
T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 385;7  nejm.org  August 12, 2021628

Review Article

From the Departments of Medicine 3 
(G.S.) and Medicine 1 (M.F.N.) and 
Deutsches Zentrum Immuntherapie (G.S., 
M.F.N.), Friedrich Alexander University 
Erlangen-Nuremberg and Universitäts
klinikum Erlangen, Erlangen, Germany; 
and the College of Medical Veterinary 
and Life Sciences, University of Glasgow, 
Glasgow, United Kingdom (I.B.M.). Ad-
dress reprint requests to Dr. Schett at the 
Department of Medicine 3 and Deutsches 
Zentrum Immuntherapie, Friedrich Alex-
ander University Erlangen-Nuremberg and 
Universitätsklinikum Erlangen, 91054 Er-
langen, Germany, or at georg​.schett@​
uk-erlangen​.de.

N Engl J Med 2021;385:628-39.
DOI: 10.1056/NEJMra1909094
Copyright © 2021 Massachusetts Medical Society.

Immune-mediated inflammatory diseases (IMIDs) are a heteroge-
neous group of diseases characterized by chronic inflammation and organ 
damage. IMIDs were traditionally classified on the basis of the predominant 

organ involvement. Improving the pathogenic characterization of IMIDs, however, 
should allow for a refined mechanistic understanding of these diseases and should 
make it possible to develop a molecular-based classification. The transition from 
organ-based to molecular-based classification was initiated by insights into associ-
ated genetic mutations and polymorphisms of key immune pathways and the de-
velopment of monoclonal antibodies that target signature cytokine hubs in IMIDs. 
As compared with an organ-based classification, molecular classification better 
addresses pathophysiological commonalities across IMIDs that affect different 
organs but also accounts for substantial mechanistic differences among IMIDs 
that affect the same organ (Fig. 1).

Infl a mm ation of the Inner Sur faces of the Body

IMIDs affecting the inner surfaces of the body, such as the gut (inflammatory 
bowel disease [IBD]: Crohn’s disease1 and ulcerative colitis2) and the joints (in-
flammatory arthritis: rheumatoid arthritis,3 psoriatic arthritis,4 and axial spondylo-
arthritis5), affect about 3% of the general population. Their overall prevalence has 
increased over the past several decades.6 Both inflammatory arthritis and IBD are 
characterized by remarkable chronicity, often affecting people at a young age and 
persisting throughout adulthood, with substantial disease progression and atten-
dant damage and loss of function of affected organs. The skin, as the outer bar-
rier of the body, and inner barriers, such as the gut and the joints, appear to be 
particularly prone to IMIDs, since they are required to maintain tissue homeosta-
sis at sites exposed to microbial, chemical, and mechanical challenges. A high-
level load in pathogen-associated molecular patterns (PAMPs) could continuously 
trigger immune activation.7,8 Accordingly, these barriers are equipped with sophis-
ticated regulatory systems that control, suppress, and resolve inflammation 
through antiinflammatory cytokines, lipid mediators, and immune regulatory 
cells.9,10 Furthermore, arthritis and IBD are associated with IMIDs of the skin (e.g., 
psoriasis11); this association supports a strongly interdisciplinary approach toward 
explaining the molecular pathogenesis of IMIDs.

Sh a r ed a nd Indi v idua l Fe at ur es of Join t a nd Gu t 
Infl a mm ation

Inflammatory arthritis and IBD share several features. First, their pathogenesis is 
based on a combination of genetic susceptibility loci (major histocompatibility 
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complex [MHC] genes and non-MHC genes) and 
environmental triggers (smoking, mechanical 
stress, or microbiome changes). Second, the clini-
cal onset of the two disorders is based in sus-
tained exuberant immune responses that infil-
trate target tissues with activated immune cells. 
Third, both disorders have a chronic clinical 
course characterized by sequential disease flares 
alternating with silent phases and a low poten-
tial for spontaneous resolution. Fourth, the sys-
temic inflammatory character of these disorders 
can lead to complications, such as an increased 
risk of inflammatory eye disorders (e.g., uveitis or 
scleritis) or skin lesions (e.g., psoriasis, erythema 
nodosum, or pyoderma), cardiovascular disease, 

and premature osteoporosis. Finally, both disor-
ders can have a substantial effect on the central 
nervous system by altering pain perception and 
imprinting sickness behavior associated with 
fatigue and depressive symptoms.12

Despite these similarities, individual IMIDs 
are remarkably heterogeneous at multiple levels 
and have differences in genetic features, immune 
pathogenesis, and treatment responses (Table 1). 
Organ-specific definitions fail to usefully sepa-
rate IMIDs affecting the joints from those af-
fecting the gut. We contend that a molecular 
approach to IMIDs is required, particularly as 
the range of immune-targeted therapeutics rap-
idly expands.

