consideration.[140]. A metanalysis of 18512

randomised clinical trials with biologic and targeted synthetic DMARDs in psoriasis and PsA showed513

a higher incidence rate of NMSC, but not melanoma, in patients treated with JAK inhibitors [141].514

Increased susceptibility to skin cancers in patients possibly treated with phototherapy for psoriasis,515

however, cannot be neglected[141].516

517

A safety signal concerning the risk of incident malignancies emerged with the ORAL Surveillance518

study [102]. In the cardiovascular risk factor-enriched population enrolled in the ORAL Surveillance,519

the incidence of cancer and NMSC, was almost twice as high among patients treated with tofacitinib520

compared with those treated with a TNF inhibitor, with an incidence of 4.2 and 2.9%, respectively,521

and a hazard ratio of 1.48 (95% CI, 1.04 to 2.09) [102, 124-126, 128]. The most reported cancer522

being lung cancer, which is known to have a higher incidence in patients with RA, particularly in523

patients older than 65 years, smokers and those with a history of lung disease; interestingly,524

geographical location in North America was also associated with an increased neoplastic risk [142].525

The post-hoc analysis of the study showed a stronger interaction between treatment duration and526

the emergence of cancer, with malignancy-free survival starting to diverge after 18 months of527

treatment. Notably, real-world evidence does not confirm the excess of neoplastic risk with JAK528

inhibitors compared with TNF inhibitors or other biologic DMARDs [107, 108, 113, 114, 116, 143,529

144].530

531

[H1] Characterizing selectivity532

533

Current selectivity classification of JAK inhibitors  is largely based on in vitro assays using534

recombinant kinases.  Other methods of measuring JAK inhibitor selectivity are available (Box 1) .535

Notably, the half maximal inhibitory concentration (IC50) obtained with these assays might  vary536

substantially. Assessing the selectivity with in vitro biochemical assays is conceptually537

straightforward when similar assays are used to measure the inhibition of the different JAK isoform538
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domains (recombinant kinase, kinase or pseudokinase) with any given drug . The biochemical539

measurements combined with structural information are critically important in JAK inhibitor540

development, especially for increased selectivity and potency [145]. However, activity-based541

biochemical assays are not suitable for detecting drugs  that do not directly alter intramolecular542

enzymatic activity. For example, the allosteric inhibitor, deucravacitinib, binds tightly to the ATP543

binding pocket in the pseudokinase domains of TYK2 and JAK1, but shows very weak binding to JAKs544

kinase domains [51, 81]. Experimental conditions and recombinant proteins have a critical role in545

these assays. For example, the concentration of ATP, activation state, domain content and546

posttranslational modifications are important factors that can influence the readouts. Substantial547

inter-assay variability thereby could occur in the measured IC50s and selectivity measures of JAK548

inhibitors are best compared when obtained in a single study under the same, or comparable,549

conditions. Biochemical in vitro analyses, however, do not necessarily directly translate into cellular550

effects [146, 147].551

552

Assessment of JAK inhibitors in cellular assays, such as  measuring the inhibition of STAT553

phosphorylation in response to a cytokine stimulation is more complex. JAK signalling downstream554

of type 1 and type 2 cytokine receptors requires dimerization of the JAKs, with five known555

combinations (JAK1 and JAK2, JAK1 and JAK3, JAK1 and TYK2, JAK2 andTYK2 and JAK2 and JAK2) .556

The specific role or requirement of activity for a given JAK protein, to phosphorylate tyrosine557

residues on the intracellular domain of the cytokine receptors as well as substrates recruited to the558

phosphorylated receptors, could vary depending on the cytokine receptor being considered. Indeed,559

the cytokine receptors couple to seven STATs and their differential activation in cytokine receptors560

(and by individual JAKs) and distinct biological functions further complicate the assessment. The561

reason for the differences in JAK inhibition selectivity is not fully understood but the FERM and SH2562

domains of JAK isoforms are important modules regulating the interaction with the intracellular563

domains of cytokine receptors that are diverse in their primary sequences [148]. The level of direct564

involvement that the FERM and SH2 domains have in regulating the kinase domain of JAKs upon565

cytokine binding to its cognate receptor is unclear  [148]. Additionally, the precise usage of a given566

JAK with respect to different cytokine receptors might  differ among different cells or activation567

states. Cytokine inhibition studies have demonstrated that the approved and late-stage clinical JAK568

inhibitors in inflammatory diseases predominantly inhibit JAK1-mediated cellular signalling, except569

for ritlecitinib (specific for JAK3-dependent cytokines) and deucravacitinib (specific for TYK2-570



