
An international body of experts 
has developed standardized clinical 
response criteria to measure minimal, 
moderate and major improvements in 
adult patients with dermatomyositis 
or polymyositis and in children with 
juvenile dermatomyositis. The new 
response criteria, published simulta-
neously in Arthritis & Rheumatology 
and Annals of the Rheumatic Diseases, 
comprehensively cover both adult 
and paediatric disease using one set of 
defined core set measures. “The same 
definitions can be applied to adult and 
juvenile myositis populations, and 
clinical trials can be compared with 
each other,” states Rohit Aggarwal, 
corresponding author for the adult 
criteria. “Moreover, combined adult 
and juvenile clinical trials are possible 
using the newly developed response 
criteria,” he continues.

Previously, core set measures and 
definitions of improvement had been 
created and validated independently 
by the International Myositis 
Assessment and Clinical Studies 
Group (IMACS) and by the Paediatric 
Rheumatology International Trials 
Organisation (PRINTO). The paediat-
ric criteria (PRINTO) were provision-
ally approved by the ACR and EULAR 
for use in patients with juvenile 
dermatomyositis. “Since the two sets 
of core set measures displayed some 
differences, the core set measures 

were weighted equally and there were 
no criteria for moderate or major 
improvement, IMACS and PRINTO, 
supported by the ACR and EULAR, 
thought it was time to revise the prior 
criteria in order to have standardized 
improvement criteria for all levels of 
improvement for use in future clinical 
trials,” explains Nicolino Ruperto, 
corresponding author for the juvenile 
criteria.

Using a variety of data-driven 
methodologies, an international group 
of experts representing IMACS and 
PRINTO developed a list of candidate 
definitions for response criteria. These 
criteria were initially validated using 
real-life data from patients that had 
been scored for minimal, moderate 
or major improvement by expert 
consensus. The candidate definitions 
were further validated using data 
from two clinical trials before being 
discussed at a consensus meeting of 
experts in dermatology, neurology 
and rheumatology. Paediatric and 
adult experts worked separately before 
coming together to agree on the final 
response criteria and thresholds for 
defining minimal, moderate and 
major improvement. 

The group of experts decided on 
a conjoint analysis-based continuous 
model with a continuous assessment 
score of 0–100 with thresholds for 
improvement in children of ≥30/100 

(minimal), ≥45/100 (moderate) and 
≥70/100 (major), and thresholds for 
improvement in adults of ≥20/100 
(minimal), ≥40/100 (moderate) and 
≥60/100 (major). “These differences 
in the threshold for improvement 
were likely due to the increased ability 
of children to display a greater level of 
improvement when compared with 
adult patients,” points out Ruperto. 
“These response criteria, endorsed 
by the ACR and EULAR, should be 
highly acceptable and widely used 
given that they were developed with a 
consensus and data-driven approach 
involving many myositis experts from 
around the world,” he enthuses.

“For me, the most significant 
finding is the ability of this definition 
to be used as a continuous outcome 
measure as well as a categorical 
outcome,” says Aggarwal. “The total 
improvement score (0–100 scale) is 
associated with the degree of improve-
ment in various core set measures, so 
the higher the degree of improvement 
in a larger number of core set meas-
ures, the higher the total improvement 
score,” he explains.

Looking towards the future, the 
experts involved in creating these 
criteria hope that endorsement by the 
ACR and EULAR will help to promote 
the use of these new criteria in clinical 
trials. They are also working on ways 
to encourage the use of these criteira 
in both adult and paediatric studies. 
“We are developing a web-based 
tool for easy calculation of clinical 
improvement using the new response 
criteria by researchers and clinicians 
around the world,” says Aggarwal. 

Joanna Collison
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Adult and paediatric experts 
unite for new response criteria

ORIGINAL ARTICLES Rider, L. G. et al. 2016 
American College of Rheumatology/European 
League Against Rheumatism criteria for minimal, 
moderate, and major clinical response in juvenile 
dermatomyositis. Arthritis Rheumatol.  
http://dx.doi.org/10.1002/art.40060 (2017) | 
Aggarwal, R. et al. 2016 American College of 
Rheumatology/European League Against 
Rheumatism criteria for minimal, moderate, and 
major clinical response in adult dermatomyositis 
and polymyositis. Ann. Rheum. Dis. 76, 792-801 
(2017)
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NET

Fibroblast

Nature Reviews | Rheumatology

Fibroblast-like synoviocytes (FLS) 
internalize neutrophil extracellular 
traps (NETs) and present arthrito-
genic peptides to T cells, leading to 
autoimmunity and cartilage damage. 
These findings comes from a study 
by Carmona-Rivera et al. now pub-
lished in Science Immunology. “We 
found that FLS from patients with 
rheumatoid arthritis (RA) have the 
capacity to internalize NETs and that 
this is the mechanism by which these 
structures activate a pro-inflamma-
tory phenotype in FLS,” says Mariana 
Kaplan, lead author of the study. “We 
also found that administration of 
FLS loaded with NETs to transgenic 
mice led to the development of 
anti-citrullinated protein antibody 
responses and cartilage damage,” 
Kaplan continues.

Previous work has indicated that 
NETs are an important source of 
citrullinated autoantigens, which are 
implicated in RA pathogenesis, and 
that these extracellular structures are 
able to activate a pro-inflammatory 
and pathogenic phenotype in FLS. To 
investigate the mechanisms involved 
in NET–FLS interactions, 
Carmona-
Rivera 

and colleagues incubated FLS derived 
from patients with osteoarthritis 
(OA) and RA, as well as control 
dermal fibroblasts from healthy indi-
viduals, with NETs spontaneously 
generated from peripheral blood 
neutrophils from patients with RA. 
By use of confocal microscopy, the 
investigators found that FLS from 
patients with OA or RA were able to 
internalize NETs, whereas control 
dermal fibroblasts showed negligible 
NET internalization. Furthermore, 
dermal fibroblasts from patients with 
psoriasis were also able to internalize 
NETs, indicating that the activation 
status is important in mediating this 
process. 

Carmona-Rivera and colleagues 
found that NET internalization by 
FLS was mediated by endocytosis 
and regulated by the RAGE–TLR9 
signalling pathway. The researchers 
next investigated whether NET 
internalization induced antigen- 
presenting cell properties in FLS. 
In FLS from patients with OA or 
RA, MHC class II molecules were 

upregulated upon exposure 
to NETs, a process 
mediated by IL-17B. 
“We also found 
that citrullinated 

peptides deriving 
from internalized NETs 

were presented by FLS to 

antigen-specific T cells isolated 
from patients with RA,” explains 
Kaplan.

To confirm the induction of 
adaptive immune responses by NET-
loaded FLS in vivo, the investigators 
used a humanized HLA-DRB1*0401 
transgenic mouse model; such mice 
show susceptibility to inflammatory 
arthritis. Levels of anti-cyclic citrulli-
nated peptide antibodies were higher 
in the sera of transgenic mice that 
received intra-articular injections 
of FLS loaded with NETs than in 
sera from transgenic mice injected 
with FLS alone, an effect that was 
dependent on CD4+ T cells. Those 
mice receiving intra-articular injec-
tions of NET-loaded FLS also showed 
reduced cartilage integrity and 
increased cartilage loss compared 
with mice injected with FLS alone.

These findings indicate that inter-
nalization of NETs by FLS can trigger 
pathogenic adaptive immunity and 
tissue damage. “The identification 
of this new pathway may lead to the 
development of new therapeutic 
strategies in this disease,” concludes 
Kaplan.

Dario Ummarino

 R H E U M ATO I D  A RT H R I T I S

Don’t swallow the NETs 

ORIGINAL ARTICLE Carmona-Rivera, C. et al. 
Synovial fibroblast-neutrophil interactions 
promote pathogenic adaptive immunity in 
rheumatoid arthritis. Sci. Immunol. http://dx.doi.
org/10.1126/sciimmunol.aag3358 (2017)
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 R H E U M ATO I D  A RT H R I T I S
Comparing durability of combination therapies
According to observations from a follow-up study of the RACAT 
trial looking at patients with rheumatoid arthritis who have 
suboptimal responses to methotrexate, triple therapy with 
methotrexate, sulfasalazine and hydroxychloroquine is more 
durable than combined methotrexate–etanercept therapy.  
Of the 289 patients followed up, 78% remained on triple 
therapy at 1 year compared with 63% who remained on 
methotrexate– etanercept therapy; significantly more patients 
changed from methotrexate–etanercept therapy to triple 
therapy than vice versa (P = 0.005).
ORIGINAL ARTICLE Peper, S. M. et al. Rheumatoid arthritis treatment after methotrexate: 
triple therapy is more durable than etanercept. Arthritis Care Res. (Hoboken) http://dx.doi.
org/10.1002/acr.23255 (2017)

 O S T E OA RT H R I T I S

Pain variables differ in their associated markers
Post-hoc analysis of a randomized clinical trial of 109 
patients with knee osteoarthritis shows that pain at rest and 
pain on movement are associated with different profiles 
of proinflammatory biomarkers, indicating that these pain 
characteristics might originate from different mechanisms. 
IL-6 and IL-8 concentrations in the synovial fluid were 
significantly associated with self-reported pain on movement 
but not pain at rest (when measured on the Likert scale), whereas 
TNF concentration was significantly associated with both.
ORIGINAL ARTICLE Leung, Y. Y. et al. Synovial fluid pro-inflammatory profile differs 
according to the characteristics of knee pain. Osteoarthritis Cartilage http://dx.doi.
org/10.1016/j.joca.2017.04.001 (2017)

 S Y S T E M I C  L U P U S  E RY T H E M ATO S U S

Atherosclerosis confined to patients with nephritis
Clinical subgroup analysis of patients with systemic lupus 
erythematosus (SLE) (n = 281) and age and sex-matched 
population controls reveals that accelerated atherosclerosis 
is mainly confined to a subgroup of patients with SLE and 
nephritis. The patients with nephritis had significantly more 
carotid plaques than their respective controls (P = 0.008), 
which was not the case for the patients with antiphospholipid 
antibodies or SSA and/or SSB antigens. Plaques occurred twice 
as often in the patients with nephritis (23%) than in the patients 
without nephritis (11%, P = 0.038) or in controls (12%, P = 0.035).
ORIGINAL ARTICLE Gustafsson, J. T. et al. Excess atherosclerosis in systemic lupus 
erythematosus, a matter of renal involvement: case control study of 281 SLE patients and 
281 individually matched population controls. PLoS ONE http://dx.doi.org/10.1371/
journal.pone.0174572 (2017)

 O S T E OA RT H R I T I S

Rare genotypes associated with hip replacement
A genome-wide association study has identified genetic 
variants that are strongly associated with total hip replacement 
(THR) in patients with osteoarthritis. Whole-genome 
sequencing of Icelandic patients with osteoarthritis who 
had undergone THR (n = 4,657) and population controls 
(n = 207,514) revealed a rare missense variant in COMP and a 
recessive frameshift mutation in CHADL. When undergoing 
THR, patients homozygous for either the COMP or CHADL 
variants were on average 13.5 years and 4.9 years younger, 
respectively, than heterozygous individuals and non-carriers.
ORIGINAL ARTICLE Styrkarsdottir, U. et al. Whole-genome sequencing identifies rare 
genotypes in COMP and CHADL associated with high risk of hip osteoarthritis. Nat. Genet. 
http://dx.doi.org/10.1038/ng.3816 (2017)
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BMI is positively associated with an 
elevated C-reactive protein (CRP) 
level and erythrocyte sedimentation 
rate (ESR) in women with rheuma-
toid arthritis (RA), according to new 
research published in Arthritis Care 
& Research. The findings suggest that 
the effects of obesity on these markers 
of systemic inflammation could bias 
the assessment of disease activity in 
clinical practice and in clinical trials. 

“Previous studies have shown that 
obesity is associated with higher levels  
of CRP in the general population, 
especially in women, and a small 
study showed an association between 
fat mass and CRP in women with 
RA,” explains corresponding author 
Michael George. “These findings led 
us to wonder to what degree obesity 
impacts CRP and ESR in women 
and men with RA and whether the 
elevated levels of CRP and ESR 
among obese patients are a direct 

consequence of obesity or whether 
they are associated with higher RA 
disease activity.” In the current study, 
George et al. evaluated associations 
between BMI and inflammatory 
markers in the general population 
using data from the National Health 
and Nutrition Examination Survey 
(NHANES), and in two cohorts 
of patients with RA, one of which 
included dual-energy X-ray absorp-
tiometry (DXA) measures of fat and 
lean body mass. 

Higher BMI was associated with 
higher CRP levels in women in 
the RA cohorts and in the general 
population, particularly in those 
with severe obesity (BMI >35 kg/m2). 
Among women with RA, this associ-
ation was independent of RA disease 
activity (swollen joint count, tender 
joint count or patient global scores), 
but was attenuated by adjustment for 
DXA-measured fat mass. 

Notably, a different pattern was 
seen in men with RA, as levels of CRP 
and ESR were highest in those with 
a low BMI (<20 kg/m2). “We suspect 
that this connection is related to RA 
disease activity — severe inflammatory 
disease may have led to weight loss in 
some of these men,” says George. 

The results of this study suggest 
that obesity should be taken into 
account when interpreting inflam-
matory markers. “When assessing 
patients with possible inflammatory 
disease, physicians should be aware 
that patients with obesity, especially 
severe obesity, may have modest ele-
vations of CRP or ESR just because of 
their obesity,”  George concludes.

Sarah Onuora

 R H E U M ATO I D  A RT H R I T I S

Obesity skews markers of inflammation

ORIGINAL ARTICLE George, M. D. et al.  
The impact of obesity and adiposity on 
inflammatory markers in patients with rheumatoid 
arthritis. Arthritis Care Res. (Hoboken)  
http://dx.doi.org/10.1002/acr.23229 (2017)
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Nature Reviews | Rheumatology

The effectiveness of targeting  
peripheral sensory neurons for 
reducing pain associated with 
osteoarthritis (OA) varies depending 
on the stage of disease, according to 
new findings published in Arthritis 
& Rheumatology. In this study, 
Miller et al. utilized engineered 
receptor technology to inhibit such 
neurons in a mouse model of OA. 
“Chemogenetic inhibition of these 
neurons blocked pain behaviours 
in the early stages but not the later 
stages of the experimental model,” 
states corresponding author  
Anne-Marie Malfait. 

To specifically activate inhibi-
tory G-protein-coupled receptors 
(GPCRs) in the periphery, the 
researchers generated mice that 

express an engineered 
inhibitory GPCR 
under the control of 
voltage-gated sodium 

channel NaV1.8,  

a marker mainly expressed by 
nociceptors (pain-sensing neurons). 
Upon binding with the synthetic 
ligand clozapine-N-oxide (CNO), 
these engineered GPCRs inhibit  
neuronal activity, enabling the 
researchers to transiently inhibit 
peripheral sensory neurons by  
treating with CNO.

Malfait and colleagues assessed 
treatment effectiveness in the  
de stabilized medial meniscus 
(DMM) model of OA by measuring 
two types of pain-related behaviour: 
knee hyperalgesia and mechanical 
allodynia. Transient treatment with 
CNO reduced knee hyperalgesia at 
4 weeks post-surgery and mechanical 
allodynia at 8 weeks post-surgery, 
when compared with vehicle-treated 
mice. However, CNO treatment had 
no effect on these behaviours at 12 

or 16 weeks post-surgery. 
On the other hand, 

morphine, a drug 

that activates GPCRs in both the 
peripheral and central nervous 
systems, was still effective at these 
later stages. “This suggests that 
activation of inhibitory GPCRs 
located solely outside the central 
nervous system might be ineffective 
in treating chronic (that is, late stage) 
osteoarthritic pain, compared with 
something like morphine that acts 
both peripherally and centrally,” 
explains Malfait. 

This study only investigated the 
effects of transient chemogenetic 
inhibition. “Future works needs to 
determine the effects of prolonged 
silencing,” concludes Malfait.  
“The implication of these findings 
for patient care is that pain killers 
might need to target different 
pathways in early versus late stage 
disease. For instance, developing 
new drugs that only target peripheral 
GPCRs might not be sufficient for 
late stage disease.”

Jessica McHugh

 O S T E OA RT H R I T I S

Targeting peripheral pain neurons in OA

ORIGINAL ARTICLE Miller, R. E. et al. 
Chemogenetic inhibition of pain neurons in a 
mouse model of osteoarthritis. Arthritis Rheumatol. 
http://dx.doi.org/10.1002/art.40118 (2017)
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Concomitant use of aspirin augments 
the risk of upper gastrointestinal 
bleeding associated with NSAIDs, 
yet some patients require both treat-
ments. A study assessing the gastro-
intestinal safety of NSAIDs in aspirin 
users has found that co-therapy 
with celecoxib plus a proton-pump 
inhibitor (PPI) is superior to the 
combination of naproxen and a PPI 
for the prevention of recurrent upper 
gastrointestinal bleeding in patients 
at high risk of both cardiovascular 
and gastrointestinal events who 
require anti-inflammatory analgesics. 
“Contrary to present guidelines, 
we found that naproxen cannot be 
recommended to these high-risk 
patients despite its perceived cardio-
vascular benefit,” reports lead author 
Francis Chan.

The current guidelines for 
NSAID selection in these patients 
are conflicting, and either suggest 
avoiding all NSAIDs or recommend 
naproxen as the preferred NSAID, 
or do not offer any advice. However, 
Chan and colleagues point out  

that these guidelines are not  
evidence-based, and that large-scale, 
industry-sponsored randomized trials  
have not been designed to address 
the choice of NSAID in this high-
risk patient group. The industry- 
independent CONCERN study was 
undertaken to tackle this unmet 
need. “Unlike all other published 
trials that largely focused on average- 
to-moderate risk patients, we 
selectively recruited patients at high 
[gastrointestinal] risk (with a history 
of ulcer bleeding), requiring aspirin 
and NSAID[s] for cardiovascular 
and anti-inflammatory therapies, 
knowing that the choice of NSAID 
will be the most important aspect of 
the regime,” explains Chan.

 The single-centre study randomly 
allocated 514 patients with arthritis 
and cardiothrombotic diseases and 
a history of upper gastrointestinal 
bleeding to receive either the selective 
cyclooxygenase-2 inhibitor celecoxib 
100 mg twice daily or the nonselec-
tive NSAID naproxen 500 mg twice 
daily for 18 months. All patients also 

received aspirin 80 mg daily and 
the PPI esomeprazole 20 mg daily. 
Recurrence of upper gastrointestinal 
bleeding was lower in the celecoxib 
group than in the naproxen group 
(5.6% versus 12.3%). The rate of 
adverse events leading to discontinu-
ation of treatment was similar in both 
groups (8% versus 7%), as was the 
incidence of cardiovascular events 
(4.4% versus 5.5%).

The authors note that co-therapy 
with celecoxib and a PPI reduces, 
but does not eliminate, the risk of 
recurrent bleeding in patients with a 
history of ulcer bleeding who require 
concomitant aspirin and NSAIDs. 
“[W]e believe our findings provide 
important novel data for various 
guideline committees towards 
revising their recommendations to 
improve our care for these high-risk 
patients,” says Chan. 