Figure 1. Organ-Based and Signature Cytokine–Based Concepts of Immune-Mediated Inflammatory Diseases  (IMIDs) 
of the Joints and Gut.

The top panel shows IMIDs of the joints and gut on the basis of the affected organs. The chart at the right shows 
the extent of organ involvement, with the darkest squares indicating that the organ is usually involved, the medium-
color squares indicating that the organ is sometimes involved, and the lightest squares indicating that the organ is 
involved rarely or not at all. The bottom panel shows IMIDs of the joints and gut on the basis of the signature cyto-
kine. The chart at the right shows the response to cytokine inhibition, with dark squares indicating a response and 
light squares indicating little or no response. AxSpA denotes axial spondyloarthritis, CD Crohn’s disease, JIA juvenile 
idiopathic arthritis, MSK musculoskeletal disease, PsA psoriatic arthritis, PsO psoriasis, RA rheumatoid arthritis, 
TNF-α tumor necrosis factor α, and UC ulcerative colitis.
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Drug -R esponse Pat ter ns  
in A rthr i tis  a nd IBD

Responses to conventional drug therapy differ 
across IMIDs. Probably the best example is non-
steroidal antiinflammatory drugs, which work 
in axial spondyloarthritis and psoriatic arthritis 
but are less effective in rheumatoid arthritis; in 
Crohn’s disease and ulcerative colitis, they can 
have adverse effects due to impairment of epithe-
lial barrier function. Furthermore, conventional 
immune modulatory agents show predilections 
for efficacy in individual IMIDs, with methotrex-
ate used in rheumatoid arthritis, sulfasalazine in 
psoriatic arthritis and spondyloarthritis (though 
mostly in peripheral, not axial, disease), azathio-
prine in IBD, and cyclosporine in ulcerative 
colitis (Table 1). Nonetheless, it has been notori-
ously difficult to link these drugs to single cyto-
kine expression patterns, since their mode of 
action is based on inhibiting several different 
inflammatory pathways and is not truly patho-
genesis-driven in inception. Furthermore, the sub-
group of patients who have an excellent response 
to conventional drugs is limited, which suggests 
that master control pathways in individual dis-
eases are not targeted.

TNF- α a s  a  Common D ow ns tr e a m 
Effec t or Path wa y

Tumor necrosis factor α (TNF-α) was the first 
key cytokine targeted in the treatment of inflam-
matory arthritis and IBD.13 Inhibition of TNF-α 
proved remarkably efficacious in rheumatoid 
arthritis; this led to a reconceptualization of the 
pathogenesis of IMIDs, which showed that a 
complex inflammatory process can depend large-
ly on a single master regulatory cytokine. TNF-α 
inhibition has demonstrable efficacy in all major 
forms of arthritis (rheumatoid arthritis, psoriatic 
arthritis, and axial spondyloarthritis), as well as 
in the two main forms of IBD. Unfortunately, 
TNF-α inhibition is more the exception than the 
rule in its breadth of efficacy. However, not all 
IMIDs depend on TNF-α: giant-cell arteritis does 
not respond to TNF-α inhibition, and multiple 
sclerosis may even worsen with TNF-α inhibitors.

TNF-α probably represents a common effec-
tor pathway that acts downstream in the inflam-
matory process (Fig. 2). Functionally, TNF-α is 
an important activator and product of macro-

phages that stimulates cytokine production in 
immune cells and activates fibroblasts, with sub-
sequent tissue remodeling.14 TNF-α is also a 
product of neutrophils and activated T cells, 
which are enriched in the inflamed synovial 
membrane and entheseal structures (insertion 
sites of tendons and ligaments) in arthritis and 
in the intestinal wall in IBD. Furthermore, 
TNF-α is a potent stimulator of osteoclasts, ac-
counting for the widely observed osteoporosis in 
IMIDs, as well as the formation of bone erosions 
in rheumatoid and psoriatic arthritis.

