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by random recombination in the thy-
mus rather than by germline-encoded 
V or J genes) and allelic variation at  
particular HLA amino acid sites. 
Notably, variation at one HLA site  
(HLA-DRB1 site 13) by itself 
explained 9.3% of interindividual 
variance at position 109 of TCRs 
with a 13 amino acid CDR3 length 
(L13-CDR3).

HLA-DRB1 site 13 is associated 
with the risk of autoimmune diseases, 
including rheumatoid arthritis and 
juvenile idiopathic arthritis. The 
analysis showed that the amino acid 

variation in 
HLA genes 
disproportion
ately affects 
the risk of 
autoimmune 
disease
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A new genetic analysis demonstrates 
an association between HLA alleles  
(including the risk alleles for specific  
autoimmune diseases) and T cell 
receptor (TCR) composition. These  
results provide evidence that sup-
ports the central hypothesis of 
thymic selection of TCRs.

Compared with the rest of the 
genome, variation in HLA genes dis-
proportionately affects the risk of auto-
immune disease. HLA proteins present 
antigens to TCRs and can contribute 
to autoimmunity by autoantigen 
presentation or modif ication of T cell 
selection to favour autoreactive TCRs.

In the new study, sequences of the 
hypervariable TCR complementarity 
determining region 3 (CDR3) were 
determined from a public dataset of 
deeply sequenced peripheral-blood 
TCRs from 628 healthy individuals. 
Associations were identified between 
variants in a specific CDR3 region 
(in which the sequence is determined 

at HLA-DRB1 site 13 influenced 
the amino acid at L14-CDR3 posi-
tion 110, and that HLA alleles that 
increased the risk for rheumatoid 
arthritis were associated with 
negatively charged amino acids at 
position 110. Multiallelic HLA risk 
scores for autoimmune diseases were 
calculated for each individual in the 
dataset and were associated with 
the presence of specific TCR CDR3 
sequences, among which certain bio-
chemical characteristics were shared. 
Furthermore, values of a related 
CDR3 risk score were positively 
associated with pathogenic antigen 
reactivity in CD4+ T cells.

“We are very interested to know 
whether the TCR features that are 
preferred by HLA risk alleles are 
the same TCR sequences that have 
an important role in recognizing 
and binding autoantigens,” notes 
corresponding author Soumya 
Raychaudhuri. “Our initial data 
 suggest this could well be the case.”

Robert Phillips
Original article Ishigaki, K. et al. HLA 
autoimmune risk alleles restrict the hypervariable 
region of T cell receptors. Nat. Genet. https:// 
doi.org/10.1038/s41588-022-01032-z (2022)
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HLA autoimmunity risk alleles influence 
T cell receptor sequences
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Thus, miR-29b-5p has a protective  
role in oA.

Delivery of miR-29b-5p holds prom-
ise as a strategy to treat oA, although 
miRNAs are unstable and often have 
off-target effects. To overcome these 
limitations, the authors used agomirs, 
cholesterol-modified miRNAs with 
enhanced stability, combined with a 
hydrogel-based delivery system to pro-
long the retention of miR-29b-5p in the 
knee joint. Importantly, a short peptide 
motif was introduced to permit more 
sustained release of the miRNA as well 
as for endogenous stem cell recruitment.

Strikingly, delivery of miR-29b-5p  
to rat knees 4 weeks after ACl tran-
section led to almost complete pro-
tection against oA. mechanistically, 
miR-29b-5p alleviated cellular senes-
cence and maintained catabolic  
balance in the cartilage. moreover, the  
miR-29b-5p delivery system induced  
the recruitment of stem cells and their 
differentiation into chondrocytes, 

Delivery of 
miR29b5p 
to rat knees … 
led to almost 
complete 
protection 
against OA

Current treatments for osteoarthritis 
(oA) promote symptomatic relief with-
out controlling the biological processes 
underlying tissue damage. In a new 
study, Zhu et al. describe a microRNA 
(miRNA) strategy to regenerate the 
articular microenvironment by targeting 
cellular senescence, thereby presenting 
a promising approach for patients  
with oA.

A major underlying cause of oA  
is chondrocyte senescence, an age- 
related phenomenon that leads to 
degradation of the extracellular matrix 
(eCm) and poor regenerative capacity. 
The authors first performed miRNA 
sequencing in senescent chondrocytes, 
leading to the identification of the 
downregulated miR-29b-5p. Probing 
its potential role in oA progression, 
they next transfected miR-29b-5p into 
rat chrondrocytes and found that its 
overexpression increased the expres-
sion of genes involved in eCm synthesis 
and supressed eCm degradative genes. 

thereby facilitating regeneration. 
overall, delivery of miR-29b-5p via a 
specialized hydrogel-based delivery  
system may serve as a disease-modifying 
therapy for oA. “Further research will 
be directed to advance the application 
of miRNA precision delivery in the clinic 
to meet the needs of patients”, explains 
Xiumei Wang and Xiangqian Fang, the 
two corresponding authors of the study.

Michael Attwaters

 O S t e Oa rt H r i t i S

Targeting senescence in OA

Original article Zhu, J. et al. Stem cell–
homing hydrogel-based miR-29b-5p delivery 
promotes cartilage regeneration by suppressing 
senescence in an osteoarthritis rat model. Sci. Adv. 
8, eabk0011 (2022)

Credit: Alex Whitworth/Springer Nature Limited

mailto: 
https://doi.org/10.1038/s41588-022-01032-z
https://doi.org/10.1038/s41588-022-01032-z
mailto: 


www.nature.com/nrrheum

0123456789();: 

R                                                                                             e                                     s               e   a   R c h  h i g h l i g h t s

306 | JuNe 2022 | volume 18 

a likely functional variant on the 
basis of its ability to modulate IRF8 
expression.

The researchers demonstrated 
that the genomic region containing 
rs2280381 is a monocyte-specific 
enhancer that interacts spatially  
with the IRF8 promoter. They 
also showed that the effect of 
rs2280381 on IFR8 expression is 
mediated by the enhancer RNA 
AC092723.1, which regulates 
chromatin accessibility and also 
alters methylation levels of the IRF8 
promoter region via its interaction 
with TET1.

“Targeting enhancers may  
contribute to precise therapies 
because of their cell-type specif-
icity,” Shen highlights. “Thus,  
elucidating the dysfunctional 
enhancers that determine the  
dysregulation of key transcription 
factors in SLE could help identify 
therapeutic targets and develop  
new treatments.”

Sarah Onuora

rs2280381 
was identified 
… on the basis
of its ability to 
modulate IRF8 
expression

Although transcription factors have 
been implicated in the develop-
ment and severity of autoimmune 
diseases and represent attractive ther-
apeutic targets, few genetic variants 
have been identified as regulators of 
disease-relevant tran scription factor 
expression and the mechanisms 
underlying their effects are largely 
unknown. A novel screening strategy 
using a comb ination of genetic, 
epigenomic and CRISPR activation 
approaches has now identified a func-
tional variant that regulates expression 
of IRF8 (encoding the transcription 
factor interferon  regulatory factor 8) 
via several mechanisms.

The IRF8 locus is strongly 
associated with autoimmune 
diseases including systemic lupus 
erythematosus (SLE). “By dissecting 
an autoimmune disease genetic 
locus, we define an immune 
cell-type-specific enhancer and the 
molecular mechanisms underlying 
the dysregulation of IRF8 expression 
by lupus risk variants,” explains 
corresponding author Nan Shen. 
“This work illustrates a novel strategy 
to understand the functional effects 
of genetic loci associated with 
autoimmune disease and provides 
new insights into noncoding 
variants mediating lupus disease 
pathogenesis.”

Candidate single-nucleotide 
polymorphisms in the IRF8 locus 
were identified from integrated 
GWAS and epigenomic data and 
screened using a CRISPR activation 
assay. rs2280381 was identified as 
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SLE risk variant regulates IRF8 
expression

Original article Zhou, T. et al. Lupus 
enhancer risk variant causes dysregulation of IRF8 
through cooperative lncRNA and DNA methylation 
machinery. Nat. Commun. 13, 1855 (2022)

Credit: Alex Whitworth/Springer Nature Limited

the sCD13– 
B1R axis could 
be a target for 
the treatment 
of rheumatoid 
arthritis

CD13 (N-aminopeptidase), originally 
identified as a marker for myeloid 
lineage cells, also circulates in a 
soluble form (sCD13) that is shed by 
synovial fibroblasts and has previously 
been shown to contribute to the 
pathogenesis of inflammatory arthritis. 
New research identifies B1 bradykinin 
receptor (B1R) as the G protein- 
coupled receptor (GPCR) through 
which the arthritogenic actions of 
sCD13 are mediated, and suggests 
the sCD13–B1R axis could be a target 
for the treatment of rheumatoid 
arthritis (RA).

B1R was identified as a receptor for 
sCD13 by screening of a library of human 
GPCRs, and the binding of sCD13 to B1R 
was verified by immunofluorescence and 
immunoblotting. The researchers also 
confirmed that B1R is highly expressed 
in RA synovial tissue by cells including 
synovial fibroblasts, endothelial cells 
and monocytes–macrophages. 

“The pro-inflammatory effects 
of the sCD13–B1R axis turn out to 
be powerful and important,” notes 
corresponding author David Fox. In vitro, 
B1R antagonists were able to inhibit 
sCD13-induced monocyte migration and 
phosphorylation of signalling molecules 
in RA synovial fibroblasts. In RA synovial 
tissue organ cultures, B1R antagonism 
and dexamethasone (which was used as 
a positive control) similarly reduced the 
secretion of pro-inflammatory mediators 
including mCP-1 and Il-6.

“The similar effect of dexamethasone 
and B1R blockade shows how critical and 
remarkably effective targeting the 
sCD13–B1R axis would be in RA,” notes 
first author Pei-Suen Tsou. Accordingly, 
the researchers demonstrated that 
pharmacological blockade of B1R or 
neutralization of CD13 attenuated 
disease in several different animal 
models including acute, serum-induced 
and antigen-induced arthritis.

Together, the results suggest that 
targeting sCD13 and B1R could provide 
a therapeutic approach to RA and 
potentially other inflammatory diseases.

Sarah Onuora

 i n F l a M M atO rY  a rt H r i t i S

sCD13 role in arthritis mediated 
via bradykinin receptor

Original article Tsou, P.-S. et al. Soluble 
CD13 induces inflammatory arthritis by activating 
the bradykinin receptor B1. J. Clin. Invest.  
https://doi.org/10.1172/JCI151827 (2022)

C
re

di
t:

 A
le

x 
W

hi
tw

or
th

/S
pr

in
ge

r N
at

ur
e 

Li
m

it
ed

mailto: 
mailto: 
https://doi.org/10.1172/JCI151827


   volume 18 | JuNe 2022 | 307

0123456789();: 

Muscle cell death is a key feature of myositis, 
an autoimmune muscle disease. Two studies1,2 
published in early 2022 suggest that a newly 
recognized form of cell death called necropto-
sis contributes to muscle cell death in myositis 
and might be a potential therapeutic target.

Unlike most cells in the human body, skel-
etal muscle cells (muscle fibres) are multi-
nucleated syncytia and can contain hundreds 
of nuclei. Multiple nuclei are necessary to meet 
the mRNA and protein synthesis requirements 
of the contractile machinery of these cells3. 
Within the highly organized muscle fibre 
cytoplasm, each nucleus has its myonuclear 
domain, which is the cytoplasmic volume 
within the muscle fibre that it is responsible for 
servicing transcriptional activity4. The regula-
tion and repair of muscle fibres balances the 
synthesis and degradation of cytoplasmic con-
stituents. This balance is especially important 
given that some muscle fibres can be excep-
tionally long (for example, ~600 mm in the 
sartorius muscle) and can have volumes more 
than 100,000 times that of a typical mononu-
cleated cell. One of the benefits of the arrange-
ment of the multiple nuclei with myonuclear 
domains is that it limits cell death or damage 
to local areas (focal necrosis) and prevents 
necrosis from spreading to adjacent areas of 
the muscle fibres (segmental necrosis) in myo-
pathic states, such as myositis. It is important 
to note that muscle fibre necrosis is gener-
ally associated with compromised surface  
membrane integrity (indicated by an increase  
in serum creatine kinase levels), resulting in 
damage to organelles in that region owing to 
the ingress of extracellular calcium.

with dermatomyositis or polymyositis9,10. 
Altogether, these studies implicate a role for 
non- apoptotic pathways to contribute to the 
pathogenesis of myositis.

The new studies published by Peng et al.1  
and Kamiya et al.2 describe necroptosis as 
a mechanism of muscle cell death in both 
patients with myositis and experimental 
models of myositis. Necroptosis is a caspase- 
independent form of cell death. As noted 
above, caspase 8- dependent apoptosis is 
blocked in muscle fibres by the expression 
of anti- apoptotic molecules such as XIAP 
and cFLIP6,7. Lack of caspase 8 activity leads 
to the activation of receptor interacting pro-
tein kinase 1 (RIPK1) and RIPK3, and sub-
sequently the phosphorylation and activation 
of mixed lineage kinase domain- like protein 
(MLKL). Upon phosphorylation, MLKL 
forms oligomers that can create pores in 
the plasma membrane that enable influx of 
calcium or sodium ions, leading to bursting 
of the cell, leakage of cellular contents and, 
eventually, necroptosis.

Both studies document the expression of 
necroptosis markers histologically in myosi-
tis muscle1,2. For example, Peng et al.1 showed 
that expression of RIPK3 and MLKL proteins 
and their phosphorylated forms is elevated in 
muscle tissue from patients with myositis com-
pared with healthy individuals. Importantly, 
increased MLKL protein levels were associ-
ated with more severe muscle pathology and a 
similar trend was observed with RIP3 protein 
levels. A negative association was observed 
between MLKL and RIP3 protein levels and 
muscle strength measure in patients. They fur-
ther showed that stimulation of C2C12 mouse 
myoblast cells with TNF in the presence of a 
pan- caspase inhibitor upregulated MLKL 
protein expression, leading to necroptosis. 
Likewise, Kamiya et al.2 showed that dying 
muscle fibres from patients with polymyositis 
express RIPK1, RIPK3, MLKL and phospho-
rylated MLKL, whereas little to no expression  
of these proteins was observed in intact mus-
cle fibres from the same patients. They also 
showed that myotubes pre- treated with a 
RIPK1 inhibitor suppressed levels of HMGB1. 
Similarly, treatment with anti- HMGB1 anti-
bodies showed improved muscle strength 
and less inflammation and pathology in a  
C protein- induced myositis mouse model.

These findings add necroptosis to the list of  
other mechanisms of muscle inflammation  

Typical apoptotic cell death is not observed 
in skeletal muscle cells. Several studies have 
shown that caspase- mediated apoptotic cell 
death (for example, via DNA fragmentation) 
is not common in skeletal muscle cells owing 
to the expression of anti- apoptotic proteins, 
such as X- linked inhibitor of apoptosis pro-
tein (XIAP), apoptosis repressor with caspases 
recruitment domain protein (ARC) and cel-
lular FLICE- like inhibitory protein (cFLIP)5. 
We and others have shown that typical features 
of apoptosis in myositis are present in infiltrat-
ing mononuclear cells and capillaries in mus-
cle tissue but not in muscle fibres themselves 
owing to the expression of anti- apoptotic 
XIAP and cFLIP6,7. Therefore, other forms of 
muscle cell death occur in myopathies. For 
instance, the compromised plasma mem-
brane of dysferlin- deficient muscle fibres 
releases damage- associated molecular pat-
terns (DAMPs), ATP and other endogenous 
alarmins (such as HMGB1 and S100 proteins) 
that bind cellular receptors (Toll- like receptors 
and P2X7 receptors), leading to activation of 
NF- κB and NLRP3 inflammasome pathways8. 
Once the NLRP3 inflammasome is activated, 
caspase 1 cleaves pro- IL-1β and pro- IL-18 
into their mature forms, leading to pyroptosis 
(caspase 1- dependent cell death) and inflam-
matory cytokine release (Fig. 1). IL-1β and 
IL-18 also recruit inflammatory cells, which 
increases pro- inflammatory cytokine release, 
leading to a sustained inflammatory response 
and muscle cell death. Components of these 
pathways (including NLRP3, caspase 1, IL-1β, 
IL-18 and IL-18 receptor) are highly expressed 
in a mouse model of myositis and in patients 

 M YO S I T I S

Targeting necroptosis for 
the treatment of myositis
Kanneboyina Nagaraju and Melissa Morales

New evidence implicates necroptosis in muscle fibre damage in idiopathic 
inflammatory myopathies, but is it too soon to suggest that interfering 
with this cell- death pathway could offer a novel therapeutic strategy?

Refers to Peng, Q. et al. Necroptosis contributes to myofiber death in idiopathic inflammatory myopathies. Arthritis 
Rheumatol. https://doi.org/10.1002/art.42071 (2022) | Kamiya, M. et al. Targeting necroptosis in muscle fibers  
ameliorates inflammatory myopathies. Nat. Commun. 13, 166 (2022).

NEws & VIEws

Nature reviews | RheuMatology
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and damage in myositis, such as NF- κB  
activation, mitochondrial deficits, gran-
zyme B–perforin- mediated cell death, 
complement- membrane attack complex and 
inflammasome activation (Fig. 1). Systematic 
studies on human primary muscle cells 
derived from healthy individuals and patients 
with myositis would help determine the rele-
vance of necroptosis to muscle damage and 
dysfunction in myositis.

The studies by Peng et al.1 and Kamiya et al.2  
suggest that targeting necroptosis in myosi-
tis muscle cells may be a useful strategy to 
treat these patients. Although identifying a 
new therapeutic pathway using necroptosis 
inhibitors sounds appealing, we think discus-
sion of a new therapeutic approach based on 
preliminary histological evidence of necrop-
tosis in biopsy- obtained muscle samples from 
patients with myositis is premature. To have 
a substantial therapeutic benefit, one must 
identify a predominant mechanism of muscle 
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Fig. 1 | Mechanisms of muscle cell death and weakness in myositis. Necrosis (via C5b-9 (also known as the complement membrane attack 
complex) or perforin), pyroptosis (via NLRP3 inflammasome activation), necroptosis (mediated by receptor interacting protein kinase 1 (RIPK1), RIPK3 
and mixed lineage kinase domain- like protein (MLKL)) and mitochondrial dysfunction contribute to muscle damage and weakness in myositis. cFLIP, 
cellular FLICE- like inhibitory protein; DAMP, damage- associated molecular pattern; FADD, Fas- associated protein with death domain; TLR, Toll- like 
receptor; TRADD, TNFR1- associated death domain protein; XIAP, X- linked inhibitor of apoptosis protein.

cell death in myositis. It is important to note 
that skeletal muscle is a heterogeneous tissue 
and that muscle fibre damage and dysfunction 
in myositis are dynamic. Definitive evidence 
that necroptosis is an important cause of mus-
cle dysfunction in myositis requires additional 
experimental evidence.

Kanneboyina Nagaraju ✉ and Melissa Morales

Department of Pharmaceutical Sciences,  
School of Pharmacy and Pharmaceutical Sciences, 

Binghamton University, Binghamton, NY, USA.

✉e- mail: nagaraju@binghamton.edu
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The past several decades have witnessed 
unprecedented advances in the understanding 
and management of antineutrophil cytoplas-
mic antibody (ANCA)- associated vasculitis 
(AAV). In parallel with studies unravelling 
the complex pathogenesis of these rare dis-
eases, the conduct of multicentre, prospec-
tive, randomized clinical trials has informed 
the use of targeted immunomodulatory treat-
ments. During this period, therapies such as 
rituximab and avacopan have been added to 
the growing arsenal of remission- induction 
agents, the use of glucocorticoids has been 
curtailed and strategies to maintain remis-
sion have been optimized. These advances 
have assisted in changing what 50 years ago 
were a group of rheumatic diseases with the 
highest mortality rates to a chronic and more 
manageable set of conditions with improved 
outcomes and life expectancy1. However, the 
classification criteria for AAV have lagged 
behind these other advances, even though 
classification criteria are often essential for 
identifying homogeneous groups of patients 
for inclusion in clinical studies. At long last, 
updated classification criteria for eosinophilic 
granulomatosis with polyangiitis (EGPA), 
granulomatosis with polyangiitis (GPA) and 
microscopic polyangiitis (MPA) have now 
been published2–4, integrating decades’ worth 
of developments in the field.

Although a major advancement at the 
time, the 1990 ACR classification criteria for 
vasculitis have become outdated for use in 
modern research for several reasons5. First, 
the development of these criteria involved 
patients recruited from 1982 to 1987, an era 
when ANCA testing was just being devel-
oped and was therefore not included. Second, 
the standard for clinical trials in the current 
era is the international, multi- centre study; 

classification gives equal weighting to each 
criterion; however, weighted- sum scoring 
systems are increasingly identified as being 
more applicable for complex, systemic rheu-
matic diseases6–9. Thus, although they initially 
performed well, the 1990 ACR classification 
criteria have not kept pace with the more 
recent developments in this field.

In order to advance the field, ACR and 
EULAR sponsored a multinational effort led 
by Profs Raashid Luqmani and Peter Merkel 
called DCVAS (Diagnostic and Classification 
Criteria in Vasculitis)10, which was launched 
in 2011. DCVAS’s ambitious goal has culmi-
nated in the largest ever global observational 
study performed in vasculitis (4,994 vasculi-
tis cases and 1,997 comparators). Provisional 
classification criteria for AAV had been 
presented in abstract form in 2017, but the 
long- awaited finalized versions have just now 
been formally released2–4. What might not be 
apparent to the reader of these three separate 
six- page manuscripts is the magnitude of the 
difference between the generation of the 1990 
criteria and that of the 2022 criteria, the latter 
having utilized nearly three times the num-
ber of specialty centres, over ten times the 
number of represented countries and more 
than five times the volume of AAV cases for 
criterion development (Table 1).

If we borrow language from home design 
shows to compare the remodeled 2022 cri-
teria to the older version, the EGPA criteria 

however, the cases that formed the basis of 
the 1990 ACR criteria were from only three 
countries (Canada, Mexico and the USA) 
and therefore did not reflect global variation 
in the presentation of these diseases. Third, 
the 1990 ACR criteria did not include MPA  
in the classification because this condition, 
prior to ANCA testing, was challenging 
to differentiate from polyarteritis nodosa. 
Fourth, the 1990 ACR criteria used retrospec-
tive cases for derivation but did not undergo 
formal validation5. Finally, an item- based 

 VA S C U L I T I S

ACR and EULAR bring AAV 
classification into the 
twenty-first century
Matthew J. Koster and Kenneth J. Warrington 

New classification criteria for antineutrophil cytoplasmic antibody 
(ANCA)- associated vasculitis endorsed by ACR and EULAR reflect 
important developments in the field since the 1990 criteria were 
published, including bringing ANCA testing to the fore.

Refers to Suppiah, R. et al. 2022 American College of Rheumatology/European Alliance of Associations for 
Rheumatology classification criteria for microscopic polyangiitis. Arthritis Rheumatol. 74, 400–406 (2022).

Table 1 | Comparison of the 1990 and 2022 AAV classification criteria

Characteristic 1990 ACR classification 
criteria5

2022 ACR–EULAR 
classification criteria2–4

Years of patient recruitment 1982–1987 2011–2017

Types of cohorts used Development only Development and validation

Number of centres involved 48 136

Number of countries represented 3 32

Number of patients and comparators useda

GPA 85 and 722 578 and 652

EGPA 20 and 787 107 and 450

MPA ND 149 and 408

Criteria type Item- based Weighted (points)- based

Total number of items

GPA 4 10

EGPA 6 7

MPA ND 6

Sensitivity and specificity

GPA ≥2 items: 88.2% and 92.0% ≥5 points: 93% and 94%

EGPA ≥4 items: 85% and 99.7% ≥6 points: 85% and 99%

MPA ND ≥5 points: 91% and 94%

AAV, antineutrophil cytoplasmic antibody- associated vasculitis; EGPA, eosinophilic granulomatosis  
with polyangiitis; GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis; ND, not done. 
aComparators used in 1990 classification criteria were patients with other definite vasculitis, large, medium 
or small. Comparators used in 2022 classification criteria included 60% patients with another form of AAV 
and 40% those with another small- vessel or medium- vessel vasculitis.
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would be considered a minor refurbish; GPA, 
a major renovation; and MPA, a new build. 
At face value, the differences between the 
1990 ACR and the 2022 ACR–EULAR cri-
teria for EGPA are minor. Obstructive airway 
disease, nasal polyps, mononeuritis multiplex, 
eosinophilia and biopsy with extravascular 
eosinophilic- predominant inflammation 
are included in both sets of criteria, but the 
2022 criteria removed the focus on non- fixed 
pulmonary infiltrates. The pivotal change 
is the emphasis on ANCA serology, with a 
deduction of points depending on antibody 
specificity. Positivity for cytoplasmic ANCA 
(C-ANCA) or proteinase-3 (PR3)-ANCA 
results in the removal of three points from the 
summative score, and haematuria results in a 
one-point reduction2, highlighting the infre-
quency of these findings in EGPA, wherein 
glomerulonephritis is less common than it 
is in other forms of AAV, and ANCAs are  
present in only 40–50% of cases but when pre-
sent are predominantly perinuclear ANCAs 
(P-ANCAs) with specificity for myeloperoxi-
dase (MPO). The GPA classification has had 
a major overhaul: the four items in the 1990 
classification criteria have now expanded 
to ten point- based items, eight positive and 
two negative3. The additional items have sub-
stantially expanded details of the different 
clinical and radiographic findings involving 
the head, neck and airways of patients with 
GPA. Interestingly, the MPA classification 
criteria have as many positively scoring items 
(P- ANCA or MPO- ANCA positivity, inter-
stitial lung disease and pauci- immune glo-
merulonephritis) as negatively scoring ones 
(eosinophilia, C- ANCA or PR3- ANCA posi-
tivity and nasal involvement), which differen-
tiates them from both the EGPA criteria and 
the GPA criteria4.

A notable result of the utilization of weight- 
based scoring in the 2022 criteria is that clas-
sification of GPA or MPA could be met by the 
presence of a single criterion. If vasculitis has 
been diagnosed, mimics have been excluded 
and no negative criteria are present, then a 
positive test for C- ANCA or PR3- ANCA  
(+5 points) would be sufficient to meet the 

score threshold for GPA (≥5 points) and a 
positive test for P- ANCA or MPO- ANCA 
(+6 points) would be enough to fulfill classi-
fication for MPA (≥5 points)3,4. Placing such 
importance on a single criterion is uncom-
mon among the majority of other approved 
rheumatic disease classification schemes6–8 
and puts ANCA testing in GPA and MPA on 
a footing similar to the presence of a positive 
renal biopsy in systemic lupus erythematosus9. 
It may have taken 30 years to include ANCA 
serology in the classification criteria, but it has 
been placed in a dominant position.

So, what is the value of this Herculean 
effort to revise and update the AAV classi-
fication criteria? Undoubtedly, the greatest 
benefit to patients and clinicians will be in the 
design and implementation of clinical studies 
for GPA, MPA and EGPA, so that homogene-
ous groups are included for study purposes. 
This development is paramount because, his-
torically, patients with GPA and those with 
MPA have been grouped together in clini-
cal trials, whereas patients with EGPA have 
often been evaluated separately. However, 
PR3- ANCA- positive patients, particularly 
those with sinonasal involvement, tend to 
have higher rates of relapse and can influence 
the overall outcome analysis. Therefore, uti-
lization of classification criteria enables trial-
ists to accurately stratify enrollment and data 
analysis, allowing improved study design and 
interpretation of study outcomes.

