
0123456789();: 

Cytokines have critical roles in the pathogenesis of 
immunological and inflammatory diseases and can 
be targeted therapeutically. Targeted, small-molecule 
therapies that inhibit Janus kinase (JAK) proteins 
(essential signalling mediators that act downstream 
of pro-inflammatory cytokines) have gained traction 
as efficacious options for the treatment of rheumatic 
and autoimmune diseases such as rheumatoid arthri-
tis (RA), spondyloarthritis, psoriasis, atopic dermatitis 
and inflammatory bowel disease (IBD). RA is a systemic 
autoimmune disease that is characterized by persistent 
destructive synovitis and extra-articular manifestations, 
which can lead to severe disability and even mortality. 
Timely and appropriate treatment is essential to control 
joint damage, because rapid destruction occurs in the 
early phase of RA, resulting in joint deformity and irre-
versible functional impairment. The use of DMARDs, 
and particularly the development of biologic DMARDs 
(bDMARDs) and targeted synthetic DMARDs (tsD-
MARDs), theoretically enables remission to be the 
goal of therapy in all patients. In addition, these drugs 
can prevent progression of joint damage and physical  
dysfunction in the long term1–3.

JAK inhibitors are an important class of tsDMARDs. 
The rationale underlying the use of these inhibitors 
is that JAKs have pivotal roles in particular patho-
logical mechanisms, so that their targeted inhibition 
can result in effective disease control. Clinical results 
support this rationale, and JAK inhibitors have been 
approved for the treatment of RA and other systemic 
or organ-specific autoimmune diseases (Table 1). In 
this Review we describe the progress in JAK-targeting 
therapies for autoimmune rheumatic diseases, with a 
focus on the mechanisms of action, and discussion on  
a disease-by-disease basis.

What are JAK inhibitors?
In contrast to bDMARDs, which are large molecules that 
must be administered parenterally, tsDMARDs are orally 
available small molecules that enter cellular cytoplasm 
and directly regulate intracellular signalling by inhibi-
tion of kinases or phosphodiesterases. Protein kinases 
are important regulators of cellular functions that con-
stitute a diverse family, with 518 kinase-encoding genes 
identified by the Human Genome Project. JAKs belong 
to the tyrosine-kinase family4,5. Binding of a number of 
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cytokines and growth factors to their receptors results 
in phosphorylation of receptor-associated JAKs. 
Phosphorylation activates the JAKs, and they, in turn, 
phosphorylate intracellular components of the recep-
tors, which enables recruitment of transcription factors 
of the signal transducer and activator of transcription 
(STAT) family. Activated STAT proteins translocate 
to the nucleus and induce transcription. Intracellular 
signal transduction involves combinations of four JAK 
isoforms (JAK1, JAK2, JAK3 and tyrosine kinase 2 
(TYK2)) and seven STAT family members. The usage 
of individual JAKs depends on their selective interac-
tions with particular cytokine receptors. Evidence from 
genetic studies with mutated cell lines, animal models 
and humans established the essential role of JAKs in 
signalling by a subset of cytokines that use type I and 
type II cytokine receptors. More than 50 soluble fac-
tors, including IL-2, IL-3, IL-4, IL-5, IL-6 and IL-12, as 
well as interferons, endocrine factors (including growth 
hormone, prolactin and leptin) and colony-stimulating 
factors including erythropoietin, thrombopoietin and 
granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), exert their effects through specific  
combinations of JAKs6–11 (Fig. 1).

JAK inhibitors selectively interfere with the ATP-binding  
site of JAKs, resulting in suppression of downstream 
signalling pathways, which can have immunomodula-
tory effects in a wide range of pathological processes. 
Cytokines work in networks, with type I and type II cyto
kines inducing or being induced by TNF-family 
cytokines, and in mouse models, JAK inhibitors can 
inhibit production of TNF, which is a major component 
in the pathogenesis of RA12. Theoretically, the selectivity 
of each JAK inhibitor determines its effects on particular  
inflammatory responses, including those that promote 
RA9–15. Five JAK inhibitors (tofacitinib, baricitinib, 
peficitinib, upadacitinib and filgotinib) are currently 
approved by different agencies for the treatment of RA, 
and are categorized as tsDMARDs. In results from clinical  

trials in patients with RA, tsDMARDs (either as mono
therapy or in combination with methotrexate) had 
multi-target, rapid and robust effects that were equivalent  
to or superior to those of bDMARDs16–23.

Tofacitinib was developed as a small-molecule drug 
that competitively binds to the ATP-binding site of 
JAK3. Tofacitinib was initially thought to selectively 
inhibit phosphorylation of JAK3, but it is now consid-
ered to inhibit JAK1, JAK2 and JAK3 to varying degrees 
in vitro and in vivo16,17,24. All of the currently approved 
JAK inhibitors are competitive antagonists. However, 
the in vitro assays used in preclinical studies to obtain 
selectivity data are not identical, and relating these data 
to in vivo efficacy and adverse events is not a simple 
matter. Selectivity to JAKs can be determined by the use 
of purified enzymes, or via a variety of cellular mod-
els using cytokine stimulation of cells, with assessment 
of STAT phosphorylation. To illustrate the difficulties 
with direct comparison of these methods, in vitro kinase 
assays demonstrate that tofacitinib is a potent inhib
itor of JAK1 and JAK3, but that it is less active against 
JAK2 and TYK2, whereas baricitinib is a selective JAK1 
and JAK2 inhibitor, and upadacitinib and filgotinib 
are selective JAK1 inhibitors8–10. However, in direct 
comparisons in cell-based assays, the ability of each 
JAK inhibitor to inhibit a specific cytokine-signalling 
pathway could not be readily inferred using preclin-
ical selectivity data25–28. For example, baricitinib and 
tofacitinib similarly suppress the JAK–STAT-mediated 
differentiation of plasmablasts, T helper 1 (TH1) and  
T helper 17 (TH17) cells, as well as the capacity of den-
dritic cells to stimulate T cells25,26. In addition, the effects 
of JAK inhibitors on cytokine-receptor signalling are all 
generally similar when comparing the clinically effec-
tive doses for RA, suggesting that differentiation on the 
basis of pharmacological properties with individual 
JAKs comes with substantial caveats28. By contrast, in 
an industry-sponsored study of filgotinib, upadacitinib, 
tofacitinib and baricitinib, although JAK1-dependent 
pathways were the most potently affected by all four 
inhibitors, filgotinib demonstrated relatively little inhib
ition of the JAK2-dependent and JAK3-dependent path-
ways, compared with the other inhibitors27. The apparent 
selectivity of filgotinib might have benefits in terms of 
safety profiles, and there is preliminary evidence of a 
lower incidence of herpes zoster infection and venous 
thrombotic events with filgotinib from side-by-side tab-
ulation of across-trial data28,29. However, any potential 
differences in safety profiles need to be confirmed with 
rigorously designed head-to-head studies and more 
real-world experience.