Sarah Onuora

 T H E R A P Y

Celecoxib reduces risk of ulcer bleeding

ORIGINAL ARTICLE Chan, F. K. L. et al. 
Gastrointestinal safety of celecoxib versus 
naproxen in patients with cardiothrombotic 
diseases and arthritis after upper gastrointestinal 
bleeding (CONCERN): an industry-independent, 
double-blind, double-dummy, randomised trial. 
Lancet http://doi.org/10.1016/S0140-
6736(17)30981-9 (2017)
FURTHER READING Nurmohamed, M. T. et al. 
Cardiovascular safety of celecoxib, naproxen and 
ibuprofen. Nat. Rev, Rheumatol. 13, 136–138 (2017) 
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Telomere length, which is com-
monly used as a marker of cellular 
senescence, is decreased in patients 
with gout as compared with healthy 
individuals, according to a study led 
by researchers at the Radstake lab at 
UMC Utrecht. The same study also 
found that shorter telomeres are 
associated with hallmarks of gout 

and risk of cardiovascular 
disease. 

“In the last decade it 
has become clear that 
chronic inflammation 
leads to cardio-

vascular 

disease and increased immune cell 
turnover,” explains Jasper Broen, 
corres ponding author of the study. 
Broen and colleagues had previously 
shown that patients with gout and 
cardiovascular disease are in a state of 
chronic inflammation. “This finding 
led us to hypothesize that this chronic 
inflammation in gout leads to an 
increased rate of cellular senescence, 
which in itself is a contributor to the 
prevalence of cardiovascular disease,” 
says Broen.

In the latest study, telomere length 
of peripheral blood mononu-

clear cells was significantly 
shorter in patients with 
gout (n = 145) than 
in healthy individuals 
(n = 273) in a Dutch 
cohort. This association 

was also observed in a sepa-
rate cohort from New Zealand 

comprising 474 patients with 
gout and 293 healthy individuals. 
Gout and cardiovascular disease 

were both independently associated 
with shorter telomere length, and tel-
omeres were shorter in patients with 
both gout and cardiovascular disease 
than in patients with either condition 

alone. Notably, frequency of gouty 
flares was strongly associated with 
shorter telomere length.

“We believe this shorter telo mere 
length in patients with gout is due 
to increased leukocyte turnover as a 
consequence of inflammation,” Broen 
says. “Our finding that patients with 
the most flares, and hence the most 
inflammatory episodes, have the 
shortest telomeres further substan-
tiates this hypothesis. In turn, the 
patients with the shortest telomeres 
in our cohort have the highest  
burden of cardiovascular disease, 
which might reflect a previously 
described link between senescence and 
cardiovascular disease,” adds Broen. 

The authors suggest that large  
prospective studies are needed to 
explore whether intensive treatment 
of gout could reduce cellular senes-
cence and thereby modify the risk of 
cardiovascular disease.

Sarah Onuora

 G O U T

Short telomeres in gout linked with flares and CVD

ORIGINAL ARTICLE Vazirpanah, N. et al. Patients 
with gout have short telomeres compared with 
healthy participants: association of telomere length 
with flare frequency and cardiovascular disease in 
gout. Ann. Rheum. Dis. http://dx.doi.org/10.1136/
annrheumdis-2016-210538 (2017)
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Obesity is a well-known risk factor for osteo-
arthritis (OA), in both weight-bearing and 
non-weight-bearing joints. Alterations in 
systemic metabolism, as well as the abnor-
mal profiles of adipokines, lipids and inflam-
matory factors that accompany obesity, have 
been implicated in this association1. However,  
the question of whether local adipose tissues 
in the joint have a role in OA has received less 
attention. The infrapatellar fat pad (IFP), which 
is located in the knee joint, is an intra-capsular 
and extrasynovial structure that can interact 
with neighbouring tissues, thereby potentially 
influencing joint homeostasis as well as the 
destructive processes activated in OA. During 

analyses indicated that the extent of fibrosis 
and vascularization in all IAATs was higher 
than that in subcutaneous adipose tissue. 
Although the number of acetabular fat pad 
samples was low in this study (tissue from up 
to three patients was included in the various 
analyses), this tissue was characterized by the 
highest extent of fibrosis and vascularization 
of all the tissues studied. Interestingly, fibrotic 
regions were also enriched in leukocytes and 
mast cells, so that immune cells were more 
numerous in knee and hip IAATs than in 
subcutaneous adipose tissue. In line with 
this observation, IAATs secreted more IL-6, 
IL-8 and prostaglandin E2 compared with 
subcutaneous adipose tissue. The differences 
between IAAT and subcutaneous adipose 
tissue were not restricted to inflammatory 
cells, but extended to adipocytes as well; com-
pared with subcutaneous tissue adipocytes, 
IAAT adipocytes were smaller and expressed 
different levels of developmental genes, as 
well as genes involved in lipid handling and 
metabolism. Together, these data suggest that 
IAAT might be distinct from subcutaneous 
adipose tissue and other visceral adipose tis-
sues. Furthermore, in a small number of tissue 
samples, Eymard et al.5 showed that IAAT had 
a proinflammatory effect on fibroblast-like 
synoviocytes. Although inter- individual var-
iation in this response was large and the study 
did not include the effect of subcutaneous 
adipose tissue on fibroblast-like synoviocytes 
as a control, the authors suggested that IAAT 
forms a ‘functional unit’ with the adjacent 
synovium. This concept is consistent with a 
previously published comparison of IFP and 
synovial tissues7; a highly similar composition 
of inflammatory cells was found in these tis-
sues, indicating functional crosstalk between 
the IFP and synovium. Intriguingly, Eymard 
et al.5 indicated that none of the investigated 
characteristics (fibrosis, vascularization, 
adipocyte size and inflammatory cytokine 
release) were associated with obesity in any of 
the adipose tissues.

In a separate study, Barboza et al.6 per-
formed similar analyses in a high-fat diet- 
induced mouse model of OA, focusing mainly 
on the question of whether and how IFP tis-
sue changes with obesity. Like Eymard et al.5, 
Barboza et al.6 identified fibrosis as a key char-
acteristic of the IFP. Mice fed a high-fat diet 
for 20 weeks developed osteophytes and early 

the past decade, the IFP has emerged as a 
novel player in OA pathogenesis owing to its 
inflammatory phenotype and its capacity to 
modulate cartilage metabolism and synovial 
inflammation2–4. Two new studies have further 
expanded on this knowledge and highlight 
unanswered questions for further study5,6.

Eymard et al.5 showed that the IFP and 
other intra-articular adipose tissues (IAATs), 
such as the suprapatellar fat pad in the knee 
and acetabular fat pad in the hip, have a sim-
ilar phenotype, which is distinct from that of 
subcutaneous adipose tissue. The tissues were 
collected from patients with OA undergoing 
knee or hip replacement surgery. Histological 

 O S T E OA RT H R I T I S

Inflammation and fibrosis in adipose 
tissue of osteoarthritic joints
Andreea Ioan-Facsinay and Margreet Kloppenburg

The infrapatellar fat pad and other adipose tissues in close proximity to the 
joint have been linked with osteoarthritis (OA), but the nature of this 
relationship is unclear. Two new studies elucidate the features of 
intra-articular adipose tissues in OA and raise important questions for 
future investigations.

Refers to Eymard, F. et al. Knee and hip intra-articular adipose tissues (IAATs) compared with autologous  
subcutaneous adipose tissue: a specific phenotype for a central player in osteoarthritis. Ann. Rheum. Dis. http://dx.
doi.org/10.1136/annrheumdis-2016-210478 (2017) | Barboza, E. et al. Pro-fibrotic infrapatellar fat pad remodeling  
without M1-macrophage polarization precedes knee osteoarthritis in diet-induced obese mice. Arthritis Rheumatol. 
http://dx.doi.org/10.1002/art.40056 (2017)
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structural changes in cartilage, accompanied 
by obesity and glucose intolerance. The vol-
ume of IFP, epididymal (gonadal) fat pad and 
subcutaneous adipose tissues all increased 
with obesity, but these tissues were largely dis-
tinct in almost all other aspects investigated. 
Strikingly, the only obesity- associated change 
observed in IFP tissue was an increased 
expression of genes associated with fibro-
sis and extracellular matrix production; no 
change in adipocyte size, inflammatory cell 
infiltration, macrophage polarization, forma-
tion of crown-like structures (macrophages 
surrounding dead or dying adipocytes, a char-
acteristic of adipose tissue inflammation) or 
expression of genes encoding inflammatory 
cytokines and chemokines was observed. 
Inflammatory changes, such as M1 macro-
phage polarization, crown-like structure for-
mation and accumulation of inflammatory 
cells, were detectable primarily in epididymal 
fat pad and, to a lesser extent, subcutaneous 
adipose tissue, confirming previously well- 
established data in these fat depots8. Although 
the use of different visceral adipose tissues as 
controls in the Barboza et al.5 and Eymard 
et al.6 studies precludes a direct comparison 
of their respective data, the findings of the 
two studies are consistent and strengthen  
the idea that each adipose tissue is different 
and responds differently to stress signals such 
as obesity or inflammation.

The results of these studies are also con-
trasting in part, as fibrosis seemed to increase 
with obesity in the mouse study6, whereas it 
did not seem to be associated with obesity 
in the human study5. As the authors of both 
studies commented, fibrosis can be induced 
by mechanical stress. Thus, discordance in the 
results of the two studies could be attributable 
to differences in the response to mechanical 
loading or stress between humans and mice 
that result in maximal fibrosis in human 
IFP tissue. In contrast to the mouse IFP, the 
human IFP cannot expand in volume with 
obesity9, which could contribute to increased 
mechanical stress and subsequent fibrosis in 
human IFP tissue.

Fibrosis is also a reparative process ini-
tiated during tissue healing in response to 
injury. This notion raises the interesting 
hypothesis that IFP fibrosis could be a result 
of deleterious processes taking place in the 
OA knee joint, rather than being a conse-
quence of obesity. This concept could explain 
the abundant fibrosis observed in the Eymard 
et al. study5, in which all patients had end-
stage OA, as well as the increased fibrosis 
(accompanying increased structural damage) 
observed in the mice fed a high-fat diet in the 
Barboza et al. study6. The origin and potential 
role of IFP fibrosis in OA could be interesting 
avenues for future research.

Although these two studies suggest that 
obesity has little effect on IFP tissue, previous 
publications have reported proinflammatory 
changes in this tissue, such as increased release 
of TNF and fatty acids from the IFP of patients 
with OA and obesity1 and increased adipocyte 
size, vascularization and secretion of inflam-
matory cytokines and adipokines by the IFP 
of mice fed a high-fat diet compared with mice 
fed a normal diet10. Measurement of different 
parameters in the human studies and the use 
of different experimental conditions (such as 
diet composition) in the mouse OA model 
could explain the differences in outcomes. 
Nevertheless, further detailed examination 
of the effects of obesity on human IFP tissue 
is certainly warranted, as these investigations 
could indicate whether the IFP is the ‘missing 
link’ in explaining the association between 
obesity and OA. Moreover, interventional 
studies targeting the IFP in an experimental 

model of OA would be highly informative 
regarding the role of this tissue in disease 
development and/or progression.
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Reactive arthritis (ReA), a subtype of spondylo
arthritis (SpA), is generally defined as a ster
ile, transient, lowerlimb arthritis following 
a distant mucosal (genitourinary or gastro
intestinal) infection. However, this concept 
needs to be reconsidered in light of the results 
of an observational study1 that retrospectively 
compared cases of ReA (requiring hospitaliza
tion) at two centres in France in two different 
decades, 1986–1996 and 2002–2012. Some 
interesting differences between the two dec
ades emerged regarding the disease incidence, 
range of microbiological triggers, microbial 
and clinical profiles and outcomes of ReA.

confirmation of the hypothesis that persis
tent synovitis in Chlamydiainduced ReA is 
driven primarily by persistent latent bacterial 
infection in the arthritic joint3. Interestingly, 
Mason et al.2 reported that the incidence 
of ReA in Australia declined between 1992 
and 2012 despite a simultaneous rise in 
Chlamydia infections.

Conversely, ReA was associated with a 
wider spectrum of gut organisms in the later 
decade as compared with the earlier one. This 
difference could be attributable to the use of 
better laboratory diagnostic tools, and wider 
usage of culture and molecular identification 
techniques for different gastrointestinal path
ogens, including parasites, in the later cases. 
One case of ReA due to Strongyloides sterocolis 
infection was reported among the 2002–2012 
cases, although whether this parasite was 
causal or merely an ‘innocent bystander’ is 
unclear. Clostridium difficileassociated ReA 
is another entity that is increasingly reported, 
although the absence of routine testing for 
C. difficile precludes a formal diagnosis in most 
cases4. The HIV epidemic is also uniquely 
associated with ReA and its phenotypes5, but 
the retroviral status of the participants was not 
studied in the French data set.

The results of the study by Courcoul et al.1 
highlight the need for a more pragmatic case 
definition of ReA. The diagnostic criteria 
for ReA, which require the presence of typ
ical clinical manifestations of asymmetrical 
arthritis and evidence of preceding microbial 
infection as determined by culture, DNA, 
RNA or antibodies to the infecting agent6, 
are too rigid to be practical. For example, 
Courcoul et al.1 found evidence of a preced
ing infection in only 15/31 of the ReA cases 
identified in 1986–1996 and 11/27 of the 
2002–2012 cases; therefore, most cases of 
ReA in this study are best labelled as ‘prob
able’ or ‘very likely’ on the basis of fulfilling 
most of the diagnostic criteria6. Notably, 
almost half of the patients did not have any 
evidence of microbial infection. This absence 
of evidence is a problem in the reporting of 
ReA cases and, not surprisingly, the rates  
of ReA incidence and prevalence vary widely 
between studies7. Serological evidence of an 
enterobacterial trigger of ReA is difficult to 
determine in countries with a high prevalence 
of gut infection in the community. Elevated 
levels of IgA antibodies to gastrointestinal 

One might hypothesize, as the authors of 
this study did, that improved hygienic con
ditions and prompt antibiotic treatment of 
infections in Western countries would have 
lessened the incidence of ReA over the time 
span of the study. Surprisingly, however, the 
incidence of ReA related to enteric infection 
was similar in both decades1. By contrast, 
and perhaps predictably, the incidence of 
Chlamydiainduced ReA was lower in the 
later decade1, a change that could be explained 
in part by the widespread use of antibiotic 
treatments early in the course of genitouri
nary infections2. This finding offers indirect 
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Time to revisit the concept  
of reactive arthritis
Ramnath Misra and Latika Gupta

The changing microbial and clinical profile of reactive arthritis suggests 
that rheumatologists need to reconsider the approach to its identification 
and treatment.
Refers to Courcoul, A. et al. A bicentre retrospective study of features and outcomes of patients with reactive arthritis. 
Joint Bone Spine http://dx.doi.org/10.1016/j.jbspin.2017.01.013 (2017).
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microorganisms have diagnostic relevance in 
enterically acquired ReA in developed coun
tries, but such antibodies have limited utility 
in developing nations as levels of antibacterial 
antibodies are elevated in healthy individuals. 
Conversely, serological evidence of Chlamydia 
infection is more useful in both settings.

It is worth mentioning that many patients 
who present with clinical features of ReA but 
do not have a history of infection and do not 
fulfil the classification criteria for ankylosing 
spondylitis, psoriatic arthritis or inflammatory 
bowel disease (IBD)associated arthritis are 
labelled as having undifferentiated SpA. We 
have shown that salmonella outer membrane 
protein (OMP)specific T cells are expanded 
in ReA as well as in undifferentiated SpA, 
suggesting that undifferentiated SpA might 
be a forme fruste of ReA8. Interestingly, in 
adolescents, the enthesitisrelated arthritis 
(ERA) subtype of juvenile idiopathic arthritis 
(JIA) phenotypically resembles chronic ReA, 
and in one study a substantial proportion of 
boys with lowerlimb asymmetric arthritis 
who fulfilled the criteria for ERAJIA showed 
proliferation of synovial fluid mononuclear 
cells in response to lysates of enteric bacteria9. 
Thus, some patients with ERA could have a 
form of chronic ReA; consequently, ERA is the 
most common subtype of JIA in India, where 
gastrointestinal infections are common9. The 
International League Against Rheumatism 
classification scheme for JIA does not mention 
ReA as a subtype. These observations suggest 
the need to revise the diagnostic criteria for 
ReA in adults as well as children.

The most notable clinical observation in 
the Courcoul et al.1 study was the increased 
chronicity and severity of ReA in the 2002–
2012 cohort as compared with the 1986–1996 
cohort, as indicated by the increased need 
for systemic glucocorticoids and synthetic 
and biologic DMARDs to induce disease 
remission. The proportion of patients who 
recovered completely was higher in the ear
lier cohort than in the later one (42% versus 
26%), and progression to SpA was also more 
common in the later cohort (15 cases; 55%) 

than in the earlier one (5 cases; 16%). ReA is 
mediated by T helper 1 (TH1) and TH17 cells 
with disturbance of the IL17–IL23 axis, as 
seen in other forms of SpA. Five patients with 
ReA in the 2002–2012 cohort received anti
TNF treatment within 3 months of ReA onset; 
this therapy was continued in four of these 
patients because of progression to SpA, and 
discontinued in one patient after 12 months 
with sustained benefit for a further 2 years. 
The progression to SpA despite anti TNF 
therapy is intriguing and raises the possibil
ity that antiIL17 therapy might be superior 
to antiTNF therapy, as seen in ankylosing 
spondylitis10, for slowing down radiological 
progression in ReA. An earlier use of targeted 
anticytokine therapy might even necessitate 
a shorter course of biologic therapy as com
pared with other diseases of the SpA spec
trum by interfering with unregulated cytokine  
production before establishment of the 
selfsustaining inflammatory loop that leads 
to progressive and established disease.

Lamentably, ReA has received little atten
tion from researchers, and studies on the 
longterm outcomes of ReA are scarce. The 
past few years have seen a decline in publica
tions on ReA, and the above findings reiterate 
that more research on the subject is needed. 
Therefore, the study by Courcoul et  al.1 
assumes importance despite its small sample 
size and incomplete data (a disadvantage of 
any retrospective analysis); the results of this 
study will also need to be validated in a larger, 
international cohort.

To conclude, the study by Courcoul et al.1 
is timely and should draw the attention of the 
rheumatology community to the changing 

scenario of ReA. Early treatment targeting 
inflammation would save many adolescents 
and adults from chronic disability and pro
gression to ankylosing spondylitis. The pri
ority for research should be to identify the 
factors, both microbial and related to the host, 
that lead to chronicity in ReA.
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Although the survival rate of patients with 
systemic lupus erythematosus (SLE) has 
increased in the past few decades, a shortage 
of sufficiently efficacious therapies of low tox‑
icity has hindered further progress in improv‑
ing disease prognosis. Among the myriad of 
randomized controlled trials (RCTs) in SLE 
conducted in the past decade, only a few have 
reported clinical benefits of new biological 
agents when assessed as add‑on therapies 
to background medication (standard of care 
(SOC))1. Even in trials of experimental ther‑
apies with demonstrated efficacy relative to 
placebo, the effect sizes were small1 . To con‑
tinue the quest for novel therapies to improve 

SOC medications might be an important 
factor in the failure to demonstrate benefits 
of novel therapies1. These SOC therapies, 
which comprise high‑dose glucocorticoids 
often in combination with other conventional 
immuno suppressive agents (such as azathi‑
oprine, cyclophosphamide, mycophenolate 
mofetil and the calcineurin inhibitors), are 
reasonably effective in treating flares of SLE. 
Post hoc analyses of some failed trials also 
show that certain subsets of patients with 
SLE are more likely to respond to an exper‑
imental therapy than others. For instance, 
patients with more active disease (according 
to SLE disease activity index (SLEDAI) scores 
or other markers) responded better to beli‑
mumab, tabalumab and atacicept than those 
with mild or moderate disease3–5. Elevated 
baseline levels of BAFF (B cell activating factor, 
also known as TNF ligand superfamily mem‑
ber 13B or BLyS) and APRIL (a proliferation‑ 
inducing ligand, also known as TNF ligand 
superfamily member 13) also predict a greater 
response to atacicept treatment6. However, a 
raised BAFF level at baseline is also associated 
with shorter duration of clinical response to 
rituximab7. In RCTs of the type I interferon 
antagonists sifalimumab and anifrolumab, 
patients with high expression of IFN‑induced 
genes at baseline had a greater difference in 
clinical response rate between treatment and 
placebo than those with low expression of 
these genes8,9. Complicating matters further, 
patients with SLE from certain ethnic groups, 
such as African American individuals, can 
have a differential clinical response to and 
tolerance of biological therapy such as rituxi‑
mab10. Finally, some trials have also shown that 
the use of longer‑term end points (for exam‑
ple, renal response at 18 months) could help 
discriminate treatment effects10. These obser‑
vations suggest that stratification of patients 
— for example, through assessment of clinical 
parameters and/or biomarkers (genetic, epige‑
netic and/or protein) — and minimization of 
background immunosuppression might help 
investigators better differentiate the efficacy of 
an experimental agent from that of placebo in 
SLE clinical trials.