However, it is also important to understand 
the limitations of the criteria and to avoid 
their use for the diagnosis of AAV. Thus, these 
criteria should be used only to classify the type 
of vasculitis after a diagnosis of small-vessel or 
medium-vessel vasculitis has been made and 
alternative, vasculitis-mimicking diagnoses 
have been excluded. To use these classification 
criteria inappropriately as diagnostic criteria 
would undermine the international effort that 
brought them into their current form.

As with all classification criteria, the more 
we learn about a disease, the more we will 
need to adapt them. Although the 1990 ACR 
classification criteria lasted for 30 years, it is 
likely that the 2022 criteria will be revised 

sooner. Major additions to the most recent 
criteria included ANCA testing, but future 
iterations will probably include genetic pro-
filing and other biomarkers. The DCVAS 
team has brought classification of AAV into 
to the twenty- first century; it is now the task 
of us all to use them appropriately and to 
advance scientific understanding of these 
conditions.
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Psoriatic arthritis (PsA) is traditionally considered 
to be an inflammatory disease of the joints. However, 
arthritis is usually only one manifestation of a broader 
pathological process that can also affect the skin, joints, 
entheses, spine, nails and intestines in an individual 
patient. Differentiating PsA from psoriasis can be clini-
cally relevant but can be difficult owing to overlapping 
phenotypes. On the basis of these clinical observations, 
the term ‘psoriatic disease’ (or ‘psoriatic syndrome’) is 
sometimes used, which considers these heterogeneous 
clinical manifestations and acknowledges that they 
share a common pathophysiological basis1,2. Like fungi 
that emerge at different sites but are connected by an  
underlying mycelium, psoriatic disease has various mani-
festations that have a common underlying pathophysio-
logy. Of note, treatments for psoriatic disease should  
ideally interfere with this ‘mycelium’ of immune pro-
cesses in order to enable a sustained and comprehensive 
improvement of all disease manifestations. As such, a 
mechan istically orientated concept of psoriatic disease 
is increasingly endorsed by the scientific community, 
as reflected by the growing appreciation of the different 
domains of psoriatic disease2. This concept also serves 
to provide a more holistic treatment and management 
approach for psoriatic disease. In this article, we discuss 
a comprehensive mechanistic concept of PsA, addressing 
the clinically relevant processes that contribute to the 

development of this disorder3. We consider the genetic, 
biomechanical, metabolic and microbial factors that 
contribute to the development of psoriatic disease, 
discuss the role of the main cytokines and mediators 
involved in inflammation and, finally, summarize the 
mechanisms that convey the imprinting of psoriatic 
disease on the joints (Fig. 1).

Genetic factors in PsA development
The essential contribution of genetics to PsA, and to 
psoriatic disease in general, is reflected by the fact that 
the 2006 Classification for Psoriatic Arthritis (CASPAR) 
criteria mention not only the actual presence of psoriasis 
but also a family history of psoriasis4. The observation 
that a family history of psoriatic skin disease is a relevant 
risk factor for the development of PsA underlines the 
importance of genetic factors, which was already appre-
ciated in the description of PsA by Moll and Wright  
in 1973 (reF.5). Data from 2020 indicate that a family 
history of psoriasis even affects the gestalt of psoriatic 
disease, with an earlier onset of skin disease and a more 
frequent presence of enthesitis6. Genetic studies in 
Northern European populations estimate a 50% to 90% 
heritability of psoriasis7. The risk of developing psoriasis 
among siblings of individuals with the disease is four-
fold to 19- fold higher than in the general population8,9, 
and the concordance rate among monozygotic twins 
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is twofold to 3.5- fold higher than in dizygotic twins10. 
Population- based studies revealed an even higher rela-
tive risk (30 to 49) of PsA among siblings, resulting in  
a heritability estimate of 80–100%, suggesting that  
joint disease could be even more genetically driven than 
skin disease11. However, there are no large twin studies 
in PsA, and the relative risk among siblings is sensitive to 
the population prevalence. Underestimating population 
prevalence can overinflate the relative risk. Algorithms 
that enable an unbiased estimate of the proportion of total 
phenotypic variation based on additive genetic factors12  
have been used to show that both psoriatic skin and joint 
disease exhibit considerable heritability but the genetic 
contribution of skin disease is greater than that from 
joint disease13. These results conceptualize that genetic 
risk is associated with psoriatic disease and that other 
environmental factors can additionally contribute to 
the development of PsA. Furthermore, this concept of 
a genetically determined altered response to environ-
mental stress could explain why psoriatic disease is usu-
ally not only confined to the key domains, skin, nails, 
joints, entheses and spine, but is also associated with 
an increased risk of cardiovascular disease, metabolic 
syndrome and depression14.

HLA associations
Approximately 35–50% of the overall heritability for 
psoriasis and PsA is based on HLA class I alleles15. 
Case–control studies have shown the importance of 

HLA alleles in psoriatic disease, implicating a key role 
of adaptive immunity in the disease. The most robust 
HLA association for psoriatic disease is HLA- C*06, 
but the magnitude of this association differs substan-
tially between psoriatic skin and joint disease, suggest-
ing that these two entities are genetically distinct16,17. 
The strength of the association of HLA- C*06 for 
psoriasis is greater than that for PsA when both enti-
ties are compared with the general population16,17. 
Regarding disease susceptibility, four alleles from the 
HLA- B locus are most consistently associated with 
the risk of developing PsA: HLA- B*27, HLA- B*39, 
HLA- B*38 and HLA- B*08. By contrast, HLA- B*44 
has a protective effect18. Genotype–phenotype corre-
lations have been reported with various clinical fea-
tures of psoriatic disease; for example, HLA- C*06 is 
associated with earlier onset of psoriasis but also with 
a longer interval between skin and joint disease16. 
Accordingly, HLA- C*06, like HLA- B*44, is associated 
with a milder variant of PsA. Other HLA genotypes 
promote more severe PsA: HLA- B*27 and HLA- B*39 
are associated with a shorter interval between the onset  
of psoriasis and the development of inflammatory 
arthritis19,20. HLA- B*08 is associated with higher pre-
valence of peripheral arthritis, increased joint dam-
age and ankylosis19,20. Other HLA alleles associated 
with structural damage are HLA- B*27, HLA- C*01 and 
HLA- D*Qw3 (reFs19,21). Presence of enthesitis, dacty-
litis and axial disease are associated with HLA- B*27 
(reFs17,22). Notably, symmetrical sacroiliitis is asso ciated 
with HLA- B*27, whereas asymmetrical disease is 
associated with HLA- B*08 (reF.17). In a 2014 study23 
that fine- mapped risk variants in the MHC region by 
imputing genotypes of amino acid polymorphisms, the 
presence of glutamine at position 45 (Glu45) of HLA- B 
increased the risk of psoriatic joint disease in compari-
son with skin disease. Glu45 in HLA- B probably exerts 
an important molecular effect as the magnitude of the 
association was greater than previously documented 
for HLA- B alleles, and the increased risk associated 
with Glu45 persisted after controlling for HLA- B*08, 
HLA- B*27, HLA- B*38 and HLA- B*39, alleles in which 
glutamine is present23,24.

Despite these associations, HLA typing is not rou-
tinely used in the clinic as the magnitude of risk is 
low and the positive and negative predictive value for 
each of these HLA associations is limited. However, if 
incorporated into a polygenic risk score, and as part of 
a broader panel of tests, it is conceivable that a priori 
genetic testing can aid in early diagnosis of PsA as well 
as forecasting disease expression or prognosis. Moreover, 
associations within the MHC class I locus along with 
more- refined immunophenotyping of PsA have pro-
vided further insight into the pathogenesis of psoriatic 
disease by linking the MHC associations with antigen 
recognition by CD8+ T cells, which contribute to syn-
ovial inflammation. Single- cell sequencing studies25 
revealed clonal expansions of CD8+ T cells in PsA 
synovial fluid, and molecular and functional studies26 
identified IL-17A+CD8+ T cells as a polyclonal subset 
of tissue- resident memory T cells characterized by 
production of pro- inflammatory cytokines.

Key points

•	Genetic associations with psoriatic arthritis (PsA), which involve both HlA and 
non- HlA genes, partially overlap with those observed in psoriatic skin disease.

•	microbial dysbiosis and alteration of microbiota- produced metabolic factors precede
the onset of PsA and are associated with changes in epithelial barrier function, 
precipitating inflammation in PsA.

•	metabolic changes related to PsA are linked to obesity and changes in free fatty acid 
levels, and cardiovascular risk is increased in PsA owing to inflammation and metabolic 
alterations.

•	mechanoinflammation is pathognomonic for psoriatic skin as well as musculoskeletal
disease, and leads to enthesitis and bony spur formation at entheseal sites.

•	Inducer, enhancer and effector cytokines, such as Il-23, Il-17 and TnF, respectively,
orchestrate the inflammatory disease process in PsA and are the main therapeutic 
targets.

•	Structural changes in PsA include the formation of enthesophytes, triggered by
periosteal responses, and bone erosions, resulting from chronic synovitis and 
osteoclast activation.
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Non- HLA associations
Prior to the advent of next- generation sequencing, link-
age analysis based on microsatellite typing associated 
the locus PSORS2 with psoriasis27. Exome sequencing of 
two large, multiplex families identified PSORS2 as rep-
resenting gain- in- function mutations (c.349 G > A and 
p.Gly117Ser) in caspase recruitment domain- containing 
protein 14 (CARD14)28, a protein that is important for 
inducing the pro- inflammatory activity of NF- κB. In 
addi tion, exome sequencing identified homozygous 
missense mutation in IL36RN, which encodes IL-36 
receptor antagonist (IL-36Ra), in pustular psoriasis29,30. 
IL-36Ra is a decoy receptor for IL-36, thereby limiting its 
effect on neutrophil activation in the skin. Deregulated 
IL-36 activity leads to excessive neutrophil recruitment 
and pustular lesions. Interrogating data from immune 
genotyping arrays and other large dense- genotyping 
efforts identified HLA- C, TNFRSF9 (encoding CD137, 
which is expressed on T cells and contributes to T cell 
co- stimulation) and LCE3A (encoding an epithelial pro-
tein involved in host defence) as variants associated with 
psoriasis24,31,32. Meanwhile, IL23R (encoding IL-23 recep-
tor (IL-23R)), TNFAIP3 (encoding the TNF- regulated 
protein A20), PTPN22 (encoding tyrosine- protein 
phosphatase non- receptor type 22) and a SNP within 
the 5q31 susceptibility locus are more specifically asso-
ciated with PsA than cutaneous psoriasis24,31,32. Another 
potentially distinct PsA gene is TRAF3IP2, which encodes 
the adapter protein Act1, which regulates cellular acti-
vation upon IL-17 receptor signalling33. Computational 
pathway analysis34 of genetic links identified nine major 
(possibly overlapping) immune pathways (adaptive 

immunity, antigen- processing, chemokines, cytokines, 
innate immunity, stimulus, T helper 1 (TH1), TH2 and 
TH17) and seven non- immune pathways (tightly- 
immune- related processes, immune- related diseases, 
metabolism/metabolic- disease, apoptosis, osteogenesis, 
skin/skin- diseases and other processes), which are in 
line with the current pathophysiological concept of PsA. 
In addition, epigenetic studies analysing the acetylation 
of lysine at N- terminal position 27 of the histone H3 
protein (H3K27ac) showed that the gene loci linked to 
psoriasis and PsA are remarkably homogeneously acti-
vated in immune cell lineages, such as T cell subtypes 
and macrophages35. In summary, deployment of large- 
scale, SNP- based arrays has resulted in identification 
of new loci outside the MHC region. Nonetheless, the 
cellular mechanisms underlying these associations are 
yet to be identified, considering that some links do not 
encode deleterious changes in proteins, but rather affect 
gene regulation.

Importantly, as we describe in the next sections, 
PsA is multi- factorial in nature and requires more than 
genetic susceptibility but also environmental insults for 
phenotypic expression. One such possibility is based on 
the premise that HLA risk alleles promote disease risk 
rather indirectly by determining the constitution of 
microbial communities in the intestine36, which in turn 
can promote an aberrant activation of pro- inflammatory 
cells in the lamina propria (such as TH17 cells and 
mucosal- associated invariant T (MAIT) cells) that ulti-
mately migrate to synovio- entheseal tissues and lead to 
clinically evident pathology. This concept is substantiated 
by multiple studies in murine models37,38 and patients 
with psoriatic disease, spondyloarthritis (SpA)39,40 and 
related immune- mediated inflammatory diseases41,42 
showing HLA haplotypic expression influencing the 
microbiome.

Microbial dysbiosis influencing PsA
One of the most intriguing potential triggers for pso-
riatic disease is the microbiome30, the collection of 
symbiotic, commensal and pathogenic microorganisms 
(and their genomes) that populate mammalian skin, 
mucosal surfaces and other organs. Although sterile 
throughout intra- uterine development, soon after birth 
humans are rapidly colonized by trillions of micro-
organisms that achieve a homeostatic state and inhabit 
most body surfaces and cavities. However, the microbial 
equilibrium can be perturbed at times by a variety of 
genetic, hormonal, dietary and xenobiotic factors43,44.  
It is this state of dysbiosis that has been implicated in the 
initiation and perpetuation of several immune- mediated 
disorders, including psoriatic disease45,46. Several 
advances in sequencing technologies have enabled a 
detailed identification of an ever- expanding catalogue 
of micro organisms, as well as their imputed function and 
metabolomic capabilities44,47,48.

The microbiome and psoriatic disease
For at least half a century, studies in both murine 
models and humans have demonstrated a mechanistic 
link between the microbiome and psoriatic disease. 
Intriguingly, multiple animal models prone to developing 
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Fig. 1 | Drivers, manifestations and consequences of PsA. The main modifiable and 
non- modifiable factors that influence the development of psoriatic arthritis (PsA)  
(left) comprise genetic factors for disease susceptibility, mechanical stress, metabolic 
disturbances, changes in the intestinal microbiome and environmental factors such  
as smoking and alcohol intake. Each of these factors individually increase the risk of  
PsA but their effect is likely to be additive. The key clinical manifestations of psoriatic 
disease (centre) cause the inflammatory disease burden of PsA and guide the clinician’s 
judgement of inflammatory disease activity and treatment effects. The main mid-term 
and long- term systemic consequences of PsA (right) include an increased risk of 
cardiovascular disease, bone loss leading to increased fracture risk, and destruction  
of the affected joint by erosions and ankylosis. Furthermore, in addition to pain, fatigue 
and depression are frequently observed consequences of PsA related to the central 
nervous system. PsA is also associated with metabolic syndrome and the development 
of non- alcoholic steatohepatitis.
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psoriasiform lesions, inflammatory arthritis and colitis 
remain healthy when raised under germ- free conditions 
but go on to develop IL-23–IL-17- driven inflammatory 
disease when exposed to (specific) microbes. Examples 
of such models include the HLA- B*27 transgenic rat49–51 
and the SKG mouse52, which validate the hypothesis that 
intestinal dysbiosis is necessary to orchestrate arthritis 
and skin disease. In fact, multiple studies in humans 
have demonstrated perturbations in the composition 
of intestinal microbiota in PsA and related conditions. 
For example, commensal species such as Akkermansia 
and Ruminococcus are decreased in PsA, and this profile 
correlated with higher levels of intestinal secretory IgA 
and lower levels of receptor activator of NF- κΒ ligand 
(RANKL)53. Similar intestinal dysbiotic states have also 
been found in patients with psoriasis54–56. Dysbiosis 
influences intestinal permeability and creates a local 
inflammatory state with T cell activation and IL-23 pro-
duction, neutrophil infiltration and increased concen-
trations of calprotectin, as well as increased production 
of secretory IgA57 (Fig. 2).

Despite accumulating evidence from studies in ani-
mal models and the frequent co- occurrence of (clini-
cal and subclinical) intestinal inflammation and both 
axial and peripheral arthritis manifestations in human 
SpA, the precise mechanism linking the gut to synovio- 
entheseal pathogenesis remains to be elucidated. The 
prevailing hypothesis is that perturbations in the gut 
community composition lead to dysregulation of the 
gut epithelial barrier and activation of IL-23- producing 
immune cells resident in the lamina propria57. These 
events can in turn activate IL-23- responsive cells such 
as MAIT cells, type 3 innate lymphoid cells (ILC3) and 
γδ T cells, which have the capacity to circulate away from 
the gut and migrate to the entheses and synovial tissues 
to cause inflammatory responses58–60.

Studies of the variations in skin microbiota and 
their spatial relationship with cutaneous immune cells 
are also starting to elucidate how microbial perturba-
tions can potentially modulate local and distal inflam-
matory responses in psoriatic disease. First, multiple 
studies surveying skin microbial communities have 
implicated bacterial and fungal taxa in the initiation 
of psoriasis and PsA in both animal models61,62 and 
humans63–65. Commensal bacteria on the skin can affect 
skin immunity and orchestrate either tolerance or the 
activation of cellular mediators involved in inflamma-
tory responses66–69. Second, advanced technological and 
computational approaches that enable 3D molecular car-
tography of the human skin surface70 have demonstrated 
the spatial organization and distribution of healthy 
cutaneous molecules and microbes. Furthermore, a 
comparative analysis of skin microbial communities 
coupled with patterns of cutaneous gene expression 
(skin transcriptome) has been performed in patients 
with either atopic dermatitis or psoriasis, followed by 
integration of the data layers71. In psoriasis, co- occurring 
communities of microbes were associated with expres-
sion of disease- related genes and inflammatory pathways  
(for example, interferon signalling and TH1 cell activa-
tion). Further work is required to investigate the mecha-
nisms by which the skin microbiome might orchestrate 

cutaneous and musculoskeletal inflammation in 
psoriatic disease.

The role of microbial metabolites
Beyond their antigenic properties, microorganisms 
produce innumerable metabolites that modulate both 
microorganism–microorganism communications and 
microorganism–host interactions. Chief among these 
microbial metabolites are the dietary fibre- derived 
short- chain fatty acids (SCFAs) and medium- chain fatty 
acids (MCFAs).

The SCFAs butyrate, acetate and propionate have 
been shown to promote the expansion of T regulatory 
(Treg) cells and abrogate immune- mediated inflam-
matory disease, indicating that the metabolic changes 
associated with the loss of commensals in the gut and 
the resulting dysbiosis could lead to a pro- inflammatory 
microenvironment72. SCFAs effectively promote the dif-
ferentiation of IL-10- producing T cells, indicative of their 
intrinsic immune- regulatory properties73. The potential 
relevance of SCFAs to the connection between the gut 
and the joints is illustrated by the observations that pro-
pionate improves inflammation in HLA- B*27 transgenic 
rats, a model characterized by both colitis and arthritis37. 
Additional data from models of antigen- induced and 
collagen- induced arthritis have corroborated the obser-
vation that SCFAs mitigate arthritis via the expansion 
of Treg cells74,75. Apart from T cells, SCFAs also have 
regulatory effects on bone: SFCAs inhibit bone loss by 
inhibiting bone- resorbing osteoclasts, a process inti-
mately related to PsA pathogenesis and outcome76. Of 
note, SCFA concentrations are dependent on diet, as gut 
microbiota digest fibre into SCFAs. A diet high in fibre 
results in increased anti- inflammatory SCFAs, decreased 
concentrations of pro- arthritic cytokines and restoration 
of microbiota, further strengthening the idea that these 
dietary interventions could help to treat PsA77.

Immunoregulatory properties have also been attri-
buted to MCFAs, such as heptanoic acid (also known as 
enanthic acid) and hexanoic acid (also known as caproic 
acid), levels of which are decreased in HLA- B*27 trans-
genic rats37, and in faecal samples from patients with 
psoriasis or PsA as compared with healthy individuals54. 
This finding is potentially relevant for PsA, as an expan-
sion of circulating Treg cells has been observed in patients 
with PsA after dietary intake of MCFAs78.

Implications for therapy. Of note, several approaches 
have been undertaken to influence PsA and psoria-
sis by modulating the microbiome. These approaches 
include orally administered antibiotics79, prebiotics76 and 
probiotics80–82, all of which have been tried with mixed 
outcomes83. The effects of restoration of the overall 
microbial community via faecal microbiota transplanta-
tion (FMT) for patients with active peripheral PsA have 
now been explored in a small clinical trial, the FLORA 
trial84. In this interventional randomized controlled trial, 
treatment with one FMT procedure seemed to be infe-
rior to treatment with a sham procedure85. Intriguingly, 
however, patients in both treatment arms experienced 
amelioration of symptoms; most notably, those in the 
sham group achieved ACR20 response rates in line with 
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what would be expected from biologic therapy. Several 
caveats should be mentioned regarding the FLORA 
study86, including that it was underpowered, lacked 
microbiome assessments (for example, metrics of colon-
ization), used a non- validated primary outcome and 
used a single FMT procedure. Nevertheless, this study 

is the first of its kind, the procedure was well tolerated 
and the results promise to enhance our understanding 
of host–microbial interactions in PsA.

Of major relevance is the application of pharma-
comicrobiomics to the psoriatic and inflammatory 
arthritis fields in the past 5 years87. This discipline 
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studies the bidirectional effects of microbial variations 
on the action and toxicity of drugs88. Various medica-
tions used in the treatment of psoriasis and PsA, as well 
as disease outcomes, are dependent on the metabolic 
and/or immunological activity of gut microbes89. For 
example, the clinical effects of methotrexate, which is 
known to be metabolized by the gut microbiome in 
mice90 and humans91, correlate with the composition of 
the intestinal metagenome in patients with arthritis92, 
and this drug has been shown to have off- target, anti-
biotic effects93. In axial SpA, patients responsive to 
treatment with anti- TNF inhibitors have a more stable 
pre- treatment gut microbiome compared with non- 
responders94, and use of IL-17A inhibitors is associated 
with an expansion of intestinal Candida albicans in a 
subgroup of patients with PsA95. Similarly, the gut 
microbiome in patients with psoriasis is differentially 
perturbed during treatment with IL-17 or IL-12–IL-23 
inhibitors and correlates with treatment response96.  
As further work incorporates pharmacomicrobiomics 
into the understanding of psoriatic disease, it is possible 
that a personalized medicine approach that incorporates 
microbial features into predicting response to therapy 
will enable more- precise drug selection and improved 
clinical outcomes88.

Metabolic and cardiovascular factors
Mucosal immune activation has been shown to be func-
tionally related to metabolic changes97, and it seems 
that such a link is also active in psoriatic disease. Thus, 
obesity has been identified as a risk factor for develop-
ment of psoriasis: the relative risk of developing psori-
asis is 2.69 (95% CI 2.12–3.40) in women with a BMI 
≥35, compared with a BMI of 21–30 (reF.98). Moreover, 
Mendelian randomization studies using data from the 
UK Biobank and the HUNT cohort suggest a causative 
relationship between high BMI and psoriasis99. Thus, a 
1- kg/m2 increase in BMI was associated with 4% higher 
odds of psoriasis99,100. Paralleling the sharp rise in body 
weight and the prevalence of obesity around the world, 
the incidence of psoriasis among adults almost dou-
bled between the 1970s and 2000 (reF.101). Conversely, 
weight reduction decreases the severity of psoriatic 
skin and joint disease102,103. A reduced risk of psoriasis 
and improved prognosis for psoriasis and PsA were 
also shown in the context of bariatric surgery104. Thus, 
substantial clinical evidence implicates obesity in the 
pathogenesis of PsA.

Obesity and adiposity
Adipose tissue itself can form an inflamed tissue com-
partment and thus contribute to psoriatic disease. 
Adipose tissue is associated with increased expres-
sion of T cells, ILCs, eosinophils, mast cells and espe-
cially myeloid cells, the latter exhibiting a shift from a 
pro- resolving phenotype (M2) to a pro- inflammatory 
phenotype (M1), which in turn drives the local release 
of cytokines and adipokines (for example, leptin)105,106. 
Concentrations of adipokines such as adiponectin are 
increased in PsA107. Also, concentrations of leptin, 
which is associated with insulin resistance, are higher 
in patients with PsA than in patients with rheumatoid 

arthritis (RA)108. Furthermore, increased adipokine 
concentrations related to metabolic disturbances are 
found in patients with PsA with or without active skin 
involvement109. Insulin resistance is closely linked with 
psoriatic disease, and patients with PsA have an altered 
body composition with increased central fat deposition 
and reduced lean mass110,111. The driving metabolic force 
in psoriatic disease, however, might be lipid changes 
rather obesity per se. Detailed analysis of data from the 
HUNT study suggested that the onset of psoriasis is 
linked to lipid changes independent of body weight99. 
Also, experimental studies have shown that not obesity 
itself but fatty acids exacerbate psoriasis112. A high- fat 
diet leads to accumulation of IL-17A- producing γδ 
T cells in skin lesions of an exacerbation of experimental 
psoriasis113 (Fig. 2). A long- term high- fat diet fosters the 
accumulation of macrophages in the skin114 and induces 
a long- lasting pro- inflammatory reprogramming of 
myeloid cells (trained immunity)115. Indeed, free- fatty 
acids (FFAs) seem to be an important molecular link 
between dyslipidaemia and inflammation. Hence, FFAs 
(that is, long- chain saturated fatty acids) effectively 
induce cytokine expression in human macrophages116,117. 
Moreover, serum concentrations of FFAs correlate with 
the severity of psoriasis in mice and humans118. Although 
dietary measures that reduce body fat content seem to  
be the most appropriate strategy for overcoming the 
metabolic disturbances of PsA, anti- inflammatory treat-
ments such as TNF inhibition have also shown positive 
effects, such as the improvement of dyslipidaemia and 
reduction of adipokine concentrations119.

Cardiovascular factors
The atherosclerotic plaque shares several immunologi-
cal features with psoriatic synovial or entheseal lesions, 
including high levels of cytokine and/or chemokine 
expression, activation of TH1, TH17 and myeloid cells, 
upregulation of matrix metalloproteinases and local 
activation of stromal cell lineages120. It is likely that 
such pathways already initiated in the vessel wall are 
accelerated or amplified by the systemic inflammation 
prevalent in PsA. PET studies in psoriasis have shown 
widespread large- vessel inflammatory changes com-
mensurate with this notion, as have the clinical studies 
described below121. Specific cytokines prominently 
expressed in PsA and demonstrably implicated in its 
pathogenesis could have pivotal roles in vascular dam-
age. TNF is a potent activator of endothelial cells and 
promotes lipid dysregulation (including abnormal 
assembly of lipoprotein particles), insulin resistance, 
oxidative stress and enhanced expression of clotting 
factors such as fibrinogen122. IL-17A acts synergisti-
cally with other cytokines, such as TNF and IL-1, to 
activate endothelial cells, vascular smooth muscle 
cells, cardiomyocytes, vessel- wall fibroblasts and adi-
pocytes and thereby promote the features of accele-
rated atherogenesis123. Cardiovascular co- morbidity 
is a long- recognized clinical feature of PsA124. Several 
population- based studies have demonstrated that the 
risk of major adverse cardiovascular events is elevated in 
psoriasis and PsA125,126, with an approximate 1% increase 
in the risk of such events per year of disease, suggesting 
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that the pathogenic burden is cumulative over time127. 
Subsequent meta- analyses have confirmed this risk128. 
Attendant risk factors are over- represented in patients 
with PsA, including hypertension, dyslipidaemia, obe-
sity, diabetes mellitus and non- alcoholic fatty liver dis-
ease but not smoking129–131. Moreover, patients with PsA 
and those with psoriatic skin disease show evidence of 
the accumulation of visceral fat, which is linked to the 
development of cardiovascular disease110. That said, evi-
dence of vascular damage, for example, via estimation of 
carotid intima–media thickness in early PsA, reveals that 
vascular damage can be present even in the absence of 
conventional cardiovascular risk factors132. Other studies 
have shown a high coronary plaque burden in PsA that 
is independent of metabolic syndrome but rather is 
asso ciated with underlying disease severity133; plaques 
were evident in 76% of patients with PsA compared 
with 44% of individuals with cardiovascular risk factors  
without PsA.