Although the downstream effects of JAK inhib
ition in vivo are not fully understood, JAK-dependent 
cytokine signalling in vivo is known to be influenced by 
individual variation in factors such as single-nucleotide 
polymorphisms (SNPs) affecting STAT isoforms, 
the penetration and distribution of drugs into tissues, the 
expression patterns of JAKs at sites of inflammation and 
the dynamic balance of T follicular helper (TFH) cells, 
T peripheral helper (TPH) cells, TH17 cells and regula-
tory T (Treg) cells7,8. Furthermore, specific aspects of 
particular experimental approaches could differentially 

Key points

•	Mechanism-based targeting of receptor-mediated signalling via Janus kinase  
(JAK)–signal transducer and activator of transcription (STAT) pathways in refractory 
systemic autoimmune diseases can potentially minimize glucocorticoid and 
non-specific immunosuppressant use.

•	JAK–STAT pathways are important for cellular interaction during rheumatoid arthritis 
pathological processes, causing synovial inflammation, autoantibody production, 
synovial proliferation and joint destruction, which are potential targets for JAK 
inhibition.

•	Inflammatory processes involving JAK–STAT signalling pathways are involved in the 
pathology of spondyloarthritis (including psoriatic arthritis), and are targets for JAK 
inhibition.

•	Innate immune system cytokines signal through JAK–STAT to adaptive immune 
mechanisms involving autoreactive T cells, B cell activation and autoantibody 
production, which are potential therapeutic targets in systemic lupus erythematosus.

•	Cytokines contribute to various pathophysiological mechanisms of organ-specific 
autoimmune diseases, and JAK inhibitors can target multiple aspects of inflammatory 
bowel diseases, alopecia, allergic disorders and cytokine storm.

•	Use of JAK inhibitors requires careful consideration of their multi-target effects, with 
adequate prior screening and regularly planned monitoring during treatment for 
infection, cardiovascular disorders, thrombosis and malignancy.
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Table 1 | Progress with Janus kinase inhibitors for autoimmine, allergic and inflammatory diseases

Indication Approved In phase III or IV trialsa In phase II trialsa

Rheumatoid arthritis Tofacitinib; baricitinib; 
peficitinib; upadacitinib; 
filgotinib

NA Ritlecitinib (NCT02969044)

Polyarticular juvenile idiopathic 
arthritis

Tofacitinib Baricitinib (NCT03773978) NA

Systemic juvenile idiopathic 
arthritis

NA Tofacitinib (NCT03000439); 
baricitinib (NCT04088396)

NA

Atopic dermatitis Baricitinib; abrocitinib; 
topical delgocitinib

Upadacitinib (NCT03569293); 
topical ruxolitinib (NCT03745638)

Tofacitinib (NCT02001181); gusacitinib 
(NCT03531957); brepocitinib (NCT03903822)

Hidradenitis suppurativa NA NA Upadacitinib (NCT04430855); PF-6826647 
(NCT04092452); brepocitinib (NCT04092452); 
topical ruxolitinib (NCT04414514)

Alopecia areata NA Tofacitinib (NCT03800979); 
baricitinib (NCT03899259); 
ritlecitinib (NCT04006457);  
topical ruxolitinib (NCT03745638)

Ruxolitinib (NCT01950780); brepocitinib 
(NCT02974868)

Psoriasis NA Tofacitinib (NCT01815424); 
deucravacitinib (NCT04036435)

Baricitinib (NCT01490632); peficitinib 
(NCT01096862); PF-6826647 (NCT03895372); 
brepocitinib (NCT03850483); gusacitinib 
(NCT02969018); ruxolitinib (NCT00617994)

Psoriatic arthritis Tofacitinib; upadacitinib Filgotinib (NCT04115748) Brepocitinib (NCT03963401); deucravacitinib 
(NCT03881059)

Ankylosing spondylitis Upadacitinib Tofacitinib (NCT03502616) Filgotinib (NCT03117270)

Axial spondyloarthritis NA Upadacitinib (NCT04169373) Tofacitinib (NCT03738956)

Polymyalgia rheumatica NA NA Tofacitinib (NCT04799262); baricitinib 
(NCT04027101)

Active ulcerative colitis Tofacitinib Upadacitinib (NCT03653026); 
filgotinib (NCT02914522)

Peficitinib (NCT01959282); deucravacitinib 
(NCT03934216); brepocitinib, ritlecitinib 
(NCT02958865)

Crohn’s disease NA Upadacitinib (NCT03345836); 
filgotinib (NCT02914561); 
izencitinib (NCT03758443)

Tofacitinib (NCT01393899); deucravacitinib 
(NCT03599622); brepocitinib, ritlecitinib 
(NCT03395184)

Pouchitis NA NA Tofacitinib (NCT04580277)

Primary biliary cholangitis NA NA Baricitinib (NCT03742973)

Non-infectious uveitis NA NA Tofacitinib (NCT03580343); filgotinib 
(NCT03207815)

JIA-associated uveitis or 
chronic anterior antinuclear 
antibody-positive uveitis

NA Baricitinib (NCT04088409) Brepocitinib (NCT03845517)