19

mediated  signalling) [48, 50, 51, 82]. When considering the selectivity of JAK inhibitors and their571

effect on cytokine  signalling in vivo, the complexity increases further.572

573

Importantly, although JAK inhibition results in many downstream effects , measurement of the574

putative relevant STAT phosphorylation is commonly used as a readout for JAK inhibition. However,575

which STAT to measure to obtain the most reliable readout is not always obvious, as STAT usage576

could  also differ amongst cells and activation states. Moreover, STATs are not the only downstream577

mediators of signalling. Another complication is that cellular responses are the combined result of578

various cytokines at different levels over time and therefore assessing the contribution of inhibiting579

individual cytokine pathways to the therapeutic responses of JAK inhibitors is difficult.580

581

In vivo responses of target engagement can be measured in animals. Most importantly though, is582

assessment of consequences in patients – do putative selective JAK inhibitors target the desired583

JAKs and avoid others as evidenced by biological readouts? This unanswered question  is perhaps584

the greatest challenge. With limitations, some studies have indeed shown that, when coupled with585

their in vivo pharmacokinetic profiles, JAK inhibitors modulate cytokine pathways in a variable586

fashion [22, 50]. Importantly, in clinical practice, JAK inhibitor elimination, metabolism and potential587

drug-drug interactions can influence the administered doses (for those drugs with multiple dosages588

approved) especially for patients with renal and hepatic impairment. In conclusion, one should bear589

in mind that, as no established criteria for selectivity exist, each company defines the selectivity590

‘label’ of their compounds based on their best understanding of the available data.591

592

[H1] Organ selectivity: a safer approach?593

594

The attempt to minimize adverse effects and increase the efficacy of JAK inhibition has also led to595

the development of JAK inhibitors with different formulations, capable of selectively targeting596

inflamed tissues. Achieving organ selectivity with oral administration remains an unsurmountable597

obstacle, with possibly the only exception being JAK inhibitors that target inflammation in the598

gastrointestinal tract. Perhaps the most obvious strategy is the topical use of JAK inhibitors for599

various dermatological conditions but inhaled JAK inhibitors are also under consideration.600

Furthermore, transdermal or injectable delivery of JAK inhibitors are being considered.601
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[H2] Topical JAK inhibitors602

603

Ruxolitinib (1.5% cream) is the first topical JAK inhibitor approved for short-term and non-604

continuous chronic treatment of mild-to-moderate atopic dermatitis. Many of the cytokines605

involved in the pathogenesis of atopic dermatitis signal through the JAK and STAT pathways . Both606

in acute and chronic lesions, type 2 cytokines including IL-4, IL-13, IL- 31 but also IFN-, IL-12 and IL-607

23, orchestrate the local infiltration of innate and adaptive immune cells [149]. Keratinocyte-derived608

alarmins such as IL-25, IL-33 and thymic stromal lymphopoietin also signal through JAK and STAT ,609

as well as IL-22, inducing the expression of proinflammatory genes in keratinocytes and resulting in610

proliferation and epidermal acanthosis [149]. In two phase III clinical trials, a higher percentage of611

patients achieved the primary endpoint of an IGA score of 0 or 1 (with more than2% improvement612

from baseline) following treatment with 0.75% or 1.5% ruxolitinib cream compared with vehicle613

treatment after 8 weeks. Notably, ruxolitinib treatment led to a marked  control of itch reported614

within 12 hours [150]. Delgocitinib is another JAK inhibitor approved for atopic dermatitis, albeit615

only in Japan. In the phase III study, 0.5% ointment twice-daily was effective and well tolerated in616

adult patients with moderate-severe atopic dermatitis [151].  The improvement of modified EASI617

(mEASI) was  greater with the drug that with the vehicle treatment, was detectable already after 4618

weeks and persisted until 28 weeks of follow-up [152]. The same formulation of ruxolitinib indicated619

for atopic dermatitis has been approved by the FDA and EMA for the treatment of nonsegmental620

vitiligo in adult and adolescent patients. The rationale for topical use of JAK inhibitors in vitiligo came621

from the evidence that IFN- is the main cytokine responsible for melanocyte damage and is622

involved in the skin homing of autoreactive T cells; other JAK and STAT-coupled cytokines are locally623

or systemically involved in the pathogenesis of vitiligo, including IL-6, IL-15, IL-22, and IL-23 [153].624