The broad antiinflammatory effect of TNF-α 
inhibition is mainly based on its effect on myeloid-
cell activation, which is common in many forms 
of IMIDs. Nevertheless, there are important dif-
ferences in TNF-α responsiveness between ar-
thritis and IBD. The dimeric fusion protein 
etanercept, which mainly targets soluble TNF-α, 
is clinically effective in arthritis rather than in 
IBD, whereas antibodies blocking soluble and 
membrane-bound TNF-α (infliximab, adalimu
mab, certolizumab, and golimumab) are effec-
tive in both diseases.15 In fact, membrane-bound 
TNF-α on macrophages may act as a potent 
trigger for T-cell cytokine production and T-cell 
survival in IBD.16 Thus, although TNF-α is a 
major cytokine hub in IMIDs, specific signaling 
pathways differ among disease entities, with 
important clinical implications.

Signat ur e C y t ok ine Hubs

Interleukin-6 in Rheumatoid Arthritis

In rheumatoid arthritis, interleukin-6 is a critical 
cytokine node. Currently, rheumatoid arthritis is 
the only IMID that shows combined TNF-α and 
interleukin-6 dependency (Fig. 1). Interleukin-6 
receptor inhibition (with tocilizumab and sarilu
mab), although effective in rheumatoid arthri-
tis,17 is ineffective in axial spondyloarthritis18 
and psoriatic arthritis. Psoriatic skin disease is 
occasionally exacerbated on interleukin-6 inhibi-
tion. In IBD, interleukin-6 inhibition has yielded 
limited benefits but also adverse effects such as 
abscess formation and perforations, probably by 
inhibiting intestinal barrier function.19 Interleu-
kin-6 was originally described as a B-cell factor 
that stimulated immunoglobulin production. Ac-
cordingly, the rationale for its use in rheumatoid 
arthritis was initially based on inhibiting T-cell–
mediated B-cell activation, which is important 
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for the generation of autoantibodies. However, 
interleukin-6 inhibition does not significantly 
lower autoantibody levels in rheumatoid arthri-

tis, nor does it preferentially work in the sub-
group of rheumatoid arthritis with autoanti-
bodies, as observed for B-cell depletion (with 

Figure 2. Signature Cytokines and Their Functions in the Inflammatory Process of Arthritis and Colitis.

The pathognomonic feature of rheumatoid arthritis is synovitis. The disease develops on the basis of a breach of immune tolerance in-
volving dendritic cells, follicular or peripheral helper T (Tfh or Tph) cells, and B cells in the lymph nodes and the synovial membrane. 
This process leads to plasma-cell differentiation and autoantibody (AAb) production, as well as activation of fibroblast-like synoviocytes 
with interleukin-6 release. Ulcerative colitis is characterized by cryptitis. Dendritic cells and macrophages in the intestinal wall produce 
increased amounts of interleukin-23, which activates helper T (Th) cell types 17 (Th17) and 9 (Th9). In addition, Th2 cells are enriched 
in ulcerative colitis and induce eosinophils through interleukin-13. Crohn’s disease is characterized by intestinal granuloma formation. In 
association with nucleotide-binding oligomerization domain–containing protein 2 (NOD2) mutations, dendritic cells and macrophages 
produce increased amounts of interleukin-23 in the ileal and colonic wall, aided by activation of Th1 cells and Th17 cells. Psoriatic arthri-
tis is characterized by enthesitis and is closely associated with skin psoriasis as a source of interleukin-23. In addition, proinflammatory 
lipids such as prostaglandin E2 (PGE2) are produced in the context of mechanoinflammation in the entheses. Interleukin-23 and PGE2

induce interleukin-17A production by T17 cells (consisting of both CD4+Th17 and CD8+Tc17 [cytotoxic T17] cells), innate lymphoid cells 
type 3 (ILC3), and T γ/δ cells. Axial spondyloarthritis is characterized by spondylitis. It depends on sustained production of proinflam-
matory lipids (e.g., PGE2) by cyclooxygenase 2 (COX-2), which stimulates interleukin-17A production by T17 cells, ILC3, and T γ/δ cells 
independently from interleukin-23. A shared effector phase in all five immune-mediated inflammatory diseases is the activation of bone 
marrow–derived macrophages, polymorphonuclear neutrophils, and fibroblasts at sites of inflammation associated with the production 
of increased amounts of tumor necrosis factor α (TNF-α). The red boxed text indicates the signature cytokines for the diseases.
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rituximab) or costimulation blockade (with 
abatacept), suggesting another mode of action.20 
Recent evidence from single-cell sequencing 
studies of synovial tissue in rheumatoid arthritis 
indicates that a major product of resident syno-
vial fibroblasts is interleukin-6, which in addition 
to chemokines, orchestrates the influx of im-
mune cells into the joint.21 Hence, interleukin-6 
receptor inhibition may have regulatory effects 
on the resident tissue, as well as block the func-
tion of infiltrating leukocytes (Fig. 2).