Systemic lupus erythematosus NA Baricitinib (NCT03616964) Upadacitinib (NCT03978520); deucravacitinib 
(NCT03252587); brepocitinib (NCT03845517)

Cutaneous lupus erythematosus NA NA Tofacitinib (NCT03288324); filgotinib 
(NCT03134222)

Lupus membranous nephropathy NA NA Filgotinib (NCT03285711)

Lupus nephritis NA NA Deucravacitinib (NCT03943147)

Sjögren syndrome NA NA Tofacitinib (NCT04496960); filgotinib 
(NCT03100942)

Systemic sclerosis NA NA Tofacitinib (NCT03274076); itacitinib 
(NCT04789850)

Idiopathic inflammatory myositis NA NA Baricitinib (NCT04208464)

Takayasu arteritis NA Tofacitinib (NCT04299971); 
upadacitinib (NCT04161898)

NA

Giant cell arteritis NA Upadacitinib (NCT03725202) Baricitinib (NCT03026504)

NNS/CANDLE, SAVI and AGS NA Baricitinib (NCT04517253) Baricitinib (NCT04517253)

Kidney transplant NA NA Tofacitinib (NCT00106639)

Diabetic kidney disease NA NA Baricitinib (NCT01683409)

COVID-19 Baricitinib Tofacitinib (NCT04469114) Ruxolitinib (NCT04414098)
AGS, Aicardi-Goutières Syndrome; NA, not applicable; NNS/CANDLE, Nakajo–Nishimura Syndrome/chronic atypical neutrophilic dermatosis with lipodystrophy 
and elevated temperature; SAVI, STING-associated vasculopathy with onset during infancy. aInformation from clinicaltrials.gov.
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affect results relating to the selectivity of inhibitors for 
JAK isoforms. In this Review, we discuss the potential  
of JAK inhibitors on a disease-by-disease basis.

JAK inhibition in RA
In genome-wide association studies (GWAS) of SNPs in  
patients with RA, among disease-susceptibility genes 
such as PTPN22, CTLA4 and STAT4, HLA-DRB1 had the 
strongest association. HLA-DRB1 alleles encode protein 
chains that include the shared epitope motif, and they are 
associated with production of anti-citrullinated protein 
antibodies. Although specific autoantigens have not been 
identified, the interaction of genetic and environmental 
factors, as well as citrullination of extracellular matrix 
molecules such as filaggrin and fibrinogen, induces auto-
immunity in RA through epigenetic modification and 
conformational changes that disrupt immune tolerance 
to antigens. As a result, autoreactive T cells and B cells 
accumulate in synovial tissue, leading to angiogenesis, 
vasodilation and proliferation of synovial cells. In addi-
tion, differentiation of naive T cells to TH1 cells, TH17 
cells, TFH cells and TPH cells, as well as activation of B cells, 
leads to the formation of lymphoid-follicle-like structures 
and germinal-centre-like structures, which induce the 
production of autoantibodies. Close cell–cell interaction 
results in excessive production of pro-inflammatory 
cytokines, leading to RA. Monocytes differentiate into 
immature dendritic cells in a process that is dependent 

on IL-4 and GM-CSF, and then can differentiate into 
dendritic-cell-derived osteoclasts in the presence of  
macrophage colony-stimulating factor (M-CSF) and 
RANKL (Fig. 2). Rheumatoid synovial fibroblasts also pro-
duce an excess of pro-inflammatory cytokines (mainly 
IL-6). The nature of these and other pathological pro-
cesses in RA indicate that multiple cytokines, including 
IL-6, interferons and GM-CSF, are direct targets for JAK 
inhibitors, whereas the production of other cytokines, 
such as TNF, can be indirectly affected1,2,30,31 (Fig. 2).

An animal model of RA (SCID-HuRAg) was cre-
ated by transplantation of synovium and cartilage 
from patients with RA into severe combined immuno
deficiency mice. Continuous administration of tofac-
itinib to these mice using an osmotic minipump 
suppressed production of human IL-6, IL-8 and matrix 
metalloproteinase-3 (MMP-3) from the transplanted 
synovium, leading to a reduction of synovial inflamma-
tion and cartilage destruction compared with untreated 
SCID-HuRAg mice. In this model, tofacitinib also 
directly inhibited the production of IL-17 and IFNγ and 
the proliferation of CD4+ T cells, which in turn inhib-
ited the production of MMP-3, IL-6 and IL-8 by syno-
vial fibroblasts and CD14+ monocytes and suppressed 
cartilage destruction. These results demonstrated the 
important roles of JAK signalling for CD4+ T cells, 
TH1 cells and TH17 cells in synovial inflammation in 
RA32  (Fig. 2).
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Fig. 1 | What are JAK inhibitors? Extracellular binding by a number of 
cytokines and growth factors to their receptors results in intracellular 
phosphorylation of receptor-associated Janus kinases (JAKs). Activated 
JAKs in turn phosphorylate the intracellular components of the receptors, 
enabling recruitment of signal transducer and activator of transcription 
(STAT) transcription factors. Activated STATs accumulate in the nucleus and 
induce transcription. Intracellular signals are transduced through 

combinations of four JAK isoforms, JAK1, JAK2, JAK3 and tyrosine kinase 2 
(TYK2), and seven STAT family members. The involvement of particular JAKs 
depends on their selective interactions with cytokine-receptor families. 
JAK inhibitors suppress the effects of cytokines by inhibiting STAT-mediated 
and other downstream signalling pathways. GM-CSF, granulocyte–
macrophage colony-stimulating factor; LIF, leukaemia inhibitory factor; 
OSM, oncostatin M.
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Phase III clinical trials have demonstrated robust 
and rapid effects of JAK inhibitors compared with pla-
cebo in patients with RA who are methotrexate naive or 
who have an inadequate response to methotrexate or to 
bDMARDs15–23. Baricitinib 4 mg daily dosage, compared 
with TNF inhibitor adalimumab in a head-to-head 
phase III trial, achieved superiority in the primary out-
come, the ACR20 response rate (20% improvement in 
the number of tender and the number of swollen joints, 
along with 20% improvement in three criteria among 
patient global assessment, physician global assessment, 
functional ability measure, visual analogue pain scale 
and erythrocyte sedimentation rate or C-reactive pro-
tein) at 12 weeks18. However, it should be noted that 
baricitinib 4 mg daily dosage for treatment of RA has 
approval in Europe, but not in the USA. Upadacitinib is 
more effective than adalimumab with regard to ACR20, 
ACR50 and ACR70 response rates, but only the ACR50 
comparison demonstrates multiplicity-controlled 