Four phase II and three phase III clinical trials assessed the efficacy and safety profile of topical625

ruxolitinib. These studies showed clinically relevant skin re-pigmentation through 52 weeks626

compared with the vehicle control, particularly for facial lesions, perhaps due to differences in hair627

follicle distribution [154].628

629

 Preliminary data from small studies and case reports suggest that treatment with 2% tofacitinib630

ointment, or 1% ruxolitinib shows promise in the treatment of alopecia areata in both adult and631

paediatric patients  [155]. The bioavailability of ruxolitinib and tofacitinib after topical application is632

relatively low and oral administration associated adverse effects are not expected. [156, 157]. A few633
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local adverse effects including pruritus and acne have been reported, mostly with ruxolitinib [154].634

Finally, a phase II clinical trial involving patients with psoriasis receiving topical brepocitinib one or635

two times a day at different concentrations did not demonstrate a greater PASI response at week636

12 compared with vehicle [158]. As generic versions of JAK inhibitors become available, their use in637

many conditions is likely to expand and, in principle, could  be used in place of steroids. Conditions638

that are potential treatable with topical JAK inhibitors include alopecia areata, vitiligo and psoriasis,639

pathologies such as chronic hand eczema, Lichen planus and the allergic rection to poison ivy640

exposure. Of particular importance with respect to dermatological conditions, is the impact of JAK641

inhibitors on itch. Soluble factors that promote itch include JAK-STAT dependent cytokines such as642

IL-4, IL-13, and IL-31, which are known to drive itch independently of histamine pathways [159] .643

Notably, neurons express cytokine receptors that have been successfully targeted with biologics.644

Similarly, JAK inhibitors, have potent anti-itch effects and both ruxolitinib and abrocitinib are645

approved for the treatment of atopic dermatitis and are in the late stage of clinical assessment for646

prurigo nodularis and in chronic pruritus of unknown origin [160].647

648

[H2] Transdermal delivery649

650

Another possible application under investigation is the transdermal delivery of JAK inhibitors.651

Tofacitinib was the first JAK inhibitor tested for transdermal delivery  in a rat model of Freund's652

Complete Adjuvant-induced arthritis; administrating the drug through transdermal patch or653

microneedle array resulted in 24% and 95% drug release, and 12% and 85% drug permeation,654

respectively, in 4 hours. There was a notable  decrease in synovial hyperplasia, cartilage and bone655

erosion as well as circulating cytokine levels [161]. As injectable steroids are often used656

therapeutically for pain in joints, bursae, and tendon, using injectable JAK inhibitors might also be657

effective. Findings from clinical trials have shown that patients with RA treated with JAK inhibitors658

achieved greater improvements in pain compared with TNF inhibitors [162] . Multiple cytokines659

regulated by the JAK and STAT  pathway seem to have roles in mechanisms of pain [163] ;660

understanding these mechanisms is clearly an important area of research .661

[H2] Inhaled JAK inhibitors662

663
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Another area of interest is the development of tissue-specific JAK inhibitors for respiratory diseases.664

Most of the cytokines responsible for the pathogenesis of atopic dermatitis are also involved in the665

pathogenesis of type 2 (IL-4, IL-5, IL-9, IL-13 and TSLP) and non-type 2 asthma (IL-6, IL-9, IL-13, GM-666

CSF, type I and II  interferons) [164]. Some of these cytokines have already been targeted with667

monoclonal antibodies, therefore, providing a strong a rationale for the use of JAK inhibitors in the668

treatment of asthma, particularly for inhaled drugs with chemical structures that, facilitate lung669

retention and limited systemic exposure . The inhaled JAK inhibitors under development, their670

discovery and characterization, are reviewed elsewhere [165]. Some compounds have been already671

tested in preclinical, animal models. The inhalable compound iJak-381, is designed to inhibit JAK1 in672

the lung and was tested in animal models of asthma [166] . The compound inhibited the IL-13, JAK1673

and STAT6  signalling axis and normalized lung influx of both eosinophils and neutrophils in mice674

exposed to ovalbumin or allergens (Aspergillus, Alternaria and Dermatophagoides farinae).675

Moreover, in guinea pigs immunized with ovalbumin, iJak-381 reversed lung inflammation in a dose-676

dependent manner [166]. LAS194046, a JAK1 and JAK3  compound tested in an ovalbumin-induced677

airway inflammation model, inhibited eosinophil and neutrophil infiltration and improved lung678

function in mice treated one hour before allergen challenge [167]. A preliminary study with679

tofacitinib aerosol showed that the nebulization of the drug to house dust mite-challenged mice680

reduced the eosinophil count and protein concentration in the bronchoalveolar lavage fluid [168].681