Clinical studies in RA have demonstrated that effec-
tive treatment and inhibition of particular cytokines 
can favourably alter vascular disease, compatible  
with the notion that inflammatory pathways directly 
affect the vascular state111. Similar data are now emerg-
ing in psoriasis and PsA: characterization of coronary 
plaques in patients with psoriasis revealed improve-
ments in the total coronary plaque burden over 1 year 
of anti- inflammatory therapy, and this improvement 
could not be explained by the modulation of traditional 
cardiovascular risk factors134. In psoriasis, TNF inhib-
ition was associated with a reduced risk of major adverse 
cardiac events in large cohort studies135 and has also been 
shown to reduce progression of carotid total plaque area 
as assessed by ultrasonography. Aortic imaging also 
showed a reduction in aortic vascular inflammation after 
treatment with TNF inhibitors that was independent of 
cardiovascular risk factors136. Coronary artery imaging 
indicated that biologic therapy caused a 6% reduction in  
non- calcified coronary plaque burden and a decrease  
in the necrotic core but had no effect on fibrous burden137. 
Taken together, it seems that in vivo immune modula-
tion favourably influences vascular risk. Further studies 
are required, however, to properly define the pathways 
that might operate independently of inflammation in 
directing the metabolic pathogenesis of PsA.

Mechanoinflammation influencing PsA
Psoriasis and PsA show a remarkable association with 
mechanical stress, leading to the advent of the term 
‘mechanoinflammation’ in psoriatic disease. The timing 
of the onset of inflammation as well as its preferential 
‘homing’ to mechanically exposed tissues, such as the 
skin, entheses and joints, could be explained by a patho-
logical inflammatory response to mechanical stress. 
Hence, mechanically induced inflammation might con-
stitute an elegant explanation for the patchy distribution 
of psoriatic skin and joint disease.

Mechanoinflammation in psoriatic skin
One of the earliest hints of the mechanoinflammation 
concept came from Heinrich Koebner (1838–1904),  
a German dermatologist who reported that mechanical 

injury or trauma induced the development of new 
psoriatic lesions on the non- involved skin of patients 
with psoriasis138,139. This so- called Koebner phenomenon 
has been the subject of many additional investigations 
and its occurrence has been demonstrated in ~25–30% 
of patients with psoriasis; it has also been described in 
other skin disorders such as lichen planus140. Despite 
its association with various types of skin disease, 
Koebnerization is best described in psoriasis and is a 
predictor of PsA, indicating that a pathological response 
to mechanical stress pertains to both psoriatic skin and 
joint diseases141. Experimentally, Koebnerization can be 
evoked by mild cutaneous injury, such as tape stripping, 
pricking (for example, with tattooing or acupuncture) 
or punch biopsy142,143. Koebnerization thus represents 
the prototypical example of mechanostress-driven 
inflammation.

Mechanistically, the Koebner reaction represents 
an overshooting inflammatory response to epidermal 
injury. Upon injury, keratinocytes release the alarmins 
S100- A7 (also known as psoriasin) and S100- A15 (also 
known as S100- A7A or koebnerisin) as well as nerve 
growth factor, enabling rapid dermal inflammatory 
responses and hyperalgesia, respectively144,145. In addi-
tion, keratinocytes contain substantial amounts of pre- 
formed cytokines, such as IL-1α, IL-33 and IL-36, as 
well as chemokines, such as CXCL8 and CCL20, that 
are released upon keratinocyte death146. These media-
tors trigger dendritic cell (DC) activation and T cell 
recruitment to the injured skin. Furthermore, induction 
of type 1 interferons has been reported to be one of the 
early events following skin injury, additionally contribut-
ing to DC activation147. Once activated, DCs induce 
cytokine cascades that not only augment the inflamma-
tory response but also lead to excessive tissue responses, 
which are intrinsic to psoriatic disease and described in 
the following paragraphs. Although such mechanisms 
are also part of the physiological reaction to mechanical 
stress in the skin, which factors trigger the exaggerated 
response in psoriatic skin compared with normal skin 
remains to be determined. Increased expression of 
CCL20 in psoriatic skin may facilitate the recruitment 
of T cells and DCs and thereby trigger these exagge-
rated responses. Also, higher numbers of circulating 
IL-17A- producing immune cells may contribute to the 
observed overshooting responses to mechanical stress139.

Mechanoinflammation in psoriatic joints
Although the pathological reaction of the skin to 
mechanical stress is a well- accepted phenomenon in 
psoriatic disease and supported by the distribution of 
psoriatic plaques at mechanically exposed sites, much 
less is known about mechanostress as a trigger of PsA. 
However, clinical observations indicate that mechan-
ical stress also promotes psoriatic joint disease148,149. 
Furthermore, pain and inflammation at sites affected in 
PsA, such as the Achilles tendon, epicondyle or sacroiliac 
joints, are also well known in sports medicine, being a 
result of mechanical overload. However, in other wise 
healthy individuals, such bouts of mechanoinflam-
mation are usually self- limited, of short duration and 
confined to only one or a few sites. In fact, tissues that 
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connect muscle to bone (tendons) or bone to bone (liga-
ments) are specialized to permit the transmission of 
mechanical forces. These tissues are frequently involved 
in PsA, clinically appearing as enthesitis, tendinitis and 
dactylitis150.

To date, few mechanistic studies have addressed how 
mechanical forces influence the onset of inflammation in 
PsA. It remains unclear why inflammatory responses to 
mechanical forces in PsA are exaggerated or prolonged. 
Healthy tendons and ligaments contain a number of 
unique cell types to ensure their homeostasis. Stromal 
cells, referred to as tenocytes, constitute the majority  
of cells within normal tendons and ligaments (Fig. 3). 
Their primary role is to control extracellular matrix 
synthesis by producing collagen or degrading it via 
proteases151,152. Tenocytes are notoriously mechanosen-
sitive cells whose function is mediated, at least in part, 
by the transcription factors scleraxis and mohawk, which 
drive expression of mechanical stress- activated genes, 
such as those encoding extracellular matrix proteins  
(for example, collagens) and adhesion molecules (for 
example, integrins)153,154. In vitro, stretching of tendon 
and ligament stromal cells induces the production of an 
array of pro- inflammatory mediators, several of which 
are shared with skin keratinocytes. These mediators 
include chemokines, cytokines and complement factors 
such as C3. The induction of CCL2 (also known as mono-
cyte chemotactic protein 1), for example, enables the 

recruitment of classically activated inflammatory bone 
marrow monocytes, leading to local inflammation155,156. 
Furthermore, complement factor activation has been 
described upon mechanostress, which facilitates the 
production of chemokines that attract immune cells to 
the site of stress157.

Evidence of a link between mechanical stress and 
arthritis comes from experiments in which mice with 
experimentally induced arthritis were subjected to 
unloading, which decreased mechanical stress, or 
were permitted to engage in voluntary running, which 
increased mechanical stress. Such studies showed that 
unloading inhibits arthritis, whereas voluntary run-
ning increases the severity of experimental arthritis157. 
Interestingly, these effects are independent of adaptive 
immunity, as T cells are not essential for mounting 
mechanically induced inflammatory stromal responses. 
Thus, at least for the initiation of mechanoinflammation 
in tendons, ligaments and entheses, innate rather than 
adaptive immune mediators seem to be essential. Pro- 
inflammatory lipid mediators such as prostaglandin E2 
(PGE2) are certainly essential in this process. Blockade 
of cyclooxygenase 2 (COX2) by NSAIDs, thereby inhib-
iting the synthesis of pro- inflammatory lipid mediators, 
is effective in reducing the signs and symptoms of mech-
anoinflammation in both normal individuals exposed 
to mechanical stress and patients with psoriatic disease. 
PGE2 triggers rapid vasodilation, neutrophil attraction 
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Fig. 3 | Mechanoinflammation affecting tendons in PsA. In the tendon 
in the steady state (left), tenocytes control extracellular matrix (ECM) 
turnover by producing collagen or degrading it via proteases. Collagenous 
(collagen types I and III) and non- collagenous proteins (cartilage 
oligomeric matrix protein (COMP)) are indicated. Scleraxis (Scx) and 
mohawk (Mkx) are mechanosensitive transcription factors in tenocytes 
that promote the expression of mechanical stress-activated genes. 
Growth factors such as transforming growth factor- β (TGFβ) and connec-
tive tissue growth factor (CTGF) induce ECM production. Tendons in an 
activated state after mechanostress (right) are characterized by damage 

to collagen fibres; infiltration of immune cells such as neutrophils, monocytes– 
macrophages and T cells; and vascularization and nerve spreading, lead-
ing to hyperalgesia. Complement factor 3 (C3), CC- chemokine ligand 2 
(CCL2) and macrophage inflammatory protein 1- alpha trigger the infiltra-
tion of immune cells such as neutrophils, monocytes–macrophages and 
T cells in PsA. Matrix metalloproteinases (MMPs) control tissue remodel-
ling and destruction in PsA, and nerve growth factor (NGF) and prostaglan-
din E2 (PGE2) are crucial for hyperalgesia. Finally, vascular endothelial 
growth (VEGF) orchestrates the profound neovascularization observed  
in PsA.
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and angiogenesis, all of which are typical features of 
PsA158. Furthermore, PGE2 is a central nociceptive mole-
cule that activates nociceptive neurons in the dorsal root 
ganglia159. COX2 activation has also been shown to be a 
robust inducer of IL-17A production by T cells, thereby 
providing a link to cytokine production and T cell 
responses in PsA, which augment and/or prolong the 
inflammatory response160.

Key pro- inflammatory cytokines
Aside from lipid mediators, pro- inflammatory cytokines 
are important for understanding the pathogenesis of 
PsA. The effects of blocking individual cytokines with 
monoclonal antibodies has shown that inflammation in 
PsA has a cytokine pattern similar to that of psoriasis, 
again highlighting the concept of psoriatic disease based 
on a shared molecular pathogenesis. Inhibition of IL-23, 
IL-17A and TNF are effective in dampening inflamma-
tion in PsA and improving the signs and symptoms of 
the disease. It is very likely that each individual cytokine 
has its own specific pathophysiological role in the dis-
ease. Whereas IL-23 seems to be an initiator of disease, 
IL-17A might predominantly function as an enhancer 
cytokine, with TNF being a key downstream effector 
cytokine161.

Interleukin-23
IL-23 is a dimer of p19 and p40 subunits, the latter of 
which is shared with IL-12. Targeting of p40 (by usteki-
numab) and p19 (by guselkumab, tildrakizumab and 
risankizumab) are both clinically effective in PsA162,163. 
Systemic overexpression of IL-23 in mice leads to 
site-directed inflammatory pathology in the skin and 
entheses that resembles features of psoriatic disease164. 
Expression of IL-23 is consistently enhanced in psori-
atic skin but not in the joints165. Hence, the source of 
expression of IL-23 in PsA might not necessarily be the 
joint but rather other, more distant sites, such as the skin, 
but potentially also the gut. Accordingly, cells responsive 
to IL-23, such as ILC3 and TH17 cells, are enhanced in 
the circulation of patients with PsA and are related to 
disease activity60. These cells, among others, might per-
mit the spreading of psoriatic skin disease to the joints, 
thereby creating an IL-23- dependent pro- inflammatory 
microenvironment at specific sites of the musculoskele-
tal system, that is, entheseal structures. Thus, γδ T cells 
and ILC3 are present in entheseal structures, and could 
be physiologically involved in mounting local inflam-
matory and pain responses when mechanical stress is 
too high, in order to protect these structures from over-
use and damage166–169. High expression of IL-23 and 
increased homing of IL-23- responsive cells to articular 
structures could lower the threshold for inflammatory 
responses in entheses and joints. Accordingly, several 
immune cell lineages that express IL-23R are enriched 
in the joints and entheses of patients with PsA or SpA 
patients, such as classical TH17 cells, γδ T cells, ILC3 and 
mucosal- derived CD8+IL-23R+ MAIT cells170. Hence, 
IL-23 can shape a pro- inflammatory environment in 
entheseal and synovial sites in early disease, that is, 
when patients present with only psoriatic skin disease. 
This concept is further supported by the suppressive 

effect of IL-12–IL-23 inhibition with ustekinumab on 
entheseal inflammation in very early as well as estab-
lished PsA171,172. By contrast, the efficacy of targeting 
IL-23 seems to vary among tissues. Whereas IL-23 is a 
critical mediator of skin and gut inflammation and is 
also important in connecting these pathological condi-
tions to peripheral joints, its role in axial inflammation 
seems to be somewhat more limited173. The reasons for 
these tissue- specific effects are not fully elucidated, but 
evidence suggests that some γδ T cells resident in the 
spine do not express IL-23R and trigger inflammatory 
responses independently of IL-23 (reF.174).

Interleukin -17
The IL-17 cytokine family members IL-17A and IL-17F 
are critical enhancers of inflammation in the entheses 
and joints of patients with PsA. They form homodi-
mers and IL-17A–IL-17F heterodimers (IL-17A/F) that 
bind to the receptor IL-17RA. Inhibition of IL-17A by 
secukinumab or ixekizumab is effective in reducing 
inflammation in the skin, joints and entheses in PsA, and 
dual targeting of IL-17A and IL-17F by bimekizumab 
also seems to be highly effective in PsA175–177. Although 
IL-17A seems to be the main pro- inflammatory cytokine 
in PsA, IL-17F can have additive effects.

Cell lineages that are responsive to IL-23 are the main 
source of IL-17 production, including classical TH17 
cells, γδ T cells, ILC3 and MAIT cells166–170. In addition, 
other tissue- resident cells such as mast cells have been 
shown to express or even store IL-17A178. IL-17 can also 
be produced in the absence of IL-23: COX2 activation is 
a robust signal for TH17 cell activation, linking cytokine 
production with mechanoinflammation159, thereby 
providing an alternative tissue- specific enhancement 
of IL-17A production that does not necessarily require 
IL-23.

It has long been known that one of the key biologi-
cal effects of IL-17A is the attraction of neutrophils to 
affected tissues, namely the skin and entheses, in pso-
riatic disease179. IL-17A stimulates neutrophil function 
by enhancing the expression of antimicrobial peptides 
such as β- defensin, calprotectin and lipocalin 2, which 
are elevated in psoriatic disease. This effect is medi-
ated at least in part by stimulation of the production 
of IL-6, granulocyte–macrophage colony- stimulating 
factor (GM- CSF) and PGE2 in local resident mesenchy-
mal cells, which are all involved in neutrophil recruit-
ment180. By triggering neutrophil responses, IL-17A has 
been recognized as a mediator that enhances tendon 
inflammation151, which clinically manifests as enthesitis 
and tendinitis, both typi cal clinical features of PsA. 
Furthermore, together with PGE2, IL-17A is expressed 
in the dorsal root ganglia, acting as an enhancer in 
pain perception181. It is therefore not surprising that 
inhibition of IL-17A is associated with rapid effects on 
pain responses182.

Tumour necrosis factor
TNF is a key activator and product of macrophages that 
stimulates cytokine production in immune cells and acti-
vates fibroblasts with subsequent tissue remodelling183. 
TNF is also a product of neutrophils, which are activated 
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in psoriatic disease, as well as of activated T cells, which 
are enriched in the inflamed synovial membrane and 
entheseal structures of PsA184. The anti- inflammatory 
effect of TNF inhibition in PsA is most likely attribu-
table to inhibition of myeloid cell activation. All five 
available TNF inhibitors (adalimumab, certolizumab, 
infliximab, etanercept and golimumab) have shown anti- 
inflammatory effects in PsA, leading to a reduction in 
numbers of tender and swollen joints, improvements 
in systemic inflammation and amelioration of physical 
function in affected patients185. Thus, TNF can be seen as 
a common downstream effector pathway in PsA, reflect-
ing the integrated activation of myeloid cells by diffe-
rent stimuli, such as the activation of upstream cytokines 
(for example, IL-23 or IL-17), mechanical triggers or 
microbial changes.

Other cytokines
As yet, there is no solid evidence for major cytokine hubs 
in PsA that go beyond the three cytokines described 
above. Whereas the efficacy of the phosphodiesterase 4 
inhibitor apremilast in PsA has been attributed to inhib-
ition of TNF, IL-17 and IL-23 production186, the obser-
vation that Janus kinase (JAK) inhibition is effective in 
PsA suggests that additional cytokines contribute to 
the inflammatory process in PsA187,188. This concept is 
particularly supported by the efficacy of selective JAK1 
inhibitors, which do not directly interfere with the action 
of TNF, IL-17 or IL-23, as none of them requires JAK1 
for their signalling. Analysis of synovial fluid T cells has 
shown that JAK1 and downstream signal transducer and 
activator of transcription 3 (STAT3) are indeed activated 
in patients with PsA in vivo189,190. Furthermore, JAK 
activation is involved in several functional properties 
of synovial fibroblasts from patients with PsA, such as 
matrix enzyme production and migratory properties191. 
Hence, T cell activation and fibroblast function in PsA 
might depend at least in part on JAK activation. These 
observations could point to a role for interferons, 
including IFNγ, in PsA: of note, CD8+ T cells, which 
are essential contributors to PsA pathogenesis192, pro-
duce substantial amounts of IFNγ in PsA193, which 
could explain the JAK1–STAT3 activation signature  
observed in PsA.

IL-6 does not seem to be strongly involved in the 
pathogenesis of PsA, unlike in RA, and by corollary 
serum concentrations of C- reactive protein often remain 
normal in patients with PsA194. Also, IL-1 does not seem 
to be a critical mediator in PsA and there is so far no 
evidence that IL-36, neutralization of which effectively 
treats pustular psoriasis, is involved in PsA. GM- CSF, 
which is involved in the growth and activation of neutro-
phils and macrophages, might contribute to PsA, but so 
far clinical data are lacking that show clinical efficacy  
of targeting GM- CSF in PsA. Nonetheless, the presence of  
GM- CSF- producing T cells in the PsA synovium could 
indicate a role for GM- CSF, for example, in recruiting 
monocytes and neutrophils to the joints166. Of note, the 
profound accumulation of myeloid cells in PsA also 
attracts interest to myeloid- derived pro- inflammatory 
mediators such as osteopontin and CCL2 in PsA, 
which have been identified to be highly expressed in 

monocytes–macrophages from the synovial fluid of 
patients with PsA195.

Structural changes in PsA
PsA is a destructive disease that leads to a change in the 
joint and entheseal architecture (Fig. 4). Structural dam-
age in PsA is associated with functional decline, which 
occurs early in the disease process195. Thus, the decrease 
in objective and subjective parameters of hand function 
with age is substantially higher in patients with PsA 
than in healthy individuals and comparable with that  
seen in RA196.

Enthesiophyte formation
Presumably the earliest structural changes in PsA are 
structural entheseal lesions, which are spots of new bone 
formation at entheseal sites close to the joints197. These 
lesions occur in a substantial proportion of patients with 
psoriasis, even before PsA develops, but are absent in 
healthy controls. Structural entheseal lesions are asso-
ciated with an increased risk of developing PsA198. 
In association with the Koebner phenomenon of the 
skin, these lesions are often also referred to as the ‘deep 
Koebner phenomenon’. Structural entheseal lesions 
develop extra- articularly, meaning outside the capsule 
but still in the vicinity of the joint, where tendons and 
ligaments insert into the periosteum. Of note, in patients 
with PsA new bone formation at entheseal sites is more 
closely associated with functional impairment than is 
bone erosion199.

Inflammation at entheseal sites leads to a series of events 
that trigger mesenchymal cells to proliferate and differenti-
ate into bone- forming osteoblasts. Sometimes such lesions 
can also build an intermediate scaffold of hypertrophic 
chondrocytes that is later rebuilt into bone. This process 
of differentiation from mesenchymal cells into osteoblasts 
is mediated by inflammatory mediators, of which PGE2, 
IL-17A and IL-22 have been shown to enhance local 
bone formation as part of a damage-repair response200–202. 
This response involves the expression of mediators 
such as Wnt proteins and bone morphogenic proteins 
(BMPs) that are potent in inducing the differentiation of  
osteoblasts and the deposition of new bone203.

Growth of structural entheseal lesions continues in 
PsA and leads to the formation of bony spurs, or enthe-
siophytes, which shape the characteristic clinical picture 
of PsA. Of note, enthesiophytes are different from the 
osteophytes observed in osteoarthritis, as they emerge 
from extra- articular entheseal sites whereas osteophytes 
grow intra- articularly from the cartilage204.

Bone erosions
Bone erosion is the second important structural lesion  
in PsA, which has for a long time been known to occur in  
PsA and shares at least some communality with RA205. 
Although arthritis mutilans is rare, PsA is nonetheless 
associated with substantial erosive burden. This burden 
is illustrated by the early appearance of bone erosions 
during the clinical course of PsA, and also by the fact 
that delayed treatment of PsA not only increases ero-
sive burden but also functional disability in patients 
with PsA195. Erosions typically result from synovitis and 
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depend on the formation of osteoclasts in the synovial 
microenvironment, which is facilitated by macrophage 
colony- stimulating factor and RANKL, essential 
factors for the growth and differentiation of osteoclasts,  
and also by pro- inflammatory cytokines such as TNF and  
IL-17, which further enhance osteoclast formation 
and suppress bone formation206–208. It is therefore not 
surprising that the targeting of cytokines such IL-23, 
IL-17 and TNF retards structural damage (that is, ero-
sions) in PsA. Furthermore, increased concentrations of 
pro-inflammatory cytokines lead to systemic bone loss  
and increased risk of fracture209. Trabecular bone  
loss occurs early in psoriatic disease, and mild bone loss 
can already be observed in patients with psoriasis, in 
particular those with high cytokine concentrations209. 
It is remarkable that patients with PsA who were treated 
with biologic DMARDs, despite having an overall more 

severe and resistant disease, showed less bone loss than 
untreated or conventionally treated patients with PsA, 
indicating that cytokine inhibition powerfully inhibits 
systemic bone loss in PsA210.

Conclusions
Psoriatic disease is a chronic, immune-mediated inflam-
matory condition with a common pathogenic under-
pinning that usually affects several different anato mical 
sites. Common pathogenic processes reflect shared 
drivers of disease, which include genetic susceptibility, 
altered response to mechanical stress, microbial dysbio-
sis and metabolic disturbances. The composition of the 
pro- inflammatory cytokine milieu in psoriatic disease 
that results from these triggering factors seems to be 
rather conserved, as indicated by the responsiveness of 
skin and musculoskeletal disease to inhibition of TNF, 
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Fig. 4 | Structural changes in the context of PsA. Bone erosion (left circle) 
is an intra- articular synovium- mediated process and enthesiophyte 
formation (right circle) is an extra-articular enthesis-driven process. 
Together, both processes are responsible for the characteristic structural 
changes (‘joint damage’) observed in psoriatic arthritis (PsA). Left: synovial 
inflam mation leads to the differentiation of pre- osteoclasts and osteoclasts, 
leading to bone resorption; transcortical vessels (TCVs) provide a 
connection between synovial and bone marrow inflammation (osteitis; the 
grey circles indicate ‘windows’ to view the bone marrow). Right: periosteal 
activation and osteoblast differentiation lead to matrix deposition and  
bone formation in the context of enthesitis; TCVs connect enthesitis with  

bone marrow inflammation. Osteoclast differentiation is induced by 
synovial inflammation triggered by IL-17 and TNF in PsA. For osteoclast 
differentiation, receptor activator of nuclear factor κB ligand (RANKL), 
macrophage-colony- stimulating factor (MCSF) and dendritic cell- specific 
transmembrane protein (DC- STAMP) are crucial molecules. Tissue damage 
in PsA (that is, also cartilage damage) is supported by the induction of 
matrix metalloproteinases (MMPs) by inflammatory cytokines and by 
neutrophil influx. Prostaglandin E2 (PGE2) and IL-17 , and indirectly also IL-23, 
trigger inflammation- induced mesenchymal cell activation in PsA. Bone 
morphogenic proteins (BMPs), Wnt proteins and IL-22 contribute to 
osteoblast differentiation and new bone formation at entheseal sites in PsA.
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IL-17 and IL-23. Nonetheless, tissue- specific exceptions 
exist, such as the predominance of IL-17 and IL-23 in 
skin disease, the differences in IL-17 and IL-23 inhibi-
tion in intestinal disease, as well as the uncertainty of 
whether IL-23 inhibition effectively treats the axial 
mani festation of PsA too. This notion is commensurate 
with the known phenomenon of distinct tissues orches-
trating the phenotype of emerging local and resident 
T cell phenotypes. Whether inhibition of a combination 
of cytokines might enable more profound and sustained 
control of PsA than inhibition of an individual cytokine, 
or merely increase the occurrence of treatment- related 
adverse events, remains to be determined211.

These insights also show that, in addition to the 
dampening of the inflammatory process by drugs such 
as cytokine inhibitors, the drivers of psoriatic disease 
should be appropriately managed (Table 1). Although 
genetic susceptibility cannot be changed, taking fam-
ily history is an important step in the diagnosis of early 
psoriatic disease, when skin involvement is mild or 
even absent. Regular exercise could be very important 
to avoid pathological load to entheses and thus prevent 

the exacerbated inflammatory response to mechanical 
load. Furthermore, diet is likely to have an important 
role in the management of PsA, as it not only influences 
intestinal dysbiosis but also improves the metabolic dis-
turbances associated with psoriatic disease. Thus, weight 
loss has shown remarkable effects in improving disease 
activity in PsA102,103. Whether probiotics could help in 
this respect remains to be determined. Finally, alcohol 
consumption should be reduced and smoking ceased. 
Excessive consumption of alcohol has shown to increase 
the risk of psoriasis and the transition to PsA, prob ably 
based on the metabolic imbalances inherent to PsA 
and the resulting increase in the risk of metabolic liver 
disease212,213. Surprisingly, data on the contribution of 
smoking to the development of PsA are less convincing 
than in RA, with some studies showing that it increases 
the risk of PsA214, whereas others failed to show such 
an association213. All such interventions should ideally 
flank the efforts to control inflammation by the use of 
systemic treatments.

As there is currently no cure for psoriatic disease, 
early diagnosis of psoriatic disease is of utmost impor-
tance in order to prevent damage. Cytokine inhibition 
used to control psoriatic skin disease has been shown 
to mitigate the risk of developing PsA215, supporting the 
concept that such early interventions could prevent joint 
disease and accrual of damage. Accordingly, treatment 
with cytokine inhibitors has been shown to reduce pain 
and subclinical joint inflammation in patients with pso-
riasis at a high risk of developing PsA before the onset of 
joint disease216. In contrast to these developments, treat-
ment of PsA is usually started rather late, both in clinical 
studies and in daily practice, thus exposing patients to 
an inflammatory environment over several years. This 
situation could explain why remission rates in PsA treat-
ments are still somewhat low, as tissue damage accrues 
over time. An earlier and more causal approach to PsA, 
which better integrates the respective disease drivers into 
treatment, could be one way of improving this situation.