statistical superiority20. Upadacitinib is superior to 
the selective T cell costimulatory modulator abata-
cept with regard to the mean change of DAS28-CRP 
(disease activity score in 28 joints using C-reactive 
protein concentrations) at 12 weeks (the primary 
outcome) and the remission rate22. Filgotinib 200 mg 
once-daily dosage (but not 100 mg once-daily dosage)  
is non-inferior to adalimumab21. In patients with RA 
who have an inadequate response to methotrexate, 
monotherapy with upadacitinib results in improve-
ments in clinical and functional outcomes compared 
with continuation of methotrexate23. In the EULAR 
management guidelines for RA of 2019, the recommen-
dation for JAK inhibitors was raised to the same level 
as for bDMARDs, that is, for use as second-line and 
third-line agents3. On the basis of the treat-to-target 
principle, JAK inhibitors should be used in combina-
tion with conventional synthetic DMARDs in patients 
with RA.
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Fig. 2 | Cytokine involvement in rheumatoid arthritis. The Janus kinase 
(JAK)–signal transducer and activator of transcription (STAT) signalling 
pathways have pivotal roles in intracellular signalling in the pathogenesis of 
rheumatoid arthritis (RA), including synovial inflammation, autoantibody 
production, synovial proliferation and joint destruction, which are potential 
targets for JAK inhibition. Differentiation of naive T cells to T helper 1 (TH1),  
T helper 17 (TH17), T follicular helper (TFH) and T peripheral helper (TPH) cells, 
and differentiation of B cells to plasmablasts leads to production of 
autoantibodies. This close cell–cell interaction, including B cell differentiation 
to plasmablasts induced by TFH in lymphoid organs or TPH in peripheral 
inflamed tissue, results in high expression of pro-inflammatory cytokines. 

Monocytes differentiate into osteoclasts in a process dependent on 
macrophage colony-stimulating factor (M-CSF) and RANKL. Monocytes also 
differentiate into immature dendritic cells in the presence of IL-4  
and granulocyte–macrophage colony-stimulating factor (GM-CSF), and 
stimulation with M-CSF and RANKL further differentiates the cells to 
activated osteoclasts (dendritic cell-derived osteoclasts). Synovial fibroblasts 
produce an excess of pro-inflammatory cytokines, mainly IL-6. These 
pathological processes provide evidence that multiple cytokines, including 
IL-6, TNF, interferons and GM-CSF, are good targets for JAK inhibitors in RA. 
BAFF, B cell activating factor; MMP, matrix metalloproteinase; TGFβ, 
transforming growth factor-β.
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The JAK inhibitors upadacitinib and filgotinib are 
therapeutically effective in patients with difficult-to-treat 
RA, and exert their effects even in patients who have 
previously been treated with at least two bDMARDs33,34. 
Although there have been no direct comparative studies 
between JAK inhibitors in RA in general, results from 
a propensity score-based study indicate that baricitinib 
is more effective than tofacitinib35. We also showed in 
a network meta-analysis that peficitinib is comparable 
with baricitinib and tofacitinib in terms of efficacy36.

JAK inhibitors result in robust inhibition of bone ero-
sion in RA. Relative to placebo, baricitinib inhibited joint 
inflammation and the progression of radiographic joint 
damage in patients with RA during phase III studies, 
and these effects were comparable with those observed 
with adalimumab37. These efficacies against joint 
destruction are supported by results from preclinical 
studies showing that baricitinib promotes mineraliza-
tion of osteogenic cells and has osteoprotective effects38. 
Pathological bone erosion occurs when inflammatory 
granulation tissue, including proliferating and stratified 
synovial cells, grows until it contacts bone, at which 
point multinucleated osteoclasts destroy and resorb the 
bone and cause joint destruction. IL-6 and TNF induce 
proliferation of synoviocytes and expression of RANKL 
on synoviocytes and lymphocytes, thereby inducing the 
maturation and activation of osteoclasts. JAK inhibitors 
directly or indirectly inhibit osteoclast maturation by 
suppressing IFNβ-mediated signalling in osteoclasts 
and IL-6-mediated RANKL expression in synovial 
fibroblasts. Dendritic cell-derived osteoclasts stimu-
lated by IL-4, GM-CSF, M-CSF and RANKL promote 
bone resorption as osteoclasts and T cell activation as 
antigen-presenting cells in the pathogenesis of chronic 
inflammatory and destructive synovitis, suggesting  
that dendritic cell-derived osteoclasts are also targets 
for JAK inhibitors in the suppression of bone erosion 
in RA39,40 (Fig. 2).

JAK inhibition in spondyloarthritis
Genetic, cellular and molecular mechanisms contrib-
ute to the pathogenesis of spondyloarthritis (SpA). In 
SpA, dysregulation of skin and gut barriers, caused by 
alteration of bacterial exposure and/or by genetic fac-
tors, is responsible for inflammation in the skin, gut and 
joints. Immune cells migrate from the peripheral blood 
to the inflamed joints. Invasion of immune cells such 
as dendritic cells, macrophages, innate lymphoid cells, 
mucosal-associated invariant T cells and mast cells into 
the tissue results in the production of numerous addi-
tional inflammatory mediators. Thus, various cytokines 
such as IFNγ, IL-6, IL-12, IL-17, IL-23 and TNF have 
important roles in pathogenesis.