Intranasal administration of tofacitinib was also effective in a mouse model of chronic rhinosinusitis682

with nasal polyposis, inducing pronounced  reduction in both eosinophilic infiltrate and polyp-like683

lesions [169]. Another compound, the JAK3 and JAK1  inhibitor R507, was tested in a model of684

tracheal allografts to prevent chronic obliterative airway disease [170]. Airway obliterative disease685

is a risk factor for mortality in lung transplant recipients and has pathological features common to686

human obliterative bronchiolitis [171] . Both oral and aerosol R507 administration abolished the687

airway lumen obliteration induced by inflammatory cell infiltration and fibroproliferation and688

resulted in repair of the damaged epithelial surface; after the aerosol administration, plasma levels689

of R507 were 10-fold lower compared with systemic treatment  [170]. Data examining the use of690

inhaled JAK inhibitors  in humans are still scarce. Preliminary data from a phase II randomized,691

placebo-controlled clinical trial in 25 patients with severe COVID-19 requiring oxygen692

supplementation demonstrated that one-week administration (once-a-day inhalation) of pan-JAK693

inhibitor nezulcitinib improved oxygen saturation and reduced mortality (5%, versus 33% in the694

placebo-treated group) [172]. A larger phase II study, however, carried out in 205 patients with695
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severe COVID-19 failed with a similar percentage of patient treated with nezulcitinib or placebo696

meeting the primary and secondary endpoints (including number of respiratory failure-free days697

and mortality at day 28) [173].698

699

Two phase I randomized clinical trials assessed the effect of two different JAK inhibitors in patients700

with asthma. The first one demonstrated that 10-days treatment with four ascending doses of the701

preferential JAK1 inhibitor GDC-0214 reduced a biomarker of airway inflammatory infiltrate702

including fractional exhaled nitric oxide, in a dose-dependent manner, with no effect on circulating703

eosinophils, in patients with mild asthma [174]. In the second study, also involving patients with704

mild asthma (n=48), inhaled GDC-4379 decreased  clinical fractional exhaled nitric oxide and705

inflammatory biomarkers, CCL17 and eosinophils, this effect correlated with the plasma706

concentrations of the drug  [175].707

[H1] Other modalities of JAK inhibition?708

709

Besides interfering directly with the enzymatic activity of JAKs, alternative strategies to interfere710

with the pathway are also currently been considered to achieve selectivity. These alternatives711

include the development of chemically modified small interfering RNA (siRNA) to silence JAK712

expression as well as assessing the efficacy of metabolites (or metabolites derivatives) with cysteine713

modifier properties and anti-inflammatory effects.714

715

[H2] siRNAs as novel JAK inhibitors716

717

Selectivity of most second-generation JAK inhibitors is not absolute. An alternative way to obtain718

specificity for a given JAK family member is modulation of mRNA level via RNA interference-based719

approaches, where double-stranded ribonucleic acids recognize and pair with specific mRNA720

sequences, leading to silencing of the corresponding protein product. Currently, siRNA therapeutics721

exist in the clinic, both for rare and common diseases, but none target JAK-STAT signalling.722

Preclinical investigations demonstrate effective silencing of expression of given JAK family members723

and suppression of JAK-mediated signalling by JAK1-specific, JAK3-specific, and JAK2-targeted724

synthetic siRNAs in vitiligo, IBD and breast cancer models [176-178]. Silencing JAK1 expression, for725

example, effectively inhibited JAK1-mediated cytokine signalling ex vivo in human skin biopsies, in726



24

vivo in a mouse vitiligo model and in vitro in primary immune cells [177, 178]. Although, evaluating727

the translation of high JAK1-selectivity observed at protein or mRNA level to inhibition of specific728

cytokine signalling is important. The effect of chemically modified siRNAs was long-lasting; for729

example  in a mouse vitiligo model, a single subcutaneous injection of JAK1-selective lead siRNA730

si3033 induced a therapeutic effect for up to five weeks [177]. Although si3033 demonstrated local731

retention at the injection site, this molecule  also accumulates in clearance organs, including the732

liver, spleen, and kidney. This accumulation in clearance organs has raised concerns on systemic733

effects, which need to be further investigated in appropriate animal or cell models. The clinical value734

of these early findings employing a novel angle for JAK-inhibition is difficult to predict. High735

specificity could result in a beneficial safety profile in comparison to existing JAK inhibitors, but736

safety and efficacy need to be carefully assessed in preclinical and clinical experiments.737

[H2] Itaconate as a JAK inhibitor738

739

Itaconate is a krebs cycle-derived metabolite that has anti-inflammatory effects [179] . It inhibits740

the production of proinflammatory molecules, including cytokines, by macrophages stimulated in741

vitro with lipopolysaccharide [179] . Itaconate can also suppress glycolysis as well as oxidative742

phosphorylation in T cells and affect the balance between T helper 17 and T regulatory cells [180].743