Merill et al.2 followed 41 patients with 
non‑life‑threatening moderately or severely 
active SLE from whom all SOC therapies were 
withdrawn with the exception of low‑dose 
prednisone (≤20 mg/day of prednisone or 

SLE outcomes, optimization of clinical trial 
designs based on lessons learnt from previ‑
ous experience is key. In a new study, Merrill 
et al.2 found that withdrawing SOC therapy 
does not compromise patient safety, at least in 
the short‑term, and could be a novel strategy 
for improving interpretability of SLE trials.

SLE is a mysterious disease that probably 
involves multiple pathogenetic pathways. As 
a result, past studies have found, unsurpris‑
ingly, that targeting a single immune pathway, 
cytokine or cell type is insufficient to reverse 
the pathological processes. Appraisal of past 
futile SLE trials reveals that the high placebo 
response rate contributed by background 

 S Y S T E M I C  L U P U S  E RY T H E M ATO S U S

Withdrawing standard of care 
therapies in SLE trials?
Chi Chiu Mok

Clinical trials of novel therapeutics in systemic lupus erythematosus (SLE) 
have so far been disappointing. A high placebo response rate in these trials 
owing to continued use of background immunosuppressive therapy could 
be confounding results. Could patient stratification and minimization of 
entry medications improve the effect size and interpretability of SLE trials?

Refers to Merrill, J. T. et al. The Biomarkers Of Lupus Disease study: a bold approach may mitigate interference 
of background immunosuppressants in clinical trials. Arthritis Rheumatol. Dis. http://dx.doi.org/10.1002/
art.40086 (2017)
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equivalent) and hydroxychloroquine (optional 
withdrawal). For temporary relief during  
SOC withdrawal, methylprednisolone injec‑
tions (up to 640 mg within 2 weeks) were 
permitted. At 6 months, 98% of the patients 
had experienced worsening of SLE symptoms 
(denoted as ‘flare’) that warranted a resump‑
tion of SOC therapy. African American 
patients experienced a flare sooner than white, 
Native American or Asian individuals; time 
to flare was also shorter in those with British 
Isles Lupus Assessment Group (BILAG) scores 
≥17 at baseline than in those with lower (<17) 
baseline BILAG scores. All patients who had 
a disease flare responded within 6 weeks of 
resuming SOC therapy. Additionally, explor‑
atory analyses of biomarkers showed that the 
expression of IFN‑related genes correlated 
positively with expression of the genes encod‑
ing BAFF and IL‑17 receptor A. However, 
a separate cross‑sectional substudy of 95 
patients with SLE did not reveal a convincing 
and consistent relationship between immuno‑
suppressive therapies and expression of these 
three genetic markers2. In view of the very 
high SLE flare rate after withdrawal of SOC, 
Merill and colleagues2 proposed that follow‑
ing a similar procedure in placebo‑controlled 
RCTs of SLE could achieve a very low placebo 
response. Hence, withdrawal of SOC therapies 
is safe and might help enhance the effect size 
of an experimental treatment.

A few points warrant discussion regard‑
ing the findings from the Merill et al. study2. 
Firstly, the lack of a proper control group of 
patients continuing with their SOC therapy 
confounds interpretation of the results. A sim‑
ilar proportion of patients could conceivably 
have demonstrated disease worsening even 
with continuation of SOC therapy. Secondly, 
the genetic markers failed to stratify a subset 
of patients in whom continuation of SOC 
therapy is likely to be ineffective. This failure 
to stratify the patients on the basis of genet‑
ics is probably related to the small sample 
size and lack of an appropriate control group. 
Finally, this study did not explicitly mention 
if resumption of SOC therapies refers to the 
resumption of the original medications used 
at the time of entry or the use of standard 
treatments for SLE flares, which could include 
augmentation of glucocorticoid dose and/or 

switching to alternative non‑glucocorticoid 
immunosuppressive agents. Intriguingly, SOC 
therapies failed to control the SLE activity at 
study entry but were efficacious when given 
later, when clinical symptoms were worsening.

Two clinical situations can result in SLE 
activity despite SOC: disease flare despite 
maintenance treatment with low‑intensity 
immunosuppression and the occurrence 
of manifestations that are truly refractory 
to high‑intensity SOC immunosuppressive 
therapies. Patients in either situation are 
eligible for enrolment into clinical trials. As 
the patients in the Merrill et al. study2 were 
receiving <20 mg per day of prednisone at 
baseline, they probably belonged to the first 
category of patients. These patients are more 
likely to respond to augmentation of SOC 
medications and have less need for rescue 
therapies than patients with refractory SLE 
manifestations. It remains uncertain whether 
withdrawal of SOC in patients with truly 
recalcitrant SLE manifestations is equally safe 
as shown in Merrill et al.’s results2. Moreover, 
whether a synergistic effect (efficacy or toxic‑
ity) exists between SOC and novel biological 
agents in patients with active, refractory SLE 
requires further exploration. Another way 
of minimizing the influence of SOC ther‑
apies is to recruit only patients showing an 
inadequate response to SOC according to 
a stringent clinical definition of treatment 
failure (that is, patients not responding to 
a set minimal number, dosage and dura‑
tion of conventional immunosuppressive 
drugs) and then tapering glucocorticoids 
(for example, prednisone to ≤10 mg/day or 
equivalent) upon study entry. However, the 
difficulty of recruiting an adequate number 
of such patients for a clinical trial limits this 
approach. Assignment of a more durable clin‑
ical end point (for example, sustainment of 
the primary end point for a specified dura‑
tion, such as ≥6 months, instead of a snap‑
shot at a certain time point) might also help 
to reduce the response rate to SOC in the 
placebo group in SLE trials.

Despite the aforementioned caveats, 
Merrill et al.2 have shown that withdrawal of 
SOC in patients with non‑life threatening SLE 
does not lead to detrimental effects within a 
short time frame and is a pragmatic approach 

for enhancing the effect size of a placebo‑ 
controlled RCT in SLE. Further observa‑
tional studies are needed to stratify patients 
into different subgroups for enrolment into 
SLE clinical trials. SLE is such a clinically and 
immunologically heterogeneous disease that 
we must consider individualized treatment 
of patients in daily practice. Investigations of  
novel genetic, epigenetic, proteomic and 
metabolomic biomarkers will be important as 
they provide the information on which to base 
individualized treatment decisions in patients 
with SLE.
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Rheumatoid arthritis (RA) is a prototype autoimmune 
disease, with the hallmarks of synovial inflammation 
and presence of autoantibodies. Of the different auto
antibody systems present in RA, rheumatoid factors 
are probably the best studied1. Their presence was first 
detected >70 years ago through the observation that a 
factor in the sera of patients with RA could markedly 
enhance ‘antisheep corpuscle’mediated agglutination 
of sheep red blood cells2. It was noted at the time that this 
factor was connected to the globulin fraction in serum, 
but it was not realised until the late 1950s that rheuma
toid factors reacted to gamma globulins3,4. Substantial 
progress has since been made in understanding the 
nature and clinical relevance of rheumatoid factors, 
although the conditions required to break tolerance to 
IgG remain largely enigmatic. Since the discovery of 
rheumatoid factors several other autoantibody systems 
have been discovered in RA, many of them directed 
against posttranslationally modified protein antigens. 
The most prominent example is anticitrullinated pro
tein antibodies (ACPAs), which are directed against a 
wide array of citrullinated proteins. ACPAs were first 
described in 1964 (REF. 5). However, it was not before 
the late 1990s that the target antigens recognized by 
ACPAs were identified at the molecular level (reviewed 
extensively elsewhere6). Rheumatoid factor and ACPA 

determination are now the two major diagnostic labo
ratory tests for RA and are part of the EULAR and ACR 
criteria for classification of RA7.

In the past few years, it has become clear that the 
autoantibody response present in RA extends to sev
eral other modified proteins, such as proteins modified 
by acetylation or carbamylation. Likewise, proteins 
cleaved by proteases might also function as a target for 
auto antibodies. As insights into antimodified protein 
antibodies (AMPAs) targeting modifications other 
than citrulline are now gaining momentum, we review  
current knowledge on AMPAs other than ACPAs.

Post-translational protein modifications
Types of protein modifications
Posttranslational protein modifications can take 
many different forms, ranging from the addition of 
small chemical groups to large proteins, fatty acids or 
sugar chains. These modifications can be mediated by 
enzymes (for example, leading to citrullination of argi
nine) or can result from nonenzymatic additions (as in 
carbamylation, where isocyanic acid is added to lysine or 
the Nterminus of a protein8). Many posttranslational 
modifications can modulate the conformation, function, 
activity and/or location of a protein, but might also be 
related to protein ageing. For example, proteins with a 
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Beyond citrullination: other post-
translational protein modifications in 
rheumatoid arthritis
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Abstract | The presence of autoantibodies is one of the hallmarks of rheumatoid arthritis (RA).  
In the past few decades, rheumatoid factors (autoantibodies that recognize the Fc‑tail of 
immunoglobulins) as well as anti‑citrullinated protein antibodies (ACPAs) have been studied 
intensively. ACPAs recognize post‑translationally modified proteins in which the amino acid 
arginine has been converted into a citrulline. More recently, other autoantibody systems 
recognizing post‑translationally modified proteins have also gained attention, including 
autoantibodies recognizing fragmented immunoglobulin (anti‑hinge antibodies), autoantibodies 
recognizing acetylated proteins and autoantibodies recognizing proteins that are modified by 
adducts formed under oxidative stress. In particular, detailed insights have been obtained on the 
presence and properties of autoantibodies recognizing carbamylated proteins, commonly called 
anti‑carbamylated protein (anti‑CarP) antibodies. In this Review, we summarize the current 
knowledge relating to these emerging autoantibodies that recognize post‑translationally 
modified proteins identified in RA, with an emphasis on anti‑CarP antibodies.
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low turnover rate that are expressed in the extracellular 
matrix often show an accumulation of advanced glyca
tion end products, resulting from protein exposure to 
sugars9. Although the addition of advanced glycation 
end products occurs at a low rate on all proteins and 
is not specific for longlived proteins, these additions 
accumulate over time and hence enhanced levels of 
such modifications are observed on proteins with a low 
turnover rate10.

As many proteins in the joint are longlived, espe
cially proteins expressed in cartilage, it is not surpris
ing that some posttranslationally modified proteins 
are found at higher levels in the joint compartment10. 
Interestingly, this feature of the joint compartment 
might also contribute to its vulnerability as a target for 
AMPAs, possibly explaining why AMPAs are associated 
with rheumatic diseases, especially RA (FIG. 1). Through 
prolonged, enhanced and possibly more exposed 
(owing to extracellular expression) display of post 
translationally modified proteins, the synovial compart
ment could become susceptible to an immune response 
recognizing these modified proteins, thereby leading to 
an increased risk of a chronic inflammatory response. 
Moreover, many proteins present in the synovial com
partment are immobile and hence will not be cleared, 
unlike posttranslationally modified plasma proteins 
that are complexed to AMPAs. Recognition of the lat
ter proteins by AMPAs will probably lead to the for
mation of immune complexes, complement activation 
and binding to erythrocytes, resulting in rapid clear
ance from the circulation. However, post translationally 
modified matrix molecules that are recognized by 
AMPAs trigger immune complex formation that leads 
to complement activation but without the possibility of 
clearance, conceivably leading to prolonged, chronic, 
local inflammation (FIG. 1).

Immune response
Why an immune response against posttranslationally 
modified proteins is initiated is not known. However, 
it is speculated that these proteins are not presented by 
thymic cells to immature T cells and therefore do not 
induce sufficient T cell tolerance. As T cells are required 

by B cells to enable isotypeswitching and somatic 
hypermutation as observed in AMPA responses11–13, 
incomplete induction of tolerance to post translationally 
modified proteins in the thymus might be a decisive 
factor for the ability to induce T cells that recognize 
these proteins. Indeed, several studies have reported 
the presence of autoreactive T cell responses directed 
against posttranslationally modified proteins and have 
speculated that these T cells provide the necessary help 
to AMPAproducing B cells14–17. Nonetheless, many of 
these studies need further replication as no specific 
autoantigen recognized by T cells has emerged from 
these studies, and often responses to different candi
date autoantigens are described. Likewise, how com
mon these T cell responses are in the general population 
or whether they are diseasespecific is unclear as some 
studies point to their presence in healthy individuals 
as well16,18. In general, the reported responses to auto
logous posttranslationally modified epitopes are low 
in magnitude and difficult to detect, possibly due to 
lowavidity interactions between T cell receptors and 
MHC–peptide complexes19,20.

Other than the notion of an autoreactive T cell 
response directed against posttranslationally mod
ified selfproteins, it is also conceivable that a T cell 
reaction against foreign antigens provides help to self 
reactive AMPAproducing B cells (FIG. 2). During many 
infections, both selfproteins and foreign proteins can 
undergo posttranslational modification that can be 
targeted by AMPAs21,22. Indeed, several AMPAs seem to 
be crossreactive with many different proteins that have 
undergone modification23–25. For example, monoclonal 
ACPAs can recognize diverse citrullinated proteins, both 
self and foreign proteins11,26. As a result of this feature, 
AMPAproducing B cells could potentially receive help 
from T cells that recognize a foreign protein that has 
undergone modification (FIG. 2). This process could occur  
during infection, but such T cell responses could also 
evolve as a result of the posttranslational modifica
tion of proteins derived from microorganisms that 
are part of our normal microbiota. In either case, the 
AMPAproducing B cells could attract T cell help from 
T cells that are not autoreactive. These T cells might 
recognize the posttranslational modification itself, but 
could also be directed against the protein backbone as 
no central T cell tolerance will be present against such 
microorganismderived proteins (FIG. 2). Although little 
information is available showing that T cells directed 
against posttranslationally modified foreign proteins 
can provide help to AMPAproducing B cells, such 
evidence can be found in other diseases. For example, 
foodderived antigens can support the induction of 
disease specific autoimmune B cell responses in coeliac 
disease27. Likewise, alloreactive CD4+ T cells can support 
the onset of autoreactive B cell responses against auto
somal selfantigens following bone marrow transplan
tation. In this case, T cells recognize a donor– recipient 
mismatch, whereas the emerging Bcell response is fully 
autoreactive27–30. In case a similar scenario would explain 
the contribution of T cells to the development of AMPA 
responses, it will be challenging to link the specific Tcell 

Key points

• As well as citrullination, several other post-translational protein modifications are 
targeted by autoantibodies in rheumatoid arthritis (RA) 

• Anti-hinge antibodies might restore the lost capacity to trigger Fc effector functions 
of IgG cleaved in the hinge region by proteases expressed in the synovial 
compartment

• Anti-modified protein antibodies (AMPAs) are mainly found in anti-citrullinated 
protein antibody (ACPA)-positive patients

• Anti-carbamylated protein (anti-CarP) antibodies and ACPAs are only partially 
crossreactive despite recognizing two rather similar modifications

• T cell help for AMPA-producing B cells does not have to target the post-translationally 
modified protein owing to the crossreactive nature of AMPAs

• Post-translationally modified matrix proteins could be relevant targets for AMPAs in 
RA because these immobile proteins are difficult to clear and hence are exposed in a 
durable manner
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responses to AMPAs or disease as any foreign antigen 
could potentially facilitate the interaction between 
T cells and B cells as long as it is recognized by AMPAs 
when modified.

Anti-hinge antibodies
Of the various AMPAs described to be present in 
patients with rheumatic diseases, antihinge anti
bodies are probably the only antibodies that recognize 
proteins that have been modified through the action 
of proteases (FIG. 3). Similar to rheumatoid factors and 
ACPAs, antihinge antibodies (first described in 1963) 
are a fraction of antibodies that specifically recognize 
pepsincleaved IgG, but not the intact parent IgG anti
body31. These ‘pepsin agglutinators’, as they were called 
at the time, were demonstrated to be 7S (IgG) anti
bodies agglutinating red blood cells coated with F(ab’)2 
fragments of polyclonal antiRhD antibodies, and were 
found more frequently in the sera of patients with RA 
than in healthy controls, but also at higher frequency 
in hospitalized patients regardless of the indication32. 
In a few cases, pepsin agglutinator was also demon
strated in the synovial fluid of patients with RA33. 
These results were replicated by assessing capture of 
radiolabelled F(ab’)2 from the fluid phase by protein 
Aimmobilized serum antibodies, again demonstrating 
a higher frequency of antibodies specifically reacting 
with cleaved, but not intact, human IgG in patients with 
RA34. Notably, multiple other studies have reported the 
presence of ‘antiF(ab’)2 antibodies’ in patients with RA, 
which might comprise antihinge antibodies to various 
degrees, depending on the assay methodology35–37.

Relation to inflammation
Although pepsin treatment of IgG is used in the labora
tory setting to reveal the presence of antihinge anti bodies, 
pepsin is not directly associated with inflammation. 
However, other endogenous proteases, such as matrix 

metalloproteinases (MMPs) and cathepsins, are expressed 
abundantly during inflammation and are known to be 
able to cleave human IgG antibodies in the hinge region 
resulting in either F(ab’)2 or Fab fragments38. These 
proteases include MMP3 and MMP7. Interestingly, 
enhanced levels of several MMPs and cathepsins have 
been demonstrated in the synovial fluid of patients with 
inflammatory rheumatic diseases including RA and pso
riatic arthritis39–42, with MMP3 levels also elevated in the 
sera of patients with RA42.