Interleukin-6 receptor inhibition does not 
necessarily have higher therapeutic efficacy than 
TNF-α inhibition in rheumatoid arthritis; how-
ever, its therapeutic specificity for rheumatoid 
arthritis is higher. Furthermore, interleukin-6 
receptor inhibition does not require cotreatment 
with methotrexate to reach maximum efficacy.22 
Also, Janus kinase (JAK) inhibitors, such as bar-
icitinib, upadacitinib, tofacitinib, and filgotinib, 
which at least partially act by inhibiting interleu-
kin-6 receptor signaling, do not require metho-
trexate.23 Accordingly, monotherapy with anti–
interleukin-6 receptor antibody or JAK inhibitors 
achieves significantly better therapeutic respons-
es than treatment with methotrexate in previously 
untreated patients with rheumatoid arthritis, 
whereas such differences are not found with 
TNF-α monotherapy.24,25 Finally, interleukin-6 in-
fluences tissue responses and bone metabolism. 
Hence, blockade of interleukin-6 receptor, as well 
as blockade of JAKs, corrects suppressed bone 
formation in rheumatoid arthritis and induces 
partial repair of damaged joints, which supports 
the role of interleukin-6 as a signature cytokine 
hub in rheumatoid arthritis.26

Interleukin-1 in Systemic Juvenile Idiopathic 
Arthritis

Interleukin-1 inhibition has been approved for 
the treatment of rheumatoid arthritis but not 
psoriatic and axial spondyloarthritis or IBD. Its 
potency in controlling inflammation in rheuma-
toid arthritis, however, is at best low to moderate. 
Nonetheless, a small subgroup of patients have 
rheumatoid arthritis that may indeed be pre-
dominantly driven by interleukin-1 activation, and 
these patients have a good response to interleu-
kin-1 inhibition. These findings27 (which were 
subsequently noted also with interleukin-17A in-
hibition28) suggest that the clinical term “rheuma-

toid arthritis” encompasses a mixture of mo-
lecular conditions (pathotypes). Hence, specific 
cytokine targeting, like molecular tissue charac-
terization, may unravel certain pathotypes or 
even disease mimics (e.g., gout mimicking rheu-
matoid arthritis) that have a common pathway.29 
Although interleukin-1 is of limited importance 
in rheumatoid arthritis, it constitutes a signature 
cytokine that drives destructive arthritis in dis-
eases associated with genetic activation of the in-
flammasome, such as the Muckle–Wells syndrome 
(a genetically determined autoinflammatory dis-
ease that is caused by a mutation in CIAS1/NLRP3 
and increased activity of the protein cryopyrin, 
with fever and arthritis), or with danger signal–
mediated activation of the inflammasome, such 
as gout.30 Furthermore, interleukin-1 inhibition 
(by the monoclonal antibody canakinumab or 
the soluble receptor antagonist anakinra), like 
interleukin-6 inhibition, is highly effective in the 
treatment of systemic juvenile idiopathic arthri-
tis and adult-onset Still’s disease31,32 (Fig. 1). Both 
diseases are characterized by genetically con-
trolled hyperresponsiveness of macrophages to 
alarmins such as S100A8 and S100A9, leading 
to deregulated production of interleukin-1β, inter-
leukin-6, and interleukin-18.