IL-12 and IL-23 are produced in large quantities 
by all antigen-presenting cells, such as dendritic cells, 
monocytes and macrophages. IL-12 is important for the 
induction of TH1 cells, which produce IFNγ, TNF and 
other cytokines, and IL-23 is important for the induc-
tion of TH17 cells that produce, among others, IL-17A, 
IL-17F and IL-22 (Fig. 3). IL-17 is produced by TH17 cells, 
CD8 T cells, γδ T cells and type 3 innate lymphoid 
cells. These cytokines work in synergy to perpetuate 

persistent inflammation by interacting with a variety 
of cells, including chondrocytes, osteoblasts, osteoclasts 
and fibroblasts, leading to disease manifestations and 
complications41–46 (Fig. 3).

Approvals for JAK inhibitors beyond RA are being 
extended to various rheumatic and autoimmune dis-
eases, including SpA. Results from phase III trials 
in ankylosing spondylitis (AS), the prototypic axial 
SpA (axSpA), indicate that the overall magnitude of 
response to tofacitinib is similar to that reported for TNF 
inhibitors47. Upadacitinib at 15 mg daily was assessed in 
the phase II/III placebo-controlled trial SELECT-AXIS 1,  
and more patients had an ASAS40 response (improve-
ment of ≥40% and absolute improvement of ≥10 units in 
three or more of the domains: patient global assessment, 
pain assessment, function and inflammation) at week 14 
in the upadacitinib group than in the placebo group48. 
Upadacitinib has been approved for treatment of AS by 
the European Medicines Agency. Overall, the efficacy of 
JAK inhibitors in AS seems to be comparable with that  
of TNF inhibitors, and the patterns of adverse events and 
changes in laboratory outcomes are similar to previous 
findings in other indications.

Among individuals with psoriasis, 30–40% have SpA, 
resulting in the designation psoriatic arthritis (PsA). 
However, only a subset of the heterogeneous PsA popu-
lation develops axSpA, which is considered to differ from 
classic axSpA or non-radiographic axSpA by type of spi-
nal involvement, disease characteristics and responses to 
therapy. PsA initially occurs as enthesitis associated with 
immune abnormalities, and subsequently the inflamma-
tion persists or spreads to synovitis. Because inflammation  
and new bone formation result in progressive and irre-
versible functional disability affecting peripheral joints 
and/or the spine, appropriate and timely treatment is a 
prerequisite for inhibition of damage progression. Other 
notable clinical manifestations of PsA include dactyli-
tis, inflammation of the nails and entheses, eye lesions 
such as anterior uveitis, keratoconjunctivitis sicca and  
iritis, aortic regurgitation, interstitial lung disease  
and intestinal inflammation41–46,49.

Targeting effector cytokines with bDMARDs and 
JAK inhibitors can help to resolve enthesitis and sub-
sequent arthritis, as well as spine and joint damage in 
PsA41–46. Tofacitinib is approved for PsA in multiple 
countries. In the phase III trial OPAL Broaden, tofac-
itinib had a comparable efficacy and safety profile to 
adalimumab in patients with PsA who had inadequate 
response to at least one conventional synthetic DMARD 
and were TNF inhibitor-naive50. In another landmark 
phase III trial, OPAL Beyond, tofacitinib was effective in 
patients with PsA who had previously had an inadequate 
response to TNF inhibitors51. Notably, 10 mg tofacitinib 
was not approved for PsA because of concerns regard-
ing its safety–benefit ratio. Also, tofacitinib was not 
approved for patients with psoriasis but without PsA. 
The clinical development of baricitinib for PsA has been 
halted, possibly because of results in a phase II trial in 
patients with psoriasis, in which responses were only 
seen at the higher doses of 8 mg and 10 mg52. In a com-
parison of the efficacy and safety of upadacitinib with 
those of placebo or adalimumab in patients with PsA, 
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the proportion of patients achieving ACR20 response at 
week 12 was greater with upadacitinib 15 mg or 30 mg 
than with placebo, and the 30 mg (but not 15 mg) dose 
of upadacitinib was superior to adalimumab. Adverse 
events were more frequent with upadacitinib than with 
placebo. In patients with active PsA and with inade-
quate response to bDMARDs, upadacitinib (15 mg or 
30 mg) was more effective than placebo over 24 weeks 
for improvement of the signs and symptoms of PsA53,54. 
Brepocitinib, an inhibitor of TYK2 and JAK1, is effec-
tive for treatment of PsA, with a therapeutic response 
beginning as early as 4 weeks after commencement and 
maintained to 52 weeks55.

Deucravacitinib (BMS-986165) is a selective TYK2 
inhibitor. Unlike currently approved inhibitors that all 
bind to the JAK catalytic domain, deucravacitinib tar-
gets the pseudokinase or regulatory domain, potentially 
resulting in higher selectivity56. Deucravacitinib was 
developed for multiple indications including psoriasis, 
PsA, systemic lupus erythematosus (SLE) and IBD57. 
Deucravacitinib is superior to both placebo and apremi-
last (an inhibitor of phosphodiesterase 4) in treating 

moderate to severe plaque psoriasis, according to results 
from a pivotal phase III trial58. Results from a phase II 
trial demonstrate that it also has favourable efficacy and 
safety in the treatment of active PsA59.

JAK inhibition in SLE
SLE is a multisystem autoimmune disease that is more 
common in women (particularly those of reproductive 
age) than in men, and that can affect the skin, joints, 
heart, kidneys, serosa, nerves and blood vessels, pre-
senting with a variety of clinical symptoms. It is patho-
logically characterized by activation of autoreactive 
T cells and production of autoantibodies by B cells60–63. 
Glucocorticoids and conventional immunosuppres-
sants are widely used treatments, but their targets are 
non-specific, and effective targeted therapies are needed.