Published online 5 May 2022

Table 1 | Drivers of psoriatic disease and related interventions

Driver mechanism Intervention

Alcohol and smoking Reduction and cessation of alcohol intake and smoking

Metabolism Weight loss, lipid- lowering drugs, metformin

Mechanoinflammation Regular sports and exercise (muscle strengthening  
and stretching), NSAIDs

Intestinal dysbiosis Fibre- rich diet, probiotics, antibiotics

Inducer cytokine (IL-23) Guselkumab, risankizumab, tildrakizumab, 
ustekinumaba

Enhancer cytokine (IL-17A) Secukinumab, ixekizumab, bimekizumabb

Effector cytokine (TNF) Adalimumab, infliximab, certolizumab, etanercept, 
golimumab

Intracellular enzymes  
and/or kinases

Apremilast (PDE4), tofacitinib (JAK1, JAK2, JAK3), 
upadacitinib (JAK1)

JAK, Janus kinase; PDE4, phosphodiesterase 4. aTargets both IL-23 and IL-12. bTargets both 
IL-17A and IL-17F.
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Over the past two centuries, life expectancy has 
increased by 40 years in most developed countries1. 
Currently, about one in five people in the European 
Union is 65 years or older2. Unfortunately, disease- free 
life expectancy has not increased to a similar extent, and 
on average, 20% of a person’s lifespan is spent in later- life 
morbidity3. The accumulation of multiple diseases is 
ultimately a milestone for progressive loss of resilience 
and can in due course contribute to the development 
of geriatric syndromes such as sarcopenia, frailty and 
cognitive impairment.

As life expectancy rises, the number of older people 
living with inflammatory rheumatic diseases, such as 
rheumatoid arthritis (RA), will also increase. The chronic 
inflammation that comes with ageing (sometimes 
termed ‘inflammaging’) represents an additional risk 
factor for the development of age- related diseases and 
geriatric syndromes in older patients with inflammatory  
rheumatic diseases4.

This Review describes the phenotype of inflam-
matory rheumatic diseases in older patients and the 
epidemiology of comorbidity and multimorbidity, 

polypharmacy and geriatric syndromes. It also describes 
the opportunities and challenges in clinical care for older 
persons with inflammatory rheumatic diseases. In- depth 
understanding of these topics will hopefully shift the 
focus from efficient, but sometimes overly narrow sin-
gle disease- oriented management, to a strategy that is 
aimed at taking care of the complete individual5. In this 
context, rheumatologists might need to divert from 
treat- to- target and tight control principles and focus on 
the maintenance of independency and overall function-
ing. Although the focus of this overview will be on RA, 
principles are generally shared between all inflammatory 
rheumatic diseases. An outline of key terminology used 
in this Review is shown in Box 1.

Phenotype of disease in older people
Peak incidence of several inflammatory rheumatic dis-
eases, including remitting seronegative symmetrical 
synovitis with pitting oedema, polymyalgia rheumatica 
and giant cell arteritis, is well known to occur in older 
age6. Other diseases, such as axial spondyloarthritis and 
juvenile idiopathic arthritis, start at a younger age but 
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can progress over time7,8. Several inflammatory rheum-
atic diseases, such as RA, can have either a young or a 
late disease onset9,10. Traditional core features of disease 
(symptoms and laboratory values) in older patients can 
differ from those seen in younger patients. As an exam-
ple, in patients with late- onset RA, generally defined as 
occurring after the age of 60 years, disease onset is more 
abrupt and constitutional symptoms are more severe 
than in individuals with younger- onset RA9. Female pre-
ponderance is also less marked in late- onset RA than in 
younger- onset RA9,10. Patients with late- onset RA often 
present with an increased number of tender and swol-
len joints, and large and proximal joints are also more 
frequently involved than in patients with younger- onset 
RA9,10. Patients with late- onset RA have also been shown 

to have higher IL-6 and acute phase reactants such as 
C- reactive protein (CRP) and erythrocyte sedimentation 
rate (ESR), lower TNFα levels and less rheumatoid factor 
(RF) and anticitrullinated protein antibody (ACPA) pos-
itivity than those with younger- onset RA10,11. Similarly, 
patients with late- onset psoriatic arthritis (PsA) gener-
ally have a more severe disease at onset and an increased 
frequency of erosive disease, but less nail involvement 
and dactylitis12,13. Again, levels of CRP and ESR are 
higher in patients with late- onset PsA than in those with 
younger- onset PsA12,13.

Diagnostic challenges in older patients
Disease presentation of inflammatory rheumatic dis-
ease in older patients is ‘typically atypical’. For exam-
ple, osteoarthritis can be misdiagnosed as RA in older 
patients, particularly when it involves the small joints 
of the hands.

Older patients with multimorbidity and geriatric 
syndromes are even more susceptible to such an atyp-
ical presentation. This atypical presentation varies from 
vague, non- specific symptoms including altered mental 
status or falling, to the absence of core symptoms, such 
as fever in infectious diseases14,15. As such, clinicians 
should be vigilant for this phenomenon as the diag-
nostic process is more challenging, and inflammatory 
rheumatic diseases in older patients can be overlooked. 
For example, delirium, sarcopenia and osteoarthritis 
can mask or mimic symptoms evoked by polymyalgia 
rheumatica.

Comorbidity, multimorbidity and polypharmacy
The term comorbidity describes the co- occurrence of 
additional conditions alongside a primary, or index, 
condition, which in this article is inflammatory rheu-
matic disease16. The term multimorbidity is defined as 
the coexistence of two or more chronic diseases and con-
siders the complete burden of conditions of the patient 
rather than an index condition17. Multimorbidity is the 
norm rather than the exception in older patients with 
inflammatory rheumatic diseases. In older patients  
with RA, multimorbidity occurs early in the disease 
course, and the accrual rate of chronic conditions over 
time is significantly higher in patients with RA than in 
patients without RA18. Patients with RA have an average of  
1.5–2.0 comorbid conditions and that number increases 
with age, disease activity and disease duration17,19. In a 
large insurance database study (mean age approximately 
55 years), the odds of becoming multimorbid 1 year after 
the diagnosis of RA was up to 2.5- fold higher in patients 
with RA than in patients without RA, and the total num-
ber of chronic conditions was 60% higher in patients 
with RA18. The steep rise in the number of chronic condi-
tions within 1 year after the diagnosis of RA in this study 
might in part be explained by extra health-care visits  
resulting in an increased chance of finding previously 
undiagnosed disease18.

Polypharmacy, the use of five or more medications 
by one person, is increasingly common in patients with 
inflammatory rheumatic diseases as a result of the rise 
in multimorbidities and therapeutic strategies that often 
advocate multiple medications20,21. Even when DMARDs 

Key points

•	older people with inflammatory rheumatic diseases often have multimorbidity,
polypharmacy and geriatric syndromes such as frailty.

•	The clinical phenotype of inflammatory rheumatic diseases can change as patients 
get older; late- onset rheumatoid arthritis is characterized by a more abrupt disease
onset and an increased number of tender and swollen joints.

•	Characteristics of frailty often overlap with the rheumatic disease itself; 
notwithstanding, frailty should be considered a red flag as it is associated with many
negative outcomes such as hospitalization.

•	Aberrant disease manifestations and the presence of multimorbidity, polypharmacy
and geriatric syndromes in older people can all lead to challenges in diagnosis, 
pharmacological treatment, clinical research and outcome measurement.

•	older people with inflammatory rheumatic diseases might need an alternative 
management approach, as single disease- oriented care can become burdensome
because of inefficient care delivery.

•	Isolated geriatric care interventions are generally ineffective in older patients; 
comprehensive care programmes that target a specific patient group are more
promising.

Box 1 | Key terminology

Comorbidity
The presence of one or more additional conditions alongside a primary condition.  
For example, rheumatoid arthritis is the index condition; type 2 diabetes mellitus  
and osteoporosis are the comorbid conditions16.

Multimorbidity
The concurrent existence of more than one medical condition in the same individual.  
In contrast to comorbidity, no index disease is defined. The patient is of central concern 
and all morbidities are regarded as being of equal importance17.

Polypharmacy
The use of five or more medications daily by an individual20.

Geriatric syndromes
Clinical conditions in older people that do not fit into disease categories but are highly 
prevalent in old age, multifactorial, and associated with multiple comorbidities and 
poor outcomes22. examples include immobility and instability, malnutrition, sarcopenia, 
cognitive impairment and frailty.

Frailty and resilience
Frailty is an age- related clinical condition characterized by a decline in physiological 
functioning across multiple organ systems accompanied by an increased vulnerability 
to stressors47,48. Resilience represents the capability of an individual to bounce back in 
the face of a stressor and maintain homeostasis49.

Comprehensive geriatric assessment
A multidimensional, multidisciplinary diagnostic and therapeutic process conducted to 
determine the medical, mental and functional problems of older people with frailty, so 
that a coordinated and integrated plan for treatment and follow- up can be developed53.
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are excluded, about half of patients with RA aged  
>65 years are prescribed five or more medications21.

Geriatric syndromes
Geriatric syndromes are generally defined as clinical 
conditions in older people that do not fit into disease 
categories but are highly prevalent in old age, multi-
factorial and associated with multiple comorbidities 
and poor outcomes22. The spectrum of conditions that 
belong to the group of geriatric syndromes has evolved 
over the years23. In 1965, Bernard Isaacs coined the term 
“geriatric giants” or “the four Is”, referring to four prin-
cipal chronic disabilities of old age: intellectual impair-
ment, incontinence, immobility and instability (falls)24. 
Other geriatric syndromes, including frailty, sarcopenia, 
insomnia, delirium, malnutrition and sensory impair-
ment, have been added to the definition over time25. 
Typically, older patients can become trapped in a down-
ward spiral, as geriatric syndromes, multimorbidity and 
polypharmacy often occur together and have multidirec-
tional relationships and synergistic interactions25. This 
spiral of events ultimately results in a series of new health 
issues (Fig. 1). For example, the cumulative effects of joint 
destruction caused by inflammatory rheumatic disease, 
sensory impairment and changed drug sensitivity related 
to ageing can result in instability (and falls) as a new 
geriatric syndrome23. A geriatric syndrome itself might 
also herald the development of another geriatric syn-
drome; for example, sensory impairment and insomnia 
might contribute to delirium22. All geriatric syndromes 
have in common that they are associated with subse-
quent disability, dependency, premature nursing home 

admission and mortality. As an example, patients who 
experienced delirium, a syndrome characterized by an 
acute change in attention, awareness and cognition, had 
a 2.4- higher odds (95% CI 1.8–3.3) of institutionaliza-
tion after a mean follow- up of 15 months26. Even though 
geriatric syndromes are not necessarily causally related 
to inflammatory rheumatic disease, if these conditions 
accumulate in a patient they can have a considerable 
impact on the patient and on the management of their 
rheumatic disease.

Immobility and instability. Impaired mobility is a state 
in which a person experiences or is at risk of physical 
activity limitations. Instability is the inability to control 
and maintain proper balance and orientation. As most 
patients with inflammatory rheumatic diseases experi-
ence joint pain and swelling, immobility and instability 
are also part of the disease symptomatology, especially 
in older patients.

Gait speed in older individuals is an independent 
predictor of survival27. In a pooled analysis of nine 
cohort studies including 34,485 community- dwelling 
adults aged 65 years or older, 10- year survival rate at age  
75 years in men increased across gait speeds, ranging 
from 19% (in those with a gait speed of 0.2 m/s) to 87% 
(in those with a gait speed of 1.6 m/s)27.

The most notorious consequence of immobility 
and instability is falling28. A fall can result in loss of 
self- confidence and in fall- related injuries, which ulti-
mately further immobilize the patient. At least one- third 
of community- dwelling people aged >65 years fall each 
year29. The prevalence of falls in patients ≥18 years 

Development 
of new GS 
• Delirium

Existing GS
• Sarcopenia 
• Visual impairment
• Instability 

(and falls)

Polypharmacy
• Changes in drug 

sensitivity
• New medication 

(opioids)

Multimorbidity
• RA
• CVD
• Fall-related 

injury (fracture)

Development 
of new GS 
• Malnutrition

Existing GS 
• Sarcopenia 
• Visual impairment
• Instability 

(and falls)
• Delirium

Polypharmacy
• Changes in drug 

sensitivity
• New medication 

(opioids)
• Drug interactions

Multimorbidity
• RA
• CVD
• Fall-related 

injury (fracture)
• Pneumonia

Development 
of new GS 
• Instability 

(and falls)

Existing GS 
• Sarcopenia 
• Visual 

impairment

Polypharmacy
• Changes in drug 

 sensitivity

Multimorbidity
• RA
• CVD

Multidirectional 
relationships 

and synergistic 
interactions

Multidirectional 
relationships 

and synergistic 
interactions

Multidirectional 
relationships 

and synergistic 
interactions

Next stage Next stage Next stage

Fig. 1 | Example of a downward spiral that can be seen in patients with inflammatory rheumatic diseases who  
also suffer from multimorbidity, polypharmacy and geriatric syndromes. All of these factors have multidirectional 
relationships and synergistic interactions between them. These interactions result in progressive loss of resilience, 
development of new health issues and subsequent worsening of all chronic conditions and disability. In this specific 
example, a patient with rheumatoid arthritis (RA), cardiovascular disease (CVD), sarcopenia, a visual impairment and 
age-related changes in drug sensitivity has a fall (first circle). The fall leads to a fracture for which opioids are prescribed 
(second circle). Opioid use leads to the development of delirium and increases the risk of pneumonia (third circle) and so  
a cycle of new health issues continues. GS, geriatric syndromes.
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old with RA has been reported to range from 10% to 
50% and up to 50% of these patients report multiple 
falls over a 1- year period30. Painful and swollen lower 
extremity joints, use of psychotropic medication and 
anti- hypertensive drugs are important risk factors 
for falling30.

Malnutrition. Malnutrition refers to deficiencies, 
excesses or imbalances in an individual’s intake of energy 
and/or nutrients31. Malnutrition, especially protein- 
energy undernutrition, is reported in up to one- fifth 
of community- dwelling older people (usually defined 
as ≥65 years) and can rise up to 50% in hospitalized 
older patients32,33. Poor dental health, difficulty chew-
ing and swallowing, loss of sensory abilities of taste and 
smell, gastrointestinal adverse effects of medication, 
low quality of meals and social isolation are among the 
important factors associated with malnutrition in older 
people34. Surgery and chronic diseases often predispose 
patients to developing nutrient deficiencies, in the face 
of increased protein and energy requirements owing to 
their underlying conditions35,36. The adverse impact of 
malnutrition on postoperative outcomes, morbidity and 
health- related quality of life in older adults has been well 
documented35,36; studies specifically focusing on mal-
nutrition in older patients with inflammatory rheumatic 
diseases, however, remain scarce37.

Sarcopenia and cachexia. Sarcopenia is defined as a loss 
of skeletal muscle mass and strength and is typically 
associated with ageing. Sarcopenia often occurs along-
side malnutrition. Approximately one- third of patients 
with RA are sarcopenic38. Low muscle mass but increased 
fat mass owing to inflammation in patients with RA is 
referred to as rheumatoid cachexia. Excessive protein 
catabolism evoked by pro- inflammatory cytokines 
(for example, IL-1, IL-6 and TNFα) and disuse atrophy 
owing to functional impairment are the main contrib-
utors to rheumatoid cachexia39. Rheumatoid cachexia 
is seen in 15–32% of patients with RA40. Most patients  
with cachexia also have sarcopenia, but patients with 
sarcopenia do not necessarily also have cachexia.

Cognitive impairment. Cognitive impairment is charac-
terized by deficits in cognitive functions such as memory, 
attention and concentration, mental flexibility, visuo-
spatial and planning functions, problem solving and 
reasoning41. Mild neurocognitive disorder represents an 
intermediate state of cognitive functioning between the  
changes seen in ‘normal’ ageing and those fulfilling  
the criteria for a major neurocognitive disorder (formerly 
dementia)41,42. Accelerated atherosclerosis, chronic sys-
temic inflammation, disease- specific neurological comp-
lications (for example, stroke due to antiphospholipid 
syndrome) and clinical features such as pain and fatigue 
have been postulated to be the key drivers of cognitive 
impairment in individuals with inflammatory rheumatic  
diseases43. Evidence from small- sized studies indicates 
that people with RA underperform on cognitive func-
tion tests compared with control groups, particularly on 
verbal function, memory and attention44. In a long- term 
population- based study including 1,449 patients, RA in 

midlife was associated with a 2.8- fold increased risk of 
mild cognitive impairment or major neurocognitive dis-
order two decades later, even when correcting for con-
comitant cardiovascular disease45. A systematic literature 
review reported that cognitive impairment was present 
in approximately 40% of patients with systemic lupus 
erythematosus (SLE)46.

Frailty. Frailty is an age- related clinical condition char-
acterized by a decline in physiological functioning across 
multiple organ systems accompanied by an increased 
vulnerability to stressors47,48. Frailty is closely linked to 
resilience. Resilience represents the capability of a per-
son to bounce back in the face of a stressor and maintain 
homeostasis49.

Several measures for frailty are commonly used in 
the literature. Fried and colleagues describe frailty as 
a physical phenotype, including weakness, slowness, a 
low level of physical activity, self- reported exhaustion 
and unintentional weight loss (Fried criteria, Box 2), 
but do not include psychological and social domains 
of frailty47. Others also include psychological and social 
factors, such as anxiety and loneliness, to conceptualize 
frailty50,51. The Fried criteria have been shown to be use-
ful as a frailty screening instrument52. If signs of frailty 
are present, the patient might be referred for a compre-
hensive geriatric assessment (CGA) by a primary care 
clinician or geriatrician. A CGA is defined as a multi-
dimensional, multidisciplinary diagnostic and therapeu-
tic process conducted to determine the medical, mental 
and functional problems of older individuals with frailty 
so that a coordinated and integrated plan for treatment 
and follow- up can be developed53.

In a systematic review including 61,500 older 
community- dwelling adults, the pooled prevalence of 
frailty was 11%54. Frailty prevalence varied greatly across 
the 21 studies (range 4–59%), mainly owing to different 
definitions of frailty status54. Frailty is more prevalent 
in women than in men and also more prevalent among 
individuals from lower socio- economic groups and  
ethnic minorities55.

The literature regarding the prevalence of frailty in 
patients with inflammatory rheumatic diseases is lim-
ited. Several frailty instruments have been applied in 
patients with RA, SLE and anti- neutrophil cytoplasmic 
antibody (ANCA)- associated vasculitis. In most inflam-
matory rheumatic diseases, frailty is highly prevalent, 
regardless of age56–59. The prevalence of frailty ranges 

Box 2 | Fried criteria to conceptualize the frailty 
phenotype in older people47

Criteria (0 criteria = non- frail; 1–2 
criteria = pre- frail; ≥ 3 criteria = frail)
•	low grip strength (adjusted for sex and BmI)

•	unintentional weight loss (≥4.5 kg or ≥5% over the
past year)

•	Self- reported exhaustion, based on two items from the
Center for epidemiologic Studies Depression Scale

•	A low level of physical activity, based on a physical
activity questionnaire

•	Slower walking speed (adjusted for sex and height)

nATuRe RevIewS | RhEuMaToloGy

R e v i e w s

  volume 18 | June 2022 | 329



0123456789();: 

from 15% to approximately 45% in patients with RA, 
27% in patients with SLE and 36% in patients with 
ANCA- associated vasculitis56–59. The presence of frailty 
in rheumatic diseases is generally strongly related to 
disease- specific factors such as longer disease duration 
and higher disease activity, but is not consistently related 
to age56,59.

Disentangling frailty from symptoms that inher-
ently belong to inflammatory rheumatic diseases 
and vice versa is often difficult. As an example, lower 
grip strength and slower gait speed are both seen in  
patients with inflammatory rheumatic diseases and  
in patients with frailty.

The identification of frailty, whatever its aetiology, 
should be regarded as a red flag that signals a vulnera-
ble state associated with unfavourable outcomes such as 
an increased risk of hospitalization and nursing home 
admission60,61.

Pharmacological treatment challenges
First and foremost, adequate disease control can pre-
vent progressive disability and development of several 
comorbidities, such as cardiovascular disease, osteopo-
rosis and likely some of the geriatric syndromes, such as 
sarcopenia62. Similarly, conventional synthetic DMARDs 
should be considered as soon as possible in all older 
patients with an inflammatory rheumatic disease. No 
evidence exists to suggest that age per se dramatically 
affects treatment response or provokes more adverse 
effects.

Nonetheless, managing the older patient with an 
inflammatory rheumatic disease often resembles walk-
ing a fine line between the safety and the efficacy of  
anti- rheumatic treatment. Multimorbidity, poly-
pharmacy, geriatric syndromes and changes in pharma-
cokinetics can all influence the benefit–harm trade- off 
in therapeutic decision- making63.

Evidence of the safety and efficacy of anti- rheumatic 
treatment in older patients is contradictory and no clear 
conclusions can be drawn. With regard to infections, 
meta- analyses of randomized controlled trials (RCTs) 
found no or only a small additional risk of serious infec-
tions in older patients with RA (generally defined as aged 
≥65 years) who were prescribed biologic DMARDs com-
pared with younger patients63,64. These results might have 
been subject to selection bias — that is, older patients 
with multimorbidity might have been excluded from 
participation, for example, because of trial exclusion 
criteria. Conversely, observational studies reported an 
increased risk of serious infections in older patients 
with RA compared with younger patients65,66. One large 
retrospective RA cohort study using Canadian phar-
macy claims data showed that the rate of infections in 
86,039 patients with RA with a mean age of 72.4 years 
was 46.4 events per 1,000 person- years66. Of interest, 
tumour necrosis factor inhibition (TNFi) therapy was 
associated with an additional increase in infections com-
pared with matched controls (adjusted odds ratio (OR) 
1.6 (95% CI 1.2–2.2)). A clear dose effect was observed 
for glucocorticoids, with ORs for infection ranging from 
4.0 at low doses to 7.6 at high doses66. The higher risk of 
infections with glucocorticoids than with conventional 

synthetic and biologic DMARDS in observational stud-
ies might be explained by confounding by indication, 
as rheumatologists might have avoided DMARDS in 
favour of glucocorticoids in older patients, because of 
contraindications to DMARD therapy owing to associ-
ated comorbidities or adverse effects. Patients with RA 
and rheumatologists both express high levels of satisfac-
tion with low- dose glucocorticoid use, mainly because of 
rapid and effective symptom relief67. Preliminary results 
of the 2- year pragmatic RCT (Glucocorticoid Low- dose 
Outcome in Rheumatoid Arthritis; GLORIA), which is 
aimed at assessing the safety and efficacy of 5 mg of pred-
nisolone added to DMARD therapy in patients with RA 
aged ≥65 years, have shown that low- dose prednisolone 
had rapid beneficial effects on disease activity68. Disease 
activity rapidly declined in patients treated with pred-
nisolone versus those on placebo in the first 3 months 
and stabilized after 1 year68. The mean between- group 
difference in 28- joint disease activity score (DAS28) 
after 2 years was 0.37 points lower in the prednisolone 
group. Regarding safety, a 24% increase in mostly mild 
to moderate adverse events was seen in the prednisolone 
group. Overall, the authors concluded that the balance 
between benefits and harm was favourable68. Although 
dose- dependent adverse effects of glucocorticoids have 
been described in numerous studies69,70, long- term data 
on the balance between the benefits and harms of low- 
dose glucocorticoids compared with no glucocorticoids 
or other DMARDs in RA are not available.

Several studies found that the efficacy rates of  
TNFi therapy were only slightly lower in older than in 
younger patients with RA71,72. Part of the evidence was 
summarized in meta- analyses of RCTs and these studies 
might not reflect daily clinical practice64,71–75. A Dutch 
observational study found that patients aged >65 years 
who started TNFi therapy showed markedly less improve-
ment in disease activity during the first 12 months of 
treatment than patients who started TNFi therapy at 
the age of <45 years76. A difference of approximately  
1 point in DAS28 was observed at 12 months between the 
oldest and youngest age groups. Controlling for disease  
duration did not influence the study results76.

Although data on the effect and adverse effects of 
treatment with conventional synthetic and biologic 
DMARDs seem reassuring, lack of real- life data means 
that especially in older patients, trade- offs between dis-
ease control and adverse effects need to be made. Clini-
cians must, therefore, elicit a patient’s health outcome 
priorities and support shared decision- making.

Research challenges in older patients
Older patients with rheumatic diseases are vastly 
under- represented in clinical research, which means 
that the generalizability, efficacy and safety of treat-
ments in this age group are restricted. The average 
age of people included in RCTs in the field of RA is 
5.2 years lower than the average age of people included 
in population- based studies77. The reasons for the 
limited inclusion of older patients with inflammatory 
rheumatic diseases in clinical trials include — amongst 
others — the presence of multimorbidity and geriatric 
syndromes, age limits, strict organ function criteria, 
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communication issues owing to sensory limitations  
(for example, impaired vision or hearing), economic 
constraints, physical immobility and limited transpor-
tation options78,79. Strategies for increasing the inclusion 
of older patients in studies could include less- stringent 
eligibility criteria, the use of routinely collected data 
where possible and offering home visits79.

Measurement challenges in older patients
Studies suggest that older age, multimorbidity and 
polypharmacy all distort the result of commonly used 
disease- specific instruments, including joint scores, 
remission and response criteria, and functional disability 
assessments80,81. A study from Finland showed that only 
15% of the general population aged >50 years old meet 
all four American College of Rheumatology criteria for 
RA remission82. This finding suggests that the current 
remission criteria might not accurately identify remis-
sion in older patients. In a prospective RA cohort of 
815 patients, the chance of achieving clinical remission 
1 year after the initiation of DMARDs decreased by 28% 
per additional comorbidity80. Furthermore, in a pros-
pective UK observational study of patients with RA, each 
additional medication reduced the odds of achieving a 
European Alliance of Associations for Rheumatology 

good response at 12 months by 8% and increased the 
risk of a serious adverse event by 13%21. Whether these 
effects on outcome are true or relate to measurement 
error is unclear. A study that analysed baseline data 
of 2,037 Norwegian DMARD- naive patients with RA 
showed an age- related increase in ESR and 28- joint 
swollen joint count score without a relevant correspond-
ing increase in 28- joint tender joint count and patient 
global assessment83. It is likely that age- related processes  
(for example, comorbidity, soft- tissue changes and 
physio logical ESR increase) shift assessments of dis-
ease acti vity towards overestimation in older patients 
with RA. Together, these studies question the validity 
of disease activity measures in older patients with RA 
and make it unclear as to whether they should be used 
as tools to make treatment decisions in this age group.

Care interventions in older patients
Multimorbidity and geriatric syndromes present sev-
eral unique challenges to older patients with inflam-
matory rheumatic diseases and their caretakers. The 
total burden of multimorbidity is greater than the sum 
of its parts and functional loss is more often persistent  
in older patients than in younger patients28. Ultimately, 
the multiple health issues interfere with each other, 

Disease-oriented
approach

Involvement of
other specialists

Care 
coordination

Index disease: rheumatoid arthritis

Development of multimorbidity

Development of geriatric syndromes

Referral to coordinated
specialist care

Important aspects (5 Ms) of geriatric care

Mind
• Maintain mental activity
• Help to manage dementia
• Treat and prevent delirium
• Treat depression

Mobility
• Improve gait and

balance
• Prevent fall injury

Medications
• Optimize prescribing 

and deprescribing
• Create awareness

about adverse effects

Multi-complexity
• Help to manage multimorbidity

by providing education
• Assess living conditions
• Provide support to caregivers

Matters most
• Identify the goals, needs 

 and preferences of
patients and caregivers

• Coordinate care planning

Fig. 2 | The ‘spaghetti model’ for the onset and progression of multi-
morbidity and geriatric syndromes in patients with inflammatory 
rheumatic diseases (rheumatoid arthritis in this example). Ultimately, the 
multiple health issues interfere with each other, making it harder for health- 
care professionals to manage all the conditions. Trade- offs often need to be 
made. Patients with geriatric syndromes often also suffer from functional, 
psychological and social impairments, which can in turn lead to poor 

communication and inefficient coordination of care. To meet the more com-
plex needs of older patients, a referral to coordinated specialist care could 
be considered. The 5Ms — Mind, Mobility, Medications, Multicomplexity and 
Matters Most — are aspects that receive focus in geriatric care and can help 
to identify patients who might benefit from referral to a geriatric specialist 
for care coordination and development of a management plan adjusted to 
the needs of older people93. Adapted with permission from reF.85.
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making it harder for health- care professionals to man-
age all the conditions. Patients with geriatric syndromes 
often also suffer from functional, psychological and 
social impairments. Involvement of several health- care 
providers in different locations can lead to poor com-
munication, resulting in duplication of efforts, confusion 
about tests, treatment errors, needless hospitalizations 
and inefficient coordination of care84,85 (Fig. 2).