As itaconate is a highly polar molecule, the synthesis and use of derivatives such as dimethyl744

itaconate or 4-octyl itaconate have shown efficacy in animal models of sepsis and psoriasis [180,745

181]. Mechanistically, itaconate inhibits succinate dehydrogenase [182]. Itaconate and its746

derivatives can also suppress pro-inflammatory macrophages via inhibition of JAK1 [181] .747

Interestingly, itaconate seems to interact with JAKs  in an allosteric fashion very similar to VVD-748

118313 by covalently interacting with cysteine 816 in the pseudokinase domain of mouse JAK1749

(residue C817 in human JAK1) and inhibiting its kinase activity [181]. Interestingly, another750

derivative, 4-methyl itaconate (also termed SCD-153), possess greater skin and cell penetration751

compared to itaconate analogues 4-methyl itaconate and dimethyl itaconate. A study has assessed752

the use of this derivative in vitro and in vivo for the treatment of alopecia areata  [183]. Whether753

itaconate derivatives influence macrophage polarization or T cell differentiation remains unclear ,754

but studies suggest such compounds hold promise in the treatment of inflammatory diseases.755

[H1] Conclusions756

757



25

An important unmet need in rheumatology is the development of therapies for patients who are758

refractory or unresponsive to biologic drugs [184]. JAK inhibitors have now been in the clinic for759

over 10 years and have provided an important therapeutic option for patients with autoimmune760

and inflammatory diseases. With clear evidence of JAK inhibitor efficacy, often superior to biologics,761

the focus now is on obtaining higher selectivity for disease-relevant JAKs. Current clinical762

information on efficacy and safety are mainly derived from pan-JAK (first-generation) and second-763

generation JAK1-selective JAK inhibitors. Although many of the adverse effects are also common764

with biologics, JAK inhibitors carry a black box warning for patients over 65 years of age, who smoke765

or have cardiovascular, thromboembolic or cancer risks. The adverse effects of JAK inhibitors have766

raised considerable  attention, understanding the actual risk level of adverse events when using JAK767

inhibitors is an important consideration for clinicians . However, these concerns do not seem to768

apply to all the pathologies for which JAK inhibitors have been approved.769

Clinical response to JAK inhibitors is a sum effect of several parameters. In addition to disease and770

patient-derived factors, drug dosing and characteristics such as binding affinities and enzymatic771

inhibition of the kinases as well as drug pharmacokinetics, affect cellular signalling . Furthermore,772

cytokine receptor levels might vary depending on cell-type and this can directly influence the the773

role of individual JAKs . In vitro assessment of selectivity shows differences between first-generation774

and second-generation JAK inhibitors in both binding affinity and kinase inhibition.  However, these775

differences do not seem to directly translate to biological effects or clinical efficacy .776

777

First-generation and second-generation JAK inhibitors are traditional ATP competitive compounds,778

where the conserved structure of the ATP binding pocket poses challenges in obtaining high779

selectivity. Alternative approaches in JAK inhibitor development besides the type I ATP-competitive780

inhibitors, such as type II and allosteric inhibitors, could provide improved precision, and safety, in781

the treatment of autoimmune and inflammatory diseases. Overall, JAK1-selective agents seem to782

have some advantages in limiting some of the adverse effects observed with the first-generation783

JAK inhibitors. Deucravacitinib, via its ability to target the pseudokinase domain, has a greater784

degree of selectivity inhibiting only few cytokines including  IL-12, IL-23 and type I interferons.785

Importantly, deucravacitinib does not carry the black box warning associated with other JAK786

inhibitors. Ritlecitinib is a covalent JAK3 kinase domain inhibitor that has shown high selectivity for787

JAK3 compared with other agents. However, although highly specific inhibitors can achieve more788

predictable responses and have less undesired adverse effects, a wider inhibitory range might  result789
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in better clinical efficacy as several cytokines are inhibited simultaneously, which could  be790

particularly relevant in inflammatory diseases.791

792

Selectivity is not the only way to achieve effective JAK inhibition in inflammatory diseases. A793

successful approach at achieving clinical response, whilst diminishing long-term adverse events, was794

in the treatment of ulcerative colitis with tofacitinib and upadacitinib, where an induction phase795

with a higher dose was followed by a maintenance therapy with a lower dose. Exploring if this796

regimen could be employed in other pathologies would be interesting. Nonetheless, JAK specificity797

clearly can provide crucial  advantages in the clinic as exemplified by the diminished incidence of798

zoster reactivation with filgotinib, better safety profile of deucravacitinib and efficacy of ritlecitinib799

in alopecia areata. One can envision that availability of specific inhibitors for all JAKs in future could800

allow precise tailoring of therapy, and possibly combination therapies as tested in cancer801

indications, based on the specific disease or a phase of the disease and its associated cytokine802

profile. To achieve this goal, structural and mechanistic information of JAK regulation downstream803

of cytokine receptor activation is still needed and could  help in identifying additional drug targets .804