Many SLE disease-susceptibility genes identified by 
GWAS are highly expressed in adaptive immune cells, 
including B cells, and B cell activation processes and 
overproduction of autoantibodies are notable patho-
logical features of SLE64. B cells stimulated by TFH cells 
or autoreactive T helper cells undergo class switching, 
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Fig. 3 | Cytokine involvement in spondyloarthritis. During pathological 
processes of spondyloarthritis, invasion of immune cells such as dendritic 
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tissue results in the production of numerous additional inflammatory 
mediators. Thus, various cytokines, including IFNγ, IL-6, IL-12, IL-17 , IL-23 
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and non-immune cells. Various cytokines work in synergy to perpetuate 
persistent inflammation by interacting with a variety of cells, including 
fibroblasts and monocytes/macrophages. Propagation of autoinflammation 
involves diverse cytokines, leading to disease symptoms and complications. 
Targeting these effector cytokines with JAK inhibitors can help to resolve 
arthritis and cartilage damage, as well as spine and joint damage in 
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matrix metalloproteinase; TGFβ, transforming growth factor-β; TH, T helper.
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differentiating into autoantibody-producing cells in 
response to IL-21 and other cytokines. In addition,  
B cells produce various cytokines, such as IL-6 (refs65,66). 
Therefore, B cells have a central role in humoral immu-
nity and autoimmune diseases, and therapies targeting  
B cells are expected to be effective for the treatment of 
SLE. However, many bDMARDs targeting B cells, such 
as the anti-CD20 antibody rituximab and the anti-CD22 
antibody epratuzumab, have seemed promising, but 
have not yielded favourable results67.

GWAS have resulted in identification of the genes 
encoding IL-1 receptor-associated kinase 1, interferon 
regulatory factor 5, Toll-like receptor (TLR) 7, TYK2 
and STAT4 as disease-susceptibility genes for SLE64. In 
addition, overproduction of interferons and the concom-
itant overexpression of interferon-induced genes (known 
as the ‘interferon signature’) is a canonical feature of SLE 
and other autoimmune diseases. Expression of these 
molecules is high in cells of the innate immune system, 
including dendritic cells65. TLRs are highly expressed 
in dendritic cells in patients with SLE, and their con-
tribution to aberrant cell death, including neutrophil 
death through formation of neutrophil extracellular 

traps (NETs), induces the production of cytokines and 
chemokines, which has an important role in triggering 
subsequent loss of immune tolerance65 (Fig. 4). These 
cytokines, which are produced by the innate immune 
system, include soluble B cell activating factor (BAFF), 
type I interferons, type II interferon, type III interferons 
and IL-12 and/or IL-23, which in turn induce the differ-
entiation and activation of T cells, and class switching and 
differentiation of B cells to autoantibody-producing cells 
in the adaptive immune system. Thus, these cytokines 
link the innate and adaptive immune systems and are of 
particular interest as targets for treatment66,67. Notably, 
in patients with SLE, serum levels of soluble BAFF and 
IFNα are positively associated with disease activity, which 
is also associated with critical organ disorders, such as 
lupus nephritis and neuropsychiatric SLE.

Belimumab, an anti-BAFF antibody, was the first 
approved biologic for the treatment of SLE and is  
also approved for lupus nephritis68. Anifrolumab, 
a monoclonal antibody to type I interferon receptor, was 
recently approved for patients with moderate to severe 
SLE in the USA, Japan and the EU on the basis of results 
from two phase III trials, TULIP1 and TULIP2 (refs69,70).  
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Many biologics are under development for SLE and 
lupus nephritis. However, because B cells are activated 
and antibody production function is enhanced in SLE, 
administration of large exogenous molecules such as 
biologics might actually result in the production of 
anti-drug antibodies.

The use of JAK inhibitors in SLE is currently being 
assessed (Fig. 4). Cytokines that bridge the innate and 
adaptive immune systems, such as type I interferons, 
IL-12 and IL-23, as well as those that activate T cell–B 
cell interaction, such as IL-21, IL-6 and IL-4, are likely 
targets of JAK inhibitors in SLE71. Results from a pilot 
phase Ib/IIa trial showed that the immunological 
response to tofacitinib in SLE is modulated by STAT4 
risk allele rs7574865[T], which is associated with severe 
SLE manifestations72. In those with SLE who carry the 
STAT4 risk allele, tofacitinib is associated with low 
expression of interferon-response genes and reduction 
in proportions of low-density granulocytes and neutro-
phil NETosis, whereas in those without the STAT4 risk 
allele, tofacitinib is otherwise associated with low con-
centrations of activation and checkpoint markers, such 
as CD103, CXCR3, inducible costimulatory molecule 
(ICOS) and programmed cell death protein 1 (PD1), in 
multiple T cell subsets71,72. In a phase IIb clinical trial 
of baricitinib in patients with active SLE exhibiting skin 
and joint symptoms despite standard care, more patients 
in the baricitinib (4 mg) group achieved resolution of 
joint or skin symptoms at week 24 (according to SLE 
Disease Activity Index 2000 criteria) than in the pla-
cebo group. In addition to meeting this primary end 
point, the baricitinib treatment also achieved a response 
according to the SLE Responder Index criteria73. The 
phase III trials BRAVE I and II, in which the efficacy 
of baricitinib in SLE is under evaluation, are currently 
ongoing (NCT03616912 and NCT03616964). In addi-
tion, brepocitinib, an inhibitor of JAK1 and TYK2, is 
currently the subject of a phase II clinical trial for SLE 
(NCT03845517).

JAK inhibition in other diseases
Although ulcerative colitis and Crohn’s disease differ in 
their clinical signs and pathological features, these IBDs 
share gut microbial abnormalities that are involved in 
immune disorders. Biologic agents that target TNF, 
IL-12, IL-23 and gut-selective integrins have beneficial 
effects in the treatment of IBD, but these agents are not 
effective for all patients74.

According to results from GWAS, IBD is associated 
with SNPs in JAK2, STAT3, TYK2 and IL23R75. Crohn’s 
disease shares about 30% of its genetic polymorphisms 
with ulcerative colitis, including the variants in IL23R. 
Several cytokines, including IL-5, IL-6, IL-7, IL-12, 
IL-13, IL-15, IL-17, IL-18, IL-21, IL-22, IL-23, IL-27, 
IL-32, IL-33 and IFNγ, have important roles in the 
pathogenesis of IBD. Among them, IFNγ, IL-6 and 
IL-7 are more involved in Crohn’s disease, which is 
associated predominantly with TH1 cell and TH17 cell 
immune responses, whereas patients with ulcerative 
colitis have elevated IL-5, IL-13, IL-15 and IL-33, con-
sistent with a TH2 cell-based response. These cytokines 
function through the JAK–STAT pathway and involve 

all members of the JAK family, so JAK inhibitors have 
potential for the treatment of IBD76–79.