Clinical guidelines have played an essential role in 
improving health care for people with inflammatory 
rheumatic diseases, but mainly concentrate on pharma-
cotherapy to control disease activity86,87. However, guid-
ance on how to prioritize health issues for people whose 
treatment burden is already overwhelming are greatly 
needed4. The application of guidelines that ignore the 
changing biological and psychosocial phenotype asso-
ciated with ageing will unequivocally further drive 
unwanted polypharmacy. Older patients and clinicians 
often have different priorities regarding treatment and 
health outcomes. Patients are classically more focused 
on current symptom control, and in older people this 
frequently includes symptoms that might not even be 
related to the rheumatic disease itself (for example, 
vertigo and memory complaints), and maintaining 
independence88,89. Rheumatologists are more focused 
on the remission of disease and prevention of long- term 
consequences, such as joint erosions90.

Independent of changing priorities, it is important to 
realize that in the management of older patients with or 
without inflammatory rheumatic diseases, no isolated 
care intervention is a panacea. In older patients with ger-
iatric syndromes, a health issue might not improve until 
another health issue is also addressed. As an example,  
a physical exercise programme to improve muscle mass 
should preferably always go hand in hand with nutri-
tional support and better relief of osteoarthritis pain. 
The effects of isolated geriatric care interventions on 
health- related quality of life, health service use and costs 
in older patients are generally disappointing91. There are 
several reasons why these care interventions fail. For 
instance, participants are not properly selected for the 
intervention — for example, they were ‘too healthy’ or 
‘too ill’ to benefit. In some cases, expectations of older 
patients’ commitment and ability to participate might 
be unrealistic. In financially secure countries with estab-
lished health care systems, the intervention might not 
differ much from usual care92.

To meet the more complex needs of older patients, a 
referral to coordinated specialist care, usually including 
a geriatric specialist, might be considered. Such patients 
can be identified using the ‘Geriatric 5Ms’ (Fig. 2), which 
are aimed at guiding the geriatrician to initiate tailored 
interventions. The 5Ms are aspects that receive focus in 
geriatric care and were launched in 2017 by Canadian 
and US geriatric specialists93. The 5Ms can help to iden-
tify patients who might benefit from referral to a geriat-
ric specialist for care coordination and development of a 
management plan adjusted to the needs of older people.

Coordinated specialist care. Patients with multimor-
bidity and geriatric syndromes are more vulnerable to 
organizational fragmentation and consequently a lack  

of continuity of care. A CGA is considered the gold 
standard to identify medical, psychosocial and func-
tional limitations in people at a high risk of adverse 
outcomes and to optimize overall care management53,94. 
Notwithstanding, no robust evidence shows that a CGA 
has a positive impact on the length of hospital stay, the 
risk of delirium or the risk of mortality94,95. A large trial 
involving 1,546 primary care patients found that involving  
patients in the planning and delivery of their care 
improved patients’ experience of their care but did not 
improve their health- related quality of life96. Other care 
coordination studies that assessed a variety of approaches 
in various settings also failed to show sustained improve-
ments in the quality of life of multimorbid patients97,98. 
One Dutch study did, however, find that the implemen-
tation of a comprehensive nurse practitioner- led ortho-
geriatric care programme (NPOCP) was associated 
with a significant reduction in 1- year mortality in hip 
fracture patients (mortality NPOCP 13.9% versus usual 
care 34%; P < 0.001)99. This study focussed on patients 
at a high risk of adverse health outcomes in whom spe-
cific risk factors had been identified99. Almost 13% more 
patients receiving NPOCP were discharged to their own 
living environment instead of a geriatric rehabilitation 
centre compared with those receiving usual care99.  
In total, 144 patients received NPOCP and 156 received 
usual care (mean age 77.8 years)99. The NPOCP con-
sisted of a preoperative CGA, a medication review, daily 
interdisciplinary ward rounds, discharge planning, 
nutritional therapy, physiotherapy, occupational therapy 
and geriatric follow- up after discharge99.

Reports on care management interventions in 
patients with inflammatory rheumatic diseases are 
scarce. One single- arm pilot study investigated the effect 
of care management for older patients with RA who  
also have multimorbidity100. The treating rheumatologist 
indicated beforehand that the patient might benefit from 
a geriatric assessment. The clinic, led by a rheumato-
logist and internist- geriatrician, primarily focused 
on patients’ personal goals and a medication review. 
Although the 20 patients included were satisfied with 
the care delivered, at least one goal was accomplished in 
75% of patients and medication was stopped or substi-
tuted in 95% of patients, effects on health and wellbeing 
could not be demonstrated100.

Improving quality of life and health outcomes for 
patients with multimorbidity and geriatric syndromes 
is clearly challenging. Some evidence exists that new 
comprehensive approaches can lead to improvements 
in patients’ satisfaction of care. Future research should 
focus on adequate methods for identifying patients who 
might benefit from care interventions, and identify 
which care intervention components are most effective 
for specific patient groups. The NPOCP is an example in 
which a comprehensive intervention in a specific patient 
group improves outcomes99.

Conclusions
Multimorbidity, polypharmacy and geriatric syndromes 
are all highly prevalent in older patients with rheumatic 
diseases. As life expectancy increases, so do these pro-
blems. The complexity and heterogeneity of the group of  
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older patients with rheumatic diseases means that 
clinicians must constantly weigh the risks against the 
benefits and identify management challenges promptly 
to prevent further harm. First, research should focus 
on the validity of disease activity measures in older 
patients by studying the influence of physiological age-
ing, multi morbidity and geriatric syndromes on the 
psychometric properties of currently available meas-
urement instruments. Second, we should increase the 
inclusion of older people in clinical studies. Third, 
health- care professionals working in the rheumatology 

field need to rethink the management of older age 
patients. Old age should not be viewed as a life stage 
just burdened by disease, progressive disability and 
tragic life events, but we should think about the many 
opportunities there are to improve the outcome of this 
patient group. New care innovations that move from 
a reactive to a proactive approach — for example, by 
implementing comprehensive care programmes — are  
very promising.
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Sphingosine 1- phosphate (S1P) is a bioactive lipid 
mole cule secreted into the circulation mainly by 
erythrocytes and endothelial cells. It binds to five high 
affinity G protein coupled receptors (GPCRs), termed 
sphingosine 1- phosphate receptors (S1PRs), which are 
widely expressed and affect cell proliferation, survival 
and migration both positively and negatively. S1P recep-
tor 1 (S1PR1, also known as S1P1, encoded by S1PR1, 
originally cloned as endothelial differentiation gene 1 
(EDG1)), is highly expressed on endothelial cells (ECs) 
and increases vascular barrier function after coupling 
to guanine nucleotide- binding protein (G protein) Gαi 
by facilitating the translocation of vascular endothe-
lial (VE)- cadherin (also known as cadherin 5), an 
EC- specific adhesion molecule, to inter- cellular borders 
and the assembly of adherens junctions1. EC S1PR1 sig-
nalling also has anti- inflammatory effects by curbing 
the expression of pro- inflammatory adhesion molecules 
required for leukocyte transmigration2–4 and by limiting 
the production of the cytokines that contribute to the 
‘cytokine storm’ in response to viral infection5. S1PR1 is 
also expressed on lymphocytes and is a crucial media-
tor of lymphocyte trafficking. Lymphocytes migrate out  
of lymph nodes (LNs), in which S1P levels are kept 

low by degradative enzymes such as phospholipid 
phosphatase 3 (LPP3) (also known as lipid phosphate 
phospho hydrolase) and S1P lyase 1 (SGPL1)6,7 towards 
high concentrations of S1P in lymph and blood, using 
S1PR1 as an egress receptor8,9.

Whereas S1PR1 functions in vascular and immune 
systems have been studied extensively, other S1PR 
isoforms also have important pathophysiological 
functions10,11. For example, S1PR2 is induced in ECs 
during pathological conditions and opposes the actions 
of S1PR1, by enhancing vascular permeability and 
inducing inflammatory responses12–14. In the immune 
system, S1PR2 restrains the movement of cells (myeloid 
cells, germinal centre B cells and γδ T cells) by inhibiting 
chemotactic receptors15,16. Loss of function of S1PR2 is 
associated with diffuse large B cell lymphoma severity 
in humans17. S1PR3 is expressed in pericytes and fibro-
blasts, and at low levels in ECs, where it can be upregu-
lated in the setting of lung injury18. EC S1PR3 mediates 
S1P- induced vasoconstriction19, and seems to be crucial 
for inflammatory and fibrotic responses20,21. S1PR4 poly-
morphisms are associated with circulating neutrophil 
numbers in humans22. S1PR5 is the main S1PR facilitat-
ing natural killer cell trafficking from bone marrow and 
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secondary lymphoid organs (SLOs)23. Because S1PR1 
is essential for lymphocyte trafficking, the major EC 
S1PR, and the target of newer S1PR modulators used in 
preclinical studies and clinical trials of rheumatic auto-
immune diseases, this Review focuses on S1P–S1PR1 
biology.

Four S1PR1 modulators have been FDA approved 
for the treatment of autoimmune inflammation in 
multi ple sclerosis and one has been FDA approved for 
ulcerative colitis. Fingolimod, approved in 2010, is a 
sphingosine analogue that is phosphorylated by sphin-
gosine kinase 2 (SPHK2)24 and binds to S1PR1, S1PR3, 
S1PR4 and S1PR5 (ref.25). Fingolimod has several known 
adverse effects, including bradycardia, suppression of 
pulmonary function, hepatocyte damage and macular 
oedema. Bradycardia occurs secondary to fingolimod 
engagement of S1PR1- dependent inward- rectifying 
potassium channels in human cardiomyocytes26. In 
most individuals, adverse events are mild or moder-
ate, and bradycardia usually resolves within 4 weeks27. 
The more recently approved drugs, namely, ozanimod, 
siponimod and ponesimod, are selective for S1PR1 and 
S1PR5 (ref.28). As some of the safety issues associated 
with the use of fingolimod could be related to its engage-
ment of other S1PR isoforms, the newer S1PR modula-
tors with greater specificity for S1PR1 are expected to 
have fewer adverse effects. The active forms of all four of 
these drugs bind to S1PR1 on the surface of lymphocytes 
and induce receptor internalization and degradation, 
thereby acting as functional antagonists and blocking 
the ability of autoreactive T cells and B cells to enter tis-
sues (see section S1PR1 modulation of lymphocyte traf-
ficking). However, because S1PR1 is highly expressed on 
ECs and mediates barrier function of blood vessels, the 
use of these functional antagonists could lead to vas-
cular leakage29 and downstream inflammatory injury30. 
Thus, in considering the use of S1PR1 modulators in 
autoimmune rheumatic disease, one must be cognizant 
of the potential risks of EC S1PR1 antagonism, particu-
larly in patients with clinical and subclinical pulmonary 
involvement of their rheumatic disease and inflamma-
tory eye diseases, because S1PR1 is highly expressed in 
lung and retinal vessels27,31,32. In this Review, we give an 
overview of S1P–S1PR1 biology, discuss how modula-
tion of the S1P–S1PR1 axis could benefit patients with 

autoimmune rheumatic diseases and provide a critical 
assessment of the preclinical and clinical data that sup-
port the use of S1PR1 modulators for systemic lupus 
erythematosus (SLE), rheumatoid arthritis (RA) and 
systemic sclerosis (SSc).

Basic biology of S1P
S1P production and export
S1P is formed by metabolic breakdown of membrane- 
derived sphingomyelin (fig. 1). Hydrolysis of sphin-
gomyelin forms ceramide, which is converted to 
sphingosine by ceramidase; intracellular sphingosine 
is phosphorylated into S1P by sphingosine kinase 1 
(SPHK1) or SPHK2 and degraded by SGPL1 and S1P 
phosphatase 1 (Spp1) and Spp211 (fig. 1). Although the 
enzymatic properties of SPHKs are similar, differen-
tial subcellular localization and tissue specificity of 
expression suggest some isoform- specific functions. 
SPHK1 resides predominantly in the cytosol, under-
goes translocation to the plasma membrane following 
phosphorylation and can also be transported outside 
of the cell33, whereas SPHK2 is localized in the endo-
plasmic reticulum, nucleus and mitochondria34 (fig. 1). 
Sphk1 knockout (KO) mice demonstrate a 65% reduc-
tion in circulating S1P levels but have normal tissue 
S1P levels and do not exhibit dysregulated lymphocyte 
trafficking or vascular developmental defects35, whereas 
Sphk2 KO mice have either normal36 or elevated37 levels 
of circulating S1P, a finding that has been attributed 
to the ability of Sphk2 to recycle S1P intracellularly38. 
Double Sphk1–Sphk2 KO embryos show evidence of 
both vascular and neural defects and die in utero39, 
whereas mice with postnatally inducible double 
Sphk1–Sphk2 KO are viable but demonstrate vascular 
leakage and increased mortality when challenged with 
inflammatory mediators40. 

Extracellular S1P is regulated by the LPP3 enzyme; 
the active site of this key enzyme is located on the extra-
cellular surface and could be involved in sphingolipid 
uptake41. The polymorphism of PLPP3 (encoding LPP3) 
is associated with cardiovascular disease in humans, 
suggesting its importance in vascular function42. LPP3 
is highly expressed on ECs and helps to maintain the 
vascular barrier, as mice with an EC- specific Plpp3 
KO have evidence of vascular leakage in vivo43, and 
silencing of Lpp3 in ECs decreases vascular resistance 
in vitro44. In the immune system, this enzyme regu-
lates the S1P- dependent trafficking of lymphocytes in 
the thymus45. As LPP3 is active towards multiple lipid 
phosphates in the extracellular environment, the role of 
this protein in autoimmune rheumatic diseases warrants 
further research.

S1P in lymph and plasma originates from different 
sources. In lymph, the primary source of S1P is the 
lymphatic endothelial cell8,46. Lymphatic endothelial 
cell- specific Sphk1 KO mice have altered lymphatic 
vascular junctions and decreased egress of lymphocytes 
to LNs. By contrast, in plasma, erythrocytes and blood 
vessels ECs are the major sources of S1P47. Erythrocytes 
use Sphk1 to generate S1P and contribute to circulating 
levels, and EC- specific double Sphk1–Sphk2 KO mice 
show a ~30% reduction in plasma S1P levels48.

Key points

•	Autoimmune rheumatic diseases are complex and heterogeneous diseases that have 
fundamental pathophysiological pathways in common.

•	These dysregulated pathways include lymphocyte autoreactivity, myeloid and 
endothelial cell activation, and extravasation of inflammatory mediators into tissues.

•	Chronic inflammatory damage in autoimmune rheumatic disease leads to end organ 
damage.

•	Sphingosine 1-phosphate receptor 1 (S1PR1) is expressed on leukocytes and 
endothelial cells and is an important mediator of lymphocyte trafficking, regulatory 
T/T helper 17 cell homeostasis and vascular permeability.

•	use of S1PR1 modulators in preclinical studies of systemic lupus erythematosus, 
rheumatoid arthritis and systemic sclerosis has shown promise in attenuating 
inflammatory injury and end organ damage.

•	modulation of S1PR1 signalling in leukocytes and/or endothelial cells warrants 
further evaluation in clinical studies in autoimmune rheumatic diseases.
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Although platelets contain high levels of S1P that is 
produced by Sphk2 (ref.49), they do not contribute to 
circulating S1P during homeostasis49,50. However, upon 
activation with agonists, such as thrombin or collagen, 
platelets release S1P, which, in turn, induces in platelets 
a change in shape and the release of arachidonic acid 
and thromboxane49,51, thereby fine tuning thrombotic 
mechanisms. Platelet- released S1P increases endothelial 
barrier function52,53, which could limit vascular leakage 
during thrombosis or inflammatory injury. Moreover, 
if the level of S1P generated by erythrocytes and ECs 
becomes insufficient, platelet- derived S1P compensates 
for essential functions such as embryonic viability52. 
Platelet- derived S1P has a crucial role in the barrier func-
tion of high endothelial venules (HEVs), the vessels that 
enable trafficking of lymphocytes to LNs. Fibroblastic 
reticular cells surround HEVs and express podoplanin, 
which activates platelets, thereby inducing the release of 
S1P, which in turn maintains HEV barrier integrity54.

Intracellular S1P is transported to the extracellular 
space by the transporter spinster homologue 2 (SPNS2)55 
in ECs and by the major facilitator superfamily domain- 
containing protein 2B (MFSD2B) in erythrocytes and 
platelets56 (fig. 1). Spns2 KO mice (either global gene 
deletion or endothelial- specific deletion) show reduced 

plasma S1P level and dramatically reduced T cell and 
immature B cell egress from the thymus and bone mar-
row, respectively, suggesting that EC- derived S1P is 
required for adaptive immune system homeostasis57,58.

Although the cellular and enzymatic contributors to 
circulating S1P have been defined, the precise mecha-
nisms that maintain physiological S1P levels during 
homeostasis and inflammation have yet to be elucidated. 
Inflammatory conditions and ageing lead to reduced 
plasma S1P levels, suggesting that a stable plasma S1P 
pool contributes to overall health59–61.

S1P chaperones
Extracellular S1P in the circulation is bound to either 
albumin, which carries ~30% of plasma S1P, or apoli-
poprotein M (ApoM), which carries roughly ~65%62 
(fig. 1). ApoM, a lipocalin produced mainly in the liver 
and kidney, is a constituent of HDL particles. Almost all 
S1P associated with HDL particles is bound to ApoM62. 
ApoM has anti- atherogenic properties owing to its 
ability to regulate triglyceride metabolism, adipocyte 
biology63,64 and endothelial protection62. ApoM can 
bind to oxidized phospholipids under pathological con-
ditions, even though ApoM- containing HDL particles 
represent a minor proportion of the heterogeneous 
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Fig. 1 | Overview of S1P production, export and chaperones. Sphingosine 1- phosphate (S1P) is produced intracellularly 
by sphingosine kinases (SPHK1 and SPHK2) and is degraded by S1P lyases and phosphatases. Extracellular transport of 
S1P is mediated by spinster homologue 2 (SPNS2) on endothelial cells or major facilitator superfamily domain- containing 
protein 2B (MFSD2B) on red blood cells and platelets. Extracellular S1P binds to apolipoprotein M (ApoM) in HDL or albumin 
in the circulation and binds S1P receptor 1 (S1PR1), which is expressed on endothelial cells, lymphocytes and many other 
cell types.
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HDL particles65. APOM is located on the MHC class III 
region of chromosome 6, a region rich in genes involved 
in innate immunity and inflammation, including TNF 
(encoding tumour necrosis factor (TNF)), LTA and 
LTB (encoding lymphotoxin- α and lymphotoxin- β pro-
teins, respectively)66. ApoM KO mice have ~45% reduc-
tion in plasma S1P level and are more vulnerable to 
vascular leakage than wild- type mice but do not show 
defects in lymphocyte trafficking. However, such mice 
show increased proliferation of haematopoietic progeni-
tor cells and common lymphoid progenitors in the bone 
marrow and a heightened adaptive immunity, making 
them more susceptible to neuroinflammatory insults67. 
The chaperone (albumin or ApoM) presenting S1P to 
S1PR1 mediates ‘biased’ signalling, as S1P presented in 
the context of ApoM in HDL particles shows sustained 
signalling and enhanced endothelial barrier function 
compared with albumin- bound S1P62,68–70.

S1PR1 modulation of lymphocyte trafficking
T cells and B cells lacking S1PR1 are trapped in the thymus 
and bone marrow, respectively, owing to their inability to 
sense S1P71–73. During homeostasis, naive lymphocytes 
egress towards the lymph out of LNs, where S1P levels 
are kept very low by SGPL1 and LPP3 (ref.6). Lymphocyte 
cell- surface expression of S1PR1 correlates inversely with 
extracellular S1P concentration to which the receptor is 
exposed; thus, it is high in the LNs where lymphocytes are 
poised for egress8 (fig. 2). Lymphatic EC production46 and 
their release of S1P via Spns2 are involved in the egress 
process46,58,74. In contrast to the lymphocyte expression of 
S1PR1, the expression CC- chemokine receptor 7 (CCR7), 
the principal chemokine receptor for CC- chemokine 
ligand 21 (CCL21) mediating lymphocyte entry and 
retention in LNs, is downregulated in LNs but high in 
blood and lymph, facilitating lymphocyte entrance to and 
transient arrest in SLOs75.

Much of the biology of S1P–S1PR1 signalling and 
its effect on lymphocyte trafficking has been learned 
from preclinical and clinical experience with fingo-
limod. Whereas S1P binding to S1PR1 causes inter-
nalization of the receptor followed by recycling to the 
membrane where it can engage extracellular S1P again, 
fingolimod- P induces S1PR1 internalization, ubiquiti-
nation and degradation29, processes that require recruit-
ment of β- arrestin76. This difference occurs because 
fingolimod- P is metabolically more stable, more poorly 
dissociated from S1PR1 and more efficient at recruiting 
β- arrestin than S1P77. The net result is that lymphocytes 
lose the sensor (that is, S1PR1) required to exit SLOs. 
Fingolimod can also reduce SphK1 activity and induce 
its proteasomal degradation, at least in vitro78, which 
could potentially also contribute to altered lympho-
cyte trafficking. The lymphocytes affected by fingoli-
mod, namely, naive T cells and central memory T cells, 
express CCR7 and circulate continuously from the 
blood to LNs. By contrast, effector memory T cells and 
CD45RA (also known as receptor- type tyrosine- protein 
phosphatase C)- expressing effector memory T cells lack 
expression of CCR7, do not recirculate regularly through 
LNs and are not affected by fingolimod79. Similar T cell 
subsets are affected in patients taking ozanimod80 

(see section S1PR1 signalling effects on Treg cells). Effector  
memory T cells present in the circulation remain func-
tionally responsive without impairment of defence 
against pathogens, consistent with the observation that 
patients taking fingolimod have a low, albeit increased, 
risk of infectious complications81,82.

When T cells encounter antigen in the context of 
dendritic cells (DCs) and become activated, they down-
regulate S1PR1 transcription and are retained in SLOs 
via CCR7 retention signals; however, daughter cells 
begin to recover S1PR1 expression after several divi-
sions and are able to egress in response to S1P75. In the 
presence of inflammatory signals (such as type I inter-
feron and TNF), lymphocytes express early activation 
antigen CD69, a negative regulator of S1PR1, which, like 
CCR7, facilitates lymphocyte arrest in SLOs83. A study 
published in 2021 has shown that during viral infec-
tion or neuroinflammation, S1P levels increase in LNs, 
thereby hindering T cell egress. Unexpectedly, the source 
of elevated S1P in LNs was activated CD69+ monocytes, 
which helped to differentiate T follicular helper cells and 
T helper 17 (TH17) cells. The precise mechanisms by 
which monocyte- derived S1P affects T cell differentia-
tion have yet to be delineated84, but T cells with increased 
retention time in LNs might have enhanced maturation 
and antigen specificity.

Although fingolimod treatment leads to sequestra-
tion of lymphocytes in LNs, FTY720- treated mice do 
not exhibit hypertrophic SLOs85–87. One possibility is that 
FTY720 induces lymphocyte apoptosis, as several stud-
ies have shown88–91. Another possibility is that FTY720 
hinders DC migration to LNs, thereby reducing antigen 
presentation and T cell and B cell activation, differenti-
ation and proliferation, as has been suggested by some 
studies92,93. FTY720 may also limit numbers of activated 
TH cells in the lymphoid tissues, which would result in 
smaller germinal centers94, impaired affinity maturation, 
and diminished class- switching recombination, which 
could also contribute to smaller SLOs.

S1P and adaptive immunity
S1PR1 signalling effects on TH17 cells
Fingolimod is beneficial in multiple sclerosis, at least 
in part, by keeping auto- aggressive central memory 
T cells out of the central nervous system (CNS). The 
central memory T cells subset targeted by fingolimod 
includes TH17 cells, which produce the inflammatory 
cytokine IL-17 and are implicated in multiple sclerosis 
pathogenesis95. Mice with a TH17 cell- specific deletion 
of S1pr1 (TH17 S1pr1 KO) are completely resistant to 
the development of experimental autoimmune enceph-
alomyelitis induced by immunization with myelin 
oligodendrocyte glycoprotein peptide (MOG35–55)96. 
Congruent with the concept that loss of S1PR1 signalling 
limits trafficking of auto- aggressive T cells, TH17 S1pr1 
KO mice with experimental autoimmune encephalomy-
elitis had significantly fewer infiltrating TH17 and TH1 
cells in the CNS than controls. However, contrary to the 
expectation that TH17 cells would be trapped in LNs,  
the percentage of TH17 cells in the LNs was decreased in 
KO mice, suggesting an additional role for S1PR1 sig-
nalling in the generation and/or survival of TH17 cells. 
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These data are supported by earlier studies demonstrat-
ing that S1PR1 signalling increases TH17 cell differentia-
tion from CD4+ T cells97 (fig. 2). Both S1P and SEW-2871, 
a S1PR1- specific agonist, increased IL-17 production by 
T cells97. Suppression of TH1 and TH2 cell cytokine pro-
duction occurred concurrently with the development 
of TH17 cells97. In another study, mice harbouring a 
variant of S1pr1 encoding a protein with increased sig-
nalling capacity had increased production of IL-17, and 

splenocytes from mice treated with a SGPL1 inhibitor 
to increase S1P and S1pr1 signalling also demonstrated 
enhanced IL-17 production and increased susceptibil-
ity to experimental autoimmune encephalomyelitis98. 
Taken together, these studies provide strong evidence 
that S1PR1 signalling augments TH17 cell differentiation 
in appropriately primed CD4+ T cells and that FTY720, 
by inducing internalization and degradation of S1PR1, 
attenuates TH17 cell differentiation.
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S1PR1 signalling effects on Treg cells
Regulatory T (Treg) cells inhibit the activation and 
expansion of CD4+ TH cells, suppress differentiation of 
cytotoxic CD8+ T cells and limit B cell activation. Mice 
lacking forkhead box protein P3 (Foxp3), the tran-
scription factor required for Treg cell differentiation and 
maintenance, develop autoimmunity, and inactivating 
mutations in FOXP3 in humans are associated with 
severe autoimmunity99–101. Increasing Treg cell numbers 
and/or function could be beneficial in autoimmune 
rheumatic disease102. In NZB/NZW lupus- prone mice, 
adoptive transfer of Treg cells before the onset of clini-
cal disease resulted in decreased progression of kidney 
injury and mortality103.