The final word on the relevance and impact of selective JAK inhibition must wait for more real-world805

data from current and JAK inhibitors currently under development.806
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Key Points1259

 JAK inhibitors show equivalent or superior efficacy compared with biologic DMARDs in1260

several autoimmune and inflammatory diseases.1261

 The use of JAK inhibitors has been hampered by adverse events, which could be linked to1262

the JAKs that are blocked.1263

 Assessment of individual JAK inhibitors selectivity is still a matter of debate as different1264

assays can yield different results.1265

 Selective JAK inhibitors are generally equally effective, but improved, long term safety has1266

not been fully established.1267

 Tissue-targeted JAK inhibitors could circumvent the problem of adverse effects resulting1268

from systemic administration.1269

 Alternative strategies for JAK inhibition with small interfering RNAs (siRNAs) or metabolites1270

derivatives are an exciting area of development.1271

1272

1273

Table 1: Target JAK(s), indication(s) and dose(s) of the approved first and second-generation non-1274

allosteric JAK inhibitors.1275

1276

DRUG TARGET INDICATION APPROVED DOSE

Ruxolitinib JAK1 and JAK2

Myelofibrosis 5-20 mg twice a daya

Polycythemia vera 10 mg twice a day

GVHD 10 mg twice a day

Tofacitinib JAK1, JAK3 and
JAK2

RA 5 mg twice a day or 11 mg daily

PsA 5 mg twice a day or/11 mg daily

AS 5 mg twice a day

polyarticular JIA 3.2-5 mg twice a day
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Ulcerative colitis 5c - 10 mg twice a day

Baricitinib JAK1 and JAK2

RA 2-4 mg dailyb

COVID-19 4 mg daily

Alopecia areata 4 mg daily

JIA 2-4 mg dailyb

Peficitinib pan-JAK RA 150 mg daily

Upadacitinib JAK1

RA 15 mg daily

PsA 15 mg daily

AS 15 mg daily

axSpA 15 mg daily

Atopic dermatitis 15 mg daily

Ulcerative colitis 15-30d or 5 mg daily

Crohn’s disease 15-30d or 45 mg daily

polyarticular JIA 3, 4 or 6e mg twice a day

juvenile PsA 3, 4 or 6e mg twice a day

Filgotinib JAK1
RA 100-200 mg dailyf

Ulcerative colitis 200 mg daily

Abrocitinib JAK1 Atopic dermatitis 100-200 mg dailyg

Ritlecitinib JAK3 Alopecia areata 50 mg daily

Fedratinib JAK2 Myelofibrosis 400 mg daily

Pacritinib JAK2 Myelofibrosis 200 mg twice a day

Momelotinib JAK2 Myelofibrosis 150-200 mg dailyh

Delgocitinib pan-JAK Atopic dermatitis 0.5% (topical)
1277

athe dose depends on platelet count1278
b the 2 mg dosage is recommended for patients ≥ 65 years old, those with eGFR 30-<60 mL/min/1.73m2 in patients at1279
high risk of cardiovascular, thromboembolic or neoplastic events and in children aged from 2 to <9 years or weighing1280
less than 30 kg; baricitinib 2 mg can be considered in adults and children ≥9 years with sustained control of disease. In1281
US 2 mg is the only approved dose1282
c the dose of 5 mg twice a day is indicated in the maintenance after 16 weeks induction with 10 mg twice a day1283
d the doses of 15 or 30 mg daily are indicated in the maintenance after 12 weeks induction with 45 mg dailye the dose1284
Depends on the patient’s weight1285
fthe 100 mg dosage is recommended for patients ≥ 65 years old, those with eGFR 30-<15 mL/min/1.73m2, and patients1286
at high risk of cardiovascular, thromboembolic or neoplastic events1287
g high risk of cardiovascular, thromboembolic or neoplastic events1288
≠h the 150 mg dosage is recommended in patients with liver impairment (Child -Pugh grade C)1289
 AS, ankylosing spondylitis; COVID-19=coronavirus disease 19; GVHD, graft-versus-host disease; JIA, juvenile idiopathic1290

arthritis; axSpA, axial spondyloarthritis; PsA, psoriatic arthritis; RA,rheumatoid arthritis.1291