Tofacitinib is approved for the treatment of adults 
with moderately to severely active ulcerative colitis. In 
three phase III studies, patients with moderate to severe 
ulcerative colitis who had not responded to conventional 
therapy or biologics were treated with tofacitinib (10 mg 
twice a day) and had a higher rate of clinical remission, 
clinical response and mucosal healing at week 8 than the 
placebo group. In addition, the groups of patients who 
received tofacitinib 5 mg or 10 mg in two divided doses 
as maintenance therapy for ulcerative colitis had higher 
frequencies of remission at week 54 than the placebo 
group80. However, clinical trials of tofacitinib for Crohn’s 
disease have been disappointing, with no differences in 
response or remission at various doses compared with 
placebo81. By contrast, the selective JAK1 inhibitors 
filgotinib and upadacitinib increased remission rates 
in patients with moderate to severe Crohn’s disease in 
phase II trials, and larger phase III trials for ulcerative 
colitis are currently underway (NCT03653026 and 
NCT02914522). Phase II clinical trials with an inhib-
itor of TYK2 and JAK1, brepocitinib (PF-06700841), 
for ulcerative colitis (NCT02958865) and Crohn’s dis-
ease (NCT03395184) are complete. In addition, several 
clinical trials of retretinib, a JAK3 inhibitor, are ongoing 
for Crohn’s disease (NCT03395184), ulcerative colitis 
(NCT02958865) and RA (NCT02969044).

Beyond arthritis and IBD, JAK inhibitors are being 
studied in other autoimmune, inflammatory and aller-
gic diseases including non-infectious uveitis, giant cell 
arteritis, systemic sclerosis, Sjögren syndrome and der-
matomyositis (Table 1). In patients with atopic dermati-
tis, both baricitinib and upadacitinib effectively achieve 
rapid improvement of clinical activity compared with 
placebo82,83. Baricitinib has been approved for treat-
ment of atopic dermatitis in Europe84. Upadacitinib 
has superior efficacy in atopic dermatitis to dupilumab  
(a monoclonal antibody targeting IL-4 and IL-13), but 
it is also associated with higher rates of serious infec-
tion, including one death owing to influenza83. Evidence 
for therapeutic efficacy of JAK inhibitors has also been 
demonstrated in conditions such as alopecia areata, vit-
iligo and palmoplantar pustulosis85,86. In a phase II trial 
for treatment of alopecia areata, ritlecitinib (a JAK3 
inhibitor) and brepocitinib showed marked efficacy and 
good tolerability after 24 weeks of treatment87.

An unanticipated role for JAK inhibitors is their use 
in treatment of COVID-19, to attenuate the dysregulated 
production and action of pro-inflammatory cytokines, 
including IL-2, IL-6, IL-12, IFNγ and GM-CSF, in the 
COVID-19-associated cytokine storm. Extreme eleva-
tion of cytokine concentrations is associated with pul-
monary and endothelial disease, myocardial damage and 
mortality88. Baricitinib differs from other JAK inhibitors 
in that it also inhibits AP2-associated protein kinase 1, 
a pivotal regulator of clathrin-dependent endocytosis, 
and thus could inhibit viral entry into target cells89. In 
clinical trials, the combination of baricitinib plus rem-
desivir was superior to remdesivir monotherapy for both 
improvement in oxygenation and reduction in select 
inflammatory markers in patients with COVID-19 
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pneumonia receiving supplemental oxygen, high-flow 
oxygen or non-invasive ventilation88,90. The Adaptive 
COVID-19 Treatment Trial head-to-head comparison 
of baricitinib and dexamethasone for treatment of severe 
COVID-19 was terminated prematurely because early 
results met pre-defined futility criteria, indicating that 
it was unlikely that continuation of the study would 
demonstrate a difference between the two treatment 
arms91. Another industry-sponsored trial involving 
addition of baricitinib to the combination of remdesivir 
and dexamethasone for treatment of severe COVID-19 
did not meet its primary end point of a composite out-
come of progression to high-flow oxygen, non-invasive 
ventilation, invasive mechanical ventilation or death, 
but a reduction in death by 38.2% was observed in 
those receiving baricitinib92. Thus, baricitinib received 
Emergency Use Authorization for treatment of severe 
COVID-19 in concomitant use with remdesivir by the 
FDA in November 2020, and then as monotherapy in 
July 2021 (ref.93). Baricitinib was also approved in Japan94 
and identified as one of the promising candidate thera-
peutics in Europe95. Clinical trials involving several JAK 
inhibitors in the treatment of COVID-19 are ongoing, 
and should provide valuable information on the use-
fulness of these agents. In addition to current indica-
tions, the question arises as to whether JAK inhibitors 
could have roles in the treatment of sepsis and acute  
respiratory distress syndrome.

Safety concerns with JAK inhibition
Until warnings from the FDA were published in 2021 
(ref.96), the consensus was that the short-term and 
long-term safety of JAK inhibitors were comparable 
with those of bDMARDs. As potent immunosuppres-
sive agents, the incidence rates of infections, including 
opportunistic infections, are comparable with those 
for bDMARDs, with the exception of the rate of her-
pes zoster infections, which is slightly higher for JAK 
inhibitors97,98. Analyses from randomized controlled tri-
als of tofacitinib and baricitinib have suggested a possi-
ble dose-dependent pattern of infection risk99,100. Studies 
on the long-term safety of tofacitinib with follow-up 
of up to 9.5 years identified no changes over time in 
incidence rates of infection, opportunistic infection, 
serious infection, malignancy, thrombosis or cardio
vascular disorders101. In an integrated safety analysis 
of five phase III trials, upadacitinib had comparable 
short-term and long-term safety with methotrexate and 
adalimumab, except for a higher risk of herpes zoster 
and of creatine phosphokinase elevation with upadac-
itinib than with adalimumab98,102. JAK inhibitors are 
also associated with potentially serious effects, includ-
ing malignancy, major adverse cardiovascular events 
(MACEs) and venous thromboembolic events103. The 
ORAL-Surveillance study (NCT02092467) compared 
the safety of tofacitinib and TNF inhibitors. The results 
of the study have not yet been published, but the pre-
liminary data are available on the sponsor’s website104 
and in the trial register (NCT02092467). The initial 
preliminary result in 2019 demonstrated an association 
with the risk of venous thromboembolism and death in 
patients taking tofacitinib 10 mg twice-daily dosage, but 