S1P–S1PR1 signalling suppresses Treg cell num-
bers and functions (fig. 2). CD4+T- specific S1pr1 KO 
mice have increased numbers of Treg cells that have 
greater suppressive capacity than those in controls104. 
Furthermore, mice with CD4+T cells overexpressing 
S1pr1 have impaired suppressive capacity104. However, 
a more recent study published in 2017 has added com-
plexity to the paradigm that S1PR1 signalling in T cells 
negatively affects Treg cells and autoimmunity. When 
S1pr1 is knocked out in Foxp3+ T cells rather than all 
CD4+ T cells, Treg cells are trapped in LNs and numbers 
of tissue- surveilling Treg cells are decreased, resulting in 
autoimmunity. Moreover, inducible deletion of S1pr1 
in Foxp3+ T cells rendered mice more susceptible to 
experimental autoimmune encephalomyelitis, pre-
sumably because of decreased thymic and LN release 
of Treg cells to the CNS96. In support of the hypothesis 
that Treg cells use S1PR1 to exit LNs and enter tissues, 
KO of S1pr1 in CD4+ T cells resulted in Treg cell trap-
ping in LNs, leading to reduced numbers of Treg cells 
in tumours and restrained tumour growth105. Thus, it 
is unclear whether the net effect of S1PR1 signalling in 
lymphocytes is detrimental (by curbing the production 
of Treg cells from CD4+ T cells) or protective (by ena-
bling Treg cells to egress from LNs to tissues) against 
auto immunity. Some insight can be gleaned from mice 
and patients taking FTY720/fingolimod. FTY720/ 
fingolimod, acting as a functional antagonist on lym-
phocytes, has been shown to increase the suppressive 
capacity of Treg cells in both mice (FTY720)106–108 and 
humans (fingolimod)109–112. Although the numbers 
of Treg cells are expected to fall during treatment with 
FTY720/fingolimod secondary to trapping in LNs, they 
diminish to a lesser extent than those of other T cell pop-
ulations, resulting in the relative preservation of Treg cells 
with a memory phenotype110,113,114. Relative preservation 
of Treg cells compared with other T cell subsets was also 
observed in patients taking ozanimod80. This finding 
could be attributed to reduced expression of S1PR1 in 
Treg cells, the altered chemotaxis to S1P of these cells com-
pared with other T cells, and the ability of Treg cells to use 
other S1PRs to egress from LNs106.

Because in SLE, RA and SSc there is evidence of an 
imbalance of TH17 cell–Treg cell populations, S1PR1 
modulators, acting as functional antagonists, could 
help to restore this imbalance and immune tolerance. 
The ongoing clinical studies using S1PR1 modulators in 
SLE (NCT03742037) could elucidate whether TH17 cells 

and/or Treg cells trafficking and/or function are positively 
affected during treatment.

S1P and vascular homeostasis
S1PR1 signalling effect on vascular barrier
S1PR1 is a crucial mediator of vascular development and 
function; S1pr1 KO mice are not viable as a result of vas-
cular fragility during embryonic development115. S1PR1 
inhibits angiogenic sprouting during development116–118 
and stabilizes blood vessels of tumours, which are 
immature and prone to leakage119. EC S1PR1 is a key 
mediator of vascular barrier function by facilitating 
the assembly of VE- cadherin molecules to intercellular 
borders where they form zipper- like structures that help 
to maintain the vascular barrier1 (fig. 2). Mice with an 
endothelial- specific120 knockdown of S1pr1 or treated 
with S1PR1 antagonists show evidence of vascular leak-
age in the lungs67,121 and brain122. Reciprocally, S1PR1 
agonists rapidly attenuate vascular leakage, production 
of inflammatory cytokines and neutrophil infiltration 
in response to lung injury120,123, and immune complex 
mediated vasculopathy121. However, significant endocy-
tosis of the endothelial S1PR1 after binding to agonists 
leads to functional antagonism and cessation of the vas-
cular protective response and could even lead to exacer-
bation of inflammatory injury and parenchymal fibrosis 
(see section S1PR1 antagonists in preclinical RA)124.

S1PR1 signalling also induces vasorelaxation by 
activating endothelial nitric oxide synthase (eNOS)19,125; 
mice with EC- specific S1pr1 KO have significantly 
higher blood pressure than littermate controls19. 
However, in the afferent arterioles of the kidney, S1PR1 
agonist SEW-2871 had a vasoconstrictive effect, even at 
doses as low as 10 nM126. Because afferent arterioles are 
of major importance in regulating glomerular filtration 
rate, the vasoconstrictor effect of S1P selectively in affer-
ent but not efferent arterioles strongly implicates S1PR1 
signalling in controlling glomerular filtration rate127. 
How EC S1PR1 signalling affects the pathophysiology 
of lupus nephritis has yet to be elucidated.

Circulating S1P–ApoM and vascular health
ApoM on HDL particles delivers S1P to S1PR1 and 
has anti- inflammatory effects by limiting expression of 
pro- inflammatory adhesion molecules such as ICAM1 
and VCAM1, which are required for leukocyte transmi-
gration into tissues2,3 (fig. 2). As an example of ‘biased’ sig-
nalling, S1P–ApoM is more effective than S1P–albumin 
at preventing TNF- induced ICAM1 expression in ECs; 
this enhanced signalling is secondary to the ability of 
S1P–ApoM to attenuate NF- κB phosphorylation2, which 
is essential for TNF- mediated inflammatory responses.

Many lines of evidence suggest that ApoM deliv-
ery of S1P to ECs also protects against vascular injury 
and inflammation, which are important pathogenetic 
mechanisms in cardiovascular disease. ApoM has been 
shown to mediate cholesterol efflux and susceptibility to 
atherosclerosis128. Furthermore, the cardiovascular pro-
tective effects of S1P–ApoM were demonstrated in mouse 
models of myocardial infarction and stroke, in which an 
engineered S1P chaperone ApoM–S1P Fc attenuated 
inflammatory damage in response to ischaemic injury69.
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ApoM also has protective effects on blood pres-
sure: Apom KO mice showed significantly increased 
resting blood pressure compared with wild- type mice, 
and ApoM–S1P Fc increased circulating nitrite levels 
and protected against angiotensin- induced hypertension, 
suggesting that ApoM activates the eNOS69.

S1P–S1PR1 modulators in rheumatic disease
SLE, RA and SSc are complex and heterogeneous diseases 
that share some pathological features, including autoreac-
tive lymphocytes, dysregulated TH17 cells and Treg cells that 
are not effective enough to quell autoimmune- mediated 
damage. As detailed above, there is strong evidence that 
these pathological features could be ameliorated by 
S1PR1 modulation. Moreover, cytokine- induced vascular 
permeability in each of these diseases facilitates extrava-
sation of inflammatory mediators129,130, which could be 
attenuated by EC S1PR1 agonism. The clinical efficacy 
of fingolimod for the treatment of multiple sclerosis has 
encouraged the development of several S1PR1- specific 
agonists and antagonists for the treatment of other auto-
immune diseases. In the following sections, we review 
the evidence that the S1P–S1PR axis is dysfunctional in 
SLE, RA and SSc and the preclinical and clinical stud-
ies supporting the use of S1PR modulators in each of 
these diseases. We take a holistic view that therapeutic 
modulation of the S1P signalling axis should consider 
not only the immune system but also the vascular sys-
tem and connective tissue cells. Reviews on autoimmune 
pathophysiology are available131,132.

Systemic lupus erythematosus
SLE is the prototypic systemic autoimmune disease, with 
all components of the immune system contributing to 
autoimmunity against nucleic acid- containing cellular 
elements. The innate immune system is activated, in 
part, by cellular nucleic acid sensors and neutrophil 
extracellular traps (NETs), which stimulate production 
of type I interferon, a key contributor to organ damage. 
Adaptive immune responses are also altered133. T cell 
dysregulation is evidenced by altered signalling, pro-
duction of cytokines and proliferation and function of 
T cell subsets134. In SLE, expansion of follicular TH cells 
promotes differentiation of autoantigen- specific B cells, 
whereas depletion of Treg cells is associated with impaired 
capacity to suppress immune responses and TH17 cells135. 
B cell function is also disturbed, with increased cytokine 
production and augmented presentation of antigens to 
T cells. Consequent expansion of autoreactive B cells 
and production of autoantibodies leads to intravascular 
immune complex formation. SLE ECs display an acti-
vated, inflamed phenotype, with increased expression 
of adhesion molecules related to exposure to cytokines 
(that is, type I interferons), complement activation 
fragments and products of stimulated innate immune 
cells136. Immune complexes escape through permeant 
blood vessels, activate complement, neutrophils and 
monocytes, and thereby serve as the primary drivers of 
inflammatory- mediated organ damage137.

All- cause SLE mortality has not improved in the 
past two decades and remains twofold higher than 
that in the general population138,139, with infection and 

cardiovascular disease now the most common causes  
of mortality140,141. Novel therapies are needed to decrease 
the use of corticosteroids, induce remission and mitigate 
end organ damage. S1PR1 modulators could be of parti-
cular benefit in SLE because, in addition to their effect 
on lymphocyte trafficking, they protect the vasculature 
and reduce the production of type I interferons (see 
section IFNα production in SLE as target of S1P–S1PR1 
modulators).

Evidence that S1P levels are dysregulated in SLE. S1P 
levels in SLE have been assessed in small studies142–144, 
with two showing that patients had elevated S1P that did 
not correlate with disease activity and another showing 
that the ceramide:S1P ratios significantly decreased 
after treatment (n = 22)144, suggesting that a drop in cer-
amide and/or an increase in S1P was associated with an 
improvement in SLE. The differing results of these studies 
could be the result of technical differences in blood draw-
ing and handling, as platelet activation and haemolysis 
contribute to S1P levels. S1P in serum is higher than in 
plasma because of the contribution of platelet and eryth-
rocyte S1P; thus, sera levels might not accurately reflect 
circulating S1P levels. Larger longitudinal studies using 
plasma rather than serum from patients before and after 
successful treatment could help to determine whether 
S1P is a useful biomarker in SLE. It is also unknown 
whether dysregulated S1P levels contribute to aberrant 
lymphocyte trafficking and lymphopenia in SLE.

Evidence that ApoM is dysregulated in SLE. Circulating 
ApoM levels were reduced in patients with SLE and 
were inversely correlated with SLE disease activity index 
(SLEDAI) scores in two studies145,146. In the first study, 
two groups of patient samples were assessed. In group I  
(n = 84), bio- banked samples and the corresponding 
SLEDAI-2K score obtained on the day of collection 
were evaluated. Group II (n = 140) consisted of patients 
with SLE participating in studies related to cardiovas-
cular disease over a 2- year period. In group I, ApoM 
concentrations were significantly lower in patients 
with active renal disease, skin involvement, leukope-
nia or anti- dsDNA antibodies than in patients with 
SLE without these disease manifestations. Endothelial 
function using a finger plethysmograph (a device meas-
uring arterial blood flow) (EndoPAT, Itamar Medical, 
Israel) was assessed in patient group II. A low Reactive 
Hyperemia Index value on EndoPAT indicates endothe-
lial dysfunction147. In support of a vascular protective 
effect of ApoM, there was an association between 
Reactive Hyperemia Index and ApoM levels in patients 
with SLE of 20–45 years of age (n = 60) that remained 
after adjustment for cardiovascular disease risk factors, 
medications and SLE disease activity.

In the second study, ApoM levels were compared 
between individuals newly diagnosed with SLE and 
age- matched and sex- matched controls (n = 52 per 
group)145. Because ApoM is produced mainly in the 
liver and kidney, patients with liver or kidney disease 
were excluded, as were patients taking steroids or other 
immuno suppressive agents. ApoM levels were significantly 
lower in patients with SLE than those in healthy controls 
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and correlated negatively with the levels of SLEDAI 
scores and the presence of anti- dsDNA antibodies.

Why ApoM levels would drop during periods of 
increased disease activity is not clear, but data from 
both humans and mice demonstrate that ApoM expres-
sion is downregulated during the acute phase response 
induced by infection and inflammation148. An interesting 
and yet unanswered question is whether ApoM under-
goes post- translational modifications during chronic 
inflammation that impair its vascular protective effects. 

Preclinical studies are needed to determine whether 
S1P–ApoM delivery attenuates disease activity in mouse 
models of SLE.

IFNα production in SLE as a target of S1P–S1PR1 mod-
ulators. Dysregulation of type I interferon production is 
a cornerstone of SLE pathophysiology149–152, and type I  
interferons, as well as their major producers, plasma-
cytoid dendritic cells (pDCs), are now targets for ther-
apy in SLE. Understanding how S1P–S1PR1 signalling 
affects type I interferon production in response to viral 
infection could reveal mechanistic insights and tar-
gets for the treatment of SLE, as viral nucleic acids and 
human nucleic acids contained in immune complexes 
and/or NETs in SLE use common molecular pathways 
to promote the production of type I interferons.

The S1PR1 and S1PR5 agonist CYM-5442 was 
shown to attenuate IFNα production in pDCs chal-
lenged either with influenza virus or CpG- A (a synthetic 
nucleotide that activates Toll- like receptor 9 (TLR9)). 
Mechanistically, CYM-5442 induced co- internalization 
and degradation of S1PR1 and the type I interferon recep-
tor interferon α/β receptor 1 (IFNAR), thereby impeding 
the ability of IFNα to turn on an autocrine feedback loop 
and attenuating production of IFNα108. CYM-5442 and 
other S1PR1 agonists have also been shown to attenuate 
production of type I interferons and mortality in response 
to viral infection with influenza A H1N1 in vivo5,153. 
Interestingly, these studies demonstrated that EC S1PR1 
signalling reduces the production of type I interferons 
and other key mediators of inflammatory injury includ-
ing CCL2 and CXC- chemokine ligand 10 (CXCL10), 
implicating ECs as orchestrators of inflammatory injury 
in this model. Because NETs and immune complexes 
from patients with SLE have also been demonstrated to 
induce production of type- I interferons by pDCs154,155 
and ECs in a nucleic acid- dependent and endosomal 
TLR- dependent manner, studies to test whether S1PR1 
agonists attenuate NET- driven type I interferon produc-
tion would help to elucidate whether S1PR1 agonists have 
the potential to have immunomodulatory roles beyond 
lymphocyte trafficking in SLE.

Taken together, these studies suggest that S1PR1 
modulators could attenuate type I interferon production 
by pDCs and/or ECs in SLE (fig. 3). However, preclinical 
studies investigating a modulatory role of S1PR1 ago-
nists on IFNα production have yielded mixed results. In 
the NZBWF1 mouse model of SLE, ozanimod attenuated 
proteinuria and inflammatory renal injury (as assessed 
by histology) and reduced mortality but did not affect 
the interfern signature or decrease IFNAR expression 
on pDCs156. By contrast, cenerimod, another S1PR1 and 
S1PR5 agonist, reduced type I interferon levels in both 
plasma and brain of MRL/lpr mice157. It is not known 
whether distinct signalling properties of these S1PR1 
modulators might account for these differences and/or 
whether one mouse model of SLE is more responsive 
than others to S1PR1 modulation of IFNα.

Ameliorative effects of FTY720 in preclinical studies of 
SLE. The MRL/lpr model of SLE shares many aspects 
of human disease, including anti- dsDNA antibodies, 
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Fig. 3 | Potential mechanisms by which S1PR1 modula-
tors could mitigate disease pathogenesis. Small- 
molecule sphingosine 1- phosphate receptor 1 (S1PR1) 
modulators could ameliorate disease in systemic lupus 
erythematosus (SLE) by decreasing the trafficking of auto-
reactive lymphocytes, increasing numbers and functions  
of regulatory T (Treg) cells, decreasing T helper 17 (TH17) cell 
differentiation and decreasing autoantibody production. 
Moreover, S1PR1 modulators could attenuate disease by 
increasing endothelial cell barrier function, increasing the 
blood–brain barrier, and decreasing the expression of 
inflammatory adhesion molecules, which would contribute 
to decreased leukocyte transmigration. S1PR1 modulators 
have also been shown to decrease type I interferons in 
response to viral infection or CpG oligonucleotides, and 
have the potential to attenuate type I interferons in SLE. 
These mechanisms could impart protection against renal, 
neuropsychiatric and atherosclerotic manifestations of 
SLE. EC, endothelial cell.
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renal deposition of IgG antibodies and complement, and 
proteinuria158. MRL/lpr mice have a deletion in Fas caus-
ing failure of apoptotic cell death in CD4+ T cells, leading 
to the persistence of pathogenetic autoreactive TH cells 
and the subsequent production of autoantibodies159. As a 
result, these mice develop lymphadenopathy, splenomeg-
aly and spontaneous autoimmune glomerulonephritis. 
There is evidence that FTY720 treatment markedly atten-
uates pathogenesis and mortality in the MRL/lpr model 
of SLE90,160 (Table 1). If the major effect of FTY720 was 
to halt lymphocyte trafficking out of SLOs, one might 
expect increased lymphadenopathy and splenomegaly 
in MPL/lpr mice. However, FTY720- treated MRL/lpr 
mice showed significantly reduced weights of SLOs and 
decreased numbers of T cells and B cells in the thymus91, 
suggesting that FTY720 induced lymphocyte apoptosis. 
In support of this hypothesis, FTY720 did induce 
lymphocyte apoptosis in vitro, and FTY720- treated mice 
showed increased numbers of apoptotic cells in SLOs90, 
implicating lymphocyte apoptosis as a major mechanism 
contributing to its beneficial effects. FTY720 also signif-
icantly suppressed the production of anti- dsDNA anti-
bodies and reduced the deposition of IgG in glomeruli in 
mice that had already developed renal disease, indicating 
its therapeutic potential in SLE160.

Neuropsychiatric features in MRL/lpr mice85,161 have 
some similarities with human disease, and FTY720 has 
been shown to decrease depression- like behaviour, spa-
tial and recognition memory deficits, and leukocyte infil-
tration of the choroid plexus85. Mechanistically, FTY720 
reduced neuron damage, attenuated the production of 
inflammatory cytokines in the brain and protected the 
blood–brain barrier by directly affecting brain microvas-
cular ECs. The brain EC transcriptome showed marked 
decreases in the expression of genes involved in cellu-
lar adhesion and in the interferon response85. As in the 
aforementioned studies, FTY720 treatment was associ-
ated with reduced splenomegaly and lymphadenopathy85. 
These studies support the need for further work to eval-
uate the role of FTY720 and/or other S1PR1 modulators 
as potential therapies for neuropsychiatric SLE.

Finally, in another model of SLE, male mice 
carry the Yaa mutation inducing overexpression of 

TLR7, resulting in accelerated autoimmunity and 
glomerulonephritis162; in this model, FTY720 protected 
against proteinuria, which occurred in 20% of treated 
animals compared with 100% of untreated controls,  
and lowered mortality163.

Taken together, these data support the idea that fin-
golimod could benefit patients with SLE, particularly 
those with glomerulonephritis. However, FTY720 has 
several known adverse effects, including bradycardia, 
bronchoconstriction and macular oedema. As some 
of the safety issues related to use of FTY720 are associ-
ated with its engagement of S1PR3, newer S1PR modu-
lators with increased specificity for S1PR1 are expected 
to have fewer adverse effects164.

Newer S1PR modulators in preclinical SLE. KRP-203 is 
an S1PR modulator with specificity to S1PR1 and S1PR4. 
MRL/lpr mice preventively and therapeutically treated 
with KRP-203 had increased survival86. KRP-203 treat-
ment resulted in a marked decrease in both peripheral 
lymphocytes and monocytes, attenuated glomerulone-
phritis, reduced interstitial and perivascular infiltrates, 
and decreased proteinuria. However, IgG and comple-
ment deposition were not decreased. Despite initial 
adeno pathy in MRL/lpr mice treated with KRP-203, 
there was ultimately a reduction in SLO weights as well 
as a decrease in the absolute number of lymphocytes in 
these organs. Again, lymphocyte apoptosis was deemed 
most likely to account for these findings86.

Amiselimod, a S1PR modulator with specificity to 
S1PR1, was shown to decrease anti- dsDNA antibody 
titres, the number of plasma cells and the development 
of glomerulonephritis, splenomegaly and lymphadeno-
pathy in the MRL/lpr model when given preventively 
and therapeutically87. Amiselimod also prevented pro-
gression of nephritis in NZBWF1 mice. As expected, the 
treatment was shown to induce lymphopenia87.

Cenerimod, a S1PR modulator with specificity to 
S1PR1 and S1PR5, leads to a 500- fold decrease in potency 
in Ca++ signalling (mediated by Gi–phospholipase  
C–inositol trisphosphate) compared with S1P, FTY720 
and amiselimod, thereby reducing its ability to induce 
bronchoconstriction ex vivo165. Cenerimod attenuated 

Table 1 | Preclinical studies using S1PR1 modulators or SPHK inhibitors in mouse models of SLE

SLE 
model

S1PR 
modulator

Target Outcome Interferon 
signature

Refs

MRL- lpr FTY720 S1PR1, S1PR3, S1PR4 
and S1PR5

↓Glomerulonephritis and mortality

↓ Neuropsychiatric disease, blood–brain
barrier permeability, brain tissue cytokines

NA 85,90,161

Amiselimod S1PR1, S1PR4 and S1PR5 ↓Glomerulonephritis NA 87

Cenerimod S1PR1 and S1PR5 ↓Glomerulonephritis, ↓ brain tissue 
cytokines and mortality

Reduced 157

KRP-203 S1PR1 and S1PR4 ↓Glomerulonephritis and mortality NA 86

NZBWF1 Ozanimod S1PR1 and S1PR5 ↓Glomerulonephritis and mortality Unchanged 156

Amiselimod S1PR1, S1PR4 and S1PR5 ↓Glomerulonephritis NA 87

BXSB FTY720 S1PR1, S1PR3, S1PR4 
and S1PR5

↓Glomerulonephritis and mortality NA 163

NA, not assessed; S1P, sphingosine 1- phosphate; S1PR, S1P receptor; SLE, systemic lupus erythematosus.
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renal disease and prolonged survival in the MRL/lpr 
model; treated animals showed decreased circulating 
blood CD19+ B cells and CD4+ and CD8+ T cells; reduced 
plasma anti- dsDNA antibodies, proteinuria and brain 
inflammation; and increased survival. Plasma and tis-
sue levels of IFNα, and other known mediators of SLE, 
including TNF, IL-6, BAFF (also known as tumour 
necrosis factor ligand superfamily member 13B) and 
IL-10, were also reduced157.

Ozanimod was approved by the US FDA for the treat-
ment of multiple sclerosis in 2020 and ulcerative colitis 
in 2021. It has specificity for S1PR1 and S1PR5, and its 
active metabolite, RP-101075, decreased proteinuria, 
renal histological scores and mortality in NZBWF1 
mice. RP-101075 treatment suppressed expression of 
profibrotic and inflammatory genes but did not sig-
nificantly alter the expression of interferon- inducible 
genes156. Both ozanimod and RP-101075 significantly 
reduced peripheral and splenic B cell subsets, but nei-
ther treatment was associated with a sustained drop in 
anti- dsDNA antibodies156.

In summary, multiple S1PR modulators have been 
shown to attenuate experimental SLE. Cenerimod is 
particularly promising because of its defined ability 
to attenuate type I interferon production as well as its 
unique signalling profile that could mitigate the risk of 
bronchoconstriction. As discussed in the next section, 
cenerimod is currently being evaluated in a phase II 
clinical trial for SLE.

Clinical trials of S1PR1 modulators in human SLE. 
Amiselimod has a more favourable cardiac safely profile 
than fingolimod166. In an open label, non- randomized 
multicentre phase Ib safety trial, during which immuno-
suppressive and antimalarial drugs were prohib-
ited, patients were treated with either 0.2 or 0.4 mg of 
amiselimod for 24 weeks167. In a second part of the trial, 
low- dose 0.2- mg amiselimod was administered with 
concomitant submaximal doses of immunosuppressive 
agents. Individuals with severe active lupus nephri-
tis, CNS lupus, thrombosis, lymphopenia or evidence 
of cardiovascular disease were excluded. A decrease 
in peripheral lymphocyte count was observed in all 
17 patients treated with active drug without a dose- 
dependent response, but no severe infections occurred, 
and there were no serious adverse events. Of the 9 out of 
17 individuals (53%) who were positive for anti- dsDNA 
antibodies at baseline, 8 (89%) had decreased antibody 
levels by week 24. Although this exploratory study 
showed that amiselimod was well tolerated, its half- life 
was determined to be 20–23 days, which could limit its 
clinical use.

A multicentre, double- blind, placebo- controlled 
study was conducted to test the safety of cenerimod: 
patients with SLE were randomized to receive oral cen-
erimod (0.5, 1, 2 mg or placebo) for 12 weeks157. After an 
interim safety review, additional individuals were ran-
domized to receive either 4 mg cenerimod or placebo. 
End points included changes in total lymphocyte count, 
SLEDAI-2K (modified to exclude lymphopenia) and 
anti- dsDNA antibodies, pharmacokinetic assessments 
and adverse events. 1- and 2- mg doses induced a drop 

in the levels of CD19+ B cells and CD4+ and CD8+ T cells. 
Cenerimod attenuated plasma IFNα and downstream 
mediators CXCL9, CXCL10 and galectin 9 in humans 
with SLE after 12 weeks of treatment157.

An unbiased analysis of circulating B cells revealed 
two specific cell clusters that were reduced after treat-
ment with cenerimod. Interestingly, these clusters 
demon strated elevated expression of CD27 antigen and 
CD38 antigen (also known as ADP- ribosyl cyclase/ 
cyclic ADP- ribose hydrolase 1), resembling antibody- 
secreting cells, which have previously been identified as 
key mediators of autoimmunity157. Plasma interferon- 
associated biomarkers were decreased in the majority 
of patients taking cenerimod. A larger study of ceneri-
mod treatment for up to 12 months is currently ongoing 
(NCT03742037).

Rheumatoid arthritis
RA is the most prevalent systemic autoimmune rheu-
matic disease, affecting 1.5 million individuals in the 
USA, characterized by inflammatory and often erosive 
arthritis and the presence of autoantibodies against IgG 
(rheumatoid factor) and anti- citrullinated peptides 
antibodies168. Despite multiple FDA- approved medica-
tions for the treatment of RA, treatment- resistant RA 
occurs in 6–17% of patients169, and many patients do 
not have sustained remission. RA- related inflammation 
increases the risk of cardiovascular disease170,171, with 
patients having a 2–3- fold higher risk of myocardial 
infarction and a 50% higher risk of stroke than healthy 
controls172,173. Thus, there is a real medical need for 
novel therapies that can be used safely and concom-
itantly with approved medications to ameliorate the 
quality of life and lower mortality in patients with RA. 
The mechanisms by which S1PR1 modulators could 
ameliorate RA include blockade of auto- aggressive 
T cells to synovial tissues, restoration of the Treg–TH17 
cell imbalance and bolstering of the vascular barrier 
to attenuate both microvascular121 and atherosclerotic 
disease174,175.

Evidence that S1P levels are dysregulated in human 
RA and experimental arthritis. S1P levels have been 
shown to be elevated in RA synovial fluids compared 
with osteoarthritis synovial fluids176, which could result 
from S1P release from activated platelets, fibroblasts and 
leukocytes176–179 (fig. 4). S1P has many pro- inflammatory 
effects in RA, including its ability to induce synoviocyte 
proliferation180 and synoviocyte production of prosta-
glandin E2 (PGE2) and cyclooxygenase 2 (COX2, also 
known as prostaglandin G/H synthase 2) in response 
to inflammatory cytokines in vitro176. S1P hinders 
apoptosis of fibroblast- like synoviocytes via S1PR1 
(ref.181) and increases receptor activator of nuclear fac-
tor κB ligand (RANKL, also known as tumour necro-
sis factor ligand superfamily member 11) expression 
on synoviocytes and CD4+ T cells, thereby promoting 
osteoclastogenesis181, which could contribute to bone 
erosions. RANKL signalling downregulates the expres-
sion of S1PR1 on osteoclast precursors, inhibiting their 
re- exit into the circulation, and enhances osteoclast 
maturation and bone resorption182. Because lymphocyte 
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S1PR1 expression and the local S1P level are inversely 
related, elevated S1P levels in synovial tissues decrease 
T cell expression of S1PR1, thereby increasing T cell 
retention time in tissues183,184, potentially exacerbating 
disease.