1292
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Table 2: Phase II and phase III clinical trials with second-generation non-allosteric JAK inhibitors1293

not yet approved1294

1295

Drug Target Indication Stage of
development NCT number

GLPG3667 TYK2a
Systemic lupus
erythematosus Phase II NCT05856448d

Dermatomyositis Phase II NCT05695950d

Ivarmacitinib JAK1

Ulcerative colitis Phase III NCT05181137d

Crohn’s disease Phase II NCT003677648e

Atopic dermatitis Phase II and III NCT04717310d

Phase III NCT04875169e

axSpA Phase III NCT05324631d

AS Phase III NCT04481139e

RA Phase II NCT03254966e

Psoriatic arthritis Phase III NCT04333771e

Vitiligo Phase III NCT04957550d

Alopecia areata Phase II NCT05470413d

Povorcitinib JAK1

Hidradenitis
suppurativa Phase II and III

NCT06212999d

NCT05620823d

NCT05620836d

NCT04476043e

NCT03569371e

NCT03607487e

Vitiligo Phase III
NCT06113471d

NCT06113445d

NCT04818346e

Chronic urticaria Phase II NCT05936567d

Asthma Phase II NCT05851443d

Prurigo nodularis Phase II NCT05061693d

Crohn’s disease Phase II NCT05688852d

PsA Phase II NCT05715125d

Itacitinib JAK1a

GVHD Phase II NCT03846479e

Ulcerative colitis Phase II NCT03627052f

Systemic sclerosis Phase II NCT04789850d

Plaque psoriasis Phase II NCT01634087e

Hemophagocytosis
lymphohistiocytosis Phase II NCT05063110d

KL130008 JAK1a Alopecia areata Phase II NCT05496426d

Ifidancitinib JAK1b

Alopecia totalis and
universalis Phase II NCT03315689e

Alopecia areata Phase II NCT03551821e,
NCT03354637f

Vitiligo Phase II NCT03468855e

Ropsacitinib JAK2c Ulcerative colitis Phase II NCT04209556f

Plaque psoriasis Phase II NCT03895372e
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Hidradenitis
suppurativa Phase II NCT04092452e

aInhibitor also binds JAK2, b Inhibitor also binds JAK3, c Inhibitor also binds TYK21296
dStudy is active, eStudy is completed, fStudy has been terminated or withdrawn1297

Table 3 Current stage of development of allosteric JAK inhibitors1298

1299

1300

Drug Target Indication Stage of
development NCT number

Deucravacitinib TYK2a

Psoriasis Approved

Psoriatic arthritis Phase III NCT04908202c

NCT04908189c

Palmoplantar
pustulosis Phase III NCT05710185c

Systemic lupus
erythematosus Phase III NCT05620407c

NCT05617677c

Alopecia areata Phase II NCT05556265c

Cutaneous Lupus
erythematosus Phase II NCT04857034c

Lupus nephritis Phase II NCT03943147d

Ulcerative colitis Phase II
NCT03934216d

NCT04877990d

NCT04613518d

Crohn’s disease Phase II NCT04877990d

NCT03599622c

Zasocitinib TYK2
Psoriatic arthritis Phase II NCT05153148d

Psoriasis Phase III NCT06088043c

NCT06108544c

VTX958 TYK2
Psoriasis Phase II NCT05655299e,

NCT05715125c

Crohn’s disease Phase II NCT05688852c

Psoriatic arthritis Phase II NCT05715125c

ESK-001 TYK2

Psoriasis Phase II NCT05600036d

Non-infectious
uveitis Phase II NCT05953688c

Systemic lupus
erythematosus Phase II NCT05966480c

aInhibitor also binds JAK1 and to lesser extent JAK2, bInhibitor also binds TYK21301
cStudy is active, dStudy is completed, eStudy has been terminated1302
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1303

In this Review, the authors provide an update on new developments in Janus kinase (JAK) inhibitor1304

disease indications and adverse effects. The issues of selectivity and efficacy of JAK inhibitors are1305

discussed and new routes for administration of JAK inhibitors explored.1306

1307

[bH1] Box 1 How to assess specificity of JAK inhibitors?1308

JAK-selectivity of inhibitors is assessed using biochemical activity- and binding-based assays using1309

recombinant proteins. Prediction of effects on cytokine signalling based on JAK-selectivity is1310

challenging as JAKs function in pairs and the functional role for a given JAK isoform varies between1311

cytokine receptors. Thereby cell-based specificity assessments of JAK-inhibitors are important.1312