Therefore, during inflammation, proteolytic activity 
by proteases such as MMPs might result in the gener
ation of F(ab’)2 fragments. A neoepitope is formed 
as the hinge region becomes (more) exposed and the 
cleavage site is structurally altered as a result of the pro
teolysis. In particular, when IgG molecules are part of 
the immune complex, they might be effective triggers 
of B cells through their ability to provide costimulation 
to B cells after activation of the complement system43. 
Proteases such as MMP3 and MMP7 have different 
cleavage sites, resulting in F(ab’)2 fragments with slightly 
different C termini38. Of note, the pepsin cleavage site in 
IgG1 coincides with that of MMP7 (REF. 38). Given that 
antihinge antibodies in general do not crossreact with 
intact IgG, it is likely that the C terminus has an impor
tant role in the recognition of the hinge epitope, and it is 
to be expected that antihinge antibodies might specif
ically recognize, for instance, MMP7cleaved IgG1 but 
not MMP3cleaved IgG1. Indeed, a study demonstrated 
proteaserestricted reactivity of antibodies recognizing 
either pepsincleaved IgG or IdeScleaved IgG44 (IdeS is 
a bacterial protease). Furthermore, subclass restricted 
antihinge antibodies have been demonstrated in RA 
(see below), and Cterminusspecific monoclonal 
rabbit antihinge antibodies have been generated45,46. 
Likewise, reactivity to peptides comprising the core and 
lower hinge region has been demonstrated in healthy 
individuals47–49. Using a set of overlapping peptides 

Figure 1 | Post-translational modifications of plasma proteins versus matrix proteins. a | Recognition of  
post‑translationally modified plasma proteins by anti‑modified protein antibodies (AMPAs) can result in immune complex 
formation, complement activation and rapid clearance from the circulation. b | By contrast, recognition of post‑ 
translationally modified matrix molecules by AMPAs also results in immune complex formation and complement activation, 
but does not result in clearance of the proteins, resulting in prolonged complement activation and attraction of immune 
cells. The release of mediators further stimulates local post‑translationally modification reactions, leading to a vicious cycle 
and hence chronic inflammation. Influx of AMPA-producing B cells that recognize post-translationally modified proteins 
locally results in antigen presentation and cytokine production, further enhancing local chronic inflammation.

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  ADVANCE ONLINE PUBLICATION | 3

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



AMPA B cell

Nature Reviews | Rheumatology

Self-reacting T cells and B cells

T cell reacting to
post-translationally

modified peptide

T cell reacting to 
non-modified peptide

Non self-reacting T cells and 
B cells crossreactive to modified self- and non-self

AMPA B cell

AMPA

T cellT cell

with C termini covering the entire IgG1 hinge region, 
reactivity to hinge analogues terminating at multiple 
positions in the lower hinge region has been demon
strated50. These sites included the pepsin–MMP7 cleav
age site, but also the MMP3–MMP12 cleavage site, as 
well as the IdeS cleavage site, although crossreactivity 
was not assessed. Bacteria have been suggested to use 
hingecleaving proteases as part of their defence against 
our immune system51, which might explain the forma
tion of antihinge antibodies with reactivity towards the 
IdeS cleavage site. In any case, these studies emphasized 
that antihinge antibodies are commonly observed in 
the general population, and that as well as inflamma
tionassociated proteases, bacterial proteases might also 
generate similar neoepitopes52. Naturally, upregulation 
of these IgGcleaving proteases is not unique to RA, and 
elevated levels of antihinge antibodies might reflect — 
in part — a state of (chronic) inflammation (see below).

Association with RA
By using F(ab’)2 fragments obtained by pepsin diges
tion of human IgG1, IgG2 and IgG4, the presence of 
antibodies in the sera of patients with RA was observed 
that specifically react only with the hinge region of one 
particular subclass53. In fact, many of the sera analysed 
contained antibodies predominantly binding to only one 
of these subclasses. Strikingly, in a subset of patients with 
RA (either with early arthritis or established disease), 
a predominant, subclassspecific reactivity towards the 
hinge of IgG4 was observed, whereas this reactivity was 
almost completely absent in healthy individuals. These 
antiIgG4hinge antibodies were positively associated 
with the presence of rheumatoid factors and ACPAs, and 
could trigger C4 deposition on an IgG4F(ab’)2coated 
surface, whereas neither IgG4 nor IgG4F(ab’)2 could53. 
These observations are interesting as F(ab’)2 fragments 
can still bind their respective target and participate in 
immune complex formation, but are unable to bind 
complement or Fc receptors. AMPAs that bind targets in 
the inflamed joint will be exposed to proteolytic activity, 
which by itself could dampen antibodyinduced inflam
mation. However, binding of antihinge antibodies might 

restore some of the effector functions, and both comple
mentdependent cytotoxicity and antibody dependent 
cellmediated cytotoxicity can be mediated via anti
hinge antibodies binding to F(ab’)2opsonized pri
mary targets50. Inflammation might even be aggravated 
owing to increased immunecomplex size, and because 
antihinge antibody responses have been reported to be 
dominated by IgG3, a potent proinflammatory isotype50. 
Thus, given that AMPAs using the IgG4isotype are often 
observed in patients with RA, these findings point to a 
role for antiIgG4hinge antibodies in AMPAmediated 
inflammation (FIG. 2).

Anti-acetylated protein antibodies
Following the identification of posttranslationally 
modified arginine (citrulline)containing and lysine 
(homo citrulline)containing proteins as antigenic tar
gets in RA, Juarez and colleagues studied if another 
post translational modification of lysine, acetylation, 
could also be recognized by autoantibodies in the sera 
of patients with RA24. The process of acetylation occurs 
in humans and microorganisms, and is a reversible 
enzymatic process whereby acetyl groups are added to 
free amines of lysine residues54. Acetylated lysine resem
bles homocitrulline except for the sidechain terminal 
amine, which is replaced by a methyl group (FIG. 4). Using 
acetylated vimentin peptides as the antigenic targets, 
Juarez et al. established the presence of antiacetylated 
vimentin (AcVim) antibodies in ~40% of the RA cases24. 
Interestingly, the presence of antiAcVim antibodies 
was found to be largely confined to the ACPApositive 
subgroup of patients with RA.

Using a wider set of citrullinated, carbamylated and 
acetylated peptides, Figueiredo et al. revealed that reac
tivity towards several posttranslational modifications is 
associated with an increased risk of disease relapse fol
lowing the tapering of drugs55. These data are of inter
est as they indicate that not only is the AMPA response 
diverse and heterogeneous between patients, but also 
point to the possibility of employing the breadth of the 
AMPA response (rather than individual reactivities) to 
predict the risk of relapse when tapering DMARDs.

Figure 2 | Possible mechanisms of T cell help provided to AMPA-producing B cells. Anti‑modified protein antibody 
(AMPA)-producing B cells bind to post-translationally modified proteins and present antigen on HLA class II molecules. 
This antigen might be a post‑translationally modified self‑protein or non‑self‑protein. In addition, the peptide presented 
may or may not contain the modified amino acid. However, any of these possible combinations will result in efficient T cell 
help for the AMPA response.

R E V I E W S

4 | ADVANCE ONLINE PUBLICATION www.nature.com/nrrheum

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Inflamed tissue

Nature Reviews | Rheumatology

B cell
stimulation

Fc-receptor
triggering

Complement
activation

IgG

F(abʹ)2Fab

F(abʹ)2-generating
protease

Fab-generating
protease

IgG4 AMPA Anti-hinge
antibody

IgG1 AMPA

Leukocyte

Anti-MAA and anti-MDA antibodies
Lipid peroxidation (the oxidative degradation of lipids) 
results in the production of reactive molecules such as 
malondialdehyde (MDA) that can be adducted to pro
teins56. MDA protein modifications are especially known 
in the context of cardiovascular disease and smoking57. 
MDA can further react with acetaldehyde to form the 
more stable malondialdehydeacetaldehyde (MAA) 
protein adducts involving lysine (FIG. 4). As patients with 
RA are known to display increased levels of MDA58, a 
study investigated whether patients with RA harbour 
antibodies that target MAAmodified proteins. Using 
MAAmodified human albumin as an antigenic target, 
antiMAA antibodies were reported to be detectable in 
~90% of RA cases59. Although the levels of these anti
bodies were higher in sera from patients who were pos
itive for cyclic citrullinated peptides (CCPs), antiMAA 
antibody reactivity was also present in antiCCP nega
tive patients. Currently, the disease specificity of these 
antibodies is unknown as these studies await further 
replication. However, the notion that MAA adducts 
on proteins can also be recognized by autoantibodies 
is noteworthy as it would add another autoantibody to 
the established array of protein modifications targeted 
by AMPAs.

Anti-CarP antibodies
Protein carbamylation
At present, one of the best studied AMPA responses 
(after the ACPA response) is the autoantibody response 
directed against carbamylated proteins. Carbamylation 
is the nonenzymatic posttranslational modification of 
proteins by cyanate8. The reaction is mediated by bind
ing of cyanate in the form of isocyanic acid to protein 
amino groups (αNH2 or εNH2). Most pronounced in 

this reaction is the formation of the amino acid homo
citrulline when isocyanic acids binds to the εNH2 

group of the side chain of the amino acid lysine60. 
Cyanate is present in the body at low levels under 
physiological conditions, in chemical equilibrium with 
urea. However, carbamylation levels can be increased 
under certain conditions, such as in patients displaying 
increased levels of urea as a consequence of uraemia 
during renal failure61,62. Intriguingly, isocyanic acid 
can also be derived from myeloperoxidase (MPO)
mediated transformation of thiocyanate, which is 
inhaled during smoking63, the most prominent envi
ronmental risk factor for seropositive RA64. Likewise, 
MPO can also be increased during inflammation after 
expulsion by neutrophils, and hence could contribute to 
the formation of homocitrulline residues in conditions  
of chronic inflammation63.

The product formed by carbamylation, peptidyl 
homocitrulline, highly resembles peptidylcitrulline but 
is one CH2 group longer (FIG. 4). As citrulline and homo
citrulline show structural resemblance, several methods 
and reagents originally reported to be citrullinespecific 
do not discriminate between these two different modifica
tions25,65. Therefore, care should be taken when interpreting  
the results of these studies.

Conversion of lysine to homocitrulline, as with the 
conversion of arginine to citrulline, results in the loss 
of a positive charge. The loss of charge and altered 
structure of the amino acid conceivably modifies the 
protein structure and function. Indeed, several exam
ples demonstrate that protein carbamylation can render 
proteins dysfunctional66,67.

Importantly, the change from lysine to homo citrulline 
can also be an immunogenic event, as first shown in ani
mal models65,68–70. In these studies, rodents and rabbits 

Figure 3 | Limited proteolysis results in the formation of IgG fragments. Bivalent F(ab’)2 fragments and monovalent 
Fab fragments retain their antigen‑binding capacity. Proteases can be released as part of ongoing inflammation, including 
IgG‑cleaving proteases that result in F(ab’)2 fragments of anti‑modified protein antibodies (AMPAs). Anti‑hinge antibodies 
can bind to these F(ab’)2 fragments and exacerbate inflammation.
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immunized with carbamylated proteins were shown 
to generate an anticarbamylated protein (antiCarP) 
antibody response71–75, which in rabbits was partially 
crossreactive towards citrullinecontaining proteins 
as well. Using the collageninduced arthritis model 
we observed that antiCarP antibodies could be read
ily detected in the sera of mice, even in the apparent 
absence of ACPAs76. Likewise, comparison of differ
ent mouse and rat models of arthritis revealed that 
the presence of antiCarP antibodies seems restricted 
to models that require active immunisation77. Time 
course experiments in mice indicate that the presence 
of antiCarP antibodies precedes the clinical manifes
tations of collageninduced arthritis76, a situation very 
similar to what is observed in patients with RA78–80. 
These data suggest that antiCarP antibodies or B cells 
expressing antiCarPantibodies could contribute to 
arthritis, but so far no experimental data is available 
in mice to support such a pathogenic role.

Identification of anti-CarP antibodies
The observation that homocitrulline strongly resem
bles citrulline inspired experiments to analyse if 
autoantibodies exist that target carbamylated proteins 
as well. As it was unknown which proteins would be 
recognized in carbamylated form, fetal calf serum 
(FCS) was chosen as model antigen73. FCS is a rich 
mix of different proteins and therefore harbours 
many different proteins that could potentially serve as 
an antigen for AMPAs when modified. Using carba
mylated FCS as the target, the presence of antiCarP 
anti bodies was first described in 2011 (REF. 73). As FCS 

is of bovine origin, experiments were performed to 
verify whether antiCarP antibodies recognize self 
antigen, using human carbamylated fibrinogen as a 
target. These experiments showed that carbamylated 
fibrinogen is recognized by antiCarP antibodies, con
firming that antiCarP antibodies are autoantibodies 
that can recognize modified selfprotein73,81,82. Over 
the years, several groups have used other carbam
ylated antigens, including peptides from fillagrin69, 
vimentin24, enolase83 or collagen84. The use of molecu
larly welldefined peptides to detect AMPA responses 
is important as it shows that protein modification is 
crucial for antibody recognition, thereby ruling out 
the possibility that something else in or on the protein 
backbone is targeted by the (auto)antibody response. 
Although, compared with citrullinated peptides, only 
a few homocitrullinecontaining peptides have been 
used as ‘bait’ for AMPAs, these results confirm that 
homocitrullinecontaining antigens are recognized by 
antiCarP antibodies.

Association with RA
AntiCarP antibodies are present in ~45% of patients 
with early RA and are mainly found in ACPApositive 
patients, but notably also in 10–20% of ACPAnegative 
patients73,81,85. These findings are important as they 
indicate that antiCarP antibodies are not the same 
as ACPAs, although various degrees of crossreactivity 
towards citrullinated antigens have been observed in 
some (but not all) patients25,83,86. Given that the major
ity of antiCarP antibody positive patients are also 
ACPApositive, substantial effort has been invested to 
study if ACPA and antiCarP antibodies represent one 
cross reactive antibody family, or whether they should 
be seen as two separate antibody families. Inhibition 
studies revealed that as well as a crossreactive compo
nent, most doublepositive sera also contain antibodies 
that are specific for either citrullinated or carbamylated 
proteins25. Together with the observation that in the 
total RA population both ACPA singlepositive as well 
as antiCarP singlepositive patients can be identified, 
it is likely that two separate autoantibody families exist, 
one targeting citrullinated proteins and one targeting 
carbamylated proteins25,83,86.

In addition, it is currently unknown whether genetic 
risk factors that predispose to RA would associate 
with antiCarPpositive disease in a similar manner as 
the HLAshared epitope alleles predispose to ACPA
positive RA87. Studies in two large European cohorts, the 
Leiden Early Arthritis Clinic (EAC) and the Stockholm 
Epidemiological Investigation of Rheumatoid Arthritis 
(EIRA), revealed that the presence of antiCarP anti
bodies is not associated with HLA shared epitope 
alleles, following correction for the presence of ACPAs81.  
The presence of antiCarP antibodies was, however, 
weakly linked to HLA‑DRB1*03 (REF. 81), the HLA allele 
previously reported to associate with ACPAnegative RA88.

Although several human proteins are used in the 
laboratory for the detection of antiCarP antibody 
responses, little information is currently available on the 
nature of the carbamylated proteins that are present in 

Figure 4 | Post-translational modifications on arginine and lysine.  
The post‑translational modification of lysine by carbamylation results in an end‑product, 
homocitrulline, that resembles citrulline. Acetyllysine is rather similar to homocitrulline. 
Among the post‑translational modifications described in this Review, only malondialdehyde‑ 
acetaldehyde (MAA)‑lysine has a rather different appearance, but has (like the other 
modifications) a neutral charge as compared with the original positive charges  
of arginine and lysine.
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the (inflamed) joint. Reports describing the presence of 
homocitrullinecontaining proteins in the joint69,89 are 
based on the analysis of single amino acids after protein 
hydrolyses90. Although this method enables quantifica
tion of the amount of homocitrulline residues relative 
to lysine residues, it does not allow for the identification 
of specific carbamylated proteins. Therefore, it will be 
interesting to see whether the nature and location of 
carbamylated proteins in the synovial compartment 
is similar to or distinct from the citrullinated proteins 
found in the joint.

Clinical associations
The presence of antiCarP antibodies has now been 
determined in many cohorts from different conti
nents24,73,84–86,91–98. No direct relationship seems to 
exist between age and antiCarP positivity: antiCarP 
antibodies have been detected in juvenile idiopathic 
arthritis (JIA)99 as well as in elderlyonset RA100. A 
metaanalysis of several published studies reported an 
overall sensitivity of 42% and a specificity of 96% of 
antiCarP antibodies for RA72. The observed specificity 
of 96% was established when compared with healthy 
controls72; however, healthy controls might not be the 
relevant comparator group in an outpatient clinic set
ting. Therefore, comparisons have been made to other 
forms of early arthritis as well74, showing that similar to 
rheumatoid factors and ACPAs, antiCarP anti bodies 
are also occasionally found in other forms of early 
arthritis as well, with an overall specificity of 89%74. 
Interestingly, we observed that triple positivity for rheu
matoid factors, ACPAs and antiCarP antibodies was 
almost exclusively present in RA74 and not in patients 
with other forms of early arthritis. Together, these data 
indicate that the presence of a broader AMPA response 
associates with RA, whereas each individual AMPA 
response can also be found in controls and patients with 
other rheumatic conditions.

Different stages can be discriminated in the pro
gression from health to RA. In a healthy population, 
some people will develop symptoms such as arthralgia; 
for most individuals this arthralgia is selflimiting and 
reversible. However, a subgroup of atrisk individuals 
will progress to RA which, subsequently, can have a 
severe or a mild course. Upon initiation of treatment 
substantial differences can be observed in the clinical 
outcome between different patients. Why break of tol
erance towards carbamylated proteins is most often 
correlated with RA is currently unknown, but might 
be related to genetic and environmental risk factors 
that exert their effect before disease onset. Similar to 
ACPAs and rheumatoid factors, antiCarP antibodies 
can be detected in the sera of individuals many years 
before the onset of complaints and diagnosis of RA78–80. 
Likewise, firstdegree relatives of patients with RA 
display a strongly increased frequency of antiCarP 
antibody positivity compared with healthy control 
individuals92,95. However, potential differences in the  
technical sensitivity of the methods employed for  
the detection of rheumatoid factors, ACPAs and anti
CarP antibodies make it difficult to conclude which of 

the antibody reactivities develop first and which reac
tivities develop later. Nonetheless, together these stud
ies suggest that positivity for AMPAs, especially triple 
positivity, is associated with enhanced risk of devel
oping RA95. Indeed, the presence of auto antibodies 
alongside joint complaints (such as arthralgia) is asso
ciated with future development of RA101. Analysing the 
presence of antiCarP antibodies in baseline samples 
of a large set of patients with arthralgia preselected to 
be ACPApositive and/or rheumatoid factor positive 
revealed that ~40% of these patients harboured anti
CarP reactivity102. Around onethird of the patients 
developed RA after a median followup period of 
1 year. The presence of antiCarP antibodies at base
line was associated with future development of RA, 
independent of the presence of rheumatoid factors 
and ACPAs102.

Within the RA population, patients can display a 
mild or a more severe disease course, with differences 
in clinical disease activity or in radiological progression, 
or both. Whether the presence of antiCarP antibodies 
at baseline is associated with increased 28joint dis
ease activity score103 is currently uncertain as one study 
observed a correlation94 and another study did not104. It 
is wellestablished that ACPApositive patients display 
on average moresevere joint damage as compared with 
the ACPAnegative group87. Nonetheless, considerable 
heterogeneity also exists in the ACPAnegative patient 
population with respect to radiological progression over 
time. Interestingly, the presence of antiCarP antibodies 
at baseline is also associated with radiological progres
sion in the ACPAnegative subgroup73,78,85,91,97,98. The 
presence of antiCarP antibodies is associated with not 
only joint damage, but also, like ACPAs and rheumatoid 
factors, increased mortality105.