Interleukin-23 in Crohn’s Disease  
and Ulcerative Colitis

Therapy of IBD involves molecular targets regu-
lating immune-cell trafficking and cytokine func-
tion. Blocking α4 β7 integrin–MAdCAM (mucosal 
addressin cell adhesion molecule) interaction 
with the neutralizing antibody vedolizumab is 
clinically effective in both Crohn’s disease and 
ulcerative colitis, highlighting the importance of 
T-cell migration to the intestinal wall.33,34 With 
respect to cytokines, interleukin-23 constitutes 
the second cytokine hub, next to TNF-α, in both 
Crohn’s disease and ulcerative colitis (Fig.  1). 
Both diseases respond to treatment with the 
interleukin-12 and interleukin-23 inhibitor uste
kinumab, which targets p40, the common sub-
unit of interleukin-12 and interleukin-23.35,36 As 
with psoriasis, selective inhibition of interleu-
kin-23 by targeting its specific p19 subunit (e.g., 
with risankizumab or guselkumab) appears to be 
effective in clinical studies,37 highlighting inter-
leukin-23 as the cytokine that orchestrates the 
development of IBD. This notion is supported by 
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biopsy studies that show substantial down-regu-
lation of genes related to the interleukin-23–
interleukin-17A axis in the ileum and colon in 
patients with IBD who were treated with p19-
targeting antibodies.38

Moreover, Crohn’s disease and ulcerative coli-
tis share a genetic association with interleukin-23 
receptor alleles.39 Interleukin-23 is primarily pro-
duced by dendritic cells and macrophages, which 
are abundant in the inflamed intestinal wall. 
The cytokine promotes differentiation and acti-
vation of classical type 17 helper T (Th17) cells, 
T γ/δ cells, and innate lymphoid cells type 3 
(ILC3). The pathogenicity of interleukin-23 in 
IBD was initially linked to interleukin-17A pro-
duction.40 However, this concept has been chal-
lenged by the negative outcome of interleukin-
17A and interleukin-17A receptor targeting in 
Crohn’s disease.41 Preclinical studies suggest that 
the pathogenic effect of interleukin-23 in the gut 
is based on the activation of T cells that bear 
markers for both type 1 helper T (Th1) and Th17 
cells (Fig. 2).40 At the same time, interleukin-23 
inhibits the differentiation of Foxp3-positive 
regulatory T cells and interleukin-10–producing 
T cells, thereby creating an imbalance between 
proinflammatory and antiinflammatory T cells 
in the intestinal wall. TNF-α inhibition in Crohn’s 
disease can lead to an interleukin-23–mediated 
escape mechanism of inflammation, with up-
regulation of mucosal interleukin-23 and inter-
leukin-23 receptor expression and an increase in 
apoptosis-resistant interleukin-23 receptor–posi-
tive T cells, highlighting the cross-connection 
between TNF-α and interleukin-23 in IBD.42

The responses to cytokine targeting in Crohn’s 
disease and ulcerative colitis contradict the con-
cept of a strict interleukin-23–interleukin-17A in-
flammation axis, since interleukin-23 inhibition 
is beneficial in these disorders, whereas inter-
leukin-17A inhibition may exacerbate intestinal 
inflammation.41 This difference in treatment re-
sponse shows that cytokine networks and func-
tions are tissue-dependent and can vary substan-
tially across specific organs. For instance, the 
intestinal epithelial layer is impaired and leaky 
in IBD but is hyperproliferative and thickened in 
psoriasis.7,11 Interleukin-17A may promote epithe-
lial integrity and antimicrobial defense in both 
the gut and the skin. But although interleukin-
17A inhibition is beneficial in the skin, since it 

impairs disease-intrinsic hyperproliferation, it fur-
ther impairs an already damaged barrier func-
tion in the gut. Indeed, preclinical studies show 
that interleukin-23 inhibition ameliorates intes-
tinal inflammation, whereas interleukin-17A in-
hibition worsens it.43 Exacerbation of experi-
mental colitis by interleukin-17A inhibition was 
associated with impaired intestinal barrier func-
tion. Interleukin-17A maintains the expression 
of claudins, which control epithelial barrier 
function; the expression of the polymeric immu-
noglobulin receptor, which shuttles secretory IgA 
into the intestinal lumen; and the expression of 
antimicrobial peptides by epithelial cells.44 Inter-
leukin-23 is not essential for interleukin-17A–
mediated maintenance of intestinal barrier func-
tion, which could explain why interleukin-23 
inhibition does not automatically impair the ho-
meostatic functions of interleukin-17A in the gut.45