Consistent with the findings that S1P contributes to 
RA pathogenesis, decreasing S1P levels by pharmaco-
logical or small interfering RNA knockdown of Sphk1 
was shown to reduce the production of key media-
tors of inflammatory arthritis, including TNF and 
IL-1β, and attenuate collagen- induced arthritis185,186. 
Moreover, crossing of TNF transgenic mice, which 
develop spontaneous arthritis, and Sphk1 KO mice 
protected offspring from developing the disease187. 
Mechanistically, the SphK1 KO mice had reduced levels 
of articular COX2 and fewer synovial TH17 cells than 
did transgenic TNF–SphK1+/+ littermates. In another 

study implicating SPHK1 as a contributor to RA patho-
genesis, SPHK1- mediated production of S1P inhibited 
Fas- mediated apoptosis of lymphoblastoid cell lines 
prepared from peripheral B cells cultured from patients 
with RA188. However, in other studies, Sphk1 KO mice 
did not show decreased severity in collagen- induced 
arthritis189. These apparently discrepant results could be 
secondary to differences in the genetic strains and the 
models of arthritis utilized for these studies.

Whereas S1P generation by SPHK1 has been linked 
to inflammatory signalling via activating S1PR1 signal-
ling, the role of SPHK2 is unclear, with conflicting results 
regarding SPHK2 roles in inflammation. Although the 
differences in genetic strains and arthritis models used 
for these studies could account for these discrepant 
results, added complexity stems from the fact that Sphk1 
activity is increased when Sphk2 is knocked out186,190–193.

Osteoclast

•  Role of S1P–S1PR1 signalling   
     in synovial angiogenesis is  
     unknown

• High [S1P] in bone, ↓S1P gradient
• Osteoclast precursors retained
• ↑Bone resorption

Chemotaxis of osteoclasts precursors 
towards S1P in blood

Bone

Joint capsule

Joint cavity

Cartilage

Synovium

Synoviocytes

• ↑Synoviocyte proliferation
• ↑Production of IL-1B, TNF     
     and PGE

2

Fig. 4 | Contribution of S1P to inflammatory injury and joint destruction in RA. Elevated sphingosine 1- phosphate 
(S1P) levels in rheumatoid arthritis (RA) synovium (from multiple sources, including platelets) could contribute to disease 
pathogenesis by increasing osteoclast precursor retention and bone resorption, and increasing synoviocyte proliferation 
and production of prostaglandin E2 (PGE2), tumour necrosis factor (TNF) and IL-1β. The effect of increased S1P receptor 1 
(S1PR1) signalling on angiogenesis in the RA synovium remains to be elucidated.
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Evidence that APOM polymorphisms are risk factors for 
RA. Polymorphisms in the APOM promoter that result 
in reduced ApoM levels are associated with an increased 
risk of RA. Polymorphisms at SNP rs805297 have been 
shown to decrease APOM transcriptional activity and 
be significantly associated with RA (OR = 1.56)194. In a 
study from Korea, this polymorphism was found to be 
associated with both RA susceptibility and dyslipidae-
mia, and the A/A genotype was associated with both 
decreased levels of HDL particles and ApoM but not dis-
ease activity195. A study from China of patients with RA 
(n = 520) showed an association of APOM rs805297 TT 
genotype with an increased risk of developing RA, with 
an odds ratio of 4.01 among men. In a sub- analysis of 
84 patients, the average plasma concentration of ApoM 
was significantly higher in patients with RA than in age- 
matched and sex- matched controls196. Given the protec-
tive role of ApoM on the vasculature and the adaptive 
immune response, the elevated levels in RA are likely to 
be the consequence of inflammation.

Whether certain APOM polymorphisms predispose 
to disease or are rather the result of linkage disequilib-
rium is yet to be elucidated. On the one hand, linkage 
disequilibrium is supported by the fact that APOM is 
located in the MHC class III region along with TNF. On 
the other hand, patients with RA have a more atherogenic 
lipid profile than healthy controls, even in the preclinical 
non- inflammatory phase197, raising the possibility that 
dyslipidaemia contributes to the risk of developing RA. 
As stated previously, ApoM has been implicated in adi-
pocyte and triglyceride biology, which could affect auto-
immune mechanisms. Indeed, anti- inflammatory roles 
of S1P–ApoM signalling include its ability to decrease 
ICAM1, VCAM1 and E- selectin expression on ECs in 
the presence of inflammatory cytokines2,3 and to restrain 
lymphopoiesis and adaptive immune responses, which 
could predispose to the development of RA67.

Ameliorative effects of FTY720 in preclinical studies of 
RA. As observed in SLE, there is evidence that fingolimod 
attenuates disease severity in experimental inflamma-
tory arthritis. Supporting the concept that blocking the 
egress of autoreactive lymphocytes out of SLOs is a major 
mechanism by which FTY720 ameliorates disease, the 
ability of FTY720 to attenuate arthritis in both collagen- 
induced and adjuvant induced arthritis models was asso-
ciated with reduced numbers of circulating and synovial 
CD4+ T cells198–202. SKG mice, another RA model, spon-
taneously develop T cell- mediated autoimmune arthritis 
owing to a mutation in Zap70, which impairs negative 
selection of T cells in the thymus203. FTY720 treatment 
in this model resulted in sequestration of CD4+ T cells in 
the thymus, reduced numbers of circulating CD4+ T cells 
and attenuated arthritis204. In addition, FTY720 has been 
shown to inhibit TNF- induced synoviocyte production of 
PGE2 (refs108,204), IL-1β, IL-6 and IL-8 (ref.200). Consistent 
with the aforementioned studies showing that S1pr1 KO 
in CD4+ T cells led to increased numbers and function 
of Treg cells, FTY720, acting as a functional antagonist of 
S1PR1, attenuated collagen induced arthritis by increas-
ing Treg cell numbers and their ability to induce anergy in 
collagen- specific T cells108.

DCs express S1PR1 and are also affected by FTY720 
and other S1PR1 modulators205. In a study focused on 
the role of FTY720 in DC trafficking and function in 
collagen- induced arthritis, FTY720 attenuated produc-
tion of several cytokines, including TNF, IL-1β and Il-6, 
as well as the incidence and severity of arthritis92. To 
determine whether the ability of FTY720 to attenuate 
arthritis was mediated, at least in part, by an effect on 
DCs, a DC transfer mouse model of arthritis was used. 
In this model, murine bone marrow- derived DCs are 
activated with lipopolysaccharide and collagen in vitro 
and injected into the paw, causing localized arthritis. 
Ex vivo treatment of DCs with FTY720 before injec-
tion into the paw significantly reduced DC trafficking 
to draining LNs and attenuated arthritis, demonstrating 
that DCs are an important target of FTY720 (ref.92).

S1PR1 antagonists in preclinical RA. Because of their 
ability to block lymphocyte trafficking, S1PR1 anta-
gonists have been tested for their efficacy in preclinical 
models of arthritis206. However, although S1PR1 anta-
gonism, induced by either functional or competitive 
antagonists, mitigates trafficking of central memory 
T cells and naive T cells to tissues, it also blocks S1PR1 
signalling on ECs, leading to vascular leakage. In a study 
on adjuvant induced arthritis, the S1PR1- specific anta-
gonist NIBR-0213 was effective at preventing arthritis, 
but it induced diffuse alveolar and interstitial haemor-
rhage, oedema and inflammation. In mice treated with 
NIBR-0213 for over 2 weeks, chronic changes were 
observed, including necrotic and fibrotic foci in both 
the lung and the heart207. These data suggest that the use 
of S1PR1 functional antagonists that induce endothelial 
injury might pose risks for patients with RA, because 
clinically significant interstitial lung disease occurs in 
~10%208–210 of these patients and subclinical disease 
occurs in up to 60%, as detected by high- resolution CT209.

Clinical trials targeting S1P–S1PR1 axis in RA. 
Although fingolimod has not yet been tested for RA 
treatment in clinical trials, a different strategy to block 
S1PR1 signalling and induce lymphopenia has been 
used in phase I and II clinical trials. Inhibition of SGPL1 
resulted in >100- fold accumulation of S1P in thymus 
and SLOs, thereby eliminating the S1P gradient and 
inducing lymphopenia6. The SGPL1 inhibitor LX2931 
(ref.211) was tested in phase II clinical trials on 208 
patients with active RA who had incomplete response 
to methotrexate. There were no safety issues, but analy-
sis of the results suggested that the doses tested were 
subtherapeutic. No further studies using this agent have 
been reported, as the study failed to meet its primary 
end point of ACR20 response at week 12 (ref.212). This 
approach as a treatment for RA is not supported by 
preclinical data, as mice with Sgpl1 KO have neutro-
philia and increased levels of inflammatory cytokines, 
particularly IL-17 (ref.213).

Systemic sclerosis
SSc is a rare complex systemic autoimmune rheu-
matic disease characterized by vasculopathy and fibro-
sis, mostly of skin, gastrointestinal tract and lungs. 
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Symptomatic interstitial lung disease is present in >50% 
of patients with diffuse disease and in up to 35% of 
individuals with limited cutaneous SSc, and subclinical 
interstitial lung disease is seen on high- resolution CT 
in up to 90% of patients with SSc214,215. Data from the 
Scleroderma Lung Study II have shown that the mortal-
ity from interstitial lung disease is ~20% with a median 
follow- up of 3.6 years after the diagnosis of interstitial 
lung disease216,217. Pulmonary hypertension, either in its 
primary form or secondary, to severe interstitial lung 
disease occurs in 8–12% of patients, with 25% mortality 
at 3 years after pulmonary hypertension diagnosis218. 
Although there has been improvement in mortality 
over the past few decades216,219, novel therapies are direly 
needed to decrease morbidity and mortality in SSc.

The use of S1PR1 modulators could have beneficial 
effects in SSc. For example, S1PR1 modulators decrease 
type I interferon production by pDCs220 and thereby have 
the potential to decrease the upregulated production of 
type I interferons in SSc221–224. IFNα could contribute to 
SSc pathogenesis by increasing blood vessel permeability 
via downregulation of FLI1 (encoding Friend leukaemia 
integration 1 transcription factor) and CDH5 (encoding 
VE- cadherin)225 and by contributing to skin fibrosis, as 
has been shown in mouse studies226. S1PR1 modulators 
(acting as functional antagonists) have also been shown 
to diminish differentiation and function of TH17 cells, 
both of which are increased in patients with SSc227–229 
and contribute to fibrosis in animal models of SSc230,231. 
However, in terms of restoring the TH17–Treg cell imbal-
ance, S1PR1 modulation could be problematic in SSc, 
as Treg cells have the potential to exacerbate pulmonary 
fibrosis by increasing TH2 cell immune responses232. 
Moreover, S1PR1 antagonism, by treatment with either 
competitive or functional antagonists, can increase the 
risk of pulmonary vascular leakage.

S1PR1 modulation to target vascular leakage and 
fibrosis in SSc. Bolstering EC S1PR1 signalling lim-
its vascular leakage and decreases vascular tone233 and 
therefore could be of particular benefit in SSc, because 
vascular leakage is a predominant clinical feature234,235, 
and almost all patients have Raynaud phenomenon as 
a result of vascular dysfunction. The vasculopathy of 
SSc is characterized by increased vascular permeability, 
decreased VE- cadherin expression and dysregulated 
angiogenesis236. These features are prominent in mice 
with an EC- specific KO of Fli1, a transcription factor 
that is markedly decreased in SSc skin and is a negative 
regulator of collagen production237. Isolated dermal ECs 
from these mice show markedly decreased expression 
of S1pr1 and VE- cadherin. Chromatin immunoprecip-
itation experiments showed that the promoter of S1pr1 
is targeted by Fli1 (ref.237). Taken together, these data 
support the hypothesis that low levels of Fli1 in SSc ECs 
lead to decreased transcription of S1PR1 and CDH5 
(VE- cadherin), leading to increased vascular instability 
and leakage.

S1PR1 modulation has also been studied in mouse 
models of pulmonary fibrosis. Chronic administration of 
FTY720 or an S1PR1- specific functional antagonist exac-
erbated vascular leakage and intra- alveolar coagulation 

in response to bleomycin, leading to increased pulmo-
nary fibrosis and mortality in bleomycin- treated mice124. 
In in vitro studies, short- term (1- h) EC exposure to S1P 
or S1PR1 agonists decreased permeability and protected 
against thrombin- mediated barrier disruption, whereas 
prolonged (24- h) exposure to S1PR1 agonists exerted 
the opposite effect124, illustrating that the dose and the 
frequency of administration of a S1PR1 modulator will 
determine whether it acts as an agonist or as an antago-
nist (fig. 5). In follow- up studies on pulmonary fibrosis 
induced by bleomycin and FTY720, fibrosis was attenu-
ated by inhibiting thrombin generation, thereby showing 
that extravascular coagulation induced by vascular leak 
is a driver of fibrosis. Mechanistically, thrombin binding 
to protease activated receptor 1 (PAR1) increased activa-
tion of transforming growth factor- β1 (TGFβ1) via αvβ6 
integrin238. Importantly, a study supports the hypothesis 
that EC S1PR1 protects against pulmonary fibrosis by 
mitigating vascular leakage, leukocyte infiltration, and 
intravascular coagulation239. These data support the 
development of novel EC S1PR1 targeted agonists for 
the treatment of SSc.

S1PR modulators in mouse models of SSc. Cenerimod 
attenuated the infiltration of immune cells and inflam-
matory cytokines IL-6, IL-13 and Il-1β in a mouse model 
of chronic graft- versus- host disease (Scl- cGVHD)240. 
Consistent with previous data that S1PR1 is a negative 
regulator of Treg cell differentiation, cenerimod (func-
tioning as an antagonist on CD4+ T cells) increased 
the percentage of Treg cells both in the spleen and skin 
compared with control mice240. Moreover, cenerimod 
decreased IL-6 and collagen deposition in both skin 
and lung of the bleomycin- induced fibrosis model240. 
Experiments to assess vascular permeability were not 
performed in these studies, but the protective effects of 
cenerimod were possibly related, at least in part, to ago-
nist signalling on ECs240. In addition, because S1PR5 was 
implicated in the early fibrotic changes in the skin in the 
bleomycin model of SSc241, one could speculate that cen-
erimod’s anti- fibrotic effects may have been mediated, 
at least in part, by modulating S1PR5 signalling. Thus, 
multiple S1PRs could be involved in the complex patho-
physiology of SSc by acting on immune, vascular and 
connective tissue cells. Such complex biology needs to be 
understood much better to develop rational therapeutic 
approaches.

Future directions and challenges
The application of S1PR modulators to inhibit auto-
reactive lymphocyte trafficking has proven successful 
in patients with multiple sclerosis and inflammatory 
bowel disease. However, the complex biology of S1P 
has hindered the wider application of this therapeutic 
principle in additional immunological diseases. Further 
complicating the application of S1PR1 modulators to 
autoimmune rheumatic diseases, S1PR1 signalling can 
be enhanced or antagonized by the same drug depend-
ing on the concentration of the drug, the duration of 
treatment and the type of cell targeted (fig. 5).

It is well established that patients with SLE, RA and SSc 
show substantial endothelial dysfunction169,234,235,242–244. 
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Although preclinical studies support the use of S1PR1 
modulators for SLE, RA and SSc, vascular S1PRs have 
received scant attention in past therapeutic efforts. The 
discovery that HDL- bound S1P protects the vascular 
endothelium during inflammatory insult has provided 
impetus for therapeutic development. Newer S1PR1 
agonists do not induce internalization and degradation 
of S1PR1 and do not affect lymphocyte percentages in 
peripheral blood161. We hypothesize that S1PR1 ago-
nists specifically targeting ECs could benefit patients 
with autoimmune rheumatic disease on standard ther-
apies, because bolstering vascular integrity might syn-
ergize with immunosuppressive therapy. A potential 

benefit of the use of concomitant immunosuppressive 
and endothelial barrier- targeted drugs is that, although 
the anti- inflammatory effects of both drugs could be 
compounded, the immunosuppressive effects are not 
likely to be, as EC S1PR1- bolstering drugs should atten-
uate the risk of infection4,5,153. An optimal approach will 
be to reset the immune cell repertoire while maintaining 
optimal EC function. We posit that an in- depth under-
standing of S1P biology is an essential prerequisite  
in the rational therapeutic development of novel agents 
to control SLE, RA and SSc.

Published online 4 May 2022
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Fig. 5 | S1PR1 modulators act as agonists and/or functional antagonists depending on dose and target cell type. 
Sphingosine 1- phosphate (S1P) receptor 1 (S1PR1) modulators have differing effects on endothelial cells (ECs) and 
lymphocytes. After binding of S1PR modulators to S1PR1, signalling is activated and the S1PR1 modulator–S1PR1 
complex can be internalized and degraded in proteasomes and lysosomes. S1PR1- targeted small molecule functional 
antagonists at therapeutic concentrations induce irreversible internalization and degradation of S1PR1, resulting in 
lymphopenia. At such doses, endothelial S1PR1 antagonism does not lead to substantial vascular leak, owing to the 
presence of large receptor reserve. However, at supratherapeutic doses, S1PR1 functional antagonists induce degradation 
of S1PR1 in both lymphocytes and endothelial cells, leading to lymphopenia as well as vascular leakage.
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Intervertebral discs (IVDs) are fibrocartilaginous struc-
tures that lie between the vertebrae, enable limited 
movement between the vertebrae and resist spinal com-
pression while distributing the compressive load evenly 
on the adjacent vertebral bodies. IVDs comprise three 
main components: the inner nucleus pulposus, the outer 
annulus fibrosus and the cartilaginous endplates (CEPs)1 
(Fig. 1). The nucleus pulposus is a highly hydrated, gelat-
inous, proteoglycan-rich tissue. The annulus fibrosus 
encloses the nucleus pulposus and is a highly organized 
fibrous structure composed of concentric lamellae of 
tilted collagen fibres with scattered proteoglycans. The 
nucleus pulposus and the annulus fibrosis are separated 
from adjacent vertebral bodies by the CEPs, thin layers 
of hyaline cartilage. Degeneration of the IVD is often 
involved in low back pain2, and is an intricate event 
involving multiple morphological, functional and bio-
chemical changes3,4. The degenerated IVD is reduced in 
height compared with its healthy counterpart owing to 
extracellular matrix depletion, a fibrous and dehydrated 
nucleus pulposus, severe structural modifications of 
annulus fibrosus collagen fibres, extensive damage to 
the CEP and sclerosis of the subchondral bone (Fig. 1). 
Among the many degenerative features, IVD calcifi-
cation can also occur5–7. IVD calcification exists either 

in the form of calcium pyrophosphate dihydrate crys-
tals, which usually deposit in the annulus fibrosus, or 
as basic calcium phosphate crystals, which affect the 
central region and are known as calcifying nucleopathy. 
The resorptive phase of IVD calcification is extremely 
symptomatic and causes pain, stiffness, paravertebral 
muscular contracture, and limitation of motion of the 
spinal segment8,9.

For the initial assessment of any spinal pathological 
condition associated with low back pain, radiography is 
usually the first diagnostic choice in a clinical setting. 
Plain radiographs are commonly used to evaluate bony 
features associated with IVD degenerative characteris-
tics and are a good tool for assessing IVD calcification; 
however, subtle IVD calcification is sometimes missed 
owing to either small foci of deposits or rotated or mal-
positioned vertebrae. The fact that IVD calcification can 
easily be missed means that the reported prevalence of 
IVD calcification is lower in the clinical setting than in 
cadaveric radiographic studies10. MRI is considered the 
clinical gold standard method for the qualitative and 
quantitative assessment of IVDs owing to its sensitivity 
in assessing soft tissue11. MRIs can assess, to a degree, 
water content of an IVD, which is an indirect assessment 
of proteoglycan loss that may not be associated with pain 

Mechanisms and clinical implications 
of intervertebral disc calcification
Uruj Zehra  1, Marianna Tryfonidou2, James C. Iatridis  3, Svenja Illien-Jünger  4, 
Fackson Mwale5 and Dino Samartzis  6,7 ✉

Abstract | Low back pain is a leading cause of disability worldwide. Intervertebral disc (IVD) 
degeneration is often associated with low back pain but is sometimes asymptomatic. IVD calcifi-
cation is an often overlooked disc phenotype that might have considerable clinical impact. IVD 
calcification is not a rare finding in ageing or in degenerative and scoliotic spinal conditions, but is 
often ignored and under-reported. IVD calcification may lead to stiffer IVDs and altered segmen-
tal biomechanics, more severe IVD degeneration, inflammation and low back pain. Calcification is 
not restricted to the IVD but is also observed in the degeneration of other cartilaginous tissues, 
such as joint cartilage, and is involved in the tissue inflammatory process. Furthermore, IVD calcifi-
cation may also affect the vertebral endplate, leading to Modic changes (non-neoplastic subchon-
dral vertebral bone marrow lesions) and the generation of pain. Such effects in the spine might 
develop in similar ways to the development of subchondral marrow lesions of the knee, which  
are associated with osteoarthritis-related pain. We propose that IVD calcification is a phenotypic 
biomarker of clinically relevant disc degeneration and endplate changes. As IVD calcification has 
implications for the management and prognosis of degenerative spinal changes and could affect 
targeted therapeutics and regenerative approaches for the spine, awareness of IVD calcification 
should be raised in the spine community.

✉e-mail: dino_samartzis@
rush.edu

https://doi.org/10.1038/ 
s41584-022-00783-7

www.nature.com/nrrheum

R e v i e w s

352 | June 2022 | volume 18 

http://orcid.org/0000-0002-3051-4200
http://orcid.org/0000-0002-2186-0590
http://orcid.org/0000-0001-9895-0693
http://orcid.org/0000-0002-7473-1311
mailto:dino_samartzis@rush.edu
mailto:dino_samartzis@rush.edu
https://doi.org/10.1038/s41584-022-00783-7
https://doi.org/10.1038/s41584-022-00783-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41584-022-00783-7&domain=pdf


0123456789();: 

or predict symptoms12. Nonetheless, determining IVD 
calcification on traditional MRI scans is a challenge in 
the clinical setting. The correlation of high-intensity 
zones on MRI with disc calcification has suggested that 
further improving MRI technology might be helpful in 
the diagnosis of IVD calcification. High-intensity zones 
have high specificity and high positive predictive values 
in identifying a symptomatic IVD13,14; IVD calcification, 
if synonymous with high-intensity zones, might be more 
clinically relevant than is currently assumed.

The progression of IVD degeneration is associated 
with several changes, including functional changes  
in spinal motion and biomechanical behaviour15. The 
spinal motion segment has non-linear biomechanical 
behaviours that vary with loading direction owing to 
the complex composition and structural organization  
of the IVD15. Spinal stiffening is generally believed to 
occur with increasing IVD degeneration but is not 
always the case, and biomechanical changes with IVD 
degeneration can be difficult to detect owing to com-
peting changes that can occur as degenerative grade 
progresses16,17. However, altered mechanics and bio-
mechanical changes can result in disc degenerative 
changes, especially calcification, as is observed in scoli-
otic discs18,19. The pro-inflammatory cytokines secreted 
in disc tissues are known to promote osteoprogenitor 
differentiation and angiogenesis, which eventually acti-
vate ectopic ossification, and altered biomechanical envi-
ronment might be one factor that leads to the production 
of these pro-inflammatory cytokines20.

The strong association of disc degeneration and 
calcification in the setting of low back pain10 has raised 
awareness of the clinical importance of this degenera-
tive feature. The inability of conventional imaging tech-
niques, such as plain radiography and MRI, to detect 
IVD calcification might explain why clinically relevant 
spinal phenotypes have not previously been defined.

Epidemiology of IVD calcification
The first description of IVD calcification dates back to 
1858 in a textbook of anatomy entitled Die Halbgelenke 
des menschlichen Körpers written by German anat-
omist Hubert von Luschka21. Later, in 1897, Beneke 
demonstrated the presence of IVD calcification on 
cadaveric radiographs22,23. IVD calcification was first 
shown on human spine radiographs by Calvé and 
Gallandin 1922 (reFs21,22). IVD calcification can occur 
in association with certain systemic disorders, such as 
ochronosis, haemochromatosis, chondrocalcinosis and 
hyperparathyroidism21, and also in the setting of spinal 
deformities such as scoliosis, or in progressive inflamma-
tory or congenital conditions whereby the IVD exhibits 
ossification18. These conditions mostly involve multiple 
IVDs, whereas calcification resulting from degenerative 
IVD disease can manifest as focal IVD involvement24. 
Reports of asymptomatic and symptomatic IVD calcifi-
cation in children have been reported sporadically25–29. 
In most paediatric cases, IVD calcification predomi-
nantly occurs in the lower cervical and upper thoracic 
regions and tends to regress spontaneously30–32; however, 
IVD calcification can affect the lower lumbar spine as 
well33,34. In children, IVD calcification sometimes coin-
cides with ossification of the posterior longitudinal 
ligament27,35. In adults, the prevalence of radiographic 
IVD calcification has varied from 5% up to 71% in 
cadaveric radiographic studies21,23,36,37. However, the 
sampling of individuals in these studies had methodo-
logical flaws, which meant that researchers were unable 
to gauge the true prevalence, risk factors and clinical 
relevance of IVD calcification within the different age 
groups and sexes. The diagnostic tool used to assess IVD 
calcification has usually been conventional plain radio-
graphy and occasionally CT. Some studies tried to estab-
lish the role of MRI scans in detecting IVD calcification 
and reported that high signal intensity on T1-weighted 
MRI was associated with IVD calcification38,39; however, 
this interpretation was later challenged, with research-
ers suggesting that high signal intensity of some calci-
fied IVDs on T1-weighted MRI images was associated 
with fatty infiltration rather than IVD calcification40,41. 
Conventional plain radiography may not be the most 
sensitive imaging modality for assessing IVD calcifica-
tion, as the rotation and/or tilting of the vertebrae can 
obscure proper visualization and small calcium deposits 
might go unnoticed42. As such, the occurrence of IVD 
calcification may be under-reported and its extent as 
well as its topography within the IVD remains relatively 
unknown. In adults, calcium pyrophosphate dihydrate or 
hydroxyapatite crystals can be deposited in the nucleus 
pulposus or annulus fibrosus and, unlike paediatric IVD 
calcification, are permanent in most cases19.

IVD calcification and degeneration
A number of studies have suggested that calcification 
is a feature of IVD degeneration that tends to increase 
with increasing grades of degeneration43,44. Studies have 
also shown that the osteogenic potential of degenerative 
IVDs increases in direct relation to the severity of degen-
eration and is related to the enhanced expression of the 
calcium-sensing receptor (CaSR), transcription factors 

Key points

•	Intervertebral disc (IvD) calcification is associated with IvD degeneration and can
lead to pain.

•	IvD calcification may affect disc kinematics and degeneration severity, and can also 
affect adjacent vertebral endplates, which might lead to pathological non-neoplastic
subchondral bone marrow lesions (modic changes).

•	Calcification in the IvD degenerative process is comparable with mineralization
of the degenerative process of cartilaginous tissues in osteoarthritis.

•	IvD calcification is a unique phenotype that is clinically relevant, that could influence
personalized approaches to patient care and that warrants further investigation.
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such as osterix (also known as transcription factor Sp7) 
and Runx, and proteins such as bone morphogenetic 
protein 2 (BMP2) and osteocalcin33,43,45, all of which are 
markers that have the potential to induce ossification 
in IVD tissues34,43,46. Active hedgehog signalling has  
also been shown to correlate positively with the degree 
of disc degeneration, and Sonic hedgehog proteins had 
the propensity to facilitate mineral deposition in degen-
erated nucleus pulposus cells47. On the basis of these 
insights, it is conceivable that calcification has a role in 
IVD degeneration (Fig. 2).