Conclusions
Studies on ACPAs, as a wellknown example of AMPAs, 
have provided substantial insights into RA pathogene
sis and have given a mechanistic underpinning of the 
genetic and environmental risk factors for RA. With  
the discovery of antiCarP antibodies a more complete 
picture regarding the clinical associations is appearing. 
We are just beginning to understand how other AMPAs 
fit into this picture. Whether or not the identification of 
more AMPAs will provide serological information for 
patients currently considered to be seronegative, and 
thus ‘close the serological gap’, remains to be seen106. 
However, the extent of the AMPA response rather than 
individual AMPA reactivities, together with rheuma
toid factor status, seems to provide the best information 
regarding diagnosis, prognosis and therapy efficacy107. 
Large studies on sets of AMPAs are required to substan
tiate this notion. The identification of several AMPA 
responses in RA is intriguing and is currently not well 
understood. Understanding the full AMPA response, the 
triggers that drive AMPA production, their mutual cross
talk and the pathways by which AMPA and/or AMPA
expressing B cells possibly contribute to RA will be 
important for the development of curative interventions  
in RA.
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Demographic shifts in the population have meant that 
the number of older adults in society has expanded 
hugely; the population aged over 60 years worldwide is 
predicted to rise from 841 million in 2013 to more than 
2 billion by 20501. Musculoskeletal disease places a sub-
stantial burden on the ageing population, contributing 
7.5% of the disease burden in those over 60 years of age2. 
The development of both osteoporosis and sarcopenia 
in later life is a common problem encountered as part 
of musculoskeletal ageing, and contributes substantially 
to this burden on both personal and societal levels3,4. 
Research into sarcopenia has perhaps been hampered 
by uncertainty regarding how best to define the condi-
tion4; indeed, the very term sarcopenia, derived from 
Greek meaning ‘loss of flesh’, was only suggested in 1989 
(REF. 5), and the concept of loss of muscle function as well 
as muscle mass with age has since been incorporated in 
the past decade. However, controversy remains as to how 
best to define this condition.

Muscle mass and strength peak in early adulthood , 
followed by a gradual decline after the age of 40 years6, 
then a more substantial decline from the fifth decade 
onwards7 (FIG. 1). Total muscle mass decreases by nearly 

50% between the ages of 20 years and 90 years7,8. Lifestyle 
factors have an important role in the prevention of sar-
copenia. Adoption of a more sedentary lifestyle among 
the general population coupled with an extended life 
expectancy suggest that the prevalence of sarcopenia 
and associated health consequences will become more 
common in years to come.

Sarcopenia is associated with a number of adverse 
outcomes including falls, fractures, frailty and mortality3. 
Impaired physical function (but not multimorbidity) is 
predictive of mortality in older community-dwellers, as 
shown by results from the ilSIRENTE prospective cohort 
study9. The physical frailty phenotype operationalized 
by Fried et al.10 is defined as patients possessing three or 
more of the following criteria: weakness (assessed by grip 
strength), slowness (assessed by gait speed), low levels of 
physical activity, low levels of energy (self- reported) and 
unintentional weight loss. This phenotype predicts many 
of the negative outcomes described above for sarcopenia, 
and indeed muscle loss is thought to be the mediator 
of this association. Given the interconnection between 
sarcopenia and frailty, the emergence of a large amount 
of literature from studies designed to identify strategies 
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Abstract | Musculoskeletal ageing is a major public health concern owing to demographic shifts 
in the population. Sarcopenia, generally defined as the age-related loss of muscle mass and 
function, is associated with considerable risk of falls, loss of independence in older adults  
and hospitalization with poorer health outcomes. This condition is therefore associated with 
increased morbidity and health care costs. As with bone mass, muscle mass and strength 
increase during late adolescence and early adulthood, but begin to decline substantially from 
~50 years of age. Sarcopenia is characterized by many features, which include loss of muscle 
mass, altered muscle composition, infiltration with fat and fibrous tissue and alterations in 
innervation. A better understanding of these factors might help us to develop strategies that 
target these effects. To date, however, methodological challenges and controversies regarding 
how best to define the condition, in addition to uncertainty about what outcome measures to 
consider, have delayed research into possible therapeutic options. Most pharmacological 
agents investigated to date are hormonal, although new developments have seen the 
emergence of agents that target myostatin signalling to increase muscle mass. In this review we 
consider the current approaching for defining sarcopenia and discuss its epidemiology, 
pathogenesis, and potential therapeutic opportunities. 
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to prevent the progression of these twin pathologies is 
not surprising. Perhaps inevitably, this literature presents 
the case for the use of biomarkers to identify those at 
greatest risk, although to date no single biomarker has 
been identified11. In this Review we consider the current 
definitional approaches to sarcopenia and discuss the 
epidemiology and pathogenesis of the condition as well 
as possible therapeutic advances in its treatment.

Defining sarcopenia
Considerable debate is ongoing regarding the best 
approach for defining sarcopenia, owing in part to the 
different technologies available to inform any defini-
tion (for example, dual-energy X-ray absorptiometry 
or bioimpedance analysis). A particular criticism of 
defining sarcopenia on the basis of muscle mass (as has 
historically been the case) is that although loss of muscle 
strength and muscle mass are frequently correlated, loss 
of muscle strength often exceeds muscle loss. A number 
of international bodies have contributed to the debate 
regarding how best to define the condition (TABLE 1), 
including the International Osteoporosis Foundation 
(IOF), the European Society for the Clinical and 
Economic Aspects of Osteoarthritis and Osteoporosis 
(ESCEO) and the Foundation for the National Institutes 
of Health (FNIH) Sarcopenia Project. A report from the 
FNIH using data from nine sources of community-
dwelling older persons from the USA, Iceland and 
Europe highlights numerous priorities for sarcopenia 

research8. In particular, the report looks at evaluating 
the effect in the clinic of applying a clinical definition 
that requires few tests, epidemiological data reporting 
rates of change in lean mass over time and interven-
tions that might retard muscle loss (such as lifestyle 
and pharmacological interventions). Cut-off points for 
grip strength similar to those used in the FNIH study8 
(<27 kg in men, <16 kg in women) were used in another 
study12 that described grip strength over an adult’s life by 
using normative data from 12 UK studies (49,964 partic-
ipants), work triggered by a growing understanding of  
the early developmental origins of sarcopenia13. One  
of the latest contributions to the debate surrounding 
definitional approaches to sarcopenia has come from 
the Asian Working Group for Sarcopenia, which has 
produced recommendations for cut-off values for mus-
cle mass measurements, handgrip strength and usual 
gait speed14. Taken together, the latest literature suggests 
that there is great motivation worldwide to develop a 
definition of sarcopenia that can be used in clinical and 
research settings.

Epidemiology and outcomes
Current definitions of sarcopenia are only newly devel-
oped and still not fully accepted. Varying approaches to 
defining sarcopenia (such as those described in TABLE 1) 
inevitably affect its estimated prevalence. Estimates 
range from 10% in individuals >65 years of age3, rising to 
30% in men over 80 (REFS 3,15). Applying the European 
Working Group on Sarcopenia (EWGSOP) definition 
of sarcopenia in a community-dwelling population (the 
UK-based Hertfordshire Cohort Study), researchers 
reported that sarcopenia was present in 4.6% of men and 
7.9% of women at a mean age of 67 years16.

Unlike for osteoporosis, where the obvious outcome 
is a fragility fracture, an outcome associated with sar-
copenia that is important and quantifiable in terms of 
public health is much harder to define. One important 
outcome to consider is loss of independence, which 
might be a consequence of a loss in reserve capacity, 
defined as the level of resources possessed by an indi-
vidual for responding effectively to challenging condi-
tions. In the neuromuscular system, a 30% reduction in 
reserve capacity limits its normal function, and a loss 
of 70% results in system failure17. Previous studies have 
illustrated that sarcopenia in older men and women pre-
dicts loss of independence in activities of daily living18,19; 
for example, loss of the ability to walk (which might be 
associated with sarcopenia) is linked to increased health-
care costs20, and sarcopenia is associated with a higher 
risk of falling, which leads to loss of independence and 
hospitalization costs21. Sarcopenia is also a predictor of 
poor outcomes in patients who are undergoing surgery 
or have other serious comorbidities22–24.

One of the few studies that have attempted to esti-
mate the economic costs associated with sarcopenia 
in any country reported a direct cost of approximately 
$18.5 billion ($10.8 billion in men and $7.7 billion in 
women) in the USA in 2000, accounting for ~1.5% of 
the country’s total health expenditure25; these costs are 
incurred by hospitalization, nursing home admissions 

Key points

• Sarcopenia, the age-related loss of muscle mass and function, is associated with 
considerable morbidity and health care costs

• Approaches to defining sarcopenia remain controversial, although several groups 
have proposed ways of defining the condition

• Moderate-quality evidence suggests that exercise interventions improve muscle 
strength and physical performance in patients with sarcopenia, whereas the benefits 
of nutritional interventions are more equivocal

• Most pharmacological agents for sarcopenia investigated to date are hormonal 
(testosterone and selective androgen receptor modulators) although therapies 
targeting myostatin signalling are emerging as new developments
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and home-based health care expenditure. An important 
research goal, in the USA and elsewhere, is to provide 
up-to-date estimates of the costs associated with sarco-
penia, perhaps also attempting to quantify the indirect 
costs, such as home-based health care, outlined above. 
Given that sarcopenia might also be associated with 
other health care costs, such as lack of productivity, 
reduced quality of life and psychological problems, 
research in this area is also timely, especially with the 
development of a quality of life questionnaire specifically 
designed for use in patients with sarcopenia26.

Aetiology of sarcopenia
Muscle cells are probably influenced by the same fun-
damental processes of ageing that affect all living cells. 
These processes include replicative senescence (a limi-
tation in the number of times that cells can divide) and 
impaired stem cell regeneration, accumulation of cell 
damage, reduced autophagy (clearance of cell damage) 
and reduced mitochondrial energy generation. A full dis-
cussion of the biology of ageing as applied to muscle is 
outside the scope of this Review, and has been reviewed 
elsewhere27–30. However, research into the aetiology of 
age-related muscle loss is important to the development 
of therapeutic strategies to retard or prevent muscle loss31.

Sarcopenia involves negative protein turnover, 
characterized by a reduction in myofibrillar and mito-
chondrial protein synthesis27. Because mitochondria 
are important in energy provision, redox homeo stasis 
and regulation of cell death, many articles over the 
past 5 years have focused on age-related alterations in 

mitochondrial function and their role in the aetiology 
of sarcopenia. For example, one review28 postulates 
that defective redox signalling might be important in 
reducing the integrity of the ageing neuro muscular 
system, and that a better understanding of the causes 
of defective mitochondrial homeostasis provides an 
opportunity to identify targeted interventions. Another 
review, published in 2016 (REF. 29), highlights the pro-
gressive reduction in the regenerative capacity of the 
skeletal muscle stem cells (called satellite cells), which 
are critical for muscle repair in response to trauma or 
damage. Decreased capacity for muscle regeneration and 
increased apoptosis in muscle might have an important 
role in sarcopenia aetiology, an assertion supported by 
the observation that apoptotic signalling correlates with 
slow walking speed and reduced muscle volume30. Loss 
of muscle strength32 and neuromuscular impairment 
(through loss of motor units and loss of motor neurons) 
accompanies skeletal atrophy with ageing. Finally, a bet-
ter understanding of the interplay between satellite cell 
extrinsic and intrinsic factors in sarcopenia might reveal 
therapeutic opportunities33.

Systemic inflammation might also be important in 
the pathogenesis of muscle loss in later life; for exam-
ple, increased production of proinflammatory cytokines 
could affect the mechanisms outlined above. Age-related 
inflammation (also referred to as ‘inflammaging’,) first 
proposed as a phenomenon in 2000 (REF. 34), is a pos-
sible underlying cause of muscle loss. Inflammaging is 
thought to result from a lifetime of exposure to both clin-
ical and subclinical infections, as well as to exposure to 
non- infective antigens, leading to a high antigenic load35.  
The inflammatory response to this antigenic load leads to 
tissue damage and the production of reactive oxygen spe-
cies, resulting in the release of additional cytokines36. This 
vicious cycle favours a chronic proinflammatory state37, 
but might be amenable to therapeutic manipulation38.

Risk factors for sarcopenia
Just as for bone loss, factors that affect muscle can do 
so from an early age by influencing the development 
of peak muscle mass and/or rates of muscle loss. For 
instance, peak muscle mass is attained in youth but could 
be a determinant of function later in life and is influ-
enced by both genetic and environmental factors. As an 
example, grip strength over the life course is illustrated in 
FIG. 1. Genetic and environmental factors are also major 
determinants of muscle strength, and are potentially 
amenable to modification. For example, lifestyle factors, 
such as those displayed in FIG. 2, can influence muscle 
mass in later life. Comorbidities are common in older 
adults, and might coexist with, or contribute to, loss of 
muscle mass and function. Pharmacological interven-
tion, for example with corticosteroid therapy, in patients 
with comorbidities such as polymyalgia rheumatic  
might also contribute to muscle loss.

Body composition
An individual’s body weight and composition is one risk 
factor to consider. With increasing age, and individual’s  
proportion of body fat increases and muscle mass 

Figure 1 | Grip strength across the lifecourse. Factors that affect muscle can do so from 
an early age by influencing the development of peak muscle mass and/or rates of muscle 
loss. Peak muscle mass is attained in youth and followed by decline in grip strength in 
later life. Grip strength over the course of life is illustrated here. This figure has been 
adapted from the pattern of grip strength observed by Dodds et al.12, which is published 
under an open-access licence https://creativecommons.org/licenses/by/4.0/ 
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decreases, which can result in a stable body weight but 
altered body composition. The term sarcopenic obesity 
describes a condition wherein sarcopenia and obesity 
coexist, resulting in a disproportionate amount of fat 
mass relative to lean muscle mass. The estimated prev-
alence of sarcopenic obesity ranges from 0% to 41% 
in older populations, owing to the varying definitions 
of both sarcopenia and obesity39. However, these two 
conditions might share common aetiologic pathways;  
for example, both show an accompanying increase in 
adipokines and inflammation that might adversely 
affect muscle quality40. Further research into sarco-
penic obesity is important, as highlighted in the review 
by Cauley et al.39. Although obese or overweight adults 
often have a higher muscle mass compared with non-
obese adults, their muscle quality and functional status 
is lower41. This could be a reflection of the common 
pathways involved in the development of sarcopenia 
and obesity, which might have additive effects on the 
development of adverse health consequences associated 
with both conditions; for example, raised adipokines 
in obesity could negatively affect muscle quality. 
Substantial weight loss has been associated with loss of 
grip strength, although coexisting comorbidities could 
be a confounding factor42.

Physical activity is well known to affect muscle mass 
and strength. Inactivity leads to loss of muscle mass and 
strength, irrespective of age; during extended bed rest 
muscle strength decreases before the subsequent decrease 
in muscle mass is observed43. By contrast, lifelong phys-
ical exercise preserves muscle structure and function44. 
Specifically, the risk of mobility impairment in older 
adults decreases with increased mid-life leisure time 
physical activity, although, conversely, occupational activ-
ity might actually have the reverse effect45. A systematic 
review in 2014 also highlighted the studies that have sug-
gested benefits for exercise on muscle health in later life46. 
Law et al.47 also provide an overview of the evidence for 
the role of resistance exercise in the prevention and treat-
ment of sarcopenia, highlighting certain critical factors 
(namely exercise intensity, volume and progression) that 
are key to optimizing the resistance exercise prescription.

Diet and smoking
Cigarette smoking might have direct effects on muscle, as 
well as being associated with other detrimental lifestyle 
factors. For example, the MINOS study48 demonstrated 
that current smokers have lowered appendicular muscle 
mass compared with non-smokers, results that showed 
a dose-effect relationship. However, other studies have 

Table 1 | Diagnostic criteria for sarcopenia: elements included in different definitions 

Study group Definitions Criteria

Low muscle mass Low muscle strength Reduced physical performance

ESPEN Special Interest 
Groups73

• Loss of muscle mass and 
muscle strength

• Often associated with 
comorbidity

Low muscle mass (<2SD 
below the mean in young 
adults, aged 19–39 years) 

Not included Reduced gait speed  
(<0.8 m/s in 4 min test) or reduced 
performance in any functional test 
used for comprehensive geriatric 
assessment

European Working 
Group on Sarcopenia in 
Older People74

• Loss of muscle mass and 
strength

• Risk of adverse outcomes
• Often associated with 

comorbidity

Low muscle mass (<2SD 
below the mean of healthy 
young adults, aged 
19–39 years) 

Low hand grip strength 
(<2 SD below the mean 
of healthy young adults, 
aged 19–39 years)

Low gait speed (<2SD below the 
mean of healthy young adults, 
aged 19–39 years)

International Working 
Group on Sarcopenia75

Loss of muscle mass and 
function with age

Reduced muscle mass. For 
example, appendicular 
lean mass relative to height 
squared ≤7.23 kg/m2 in men 
and ≤5.67 kg/m2 in women

Not included Gait speed <1 m/s

Society of Sarcopenia, 
Cachexia and Wasting 
Disorders76

Loss of muscle mass with 
reduced mobility

A lean appendicular mass 
relative to height squared 
(<2SD below the mean of 
healthy young adults, aged 
20–30 years) 

Not included Walking speed ≤1 m/s

Foundation for the 
National Institutes of 
Health Sarcopenia 
Project8

Loss of muscle mass and 
muscle weakness

Appendicular lean mass 
adjusted for body mass 
index <0.789 in men and 
<0.512 in women

Hand grip strength 
<26 kg in men and 
<16 kg in women

Gait speed ≤0.8 m/s

Asian Working Group for 
Sarcopenia14

Low muscle mass with low 
muscle strength and/or low 
physical performance

Muscle mass of either 
7.0 kg/m2 for men and 
5.4 kg/m2 for women when 
measured by dual X-ray 
absorptiometry or 7.0 kg/m2 
for men and 5.7 kg/m2 for 
women when measured by 
bioimpedance analysis

Hand grip strength 
<26 kg for men and 
<18 kg for women

Gait speed <0.8 m/s

ESPEN, European Society for Clinical Nutrition and Metabolism; Adapted with permission obtained from Cooper, C. et al. Calcif Tissue Int. 93, 201–210 (2013), 
© Springer Science+Business Media New York, 2013 
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Nature Reviews | Rheumatology

Body Composition
• Significant weight loss
• Sarcopenic obesity 

Sarcopenia
• Loss of muscle mass
• Altered muscle composition
• Infiltration of muscle with fat 

and fibrous tissue
• Alterations in muscle 

innervation

Pharmacological therapy 
• Use of ACE inhibitors 
• Use of steroids 

Lifestyle habits 
• Cigarette smoking
• Excessive alcohol consumption
• Prolonged immobilisation 

and/or low physical activity

Intrinsic factors
• Age
• Sex hormone deficiency 
• Comorbidity (e.g. diabetes)
• Genetic factors

Diet
• Low protein intake
• Vitamin D deficiency

reported no such association49. Alcohol consumption 
might also affect muscle health. Although the MINOS 
study found no association between muscle mass and 
moderate alcohol intake48, one might speculate that 
heavy consumption of alcohol could conceivably lower 
muscle mass via effects on nutrition, physical activ-
ity and hormone levels50. However, moderate alcohol  
consumption does not seem to be harmful to muscle51.