Although interleukin-23 represents a cytokine 
hub for both Crohn’s disease and ulcerative coli-
tis, no differential use of cytokine blockers be-
tween the two IBDs has been identified. This is 
remarkable, since Crohn’s disease and ulcerative 
colitis constitute substantially different patho-
logical disorders. Crohn’s disease is character-
ized by a transmural inflammation associated 
with granuloma formation, whereas ulcerative 
colitis is characterized by a more superficial in-
flammation with neutrophil-based cryptitis.1,2 
Also, the genetic features of Crohn’s disease and 
ulcerative colitis are partially different: Crohn’s 
disease is linked with variants of nucleotide-
binding oligomerization domain–containing pro-
tein 2 (NOD2), a ligand for bacterial peptidogly-
cans, whereas ulcerative colitis is linked to 
variants of interleukin-10 receptor (IL10RA). Fi-
nally, in ulcerative colitis but not in Crohn’s 
disease, CD4+ Th2 and type 9 helper T (Th9) 
lymphocytes, innate lymphoid cells type 2 (ILC2), 
and eosinophils are preferentially enriched in 
the colon wall.1,46 This finding supports the con-
cept that blocking interleukin-13 may be bene-
ficial in ulcerative colitis. However, blocking 
interleukin-13 with tralokinumab or anrukinzu
mab has not proved efficacious in ulcerative 
colitis.47,48

Interleukin-17A in Axial Spondyloarthritis

Although axial spondyloarthritis shares the inter-
leukin-23 receptor genetic link with IBD, cyto-
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kine dependency differs between the two disor-
ders. Interleukin-17A constitutes a major cytokine 
hub in axial spondyloarthritis,49 whereas inter-
leukin-23 appears to have no major role50 (Fig. 1). 
Again, this is an example of how tissue factors 
influence the response to individual cytokine 
blockers in diseases that share a genetic back-
ground and even have similar clinical manifesta-
tions. About 5% of patients with axial spondylo-
arthritis have concomitant clinical IBD,51 and 
3% of patients with IBD have concomitant axial 
spondyloarthritis, with axial spondyloarthritis 
developing more frequently than ulcerative coli-
tis in patients with Crohn’s disease.52

Inhibition of interleukin-17A (with secukinu
mab or ixekizumab) has remarkable efficacy in 
axial spondyloarthritis, with amelioration of signs 
and symptoms, as well as regression of inflam-
matory spinal lesions.49 Several interleukin-17A–
producing cell types, including T17 cells (con-
sisting of both CD4+Th17 and CD8+ cytotoxic 
T17 [Tc17] cells), T γ/δ cells, and ILC3, are 
present at entheseal sites in the vertebral bodies, 
even in steady-state conditions.53 Furthermore, 
interleukin-17A has been shown to orchestrate 
inflammatory responses in human tendons.54 
Thus, tendons and their insertions (entheses) 
appear to represent the tissue that mounts spe-
cifically robust interleukin-17A responses in the 
absence of interleukin-23. Mechanistically, en-
hanced interleukin-17A production at entheseal 
sites is most likely related to an exaggerated 
mechanical stress response55 and sustained pro-
duction of prostaglandin E2 through cyclooxygen-
ase 2 (COX-2) activation. COX-2 rapidly mounts 
inflammatory responses, such as vasodilatation 
and neutrophil attraction to tissues, leading to 
spondylitis. COX-2 activation is also a robust 
signal for Th17-cell activation,56 thus providing 
an alternative tissue-specific enhancement of 
interleukin-17A production, which does not nec-
essarily require interleukin-23 (Fig. 2).

Although mechanically induced stress re-
sponses are physiologic and self-limited, they are 
enhanced and prolonged in axial spondylo
arthritis. The reason for this phenomenon is not 
clear; however, genetic factors, impaired intesti-
nal barrier function, or both, which are observed 
in axial spondyloarthritis, may play a role. Nota-
bly, interleukin-17A, like prostaglandin E2, is an 
important pain mediator, which is expressed in 

the dorsal root ganglia. It is therefore not sur-
prising that pain is the predominant clinical 
manifestation of axial spondyloarthritis.57 Chronic 
entheseal inflammation in axial spondyloarthri-
tis also leads to excessive local bone responses, 
which are associated with osteoblast differentia-
tion initiated by prostaglandin E2, interleukin-17A, 
and interleukin-22,58,59 followed by activation of 
downstream bone morphogenic proteins and Wnt 
proteins as effector molecules of bone forma-
tion.60,61 This process generates bony spurs at 
vertebral bodies and sacroiliac joints, eventually 
leading to bony fusions (ankylosis). It is com-
monly thought that early and effective interven-
tion in the inflammatory process of spondylitis 
(resembling axial enthesitis) also inhibits the 
exaggerated bone response and ankylosis in axial 
spondyloarthritis.