[bH2] Biochemical activity-based assessment1313

 Measures kinase activity by either conversion of ATP to ADP or phosphorylation of peptide1314

substrate1315

 Assessment uses recombinant kinase or kinase or pseudokinase domains1316

 Highly sensitive for alterations in assay conditions: up to 50-100-fold variance in inhibitory1317

concentrations (IC50) can occur for a given JAK inhibitor complicating inter-study1318

comparisons [24, 32, 48, 52, 53]1319

 ATP concentration affects the results considerably as orthosteric JAK inhibitors are ATP-1320

competitive inhibitors [80].Mechanistic information on JAK-selectivity best obtained from1321

assays at Km ATP (affinity of kinase for ATP) but assays at physiological [ATP] (1-5 mM)1322

describes better the selectivity in cells1323

 Influenced by the amount and characteristics of the recombinant protein and the peptide1324

substrate1325

[bH2] Biochemical binding-based assessment1326

 Detects affinity of a drug to target protein(s)1327

 Assessment uses recombinant kinase or pseudokinase domains1328

 Domain content, activation state and posttranslational modifications of recombinant1329

protein can influence the results1330

 Binding is a valid approximation for inhibition of kinase activity [147] but the results of the1331

assay might not directly translate into cellular effects1332

[bH2] Cell-based assessment1333

 Typically measures the inhibition of STAT phosphorylation in response to cytokine1334

stimulation in whole blood or isolated peripheral blood mononuclear cells1335

 Drugs tend to bind to plasma proteins leading to apparent weaker inhibition in whole blood1336

compared with a plasma-free environment [50]1337

 Results can be affected by stimulation and inhibition methods, cell-type and read-out used1338

[22, 48, 50, 51]1339

 Therapeutic response, a result of the inhibition of various cytokines at different levels over1340

time, is influenced by the selectivity profile, dose, pharmacokinetics, cell type, cytokine or1341

inflammatory environment and patient genetics[185].1342

1343

1344
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Figure legends1345

1346

Figure 1. Function and inhibition of Janus kinases. JAKs work in pairs and mediate signalling of1347

many cytokines and hormones . Activated JAKs phosphorylate STATs, which dimerize, translocate1348

in nucleus and regulate transcription of their target genes . JAK inhibitors target JAKs and suppress1349

JAK-mediated cytokine signalling. JAK inhibitors are either non-selective (the first-generation1350

inhibitors) or selective to a given JAK family member (second-generation and third-generation1351

inhibitors). Abbreviations:  LIF,leukemia inhibitory factor; OSM, oncostatin M; EPO, erythropoietin;1352

TPO, thrombopoietin; GH, growth hormone; GM-CSF, granulocyte macrophage colony-stimulating1353

factor; TSLP, thymic stromal lymphopoietin; IFN, interferon.1354

1355

Figure 2. Structure of JAK2 and inhibitor target sites. A  Activated JAKs have an open1356

conformation. The majority of the current JAK inhibitors bind the kinase ATP pocket (shown in1357

magenta) but also the pseudokinase adenosine triphosphate (ATP) pocket (shown in cyan),1358

cysteine JAK1 C817 or TYK2 C838 (shown in blue) are also targets sites. B JAKs are multidomain1359

proteins comprising of FERM (the band-4.1, ezrin, radixin, and moesin domain; in yellow) and SH21360

(Src homology 2; in purple) domains that mediate receptor interactions, regulatory pseudokinase1361

domain (shown in green) and active kinase domain (shown in turquoise). C Inactive JAKs form a1362

closed structure. The first and second-generation inhibitors, for example, tofacitinib (shown in1363

magenta) target the ATP pocket of the kinase domain, whereas allosteric inhibitors target the1364

pseudokinase domain. Deucravacitinib (shown in cyan) binds the ATP-pocket of the pseudokinase1365

domain, and the investigational inhibitor VVD-118313 target cysteine JAK1 C817/TYK2 C8381366

(shown in blue) close to the so-called myristoyl pocket. The figure was prepared by superimposing1367

Alphafold prediction for human JAK1 (Uniprot P23458; open structure) or human TYK2 (Uniprot1368

P29597; closed structure) with JAK1 crystal structure in complex with tofacitinib (PDB 3EYG) and1369

TYK2 crystal structure in complex with deucravacitinib (6NZP) using UCSF ChimeraX.1370

1371

Figure 3. Timeline of JAK inhibitor development. JAKs were discovered in the early 90’s, followed1372

by the initial JAK inhibition studies few years later. Tofacitinib was the first JAK inhibitor to enter1373

clinical trials, whereas ruxolitinib was the first JAK inhibitor approved for clinical use. The timeline1374

highlights the initial approvals dates of various JAK inhibitors. Currently 14 JAK inhibitors have1375

obtained approval by various regulatory agencies including by FDA, EMA and or Japan’s1376

Pharmaceuticals and Medical Devices Agency (PMDA).1377

1378

1379