Dietary factors might also have a role in maintaining 
muscle mass and strength. Poor nutrition or reduced 
physical activity in older people reduces their rate of 
muscle protein synthesis by 30%, independent of age-
ing itself, an observation that is particularly evidence 
with mitochondrial protein synthesis in human skeletal  
muscle52–55. Multiple studies have demonstrated a pos-
itive association between protein intake and preser-
vation of lean bone mass in older adults56,57; however, 
past studies of protein supplementation, most of which 
used a combination of supplementation and resistance 
training, have shown mixed results58. Vitamin D status 
is thought to be relevant to all areas of musculoskeletal 
ageing; low vitamin D levels are associated with poor 
balance and with an increased risk of falls59. A raised 
parathyroid hormone level often accompanies low vita-
min D levels and is also associated with sarcopenia and 
the risk of falling independently of vitamin D status60. 
Given the above findings, a review from the ESCEO 
included dietary recommendations for the prevention 
of age-related deterioration of the musculoskeletal sys-
tem, including optimal intake of dietary protein and 

vitamin D53. However, a systematic review published in 
2014 reported moderate quality evidence that exercise 
interventions improve muscle strength and physical per-
formance whereas the benefits of nutritional interven-
tions were more equivocal61. Further research is required 
to determine which of these factors is predominant  
in the development of sarcopenia.

Pharmacological therapy
The management of any common health problem typ-
ically includes two possible approaches; identification 
of individuals at high risk of having, or developing the 
condition (in this case those with sarcopenia or pre- 
sarcopenia) or trying to improve the general health of 
the whole population through lifestyle measures (in the 
case of sarcopenia, these might include dietary inter-
vention and physical activity). Drugs designed to treat 
sarco penia are now starting to emerge. When consider-
ing the patients selected to enter studies of novel thera-
pies to prevent or retard development of sarcopenia, it is 
helpful to be aware of the industry regulatory processes 
surrounding drug development. The IOF have published 
recommendations specifically addressing the conduct of 
sarcopenia clinical trials, and suggest possible trial end-
points and selection criteria for individuals who might 
participate in such studies62. These recommendations 
highlight the notion that prevention of sarcopenia in 
high-risk pre-sarcopenic individuals could be possible, 
as might the treatment of individuals in whom sarco-
penia has already developed. Therapeutic targets for the 

Figure 2 | Risk factors for sarcopenia. Sarcopenia is characterized by loss of muscle mass, altered muscle 
composition, infiltration of muscle with fat and fibrous tissue and alterations in muscle innervation. This figure 
highlights some of the intrinsic factors that can lead to sarcopenia, in addition to some of the contributing extrinsic 
factors such as diet, body composition, pharmacological therapy and lifestyle habits. Unlike the intrinsic factors, 
extrinsic factors might be amenable to changes in lifestyle. ACE, angiotensin-converting enzyme. Adapted with 
permission obtained from Curtis, E. et al. J. Cell Physiol. 230: 2618–2625 (2015), © 2015 Wiley Periodicals, Inc. 

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  ADVANCE ONLINE PUBLICATION | 5

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



treatment of sarcopenia might include components of 
the anabolic and catabolic signalling pathways, some  
of which are currently under investigation (TABLE 2).

Hormonal manipulation has formed the basis of 
many of the therapies for sarcopenia investigated to 
date. Supplementation with testosterone increases 
skeletal muscle volume by promoting hypertrophy of 
myofibres63; however, testosterone is also associated 
with notable adverse effects and whether its benefits 
translate to improved muscle function has not been 
clearly demonstrated in clinical trials. Atkinson et al. 
demonstrated that in pre-frail and frail elderly men, 
daily treatment with a transdermal testosterone gel 
(50 mg) increased testosterone levels from 11.6 nmol/l  
(SD 3.5 nmol/l) to 18.0 nmol/l (SD 8.1 nmol/l), and 
preserved muscle thickness, whereas a decreased mus-
cle thickness was observed in the placebo group63. In 
phase II trials, treatment with the selective androgen 
receptor modulator (SARM) enbosarm resulted in a 
dose-dependent increase in total lean body mass, in 
addition to improvements in physical function, in both 
male and female participants in their seventh decade64. 
Furthermore, administration of enbosarm did not seem 
to be associated with an increased risk of adverse effects. 
Results of a phase II trial of another SARM, MK-0773, 
were published in 2013 (REF. 65); in this double blind, 
placebo-controlled trial involving 170 women with 
sarcopenia, lean body mass substantially increased in 
MK-0773-treated patients at 6 months, without evidence 
of androgenization. Physical performance showed a trend 
towards improvement over the follow-up period; how-
ever, this finding was not statistically significant. Several 
patients in the treatment group had elevated levels of 
transaminases but this clinical feature resolved on study 
discontinuation65.

Myostatin is an inhibitor of muscle growth and hence 
a potential target for preventing or reversing muscle 
loss; several studies have presented evidence for the 
potential benefits of targeting the myostatin pathway 
for improving muscle function. Findings from a 2015 
study investigating a humanized monoclonal myostatin 
antibody that binds and neutralizes myostatin suggest 
that treatment with this antibody can increase lean mass 
and might also improve functional measures of muscle 

power66. In a phase II trial conducted on patients aged 
75 years or older who had fallen in the past year, patients 
treated with the same humanized monoclonal myostatin 
antibody reported a higher muscle mass (0.43 kg, 95% CI 
0.192–0.660) after 24 weeks when compared with the 
placebo group, in addition to demonstrating improve-
ments in stair climbing time, chair rise with arms and 
fast gait speed66. These results follow previous approval 
for the use of this therapy in the treatment of inclusion 
body myositis (IBM); in patients with IBM a single dose 
of the antibody increased their 6 min walking distance 
by 52 m compared with placebo67. Myostatin signalling is 
mediated by the transmembrane kinase receptor activin 
receptor type IIB (ACTRIIB), a molecule that might also 
be a promising therapeutic target. ACTRIIB is highly 
expressed in mammalian skeletal muscle, and postnatal 
blockade of ACTRIIB signalling in mice leads to rapid 
and massive muscle hypertrophy68. One therapeutic 
approach for blocking ACTRIIB signalling involves the  
systemic delivery of a soluble recombinant form of  
the receptor that acts as a decoy, thus disrupting the 
interaction between the receptor and its ligands68. 
Having previously been trialled in patients with muscu-
lar dystrophy, which is characterized by progressive mus-
cle weakening and wasting, a 2015 study of the effect of 
receptor blockade in wild-type mice demonstrated that 
blockade of ACTRIIB with a soluble receptor for 8 weeks 
increased absolute force-generating capacity and reduced  
mitochondrial function in glycolytic gastrocnemius 
muscle without compromising energy status during sus-
tained activity68. This suggests that this agent might be 
considered for trial in sarcopenic patients in the future.

Preventive and therapeutic strategies are required 
in the management of sarcopenia. Marzetti et al. have 
previously reviewed this topic, and specifically consid-
ered targeting mitochondrial dysfunction to treat sarco-
penia69, highlighting the potential challenges and risks 
of such a strategy, as well as suggesting possible study 
populations. They discuss safety considerations when 
designing such a trial; what outcome measures to con-
sider, and the need for biomarkers; the optimal timing 
and duration of the intervention and the selection of a 
target population. Unfortunately, to date no such agent 
has become available for trial in a clinical setting.

Table 2 | Promising current pharmacological agents in sarcopenia

Target Compound Mechanism of action Level of evidence for 
clinical practice

Androgen receptor Testosterone Promotes hypertrophy of 
myofibres by activation of 
androgen receptor

Phase III studies63

Androgen receptor Selective androgen receptor 
modulators (SARMs) such as 
embosarm and MK-0773

Promotes hypertrophy of 
myofibres by activation of 
androgen receptor

Phase II studies64,65

Myostatin Monoclonal myostatin 
antibody (Bimagrumab)

Promotes muscle 
hypertrophy by blockade of 
myostatin

Phase II studies66

Transmembrane kinase 
receptor activin receptor 
type IIB (ACTRIIB)

Soluble ACTRIIB–Fc fusion 
protein (sACTRIIB-Fc)

Promotes muscle 
hypertrophy by blockade of 
ACTRIIB receptor

Animal studies only68
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Conclusions
Due to ageing of the population, conditions that emerge 
later in life and that are associated with considerable 
morbidity and public health costs are of great conse-
quence. Sarcopenia, which is linked to frailty, is per-
haps one of the most important of these conditions and 
a strong research agenda has emerged to consider the 
aetiological factors that might prevent or retard the 
development or progression of sarcopenia. An under-
standing of the biology of ageing as applied to muscle 
might help us to identify those at risk of sarcopenia, 
and to identify potential therapeutic targets; hence,  
a partnership between basic biologists, the pharma-
ceutical industry and clinicians is critical. Given the 
substantial personal, societal and economic burdens 
associated with sarcopenia, it is essential that we iden-
tify ways to detect those at greatest risk and use strat-
egies for lifestyle modification to retard or prevent 
muscle loss at a population level. However, many indi-
viduals are also likely to benefit from a tailored phar-
macological approach, and although methodological 
challenges regarding how best to define the condition, 

and what outcome measure to consider, have delayed 
research into possible therapeutic options, promising 
pharmacological agents have nonetheless emerged. To 
date, these treatments have largely been hormone-based 
approaches (such as treatment with testosterone and 
SARMs) although new developments have seen the 
emergence of a promising monoclonal antibody to 
myostatin and ACTRIIB-blockade agents.

A particular challenge for clinicians who treat 
patients with sarcopenia is that even though diagnostic 
tools have been developed that are accurate and reliable 
in research settings, many are not easily applied in clini-
cal practice, and simpler diagnostic criteria have instead 
been proposed70–72. The fact that, despite being positively 
correlated, loss of muscle strength often exceeds loss of 
muscle mass is of considerable relevance when con-
sidering approaches to defining sarcopenia and clini-
cal outcomes for pharmacological trials. Analogous to 
bone mineral density and fracture risk, if preservation of 
functional performance is the goal of sarcopenia treat-
ment, study designers should be cognizant of the clinical  
outcome of choice.
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The concept of the ‘mosaic of autoimmunity’ (REF. 1) 
encompasses the complex interaction of genetic, hor
monal, immunological and environmental factors in 
the pathogenesis of autoimmune diseases. This multi
faceted pathogenic process contributes to the huge 
variety of manifestations seen in autoimmune diseases 
in much the same way as reassembling the pieces of a 
mosaic can result in many pictures. During the past few 
decades, our knowledge of the genetic factors involved in 
autoimmunity has progressed. Reports of strong familial 
associations in autoimmune diseases, along with sub
stantial disease concordance in studies in monozygotic 
twins, indicate a major role for genetic factors in the 
development of autoimmune diseases2. Although there 
is much yet to explore, revelations such as the discovery 
that HLADRB1 polymorphisms predisposing individ
uals to autoimmunity3 have shed valuable light in this 
field. However, when examining the incidence and 
prevalence of autoimmune diseases, interesting find
ings arise, which suggest that factors other than genetic 
predisposition might be crucial for the development 
of autoimmunity. First, one must address the fact that 
disease concordance in monozygotic twins does not 
equate to a full correlation between genetic information 
and disease expression. Second, the incidence of auto
immune diseases has increased over the past few years4,5 
despite human genes not changing fundamentally dur
ing that time. Third, many autoimmune diseases have 

a clear geographical distribution pattern, with a high 
prevalence in North America and northern Europe 
that diminishes closer to the equator6,7. These findings 
emphasize the importance of environmental factors, as 
opposed to genetic factors, in autoimmunity.

In an attempt to elucidate this unique geoepidemiol
ogy, researchers have investigated many environmental 
factors for their correlation with autoimmune diseases. 
A prominent example is vitamin D deficiency, which 
has long been studied as an environmental factor asso
ciated with the development of autoimmune diseases8–10 
such as multiple sclerosis, type 1 diabetes mellitus and 
systemic lupus erythematosus (SLE)11–13. Considering 
the pivotal role of vitamin D in regulating the immune 
system14,15, a possible explanation for the latitudinal dis
tribution of these autoimmune diseases presents itself. 
Latitude correlates with the strength of ultraviolet light; 
therefore, the nearer the equator, the stronger the ultra
violet light, which affects vitamin D availability16 and 
potentially the regulation of the immune system. In this 
Review, we discuss a key group of environmental factors 
that might have a role in attenuating autoimmunity — 
dietary factors. Critical to human health, dietary habits 
affect the risk for hypertension, heart disease, stroke and 
cancer17–20. There is no question that ‘we are what we eat’ 
and it is probably safe to assume that every ingredient 
we consume has some effect on our health, especially on 
our immune system. Here, we present the evidence for 
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Abstract | Today, we are facing a new era of digitization in the health care system, and with 
increased access to health care information has come a growing demand for safe, cost-effective 
and easy to administer therapies. Dietary habits have a crucial influence on human health, 
affecting an individual’s risk for hypertension, heart disease and stroke, as well as influencing the 
risk of developing of cancer. Moreover, an individual’s lifestyle choices can greatly influence  
the progression and manifestation of chronic autoimmune rheumatic diseases. In light of these 
effects, it makes sense that the search for additional therapies to attenuate such diseases would 
include investigations into lifestyle modifications. When considering the complex web of factors 
that influence autoimmunity, it is not surprising to find that several dietary elements are 
involved in disease progression or prevention. In this Review, several common nutritional 
components of the human diet are presented, and the evidence for their effects on rheumatic 
diseases is discussed.
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the effects of several common dietary components on 
rheumatic diseases. Although each of these dietary com
ponents exerts its effects on the immune system through 
different molecular pathways (FIG. 1), we believe there is a 
common denominator: these bioactive compounds have 
a role in shaping our gut microbiome.

Diet and the microbiome
Since the invention of microscopy in the 17th century, 
it has been evident that human beings are composed of 
more than just human cells21. Human bodies are home 
to a complex microbial community that is most notable 
in the gastrointestinal tract, which harbours up to 1012 
cells per gram of tissue22. This microbial community 
consists of thousands of species with millions of genes, 
outstripping the human genome by multiple orders of 
magnitude and varying hugely between individuals23.

The field of microbiome research is advancing rap
idly as researchers focus on discovering the major factors 
that contribute to this complex interindividual and tem
poral diversity, and how they affect human health and 
disease. Indeed, extensive research in the past few years 
has revealed an important role for the diet in shaping an 
individual’s microbial community. Analysis of the fae
cal microbiota from humans and 59 other mammalian 
species showed a steady increase in bacterial diversity 
from carnivores to omnivores to herbivores, highlighting 
the importance of diet on the composition of gut micro
biota24. The human gut microbiome can also respond 
rapidly to changes in available macronutrients; con
sumption of diets composed entirely of either animal or 
plant products for just 5 days dramatically altered the gut 
microbiota of healthy individuals25. In various strains of 
mice, alternating consumption of a highfat, highsugar 
diet with a lowfat, highfibre diet caused reproducible 
alterations to the gut microbiota, despite differences 
between the host genotypes26. These findings strongly 
emphasize the precedence of diet over genetics in driving 
the structure of the microbial community.

The microbiome is implicated in a variety of auto
immune diseases, including rheumatoid arthritis (RA), 
SLE, multiple sclerosis, type 1 diabetes mellitus and 
inflammatory bowel disease21,27–36, with data suggest
ing that a distinct microbial community in the human 
gut might be responsible for each disease. For example, 
patients with SLE have imbalances in their intestinal 

microbiota (dysbiosis); a crosssectional study revealed a 
reduced ratio of Firmicutes to Bacteroidetes in the gut of 
patients with SLE that persisted after disease remission31. 
Bacteroidetes spp. are also increased in lupusprone 
mice with severe disease and lupus nephritis37. Links 
also exist between dysbiosis and RA pathogenesis. The 
presence of Prevotella copri strongly correlates with dis
ease activity in treatmentnaive patients with RA, as do 
specific Prevotella genes33.

Interactions between gut microbiota and the immune 
system are complex and utilize many molecular mech
anisms (FIG.  2), including the suppression of anti 
inflammatory regulatory T (Treg) cells and the induction 
of T helper 17 (TH17) cell differentiation (as seen in 
mice), leading to a susceptibility to autoimmunity33,38. 
The pivotal role of diet in determining the composition 
of the gut microbiome and the implied role of the micro
biome in rheumatic autoimmune diseases give rise to an 
interesting hypothesis. We suggest that the microbiome 
represents the common underlying mechanism for the 
effects of dietary components on the immune system 
and autoimmunity in general.

Omega‑3 fatty acids
Interactions between fatty acids and the human immune 
system are complex. Fatty acids possess the ability to aug
ment the immune system, as well as having immuno
modulatory properties. On the one hand, there are 
essential fatty acids, which act as membrane constituents 
in immune cells and as substrates for the production of 
arachidonic acid, a precursor required for the synthe
sis of important proinflammatory (and also some anti 
inflammatory) metabolites. These essential fatty acids 
can promote proinflammatory immune responses and 
inflammation. When synovial fibroblasts from patients 
with RA were cultured with different doses of various 
free fatty acids, the fibroblasts showed an enhanced, 
dosedependent secretion of proinflammatory cytokines 
and chemokines39. On the other hand, there are long
chain omega3 (also known as n3) polyunsaturated 
fatty acids (PUFAs), which can compete with essen
tial fatty acids for the enzymes that process them into 
proinflammatory metabolites, thus producing a contrary 
effect40. It is therefore unsurprising that omega3 PUFAs 
can have a beneficial effect in the context of an over
active immune system. In particular, marine omega3 
PUFAs have several immuno modulatory activities, 
including inhibiting proinflammatory cytokine pro
duction, decreasing the production of reactive oxygen 
species (ROS) by neutrophils and monocytes, inhibiting 
T cell proliferation and IL2 production, and decreas
ing MHC class II expression and antigen presentation41. 
Similarly, marine omega3 PUFAs inhibit proinflamma
tory cytokine production by circulating mononuclear 
cells from patients with Crohn’s disease42.

In addition to an in  vitro immunomodulatory 
effect, in vivo evidence suggests that a diet rich in 
omega3 PUFAs inhibits the production of typical 
TH1 cell cytokines in mice, with little effect on typi
cal TH2 cell cytokines43. Dietary supplementation with 
omega3 PUFAs was associated with a lower prevalence 

Key points

• Dietary habits have long been known to have a crucial influence on human health and 
diseases

• Novel roles of dietary factors in the complex interaction of different environmental 
factors in the pathogenesis of rheumatic autoimmune disease, as part of the ‘mosaic 
of autoimmunity’ concept, are now increasingly appreciated

• Whereas salt seems to promote inflammation via various mechanisms, consumption 
of curcumin, spicy food (capsaicin), chocolate and red wine (resveratrol) might 
attenuate immune hyperactivity; consumption of fatty acids and coffee seems to have 
ambivalent effects on autoimmunity

• The human gut microbiome is emerging as a key contributor to and a common 
denominator of the effects of these dietary compounds on the immune system and 
the development of immune-mediated diseases
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of rheumatoid factor positivity among individuals car
rying the HLADR shared epitope, a genetic factor 
associated with many autoimmune diseases, includ
ing RA44. Furthermore, a Swedish prospective cohort 
study found that longterm intake of omega3 PUFAs 
(>0.21 g per day) was associated with a reduced risk of 
developing RA45.