IVD calcification has been observed in all disc 
locations among patients with IVD degeneration and 
patients with scoliosis, but the endplate was most fre-
quently affected in patients with scoliosis19,48; calcifica-
tion is more common in patients with higher degrees of 
scoliotic deformity. Although scoliosis and IVD degen-
eration are distinct processes, scoliosis is known to accel-
erate IVD degenerative changes19,49–51. Hristova et al.18 
showed the presence of calcium deposits and collagen 
type X in IVDs of patients with degenerative disc dis-
eases and patients with scoliosis, but not in control IVDs, 
and the level of the indicators of calcification potential 
(for example, alkaline phosphatase (ALP) activity and 
calcium and inorganic phosphate concentrations) were 
consistently higher in degenerative and scoliotic IVDs 
than in control IVDs. These results suggested that IVD 
degeneration in adults might be associated with ongo-
ing mineral deposition and that the mineralization or 

calcification process in IVDs from patients with ado-
lescent idiopathic scoliosis (AIS) might simply reflect a 
premature degenerative process.

Illien-Junger et al.52 performed histological analyses 
of human IVDs from several different stages of degen-
eration and identified areas of calcification within the 
nucleus pulposus and CEP; these areas of calcification 
were commonly located close to fissures in degenerated 
tissue areas (Fig. 3b) and were associated with increased 
IVD degeneration. The close proximity of calcifications 
to these IVD defects suggested that calcifications might 
be nucleation points for these defects. Hard inclusions in 
soft materials are known to create stress concentrations 
(areas where the stress is significantly higher than in the 
surrounding area), and the proximity of the observed 
calcifications in the relatively soft cartilaginous IVD 
tissues might have been fracture nucleation sites that 
initiated cracks and fissures53 (Fig. 3), although CEP 
defects and/or ruptures are not always associated with 
IVD degeneration. Excessive calcification is thought 
to have a role in generalized endplate sclerosis that is 
assumed to be associated with reduced nutritional sup-
ply to the IVD; the occlusion of nutritional channels 
leads to increased anaerobic metabolism and intradiscal 
acidity along with reduced metabolic rates and reduced 
cellularity and could contribute to IVD degeneration54,55. 
However, a few studies have reported contrary findings 
and suggested that nutritional diffusion is not inter-
rupted by endplate sclerosis but instead that endplate 
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Fig. 1 | Comparison of a healthy and a degenerated intervertebral disc in the spine. The intervertebral disc (IVD)  
is a shock-absorbing structure with three main components: the inner nucleus pulposus, the outer annulus fibrosus and 
the cartilaginous endplates (CEPs), which anchor the disc to the adjacent vertebrae. The healthy nucleus pulposus is a 
highly hydrated, gelatinous, proteoglycan-rich tissue. The healthy annulus fibrosus encloses the nucleus pulposus and is  
a highly organized fibrous structure composed of concentric lamellae of tilted collagen fibres with scattered proteoglycans. 
The degenerated IVD is reduced in height compared with its healthy counterpart owing to extracellular matrix depletion, 
a fibrous and dehydrated nucleus pulposus, severe structural modifications of annulus fibrosus collagen fibres, extensive 
damage to the CEP and sclerosis of the subchondral bone. Reprinted from reF.1, Springer Nature Limited.
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porosity increases with disc degeneration56,57. These find-
ings suggest that disc degeneration is more mechanically 
driven rather than being attributed to reduced metabolic 
transport56,57. IVDs with advanced degeneration, such 
as Thompson grade V IVDs, involve IVD collapse with 
extensive ossifications including osteophyte formation, 
extensive calcification and eventual fusion. Excessive 
loading and instability can result in IVD collapse and 
osteophyte formation so that these degenerative changes 
are mechanically modulated58. As a result, calcifica-
tions are likely to contribute to altered biomechanical 
behaviours (for example, fissure initiation altering IVD 
stiffness) while also being mechanically modulated (for 
example, IVD compaction and osteophyte formation 
from overloading)58.

IVD calcification and genetics
Limited evidence in various species suggests that genetic 
background is involved in IVD calcification. A study in 
three different mouse strains (C57BL/6, LG/J and SM/J) 
described different ageing spinal phenotypes59. Notably, 
the LG/J mouse strain seemed to develop disc calci-
fication at the age of 2 years, equivalent to 70 human 
years59. This study described in detail the transcriptomic 
landscape involved in the different ageing and degen-
eration phenotypes59, but as yet the underlying genes 
involved in disc calcification in mice remain elusive. 
In humans, no large-scale, robust study has been per-
formed investigating the genetic underpinnings related 
to the development of IVD calcification. The −66T > G 
gene polymorphism in osteopontin has been shown to 
be associated with susceptibility to cervical spondylotic 
myelopathy60. Although the underlying mechanism is 
unknown, it is tempting to hypothesize that this associ-
ation might be related to the role of osteopontin in the 
growth plate and in cartilaginous degenerative diseases 
such as osteoarthritis (OA)61 and IVD degeneration52. 
In the dachshund, a chondrodystrophic canine breed 

commonly affected by clinical IVD disease and predis-
posed to early-onset IVD degeneration and calcifica-
tion, a major locus has been identified that affects IVD 
calcification62. With the aid of targeted resequencing 
and focusing only on protein-coding regions, two syn-
onymous variants were identified in MB21D1 and one 
in the 5′-untranslated region of KCNQ5 (reF.63) (which 
encodes a potassium channel protein) that were asso-
ciated with IVD calcification. The working mechanism 
remains unexplored; MB21D1 is a cytosolic DNA sen-
sor and responsible for immune activation, whereas 
KCNQ5 channels control resting properties of mam-
malian nerve terminals (synapses)64. In Scandinavian 
countries, dachshunds are screened for IVD calcification 
at approximately 2 years old, and preliminary work has 
shown that IVD calcification at 2 years of age increases 
the risk of future clinical IVD disease by 42%65. However, 
dogs treated surgically for IVD herniation at a median 
age of 74 months are equally likely to present with min-
eralized IVDs as they are with non-mineralized IVDs, 
indicating that herniation is not necessarily related to 
the calcification process itself or perhaps that a differ-
ent sub-phenotype of IVD changes might exist in the  
context of calcification66.

Proposed pathogenesis
Physiological and pathological mineralization are com-
plex processes. Although physiological mineralization 
is regulated within the context of appropriate cellular 
signalling, pathological calcification encompasses a 
broad range of processes, some of which involve cells 
and some of which do not. In adults, IVD calcifica-
tion is usually perceived as a sign of ageing, although 
it can also occur in younger adult IVDs22,67. IVD calci-
fication is a frequent finding in degenerated IVDs, but 
whether it is a cause or a consequence of disc degener-
ation is not well understood18. IVD calcification might 
be involved in the accumulation of advanced glycation 
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5 mm 5 mm200 μm 200 μm

5 mm 5 mm200 μm 100 μm

Fig. 2 | Calcification in degenerated discs. a | Sagittal (top image) and transverse (bottom image) sections of aged 
intervertebral discs (IVDs) showing several calcified spots (black arrows); scale bar = 5 mm. b | Histological sections of  
scoliotic discs stained with Alizarin red stain showing that abnormal mechanical loading can induce mineral deposition  
in the IVDs (black arrows); scale bars = 200 µm. c | Inflammation and calcification are highly associated with each other.  
H&E stained disc sections of nucleus pulposus (top image) and inner annulus (bottom image) showing the coexistence  
of inflammation and calcification, calcified deposits (yellow arrows) and adjacent inflammation (black arrows); scale  
bars upper 200 µm and lower 100 µm. d | Advanced glycation endproduct (AGE)-induced calcification can be seen in the  
sagittal (top image) and transverse sections (bottom image) of the disc showing the yellowing effect of AGE (red arrows) 
and calcification (black arrows), suggesting a role of AGEs in calcification; scale bars = 5 mm.
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end products (AGEs). AGEs are associated with calci-
fication in multiple conditions including OA and vas-
cular calcification68,69, and researchers have established 
a role for AGEs in the formation of IVD calcification52. 
Immunohistochemical assessment of human IVDs 
demonstrated calcified structures in pericellular regions 
surrounding cells positive for AGEs, which were often 
co-localized with collagen type X and osteopontin52. 
Together with experimental evidence from cell culture 
studies that demonstrate the role of oxidative stress 
and consequent degeneration and calcification of both 
nucleus pulposus52 and CEP cells70, these observations 
suggest that AGEs induce calcification by increasing the 
expression of osteogenic markers52,71.

A role for AGE accumulation in IVD calcification has 
also been suggested in a mouse model in which dietary 
AGE ingestion was associated with AGE accumulation 
and calcification in CEPs71. In a mouse model of dia-
betes mellitus, the same researchers found that fissures 
and deposition of granulated structures in IVDs cor-
related with AGE accumulation and the expression of 

the pro-inflammatory cytokine TNF72. AGE formation 
therefore seems to be associated with pro-inflammatory 
conditions. The potential association of calcification 
with inflammation has been seen in various vascular 
studies73,74, but the causal pathway of events is difficult to 
ascertain75. Microcalcifications are triggered by various 
cytokines during inflammatory processes; TNF seems 
to have a particularly important role and might exert 
its effects by stimulating the release of BMP2, a potent 
bone anabolic factor73,76. Studies have shown calcifica-
tion in degenerative IVDs, especially near fissures and 
tears6,52 (Fig. 3), which supports, at least in part, previous 
hypotheses that annular fissures and tears are linked 
with the formation of vascular inflammatory granulation 
tissue77,78. Investigations have noted increased expression 
of CaSR in degenerated IVDs, most probably induced by 
pro-inflammatory cytokines such as IL-1β and TNF79,80. 
The common findings of local inflammation and angi-
ogenesis in herniated and ossified discs77–80 indicate that 
these two processes might be involved in disc calcifi-
cation. Altered Wnt signalling and the overexpression 
of some inflammation-related factors are two elements 
believed to be involved in disc ossification81.

Another mechanism that might induce IVD calci-
fication is abnormal mechanical loading, as is seen in 
disorders affecting spinal alignment, such as scoliosis18,19 
(Fig. 2). Parameters of spinopelvic alignment — in par-
ticular low pelvic incidence — can predict disc calcifi-
cation, which shows that altered biomechanics might 
induce disc calcification that can affect disc kinematics82. 
Abnormal mechanical loading has been shown to 
increase levels of collagen type X83,84, which is a known 
marker of endochondral ossification84,85. Therefore, 
altered mechanical loading and uneven distribution 
of stress in IVDs is a possible factor associated with 
IVD calcification. Runt-related transcription factor 2  
(Runx2) is highly expressed by annulus fibrosus cells 
during altered mechanical loading in degenerative discs6. 
Annulus fibrosus cells have characteristics of progenitor 
cells and, under appropriate stimuli, are capable of dif-
ferentiating into chondrocytes and osteoblasts in vitro 
as well as in vivo86,87.

Regardless of the underlying cause, three mecha-
nisms are believed to be involved in the initiation of cal-
cification in IVDs88 (Fig. 4). One mechanism suggests that 
in order for calcification to occur, the calcium and inor-
ganic monophosphate (Pi) ion product must reach the 
threshold of precipitation88, which requires Pi to accu-
mulate by ALP activity. A second mechanism (nuclea-
tion) suggests that the calcium and Pi ion product can 
remain at physiological levels and nucleating agents 
are required to induce precipitation88. A third mecha-
nism involves extracellular matrix vesicles, produced by 
budding from the cellular membrane of chondrocytes89 
and found in the growth plate cartilage. Initially, it was 
thought that matrix vesicles initiate calcification90,91 
because they are enriched with ALP, calcium and Pi92,93 
and associated with collagen type X94, all of which are 
associated with calcification95. More recently, matrix 
vesicles have been shown to contain enriched popula-
tions of microRNA related to bone formation signalling 
pathways96 and have been suggested to share homology 
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Fig. 3 | Images showing presence of fissures near calcified spots. a | Sagittal image  
of a cadaveric healthy disc with a representative graph of intradiscal stress; scale 
bar = 5 mm. b | Sagittal cadaveric section of a degenerated intervertebral disc with fis-
sures (black arrows) near calcified spots with representative images of intradiscal stress; 
scale bar = 5 mm. The representative images of intradiscal stress show the stress profile  
of discs: the stress profile of the healthy disc shows an even distribution of stress 
throughout the disc whereas the stress profile of the degenerated disc shows multiple 
stress peaks. c | Haematoxylin and eosin stained section of a degenerated intervertebral 
disc showing coexistence of calcification (dark grey arrows) and fissures (white arrows);  
scale bar = 50 µm. d | Bone morphogenetic protein 2 immuno-stained sections of a 
degenerated intervertebral disc, showing association of both calcification and fissures 
(white arrows); scale bar = 50 µm.
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with exosomes97, which, according to the International 
Society of Extracellular Vesicles, should be termed 
‘extracellular vesicles’. Extracellular vesicles mediate 
cell-to-cell communication, influence signalling path-
ways and as such might regulate endochondral bone 
formation and mineralization or calcification98. Many 
signalling pathways are implicated in mineralization99, 
but only a few of these have thus far demonstrated to 
also be related to IVD calcification.

The field of extracellular vesicles is only beginning to 
emerge within the spine community; proteomic analy-
sis has indicated the presence of extracellular vesicles in 
healthy nucleus pulposus tissue100, and both notochordal 
cells101 and human degenerated nucleus pulposus cells102 
have been shown to secrete extracellular vesicles. What 
the cargo of these extracellular vesicles is, how the cargo 
changes with degeneration of the IVD and how the cargo 
influences IVD calcification remain to be determined. 

Thus far, the prevailing thought is that IVD calcification 
is an accumulation of calcium salts103, initiated by ALP104. 
The substrates of ALP are not all fully known92,105, but 
among the myriad phosphate substrate suspects is 
inorganic pyrophosphate106,107, which is an inhibitor 
of apatite formation92. ALP can hydrolyse inorganic 
pyrophosphate to generate Pi ions, which are incor-
porated into the mineral crystals108 in the presence of 
calcium (Ca2+). Increasing the amount of Ca2+ is known 
to not only promote calcification in culture but also pro-
mote the terminal differentiation of chondrocytes and 
osteoblasts undergoing maturation109–111. Accumulation 
of calcium salts occurs normally in bone and growth 
plate but calcium can be deposited abnormally in 
blood vessels, articular cartilage, damaged tissue and 
IVD (cartilage endplate, nucleus pulposus and annulus 
fibrosus) using similar mechanisms103,109–112. However, 
whereas calcium transport and calcium signalling have 
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Fig. 4 | Disc calcification: mechanisms, diagnosis and clinical relevance. 
a | Overview of disc calcification, diagnosis and clinical relevance. 
Mineralization within the degenerating disc has received increasing 
recognition as being important as the spinal phenotypes identified are 
associated with pain and disability. Disc mineralization deserves further 
attention in order to improve patient stratification by novel diagnostics to 
aid targeted therapeutics and even generate prognostic models to enable 
prevention of disc disease. b | The initiating factors and mechanisms of disc 
mineralization. Mineralization within the degenerating disc may involve 
three mechanisms. In one mechanism, calcium (Ca2+) and inorganic 
monophosphate (Pi) ions accumulate above physiological levels, reaching 
the threshold of precipitation; in this process alkaline phosphatase (ALP) 
activity drives accumulation of Pi. In degenerated IVDs there is enhanced 
expression of calcium-sensing receptor (CaSR), which is involved in Ca2+ 

sensing and downstream signalling and as such may contribute to the 
process of intervertebral disc (IVD) calcification. In another mechanism, 
Ca2+ and Pi present even within physiological levels may precipitate owing 
to the presence of nucleating agents in dead or degenerated tissue. In a 
third mechanism, extracellular vesicles secreted by cells are enriched with 
Ca2+, Pi, and ALP and also contain biological messages (such as microRNAs) 
involved in bone-formation signalling pathways. Extracellular vesicle 
biology in the IVD is only beginning to emerge. c | Imaging methods for 
diagnosing disc mineralization. Mineralization within the intervertebral disc 
(shown by arrows and boxes) imaged with the aid of multiple imaging 
modalities, such as plain radiographs, ultra-short time-to-echo (UTE) MRI 
and T2-weighted MRI (T2W). AGEs, advanced glycation end products; HIZ, 
high-intensity zone on T2-weighted MRI; UDS, ultra-short time-to-echo 
disc sign.
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been widely studied in bone cells, no studies have inves-
tigated calcium channels and pathways that regulate 
intracellular calcium in disc cells. IVD degeneration 
might provide appropriate calcification conditions 
through increased calcium and phosphate levels. In the 
course of IVD degeneration, the pH decreases further 
owing to raised lactic acid concentrations in the disc113. 
Once this pH decrease is sensed by the disc cells it can 
result in increased intracellular calcium concentrations. 
Furthermore, the increase in phosphate levels is thought 
to be a result of ALP activity, as discussed above92,104–107.

Interestingly, CaSR expressed on the cellular surface 
and on free calcium has also been implicated in the 
calcification process. This family C G protein coupled 
receptor is expressed in calcitropic tissues (such as the 
parathyroid glands and the kidneys) and non-calcitropic 
tissues and has multiple biological roles, alongside its 
main regulatory role in bone and mineral metabolism as 
a sensor of free calcium114. Patients with activating muta-
tions of the extracellular CaSR often develop nephro-
calcinosis and renal insufficiency with a high degree  
of ectopic calcifications early in life115. The development of  
OA has been observed in humans with such mutations, 
suggesting a link between CaSR activation and disease116. 
Similarly, in a guinea pig model of OA, CaSR was upreg-
ulated in articular cartilage and its activation acceler-
ated degeneration and modulated the function of the 
pro-inflammatory cytokine IL-1β117. A gain-of-function 
CaSR mutation in mice led to ectopic calcification118.

No role for CaSR in the development or mainte-
nance of other cartilaginous tissues, such as the IVD, 
has yet been shown, but investigators have hypothesized 
that an increase in local extracellular Ca2+ in the IVD 
microenvironment and activation of CaSR can promote 
degeneration of the cartilaginous endplate79. Ca2+ con-
tent was shown to increase in human CEP tissue whereas 
proteoglycan content decreased with the grade of IVD 
degeneration79, a finding in agreement with previous 
reports showing decreased proteoglycan and collagen 
content in CEP tissue from degenerated IVDs119,120. 
Increasing the levels of Ca2+ resulted in decreased secre-
tion and accumulation of matrix molecules, such as 
collagens and proteoglycans, in cultured human CEP 
cells, through activation of CaSR79. Interestingly, aggre-
can content, a major proteoglycan deposited in the CEP, 
was also reduced independently of CaSR activation 
as an increase in Ca2+ directly enhanced the activity 
of aggrecanases79. Finally, supplementing Ca2+ in IVD 
organ cultures was found to induce degeneration and 
enhance calcification of the CEP as well as decreasing 
glucose diffusion into the IVD79. Together, these findings 
indicate that extracellular CaSR and local levels of Ca2+ 
have key roles in pathological IVD calcification.

Clinical implications
Despite its close association with IVD degeneration, the 
clinical significance of IVD calcification remains unclear. 
Calcified IVDs are more likely to rupture and herniate 
than non-calcified IVDs either because calcification 
results in the production of an abnormal stress concen-
tration that leads to fracture and fissures53 or because 
of spontaneous liquification (where the consistency of 

the calcified deposit changes and becomes more case-
ous) and damage to the annulus fibrosus or surround-
ing soft tissues, with inflammatory responses that can 
further weaken tissues, and eventually result in IVD 
herniation121. Patients with calcified IVD herniations, or 
calcified IVD tissues identified on pathological exam-
ination following herniations, are usually more symp-
tomatic and have larger herniations than those without 
calcification, often presenting a challenge to resect 
surgically, particularly when herniations are located 
in regions with narrowed spinal canals and/or when 
herniations are in the thoracic region122,123. Calcified 
herniated discs are associated with myelopathy and 
intradural extension and are often associated with poor 
surgical outcomes and postoperative complications such 
as bleeding, neurological deterioration, cerebrospinal  
fluid fistula and slow recovery124,125.

A few case reports have documented the possible 
role of IVD calcification in discogenic low back pain in 
adults126–128. Some of these cases also showed migration 
of calcified deposits inside the vertebral body suggest-
ing the role of such deposits in disrupting weaker areas 
of the vertebral endplate causing marrow oedema126,127.  
The formation of a calcified hard-tissue inclusion in the 
bone disrupts the microarchitecture of the trabecular bone  
and leads to endplate fracture129. Endplate fracture is 
identifiable on MRI in the form of mostly type I and 
type II Modic changes (pathological subchondral bone 
marrow lesions); biomechanical studies have suggested 
that vertebral endplate microtrauma with the resultant 
marrow oedema correlates with type I Modic changes129 
(Fig. 5). IVD calcification is clearly associated with the 
development of endplate fractures and potential Modic 
changes (types I and II), which are highly clinically rele-
vant spinal phenotypes associated with pain and disabil-
ity, but additional research is required. Using ultra-short 
time-to-echo (UTE) MRI, Zehra et al.10 found that the 
UTE disc sign (that is, a hyper-intense or hypo-intense 
IVD band) correlated highly with radiographic IVD cal-
cification. Their earlier study reporting the presence of 
the UTE disc sign noted that the UTE disc sign showed 
a significant positive correlation with worse disability 
scores, suggesting that IVD calcification might have a 
role in discogenic low back pain130. Furthermore, the 
UTE disc sign was also significantly associated with 
Modic changes130. This finding further underlines the 
importance of IVD calcification or IVD stiffness (for 
example, fibrosis), which can affect stress and loading 
elements as well as IVD kinematics, and might have an 
implication for the development of Modic changes and 
perhaps with the further crosstalk that is noted between 
such lesions and the degenerating IVD (Fig. 5). The loca-
tion of such IVD changes might be useful for predict-
ing the development of endplate and vertebral marrow 
lesions. As with the role of calcification in IVD degenera-
tion, these clinical findings support the concept that IVD 
calcification is likely to have a role in mechanical back 
pain (for example, a role in initiating and propagating 
herniation and/or instability) while also being mechan-
ically modulated (for example, a role of mechanical 
overloading and IVD height loss inducing osteophyte 
formation and fusion in advanced degeneration)10.
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IVD calcification might have a direct role in contrib-
uting to the flexibility of the curve in spinal deformi-
ties such as AIS131. Curve flexibility is a factor that can 
predict the response to conservative treatment for curve 
correction (for example bracing) and surgical manage-
ment of the curve in patients with AIS. For example, 
surgical intervention might be able to achieve a greater 
degree of curve correction in a more flexible spine curve 
versus a more rigid curve, with less instrumentation 
and shorter fusion levels. A more rigid curve might 
require more instrumentation and a greater number of 
levels fused to obtain a suitable degree of curve correc-
tion, increasing the risk of neurological complications  
and increasing health care costs associated with the 
addition of more screws as well as resulting in reduced 
preservation of motion segments132. Furthermore, IVD 
calcification might indeed be a predictor of an increased 
rate of curve progression in patients with AIS and of its 
secondary effects (for example, decreased lung func-
tion, truncal shift, back pain and gait abnormalities)133;  
however, future studies are needed to research these 
speculative ideas.

Emerging therapies
Studies using stem cells to treat degenerated IVDs in 
humans have failed to fully and consistently accomplish 
IVD rehydration or regeneration134,135. This lack of con-
sistent findings might be because unique subphenotypes 
or endo-phenotypes of IVD calcification (stiffness and 
poor diffusion of nutrients) may affect the efficacy of 
such approaches. Furthermore, chondrogenic differentia-
tion of mesenchymal stem cells (MSCs) results in growth 
plate-like chondrocytes rather than articular cartilage-like 
chondrocytes136. As such, MSC transplantation within a 
degenerated IVD that has active calcification processes 
might provide the ideal environment for hypertrophic 

differentiation and subsequent mineralization137. In 
line with this idea, cell leakage of MSCs implanted into 
degenerated rabbit IVDs was thought to be a cause of 
excess extradiscal calcifications138. However, these calci-
fications could even occur within the disc if the MSCs are 
injected into disc tissue137. As such, combinatory strate-
gies that have the ability to modulate the MSC phenotype 
upon differentiation might help to minimize the risk of 
disc calcification caused by hypertrophic differentia-
tion of the MSCs within the chondrogenic lineage. In a 
rabbit lumbar degeneration model, researchers injected 
nanofibrous spongy microspheres carrying MSCs that 
released anti-microRNA-199a; this system promoted 
the nucleus pulposus phenotype and resisted calcifica-
tion in vitro and in a subcutaneous environment5. More 
attention to the topic of IVD calcification in the design 
of targeted therapeutic approaches and improved patient 
selection could result in a more personalized approach to  
spinal care.

Conclusions
Further work is needed to improve our understanding 
of the pathogenesis, manifestation and clinical releva-
nce of IVD calcification and IVD ‘stiffness’. Advanced 
techniques, such as UTE and susceptibility-weighted 
MRI, should be explored in order to detect IVD cal-
cification in routine clinical examinations and to map 
such changes in the IVD as well as to determine the 
capacity of such changes to predict specific phenotypes 
(for example, Modic changes and high-intensity zones). 
Susceptibility-weighted MRI has shown potential for 
imaging iron deposition, haemorrhages, microbleeds 
and calcification in the brain, liver, prostate and spi-
nal cord; therefore, it is a potential tool for evaluating 
calcification in IVD139. As various spinal phenotypes 
(including IVD degeneration, IVD herniations, Modic 
changes, endplate abnormalities and facet joint changes) 
are known to result in pain, disability and altered spinal 
alignment, we must improve our understanding of the 
role of IVD calcification within this context. The possi-
ble role of IVD calcification on discogenic low back pain 
should also be evaluated to improve clinical and surgical 
outcomes. The clinical implications of IVD calcification 
inpatient selection for potential therapeutics for IVD 
regeneration or halting the degenerative process need to 
be explored. Furthermore, profiling IVDs that are sus-
ceptible to adjacent segment degeneration or disease in 
relation to a fusion or prosthetic IVD replacement has 
been a challenge with respect to risk stratification and 
outcome prediction140. The implications of IVD calcifi-
cation at the adjacent IVD in this setting needs further 
exploration. Past studies addressing the genetics of IVD 
degeneration failed to find robust genes that can be 
replicated141. A confounding factor associated with the 
unique IVD phenotype of calcification might need to 
be identified and accounted for in such and any omics 
analyses. An extensive understanding of IVD calcifica-
tion might further facilitate blood or refined imaging 
biomarker discovery. In addition, in the age of artificial 
intelligence, big data and precision spine care, detailed 
phenotyping of patients has taken centre stage142,143.  
In an effort to establish more robust clinical decision trees 
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Fig. 5 | A conceptual overview of the initiation of Modic changes and disc degenera-
tion. Hard inclusions in the cartilaginous endplate (CEP) can initiate cracks in multiple 
directions that can lead to vertebral endplate defects. A break in the endplate barrier 
would facilitate the escape of water, free movement of various cytokines and inflamma-
tory cells and constant crosstalk between the disc and vertebral body, predisposing the 
disc to decompression, degeneration and Modic changes.
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and algorithms, having a robust understanding of the 
disc calcification phenotype is imperative. Many fund-
ing agencies, such as the NIH in the USA, have initiated 
multi-centric, extremely well-funded and high-profile 
programmes (for example, BACPAC and Bridge2AI) 
that aim to provide high-quality datasets of extensively 
phenotyped patients in order to test algorithms and pro-
vide deep analytics to better understand the mechanisms 
of pain; these programmes are also aimed at develop-
ing more precise management protocols, predictive  
modelling and improved patient outcomes.

In summary, improved understanding of IVD calci-
fication in both children and adults would enable more 
personalized and precise approaches to spinal conditions 
with respect to diagnosis, therapeutics and prognostic 
measures (Fig. 4a). Such understanding would also help 
to establish the role of calcification in other important 
bone-related and joint-related conditions, such as OA, 
in which the role of calcium crystals in the development 
and progression of disease might be clinically relevant.
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