Combined Interleukin-17A and Interleukin-23 
in Psoriatic Arthritis

Approximately 30% of patients with psoriasis 
have psoriatic arthritis,4 which affects the periph-
eral joints and entheseal structures and occa-
sionally also the spine and resembles some fea-
tures of axial spondyloarthritis. Psoriatic arthritis 
differs fundamentally from rheumatoid arthritis 
in three respects: psoriatic arthritis has a genetic 
link with the interleukin-23 receptor and MHC 
class I (e.g., C06) alleles; essentially lacks the 
autoimmune background of rheumatoid arthri-
tis and has no signs of autoantibody formation 
or B-cell dependency; and displays a different 
clinical phenotype, which includes asymmetric 
arthritis (mostly oligoarthritis), inflammation of 
entheseal structures, and the subsequent forma-
tion of bony spurs and ankylosis.

Mechanical stress is a disease precipitator for 
both psoriatic arthritis and axial spondyloarthri-
tis, but like psoriatic skin disease, psoriatic ar-
thritis is also strongly associated with metabolic 
disorders such as obesity and diabetes.62 Further-
more, psoriatic arthritis responds to interleukin-
17A and interleukin-23 inhibition,63,64 whereas 
rheumatoid arthritis does not65,66 (Fig. 1). It ap-
pears that the cytokine hubs are similar in pso-
riatic skin disease and psoriatic joint disease, 
indicating that the two disorders have the same 
pathophysiological features and are part of an 
overarching psoriatic disease. Excessive T-cell 
activation, neutrophil influx, and resident tissue 
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responses to mechanical stress are shared by 
psoriatic skin and joint disease. Stress response 
patterns similar to psoriatic plaques, but in-
volving bone instead of epithelial prolifera-
tions, have been observed in the joints of pa-
tients with psoriatic arthritis (termed “deep 
Koebner’s phenomenon”).67 Although interleu-
kin-17A and interleukin-23 provide more robust 
control of the skin disease than TNF-α, such a 
“hierarchy” is not observed in arthritis, in 
which TNF-α inhibition is not inferior to inter-
leukin-17A inhibition or interleukin-23 inhibi-
tion; however, for interleukin-23 inhibition, no 
data from formal head-to-head comparisons are 
available.68,69

The role of interleukin-17A, and probably 
interleukin-17F, in entheseal inflammation re-
sembles that described for axial spondyloar-
thritis, suggesting that the interleukin-17 fam-
ily forms a signature cytokine hub that mediates 
mechanoinflammation. Mechanoinflammation 
can be dependent on or independent of inter-
leukin-23 and appears to be more dependent on 
interleukin-23 in psoriatic arthritis than in axial 
spondyloarthritis. The source of interleukin-23 
in psoriatic arthritis may not necessarily be the 
joint but rather distant sites, such as clinical-
ly  or subclinically inflamed skin or the gut 
(Fig.  2). Hence, interleukin-23 may act more 
systemically in psoriatic arthritis, whereas in-
terleukin-17A behaves more like a local effector 
cytokine. Accordingly, systemic interleukin-23 
overexpression in mice leads to site-directed 
inflammatory disease in skin and entheses.59 
Furthermore, circulating interleukin-23–depen-
dent cells (e.g., ILC3) have been identified in 
active psoriatic arthritis, potentially conveying 
the effects of interleukin-23 from the skin to 
the joints. In addition, gut-derived mucosal-
associated invariant T (MAIT) cells are enriched 
in the joints of patients with psoriatic arthri-
tis, providing evidence for a gut–joint axis. In-
terleukin-23 may thus be the prerequisite for 
a  proinf lammatory environment in entheseal 
sites in patients with psoriasis. Treatment 
with  ustekinumab targets interleukin-12 and 
interleukin-23 and reduces entheseal inf lam-
mation in very early and established psoriatic 
arthritis,  providing further support for this 
concept.70,71