Many clinical trials investigating the effects of 
omega3 PUFAs on patients with RA have shown a 
beneficial effect, as demonstrated by a reduced number 
of swollen joints, reduced joint pain and morning stiff
ness duration, as well as a decreased use of NSAIDs41. 
Notably, although some trials only reported improve
ments compared with the baseline status of patients, tri
als administering higher doses of omega3 PUFAs were 
commonly placebocontrolled46–50. A metaanalysis pub
lished in 2012 reviewed data on the effects of omega3 
PUFAs in patients with RA from ten randomized con
trolled trials. The authors concluded that the consump
tion of >2.7 g per day of omega3 PUFA for >3 months 
reduced the use of NSAIDs by patients with RA51.

The potentially beneficial effects of omega3 PUFAs 
have also been investigated in SLE. Consumption of 
linseed oil (containing 70% omega3 PUFAs) by mice 
with lupuslike disease led to reduced titres of anti
bodies against doublestranded DNA (dsDNA) and 
cardiolipin, as well as less severe kidney damage when 
compared with mice with lupuslike disease that were 
fed other diets52. Another study53 examined the effect 
of fish oil, which is rich in omega3 PUFAs, in a mouse 

model of lupus. In addition to finding reduced titres of 
antidsDNA antibodies, the authors also noted a sub
stantial decrease in proteinuria and a reduced expres
sion of transforming growth factorβ (TGFβ) mRNA 
and protein in the kidneys53. The latter finding alludes 
to a possible mechanism by which omega3 PUFAs 
could exert their immuno modulatory effect. However, 
the idea that omega3 PUFAs modulate the immune sys
tem by reducing TGFβ levels must be interpreted with 
caution, as TGFβ is known to have immunosuppressive 
functions. The authors of the study suggest that the role 
of TGFβ might vary according to the involved organ and 
the duration of the disease53. It seems that the effects of 
TGFβ on the kidney could be unfavourable, so reducing 
the level of TGFβ locally might actually help to amelio
rate lupus nephritis. The effects of omega3 PUFAs were 
also examined in several clinical trials involving patients 
with SLE. Although the results of some trials showed no 
statistically significant benefits54, others demonstrated 
improvements in disease activity55, general physical 
assessment and markers of inflammation56. This vari
ability in findings could be caused by variations in the 
length of trials or the protocols used and suggests further 
clinical trials are needed to determine the best dosing 
and duration schedules.

Omega3 PUFAs also participate in the gut–microbiota– 
brain axis. For example, it has been suggested that the ben
eficial effects of omega3 PUFAs on brain development 
in infants might be caused by PUFAinduced changes in  
the composition and function of the gut microbiota57. 

Figure 1 | Dietary factors associated with autoimmunity. Capsaicin, resveratrol, omega-3 polyunsaturated fatty acids, 
chocolate and curcumin act to reduce autoimmunity mainly by modulating lymphocytic activity and cytokine production. 
Coffee consumption is suspected to be related to the development of autoimmunity in rheumatoid arthritis, and salt 
consumption enhances autoimmunity, chiefly by increasing the potency of T helper 17 (TH17) cells. Breg cell, regulatory 
B cell; NF‑κB, nuclear factor κB; ROS, reactive oxygen species; TH1 cell, T helper 1 cell; Treg cell, regulatory T cell.
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Indeed, increased omega3 PUFA consumption in mice 
increased bifidobacteria growth and restricted entero
bacteria growth, subsequently dramatically reducing the 
inflammatory responses associated with metabolic endo
toxemia58. In another study, dietary supplementation with 
omega3 PUFAs restored the disturbed gutmicrobiota 
composition of mice that had been stressed in early life59, 
offering insight into the interaction between omega3 
PUFAs and gut microorganisms.

Finally, when considering the relationship between 
fatty acids and the immune system, another possible sci
entific approach is worthy of mention. By assessing the 
composition of fatty acids in patients with auto immune 
disease versus healthy individuals, one can deduce which 
fatty acids are associated with disease and which are 
found in a healthy immune environment. Several inter
esting studies conducted in this manner have suggested 
specific fatty acid profiles associated with RA60, ankylos
ing spondylitis61 and Crohn’s disease42, paving the way to 
tailoring diets for patients.

Sodium chloride
Salt has had an important role in human history dat
ing as far back as the ancient Egyptians, who used it for 
mummification, cleaning and even as an antiseptic. Salt 

has been used for food preservation and, perhaps most 
remarkably, for centuries it was considered a valuable 
currency62. However, researchers have only begun to 
thoroughly explore the effects of salt on human health 
in the past few decades.

In the past few years, studies have brought to light 
several mechanisms by which salt exerts its effects on the 
human immune system. First, salt influences the differ
entiation of TH17 cells, which are known to be integral to 
several autoimmune diseases such as RA, SLE, multiple 
sclerosis and psoriasis63. In 2013, two research groups 
simultaneously published studies that evaluated the 
effects of sodium chloride (NaCl) on TH17 cell differen
tiation and IL17 expression64,65. Both groups examined 
the differentiation of naive CD4+ T cells into TH17 cells 
in the presence or absence of 40 mM NaCl. Expression 
of IL17A and several transcription factors related to 
differentiation and maturation of cells from the TH17 
lineage were elevated in CD4+ T cells in the presence of 
NaCl. Furthermore, CD4+ T cells that were differenti
ated in the presence of NaCl had increased expression 
of genes characteristic of TH17 cells, including CCL20, 
IL17F, RORC and IL23R64,65. Both groups investigated 
the effects of a highsalt diet on mice with experimen
tal autoimmune encephalitis, an experimental model of 
multiple sclerosis, finding the disease to be aggravated 
by high levels of salt intake64,65.

The molecular mechanisms whereby a highsalt 
diet induces an inflammatory phenotype are complex, 
involving some important intracellular signalling path
ways (FIG. 3). In the presence of a high concentration of 
salt, phosphorylation of the intracellular signalling mol
ecule mitogenactivated protein kinase 14 (MAPK14) 
increases, as does expression of the transcription factor 
NFAT5 (REF. 66). Moreover, a highsalt diet causes the 
upregulation of serum and glucocorticoidregulated 
kinase 1 (SGK1), an important protein kinase in the cel
lular stress response66. On the basis of the above stud
ies, it is postulated that the extracellular hypertonicity 
created by a highsalt diet is responsible for increased 
phosphorylation of MAPK14. Activated MAPK14 sub
sequently activates NFAT5, which induces the expres
sion of SGK1, also believed to be stimulated directly by 
extracellular hypertonicity. Activated SGK1 phosphoryl
ates the transcription factor forkhead box protein O1 
(FOXO1), causing its deactivation and translocation 
from the nucleus, thus reversing its suppression of IL23R 
and eventually enabling increased expression of retinoic 
acidreceptorrelated orphan receptorγt (RORγt)66,  
a master transcription factor involved in TH17 cell dif
ferentiation67,68. By elucidating possible pathways for 
the instigation and escalation of autoimmunity, these 
novel findings create opportunities for developing new  
therapeutic strategies.

However, the effect of salt on the immune system 
is not mediated solely by its influence on TH17 cells. A 
2015 study69 highlighted the effect of a highsalt diet 
on Treg cells, which are integral to immune tolerance, 
exerting their effect through various mechanisms. It 
should be noted, however, that Treg cells have func
tional plasticity and under certain conditions can 

Figure 2 | The role of diet in shaping the gut microbiome. Various nutritional factors 
influence the composition of the human gut microbiome and cause changes in the types 
and the abundance of microorganisms, resulting in dysbyosis. Interactions between gut 
microbiota and the immune system are complex and utilize many molecular 
mechanisms, including the suppression of anti‑inflammatory regulatory T (Treg) cells and 
the induction of T helper 17 (TH17) cell differentiation, which can cause susceptibility to 
autoimmune diseases. 
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secrete proinflammatory cytokines such as IFNγ and 
IL17 (REF. 70). By examining the effect of elevated NaCl 
levels on the suppressive capacity of human and murine 
Treg cells in vitro and in vivo, researchers discovered that 
highsalt conditions induced a sixfold increase in IFNγ 
secreted by Treg cells69. This increase in IFNγ resulted 
in a loss of the suppressive function of these cells, as 
measured by the number of effector T cells inhibited by 
Treg cells. Additionally, adding an antibody that neutral
ized human IFNγ led to a recovery of the suppressive 
functions of Treg cells, proving that the suppression is 
mediated by IFNγ69.

Another area of the immune response affected by 
salt is macrophage differentiation. Hucke et al.71 exam
ined the effect of high salt concentrations on bone 
marrowderived macrophages. Increased salt concentra
tions induced a decrease in M2macrophageassociated 
(antiinflammatory) markers along with an elevation in 
M1macrophageassociated (proinflammatory) mark
ers, indicating a shift towards a more pathogenic strain 
of macrophages.

Major clinical trials assessing the effect of limiting salt 
intake on autoimmune diseases have yet to be completed; 
however, observational retrospective studies have linked 
salt consumption to autoimmune diseases. In one such 

study, in a cohort of 18,555 participants in Spain, daily 
sodium intake was assessed using a validated food fre
quency questionnaire, which was explored for correlations 
with selfreported cases of RA72. A significant association 
was found between a median daily sodium intake of ~5 g 
and incidence of RA (P = 0.02)72. Interestingly, the asso
ciation between increased sodium intake and RA was 
higher among those who had never smoked than among 
those who had ever smoked, suggesting that smoking is 
a stronger predisposing factor for RA than salt intake. 
A similar study conducted in Sweden that utilized data 
from a wellestablished community intervention pro
gramme for the prevention of cardiovascular diseases 
presented somewhat different results73. This study, which 
included 386 individuals with RA who had stated their 
dietary habits a median of 7.7 years before the onset of 
symptoms and 1,886 healthy individuals, showed that 
increased sodium intake more than doubled the risk of 
developing RA among smokers, an association not seen 
among nonsmokers73. Furthermore, an additive interac
tion analysis suggested that approximately half of the risk 
of developing RA among smokers could be attributed to 
sodium intake73.

Several studies have attempted to address the rela
tionship between high sodium intake, smoking and RA. 
One such study, evaluating 1,285 participants from the 
Swedish Epidemiological Investigation of Rheumatoid 
Arthritis (EIRA) study, showed an increased risk of anti 
citrullinated protein antibody (ACPA) positivity among 
individuals who had a high sodium intake and were heavy 
smokers74. However, when examining a possible correla
tion between SGK1 polymorphisms, high sodium intake 
and ACPA positivity, the researchers found no statisti
cally significant associations74. SGK1 polymorphisms are 
thought to influence physiological responses to sodium 
intake, as well as being implicated in the cellular stress 
response75,76, yet evidence of their role in the development 
of RA is still lacking. Although relatively preliminary, this 
data, along with the effects of salt observed in vitro and in 
animal models, highlights the need for extensive clinical 
trials assessing the therapeutic potential of a lowsalt diet 
in various autoimmune diseases.

Even so, the relationship between sodium intake, 
smoking and the risk of developing RA is an intrigu
ing demonstration of the complex interplay between 
genetic and environmental factors in the development 
of auto immunity. This relationship serves as a potential 
pathway that could be exploited in the design of per
sonalized medical recommendations for the treatment 
of rheumatic patients in the future. Such recommenda
tions should take into account genetic features, such as 
SGK1 polymorphisms, and environmental factors, such 
as smoking history.

Capsaicin
Chili peppers (fruits of Capsicum spp.) are an integral 
part of many cuisines, featuring prominently in dishes 
from China to Mexico to Italy77. In fact, it is estimated 
that as much as threequarters of the world’s popula
tion include chili peppers in their diet on a daily basis78. 
Capsaicin, the main active ingredient of chili peppers, is 

Figure 3 | Molecular mechanisms linking a high-salt diet to an inflammatory 
response. The extracellular hypertonicity created by high-salt diet leads to an influx of 
extracellular sodium into the cell, causing the phosphorylation of mitogen-activated 
protein kinase 14 (MAPK14). Activated MAPK14 then leads to activation of the 
transcription factor nuclear factor of activated T cells 5 (NFAT5), which induces the 
expression of serum and glucocorticoid‑regulated kinase 1 (SGK1). Activated SGK1 
phosphorylates the transcription factor forkhead box protein O1 (FOXO1), causing its 
downregulation and thus enabling the expression of retinoic acid-receptor-related 
orphan receptor-γt (RORγt), a master transcription factor involved in the differentiation 
of type 17 helper T (TH17) cells. IL‑23R, IL‑23 receptor. 
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a phytochemical (8methylNvanillyl6nonenamide) 
and is responsible for the characteristic hot taste of these 
fruits79. Capsaicin belongs to the family of capsaici
noids, compounds classified as crystalline alkaloids that 
are produced as secondary metabolites by chili plants. 
Capsaicin creates a sensation of burning when it comes 
into contact with tissue and is an effective deterrent 
against mammals80.

Capsaicin exerts multiple pharmacological and 
physiological effects, as documented in experimental 
or smallsized population studies, and has long been 
used as a topical analgesic shown to be effective against 
peripheral neuropathic pain81,82. Randomized trials in 
patients with hand and knee osteoarthritis (OA) showed 
a mild to moderate efficacy for capsaicin in comparison 
with placebo, with a lack of systemic effects83,84. Use of 
capsaicin as an adjunct or sole therapy for patients with 
OA who are unresponsive to, or intolerant of, other 
treatments has been suggested85. Furthermore, sev
eral studies have revealed beneficial roles for capsaicin 
in reducing energy intake and in cardiovascular and 
gastro intestinal conditions, as well as antihypertensive 
and anticancer effects86–91.

The spiciness of chili peppers is not technically a taste, 
but rather a sensation of burning mediated by nocicep
tive sensory neurons92. This pathway is initiated by the 
target receptor of capsaicin, transient receptor potential 
vanilloid subfamily member 1 (TRPV1), a Ca2+ permeable 
ion channel91. Considering the close relationship between 
the peripheral nervous system and immunological dis
eases93, it is not surprising that TRPV1 also has a role in 
the immune system. Members of the TRPV family have 
both proinflammatory and antiinflammatory properties, 
and are widely expressed by innate and adaptive immune 
cells94. These properties include modulation and upreg
ulation of the function of dendritic cells95, induction of 
neurogenic inflammation through the activation of mast 
cells96 and suppression of Tcellmediated tumorigenesis86.

Consequently, several research groups have investi
gated the influence of capsaicin on the pathogenesis of 
rheumatic diseases, with the most extensive data avail
able on RA. Capsaicinsensitive peptidergic sensory 
neurons innervate the synovium and the joint capsule 
and have an important role in mediating the classi
cal afferent pain pathway. Upon activation of TRPV1, 
which is widely expressed in these neurons, sensory 
neuropeptides are released, including proinflammatory 
peptides such as substance P, neurokinin A and calci
tonin generelated peptide 1 (CGRP1), as well as the 
potent anti inflammatory peptide somatostatin97. These  
neuropeptides are crucial mediators in neurogenic 
inflammation, an important process in the pathophys
iology of RA. For example, proinflammatory and anti 
inflammatory neuropeptide levels are increased and 
decreased, respectively, in the serum and synovial fluid 
of patients with RA98–100.

In a study from 1995 (REF. 101), lower concentrations 
of substance P and CGRP1 were present in the dorsal 
root ganglia of rats with adjuvantinduced arthritis pre
treated with capsaicin compared with untreated arthritic 
rats. This reduction in neuropeptide concentration was 

accompanied by a 40% reduction in the development 
of ankle joint inflammation101. Based on these data, in 
a 2015 study102 researchers analysed the involvement of 
capsaicinsensitive sensory neurons in a mouse model 
of autoantibodyinduced arthritis. Inactivation of these 
nerves resulted in severe arthritis, characterised by 
increased swelling of the joints, increased activity of 
matrix metalloproteinases and neutrophilderived myelo
peroxidase, increased ROS production and inflammatory 
cell accumulation, as well as histopathological alterations 
and decreased hyperalgesia in the late phase of arthri
tis102. In another model of adjuvantinduced arthritis 
in Lewis rats, capsaicininduced loss of small, unmyeli
nated afferent neurons in jointdraining lymphatic ves
sels resulted in markedly reduced limb inflammation103. 
These results highlight the important and complex 
regulatory role of capsaicin in modulating inflamma
tion during the development and progression of auto
immune arthritis. However, capsaicin does not only exert 
its immuno modulatory effects through neuroimmune 
mechanisms. Oral administration of capsaicin protected 
mice from developing type 1 diabetes mellitus by enhanc
ing a discrete population of macrophages and attenu
ating the proliferation and activation of autoreactive  
T cells in pancreatic lymph nodes92.

In humans, capsaicin had a beneficial effect in a 
randomized controlled trial involving 31 patients with 
RA83. Administration of topical capsaicin (in the form 
of a 0.025% cream) to painful knees four times a day, for 
a period of 4 weeks, induced a 57% reduction in pain 
at assessment, compared with the placebo group. The 
most common adverse effects were localized irritation, 
which occurred in ~40% of patients83. Topical capsai
cin was also effective in the shortterm in patients with 
severe fibromyalgia; a randomized trial of 130 patients 
with fibromyalgia showed that topical administration of 
0.075% capsaicin three times daily for 6 weeks improved 
several pain measurements (myalgic score and the  
pressure pain threshold) compared with controls104.

Capsaicin has also gained considerable interest 
because of its bactericidal activity towards many types 
of bacteria, including Helicobacter pylori, Staphylococcus 
aureus and Porphyromonas gingivalis105–110, suggesting 
that consumption of spicy food contributes to altera
tions in the gut microbiome. However, there is a lack of 
human clinical trials evaluating the oral administration 
of capsaicin in autoimmune rheumatic diseases, com
pared with placebo or with other agents. Because of the 
local irritation induced by capsaicin when administered 
topically to humans83, one might wonder whether it is 
really feasible to carry out clinical trials with oral cap
saicin. To address this issue, the exact concentration of 
capsaicin being administered needs to be determined. 
The pungency of chili peppers has traditionally been 
measured using the Scoville scale, first developed in 1912 
by Wilbur Scoville111. There are five levels of pungency 
on this scale, classified using Scoville heat units (SHU) 
(a function of capsaicin concentration), ranging from 
nonpungent (0–700 SHU) to highly pungent (>80,000 
SHU)112. However, this method is subjective, dependent 
on the taste buds of the human tasters and the number 
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of TRPV1 receptors they possess, making it imprecise. 
Therefore, since the 1980s, the pungency of chili pep
pers has been more precisely and reliably measured by 
highperformance liquid chromatography113,114. We sug
gest that clinical trials with orally administered capsaicin 
should utilize chromatography to titre the different doses 
so that the efficacy of distinct doses can be evaluated, 
as well as any possible oropharyngeal or gastrointestinal 
irritation. In conclusion, further studies are needed to 
explore capsaicin as a novel modulator, a possible risk 
factor or a potential therapy in autoimmune diseases.

Curcumin
The use of curcumin, the principal active component 
of turmeric, in cuisine and religious ceremonies dates 
back nearly 4,000 years in India, although it was later 
adopted by Ayurvedic medicine, in which curcumin 
was believed to possess therapeutic properties useful 
for the treatment of arthritis, wounds, fever, ulcers, 
jaundice, trauma and psoriasis115. In the past few years, 
the scientific community has begun to explore this sub
stance for its effects on the human immune system and 
immune pathologies.