not 5 mg twice-daily dosage, prompting an FDA warn-
ing in relation to high-dose tofacitnib105. However, later 
results show a higher incidence of MACEs and malig-
nancies excluding non-melanoma skin cancer in patients 
with RA treated with either 5 mg or 10 mg twice-daily 
dosage of tofacitinib than in patients treated with a TNF 
inhibitor96. In response to this study, the FDA released 
an updated boxed warning in September 2021 regard-
ing the increased risk of death, MACEs, malignancies 
and thrombosis with JAK inhibitors compared with 
TNF inhibitors96. It also limits all approved uses to cer-
tain patients who have not responded to or cannot tol-
erate one or more TNF blockers. Although this study 
only compared tofacitinib with adalimumab, the FDA 
was concerned about a JAK-inhibitor class effect, and 
the warning was extended to two other JAK inhibitors 
approved in the USA for treatment of inflammatory 
diseases, baricitinib and upadacitinib. Whether the use 
of inhibitors with different JAK subtype selectivity or 
the use of JAK inhibitors in different diseases would 
improve cardiovascular and carcinogenic risk clearly 
warrants further investigation. Additionally, in clinical 
scenarios where TNF inhibitors have failed or not been 
appropriate, the choice between other biologics and JAK 
inhibitors is unclear.

Some of the adverse events associated with JAK inhib-
itors are predicted by mechanisms related to the block-
ade of cytokines that use JAK–STAT for signalling, which 
could explain the risk of serious and/or opportunistic 
infections such as herpes zoster106. However, the occur-
rence of thromboembolism, although relatively rare, is 
an unexpected and unexplained event104,106. Whether 
this event involves activation of the coagulation– 
fibrinolysis system or of platelets and endothelial cells 
is not yet known. Thus, although the use of JAK inhib-
itors is convenient because of their oral administration, 
it should be carefully considered12. Adequate screening 
should be performed for factors such as infection, car-
diovascular disorders, thrombosis and malignancy. JAK 
inhibitors should be administered by physicians who are 
able to provide systemic management of adverse events. 
Contraindications to the use of JAK inhibitors are related 
to pharmacokinetic and pharmacodynamic profiles 
and adverse events, and include: severe active infection 
(acute or chronic), including latent tuberculosis and 
opportunistic infections with the apparent exception 
of COVID-19; active malignancy; severe organ damage 
(including severe hepatic or renal disease); pregnancy 
and lactation; and history of venous thromboembo-
lism. The safety and efficacy of JAK inhibitors in chil-
dren have been assessed in some indications. Tofacitinib 
is currently approved for treatment of polyarticular 
JIA in the USA107, and is being studied in systemic JIA 
(NCT03000439). Ruxolitinib (an inhibitor of JAK1 
and JAK2) is approved for treatment of both acute and 
chronic graft-versus-host disease in patients >12 years 
old108. In general, JAK inhibitors are not recommended 
for use in combination with bDMARDs or potent 
immunosuppressants such as cyclosporine and tacroli-
mus, because these combinations might overly suppress 
the immune system and unacceptably increase the risk 
of infection and lymphoma. Finally, appropriately and 
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regularly planned monitoring during treatment should 
be performed for known risks including infection, 
cardiovascular disorders, thrombosis and malignancy. 
Long-term safety studies regarding the development of 
infection and malignancy (such as lymphoma) need to 
be conducted.

Conclusions
JAK inhibitors exert immunomodulatory effects on a 
wide range of highly heterogeneous diseases by inhib-
iting STAT-mediated signalling pathways of numerous 
cytokines. Thus, mechanism-based therapies targeting 
several cytokines and their signalling have brought a 
paradigm shift in the treatment strategy for refractory 
systemic autoimmune diseases. The success of JAK inhib-
itors has facilitated research on intracellular signal trans-
duction in immune cells and its relevance to pathological 
processes, as well as the development of inhibitors of tar-
gets including spleen tyrosine kinase, Bruton’s tyrosine 
kinase and IL-1 receptor-associated kinase 4, which are 
undergoing clinical trials109,110. Notably, some JAK inhib-
itors also have activity against Tec family tyrosine kinases 
(ritlecitinib) and spleen tyrosine kinase (gusacitinib)111,112. 
However, the top research priority in this field should be 
to improve therapeutic strategies, including strategies to 

maintain a balanced efficacy and safety profile, as well as 
thorough implementation of screening at treatment ini-
tiation, and monitoring during treatment. Furthermore, 
mechanism-based targeted therapies such as JAK inhib-
itors could ultimately enable either complete withdrawal 
or avoidance of glucocorticoid use in some autoimmune 
diseases. In many of these conditions, intensive and 
appropriate induction therapies are prerequisites for the 
achievement of disease remission and to sustain remis-
sion without damage to organs including joints and spine. 
After sustained remission, drug-free remission and even 
cure in the later stages of treatment might become pos-
sible, following appropriate and rigorous clinical trials. 
However, factors that act to inhibit the transition from 
remission to cure could exist, not only in the immune 
system but also in mesenchymal, intestinal, nerve and 
metabolic systems113. JAK inhibitors target multiple 
cytokines, growth factors and endocrine factors, so could 
have the potential to regulate any active factor inhibiting 
the transition to cure. Elucidation of such factors and 
approaches to regulate them could be an important strat-
egy in addressing the challenges and unmet needs in the 
management of autoimmune diseases.
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