Single-  v er sus Multiple-
C y t ok ine Inhibi tion in IMIDs

Although currently single cytokines are inhibit-
ed, identification of codependent cytokine hubs, 
as outlined above, would support multiple-cyto-
kine inhibitory strategies to augment therapeu-
tic responses. The treatment response to single-
cytokine inhibition in arthritis and IBD is not as 
strong as the response in psoriasis; interleu-
kin-23 or interleukin-17A inhibition virtually 
abrogates the disease in the majority of patients 
with psoriasis.68 Furthermore, the identification 
of specific signature cytokines enlarged our 
therapeutic armamentarium but did not neces-
sarily lead to outcomes that were substantially 
better than those associated with TNF-α inhibi-
tion. Although it is possible that ceiling effects 
in the instruments used to measure therapeutic 
efficacy limit the identification of stronger ther-
apeutic responses, the presence of more than 
one cytokine hub may be an appealing explana-
tion for limited clinical responses. On the basis 
of this concept, multiple-cytokine targeting — 
for instance, with the use of bispecific antibod-
ies — may be an attractive strategy, but clinical 
data are thus far disappointing.72

More pertinently, JAK inhibitors, which block 
the signaling of several cytokines, are effective 
in a wide range of IMIDs, including arthritis and 
colitis.73 Though the efficacy of JAK inhibitors in 
individual IMIDs is not necessarily higher than 
the efficacy of signature cytokine inhibitors, JAK 
inhibitors are effective in a wider range of 
IMIDs, reflecting the range observed for TNF-α 
inhibitors. Several but not all cytokine hubs that 
were discussed above signal through JAKs, in-
cluding JAK1/2 (e.g., interleukin-6) and tyrosine 
kinase 2 (e.g., interleukin-6 and interleukin-23), 
which explains their efficacy across IMIDs. 
However, JAK inhibitors are also effective in 
axial spondyloarthritis, which involves TNF-α 
and interleukin-17A, cytokines that do not re-
quire JAK signaling. This initially surprising 
finding may be explained by the importance of 
other cytokines that are sensitive to JAK inhibi-
tion that have not yet been recognized as playing 
a role in axial spondyloarthritis. An example 
may be granulocyte–macrophage colony-stimu-
lating factor, which could explain the efficacy of 
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a pan-JAK inhibitor though not of a JAK1-specific 
inhibitor.74 Also, interleukin-7, which signals 
through JAK1 and JAK3, appears to have a role 
in axial spondyloarthritis, since it induces inter-
leukin-17A expression in MAIT cells.75 Alterna-
tively, the effects of blocking a series of subor-
dinate cytokines without targeting the main 
driving nodes may be similar to the effects of 
targeting one driving node. For instance, JAK1 
inhibition affects several proinflammatory me-
diators, including interleukin-6, interleukin-22, 
granulocyte colony-stimulating factor, interferon-γ, 
and type I interferons, which are expressed in 
arthritis and colitis but each of which alone may 
not play a fundamental part in driving the dis-
ease process.

Conclusions

Therapeutic targeting of individual cytokines 
illuminated the pathophysiology of IMIDs that 
affect the joints and the gut. These findings 
challenge the long-standing concept of an organ-
based disease classification and should pave the 
way for a mechanism-based understanding of 
IMIDs. Furthermore, data on responses to anti-
cytokine therapy have propagated new, not yet 
fully characterized concepts, such as defined 
tissue determinants, which are pivotal in shap-

ing the local function of cytokines and thereby 
determine their position in specific disease-
associated cytokine networks. Moreover, cyto-
kine profiles may change over time or during 
anticytokine therapy, highlighting the notion 
that cytokine profiles represent dynamic targets 
in the course of IMIDs. Detailed analysis of cyto-
kine hubs by means of modern molecular tech-
nologies may be essential for improving clinical 
responses and identifying molecular pathotypes 
within a clinically defined disease. Hence, an 
interleukin-23–driven Crohn’s disease pathotype 
may be more similar to an interleukin-23–driven 
psoriatic arthritis pathotype than to a distinct 
pathotype in Crohn’s disease.

Another key concept concerns the communi-
cation pathways between organs in IMIDs, such 
as the interaction of the joint and the gut; the 
concept also concerns the link to other surfaces 
of the body, such as the skin — a link that may 
be explained by circulation of soluble mediators 
and deregulated trafficking of immune effector 
cells. This concept may allow targeting of IMIDs 
through shared disease pathways. These new 
insights will further reframe our understanding 
of disease-associated signature cytokine hubs and 
offer new avenues for targeted intervention.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.
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