In 2013, Lee et al.116 examined the effects of die
tary curcumin in the NZB/W mouse model of lupus 
nephritis. Mice consuming a diet containing curcumin 
had substantially reduced proteinuria, decreased levels 
of antidsDNA antibodies and less glomerular dam
age on renal histology than mice consuming a normal 
diet. Interestingly, the beneficial effects of curcumin 
disappeared when fed to NZB/W mice depleted of Treg 
cells116, suggesting an important role for Treg cells in the 
antiinflammatory effects of curcumin. Treatment with 
curcumin also attenuated disease in murine models of 
multiple sclerosis117 and myasthenia gravis118. Possible 
mechanisms for the effect induced by curcumin in these 
studies include an elevated expression of antioxidative 
stressrelated and antiinflammatory genes, increased 
numbers of Treg cells accompanied by decreased num
bers of TH1 cells, and a shift toward regulatory B cells, 
with a rise in protective antiinflammatory antibody 
production.

Indeed, the mechanisms by which curcumin attenu
ates the immune response are numerous and complex, 
including diverse antiinflammatory, antioxidative 
and antiarthritic effects119,120. However, although the 
aforementioned studies allude to multiple and diverse 
antiinflammatory effects of curcumin on the human 
immune system, none examined the effect of curcumin 
on rheumatic diseases in humans. Nevertheless, in 
2012, a crosscontinental collaboration of research
ers conducted a clinical trial designed to evaluate the 
effectiveness and safety of curcumin in patients with 
active RA121. Fortyfive patients with RA were allocated  
at random to receive curcumin or diclofenac separately, 
or both in combination. After 8 weeks of treatment, the 
group treated with curcumin alone showed the greatest 
improvement in disease activity, although the differences 
between the groups were not statistically significant 
(P >0.05)121. Another interesting clinical trial assessed 
the effect of turmeric supplementation on patients with 

lupus nephritis; 24 patients received a capsule three 
times a day containing either turmeric or starch. After 
3 months, the group who received turmeric showed a 
decrease in proteinuria, systolic blood pressure and 
haematuria, whereas the group who received starch 
presented with no effects122. These studies, although 
preliminary in nature, represent a novel experimental 
pathway for assessing the therapeutic effect of curcumin 
in clinical trials.

Indeed, curcumin is also a potential determinant  
of the ecology of the gut microbiota. In a mouse model of 
colitisassociated colorectal cancer123, dietary supplemen
tation with curcumin increased the relative abundance of  
Lactobacillales and decreased the relative abundance 
of Coriobacteriales. Moreover, curcumin prevented an 
agerelated decrease in alpha diversity (the diversity of 
microbial species within a certain location or sample), 
thus creating a more diverse colonic microbial structure 
than that seen in mice fed a conventional diet123.

Notably, the therapeutic properties currently attrib
uted to curcumin are being questioned by the scientific 
community. A 2017 systematic review124 focusing on the 
chemical properties of curcumin thoroughly examined 
some of the main controversies regarding the potential 
benefits of this substance. Nelson et al.124 suggest that 
curcumin is substantially less effective than is com
monly assumed owing to its low bioavailability and its 
unstable, reactive nature. However, the authors note that 
curcumin could still provide benefits by acting on the 
gut microbiota124. 

Coffee
Coffee consumption has been the subject of much debate 
in the medical community over the past few decades. As 
the scientific community began to investigate the corre
lation between coffee consumption and mortality, several 
studies suggested a detrimental effect, with the consump
tion of coffee leading to an increase in cardio vascular 
related125 and allcause mortality126. However, numer
ous studies have now demonstrated these findings to 
be questionable at best, showing an inverse correlation 
between coffee consumption and mortality127–129. A possi
ble explanation for these contradictory findings might be 
that many of the earlier studies did not take into account 
smoking, an important confounding factor that is closely 
associated with coffee consumption.

Caffeine is the main active ingredient considered 
when studying the effects of coffee consumption. The 
effects of caffeine on the human immune system have 
been investigated in several studies, in which caffeine was 
shown to have antiinflammatory properties130. Among 
the effects attributed to caffeine are the ability to sup
press the production of TNF by murine splenocytes131, to 
impair lymphocyte proliferation132 and to suppress anti
body production130,133. Many of these effects are attributed 
to the ability of caffeine to inhibit cAMP phosphodiester
ase (PDE). Inhibition of cAMP PDE leads to elevated 
levels of intracellular cAMP, causing the activation of 
protein kinase A (PKA). Activation of the cAMP–PKA 
pathway is at the root of many of the immunomodulatory 
effects of caffeine130.
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However, when examining the effects of coffee con
sumption specifically in autoimmune diseases, findings 
vary substantially among diseases. Although coffee con
sumption seems to be correlated with a reduced risk of  
multiple scerosis134 or ulcerative colitis135, the effects 
of coffee consumption on major autoimmune rheu
matic diseases seem unfavourable. A metaanalysis of 
five studies showed a significant (P = 0.085) association 
between coffee intake and incidence of seropositive 
RA136. Similarly, in a cohort of 18,981 individuals with 
no evidence of RA at baseline who were questioned about 
coffee consumption and followed for 16 years, those who 
drank at least four cups of coffee per day had a relative 
risk of 2.20 (95% CI of 1.13–4.27) for developing rheu
matoid factorpositive RA137. These two studies suggest a 
possible mechanism by which coffee could contribute to 
the production of rheumatoid factor, thus inducing RA. 
Intriguingly, in the aforementioned metaanalysis136 no 
association was shown between tea intake and RA inci
dence. This finding raises the question of whether the 
association between coffee and RA can really be attrib
uted to caffeine. For example, a study of 30,000 women 
showed an increased risk for the development of RA 
among coffee drinkers, with no increased risk among 
those who drank caffeinated coffee over those who drank 
decaffeinated coffee138. In this study, tea consumption 
was associated with a decreased risk for RA138.

Little data exist on the effects of coffee consumption 
on SLE; however, results from a crosssectional study 
evaluating 300 patients with SLE for risk factors associ
ated with cardiovascular disease showed that coffee con
sumption was a significant (P = 0.009) risk factor139,140. 
Unfortunately, although highquality studies examining 
the effects of coffee consumption on rheumatic diseases 
are sparse and concrete data on the mechanisms by 
which it exerts its effects are lacking, it seems, for now, 
that coffee has a somewhat detrimental effect in SLE 
and RA.

Cocoa
Chocolate is derived from the fermented, dried and 
roasted fruits (beans) of the cacao tree, Theobroma 
cacao. In Central America, xocolatl (a drink made from 
cacao beans) has been traditionally considered to have 
therapeutic benefits. Cocoa, a substance rich in poly
phenols and lowmolecularweight flavanols, has gained 
considerable attention for its direct and indirect antioxi
dative properties, supposedly attributable to its flavanols. 
Indeed, consumption of flavanolsrich cocoa seems to 
have beneficial effects on blood pressure, insulin resist
ance, vascular function and platelet function, as well as 
potentially cardioprotective properties141–145.

The active extracts of cocoa have a promising reg
ulatory role in both the innate and acquired immune 
systems. This role includes downregulating the pro
inflammatory cytokines IL1β and IL2 and upregulating 
the antiinflammatory cytokine IL4 in peripheral blood 
mononuclear cells146–148. One study showed a reduction 
in the production of TNF and monocyte chemoattract
ant protein 1, as well as a reduction in nitric oxide release 
by macrophages in the presence of cocoa extracts149. 

Cocoa also modulates the balance of TH1 cells and TH2 
cells in lymphocyte cultures, favouring TH1 cells and 
reducing antibody secretion150. Another study showed 
the immunomodulatory properties of cocoa extracts in a 
rat model of collageninduced arthritis151. Consumption 
of a cocoaenriched diet reduced the synthesis of specific 
antibodies against type II collagen, as well as reducing 
ROS production and release of TNF and nitric oxide by 
peritoneal macrophages151. Although joint swelling in 
the arthritic animals was not significantly reduced com
pared with controls during the study period, the authors 
concluded that a cocoaenriched diet might serve as an 
adjuvant therapy for disorders with an inflammatory, 
autoimmune pathogenesis.

Resveratrol
Resveratrol (3,4ʹ,5trihydroxystilbene) is a natural 
polyphenolic phytoalexin found in particularly high con
centrations in red wine. Resveratrol reportedly has a vari
ety of beneficial effects on the immune system, including 
antiinflammatory, antioxidant, anticarcinogenic and 
immunomodulatory properties152–154.

The mechanisms by which resveratrol influences 
the immune system are complex and numerous. Wine 
polyphenols (at similar concentrations to those found in 
plasma following moderate consumption of wine) are an 
important cofactor in innate immune reactions, enhanc
ing phagocytosis in human promonocytes154. In another 
study155, resveratrol blocked TNFinduced activation of 
NFκB in a dosedependent and time dependent man
ner, and also inhibited the TNFinduced phosphoryl
ation and nuclear translocation of the p65 subunit of 
NFκB and NFκBdependent reporter gene transcrip
tion. Moreover, by blocking NFκB, resveratrol exerted a 
suppressive effect on prostaglandin G/H synthase 2 (also 
known as cyclooxygenase 2), a key molecule in tumori
genesis and inflammation156. Resveratrol is also a potent 
inhibitor of prostaglandin biosynthesis and the produc
tion of hydrogen peroxide by macrophages stimulated 
by lipopolysaccharide or phorbol esters157.

In relation to autoimmune diseases, longterm treat
ment with resveratrol restored vascular function in rats 
with type 1 diabetes mellitus, implying a potential ther
apeutic use for resveratrol in type 1 diabetes mellitus 
induced cerebrovascular dysfunction158. Intraarticular 
injections of resveratrol in an experimental inflamma
tory arthritis model in rabbits resulted in a substantial 
reduction in cartilage destruction and synovial inflam
mation159. This jointprotective effect was confirmed 
in a study that evaluated dietary supplementation with 
resveratrol in a model of acute antigeninduced arthri
tis160. Resveratrol reduced knee swelling, improved the 
synovial tissue histology score and lowered the serum 
concentration of CXCchemokine ligand 1, which are 
all pathological hallmarks of RA160. In a 2015 study161, 
the authors evaluated the in vivo activity of resveratrol 
and curcumin on adjuvantinduced arthritis in rats 
when coencapsulated in lipidcore nanocapsules. This 
strategy was promising, as the combination of resvera
trol and curcumin had greater efficacy in decreasing paw 
oedema compared with the effects of either polyphenol  
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administered alone; the combined treatment also mini
mized fibrosis in the synovial tissue, cartilage and bone, 
with no evidence of hepatotoxic effects161. Resveratrol 
has also been tested in mice in a monosodium urate 
induced model of acute gouty arthritis. The combination 
of sodium alginate and resveratrol reduced the levels of 
IL1β, CCchemokine receptor 5 and CXCchemokine 
ligand 10 in the synovial tissue of these mice, and  
resveratroltreated animals showed greater improvement 
than colchicinetreated animals162. Moreover, serum uric 
acid levels were lowered by resveratrol consumption in 
hyperuricaemic mice163, suggesting a potential applica
tion as a preventive therapy for recurrent attacks of gout.

Finally, in a 2014 study, researchers investigated the 
role of resveratrol in regulating gut microorganisms, and 
the relationship of this interaction obesity. Resveratrol 
positively altered the dysbiosis induced by a highfat 
diet in mice by increasing the ratio of Bacteroidetes to 
Firmicutes, inhibiting the growth of Enterococcus fae-
calis and increasing the growth of Lactobacillus and 
Bifidobacterium spp164.

Conclusions
Although the concept of the mosaic of autoimmunity 
is well established, pieces of the mosaic are continuing 
to emerge as research progresses. We are facing a new 
era of digitization of the health care system165, with the 
widespread availability and accessibility of highquality 
health data and information fuelling a growing demand 
for safe, costeffective and simple to administer thera
pies106. Moreover, rheumatic diseases are chronic and 
greatly influenced by an individual’s lifestyle. It stands 
to reason, therefore, that the search for additional ther
apies to attenuate such diseases would include lifestyle 

modifications. In this respect, nutritional agents repre
sent an attractive alternative to conventional therapies 
and deserve further investigation.

In this Review, we examined several common nutri
tional components in the human diet: omega3 fatty 
acids, salt, capsaicin (chili peppers), curcumin (tur
meric), coffee, chocolate and resveratrol (red wine). Data 
suggests that these ingredients substantially affect both 
the innate and adaptive branches of the immune system. 
Whereas salt seems to promote inflammation via several 
mechanisms, consumption of curcumin, capsaicin, choc
olate and resveratrol might attenuate immune hyper
activity, and consumption of omega3 PUFAs and coffee 
seem to have ambivalent effects on immunity (FIG. 1).

These data raise the question of whether a common 
denominator underlies the strong influence of these 
dietary bioactive compounds on the immune system. 
Indeed, the human microbiome seems to be emerging 
as a key contributor. Several studies have highlighted the 
importance of the dietary components presented in this 
Review in shaping and regulating our gut microbiota and 
its diverse functions, and thereby affecting autoimmune 
rheumatic diseases26,166,167. It will be important to deter
mine whether similar changes occur when humans are 
introduced to different diets, thus revealing more about 
the complex interaction between diet, the gut microbiota 
and rheumatic diseases.

Much research is still needed to elucidate the vari
ous mechanisms of action of these dietary factors and 
to determine clear recommendations for dosing and fre
quency of consumption. However, the data presented to 
date are sufficient to determine that these factors consti
tute a novel and underexplored aspect of autoimmunity 
that will hopefully inspire further investigation.
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Ankylosing spondylitis (AS) is an inflammatory arthri-
tis of the axial skeleton that predominantly affects young 
men. Although the MHC class I allele HLA‑B*27 confers 
the greatest genetic risk of AS, genome-wide associa-
tion studies have revealed more than 60 additional risk 
factors for the disease. Despite HLA-B27 being linked 
to AS for more than 40 years, and its role in the pres-
entation of antigenic peptides to T cells being well char-
acterized , the pathogenic role of CD8+ T cells remains 
to be conclusively demonstrated. By contrast, research 
over the past 10 years has demonstrated a crucial role 
for IL-17-producing CD4+ T cells in the pathogenesis of 
AS. Moreover, subclinical gut inflammation is observed 
in 60% of patients with AS1, implicating a potential gut–
joint axis in AS pathogenesis. The gut could be the first 
location of antigenic exposure, followed by activation of 
pathogenic mechanisms within the joints.

Considerable effort over the past 5 years has been 
directed towards understanding three major themes, 
namely intracellular peptide processing and presentation 
by HLA-B27, the microbiome and its interaction with the 
immune system, and perturbations of type 3 immunity. 
Although these processes form the basis of our under-
standing of AS pathogenesis, a consensus has yet to be 
reached regarding their mechanistic links with disease2,3. 
In this Review, we discuss advances in our understanding 
of AS pathogenesis as informed by the 2015 International 
Genetics of AS (IGAS) congress held in Toronto, Canada 
as well as the relevant studies published afterwards.

Genetics of AS
Since its discovery in 1973, HLA‑B*27 has undisputedly 
remained the major genetic risk factor in AS4. The poly-
genic nature of AS has been slowly unravelled over time 
with the identification of several other MHC genes con-
tributing to the disease risk. Genes in the HLA-B locus 
commonly confer disease risk, and, importantly, associ-
ate with both HLA-B27-positive and HLA-B27-negative 
cases of AS5. However, a major breakthrough in the 
investigation of AS pathogenesis was the identification 
of non-MHC genes contributing to AS heritability.

As more genes are being identified, novel molecular 
pathways that improve our understanding of AS patho-
genesis are being discovered. At least 113 genetic vari-
ants involved in AS have been identified to date, with 48 
of these achieving genome-wide significance5–9. Another 65 
genes are genome-wide significant for combinations of 
seronegative diseases (AS, Crohn’s disease, primary scle-
rosing cholangitis, psoriasis and ulcerative colitis) and 
independently associated with AS itself9.

A genetic study published in 2007 identified variants 
among non-HLA proteins as major risk factors for AS, 
such as those involved in the IL-23 signalling pathway 
and those belonging to the M1 family of zinc metallopepti-
dases, such as endoplasmic reticulum aminopeptidase 1  
(ERAP1)6. Since the discovery of these variants, mul-
tiple non-HLA genes have been associated with AS, 
including CARD9, EOMES, IL1R1, IL1R2, IL6R, IL7R, 
IL12B, IL27, NKX2‑1, PTGER4, RUNX3, TBX21, TYK2 
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Abstract | Over the past 5 years, advances in high-throughput techniques and studies involving 
large cohorts of patients have led to considerable advances in the identification of novel genetic 
associations and immune pathways involved in ankylosing spondylitis (AS). These discoveries 
include genes encoding cytokine receptors, transcription factors, signalling molecules  
and transport proteins. Although progress has been made in understanding the functions and 
potential pathogenic roles of some of these molecules, much work remains to be done to 
comprehend their complex interactions and therapeutic potential in AS. In this Review, we 
outline the current knowledge of AS pathogenesis, including genetic risk associations, 
HLA-B27-mediated pathology, perturbations in antigen-presentation pathways and the 
contribution of the type 3 immune response.
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Genome-wide significance
In most genome-wide 
association studies, the 
threshold that an association 
must reach to be considered 
statistically significant is a high 
P value (≥5 × 10−8 ) owing to 
the multiple tests conducted in 
such studies.

Seronegative diseases
Diseases not associated with 
serum autoantibodies.

M1 family of zinc 
metallopeptidases
Aminopeptidases that cleave 
polypeptides from the 
N-terminus and are dependent 
on a single zinc ion for activity.

Immunochip platform
A microarray chip containing 
probes that recognize 
approximately195,000 single 
nucleotide polymorphisms and 
700 small insertion and/or 
deletions; the main aim of this 
platform is to fine-map 
|genetic associations identified 
in 11 autoimmune and 
inflammatory diseases.

Data-independent 
acquisition mass 
spectrometry
Mass spectrometry technique 
in which all ions generated are 
fragmented and analysed 
without pre-selection. 

and ZMIZ1 (REF. 10). Interestingly, many of these genes 
are associated with type 3 immunity, which is mediated 
by innate and adaptive immune effector cells that com-
monly express nuclear receptor RORγt and produce 
cytokines of the IL-17 family (TABLE 1). Analysis of HLA 
genes has demonstrated that in addition to HLA‑B27, 
associations with multiple other HLA risk alleles exist, 
including HLA‑A*02, HLA‑B*13, HLA‑B*40, HLA‑B*47 
and HLA‑DRB1*0103 (REFS 11–13), and HLA‑C*1502 
in individuals from East Asia14, as well as associations 
with protective alleles such as HLA‑B*7 and HLA‑B*57 
(REFS 11–13). The association between HLA-B and AS 
seems to be explained by the amino acid residue 97 
in the HLA-B protein sequence, which lies in the C/F 
pocket of the peptide-binding groove. ERAP1 variants 
are associated with AS only in individuals carrying 
HLA‑B27 and HLA‑B*40 (REF. 11), indicating that sim-
ilar mechanisms underlie the function of these alleles. 
Other HLA alleles interact with ERAP1 in seronegative 
diseases (HLA‑Cw*0602 in psoriasis15, HLA‑B*51 in 
Behçet disease16 and HLA‑A29 in birdshot chorioretino-
pathy17,18). These shared associations also explain in 
part the co-occurrence of different diseases in AS; for  
example, HLA‑DRB1*0103 is a known risk factor  
for inflammatory bowel disease (IBD).

The identification in 2016 of a large number of genes 
associated with AS that have pleiotropic effects in sero-
negative diseases provided new biological insights that 
might serve as a basis for hypothesis-driven research9. 
Examples of AS regulators under intense investiga-
tion include the IL-23–IL-17 axis as well as DNA 
(cytosine-5)-methyltransferase 3A (DNMT3A) and 
DNMT3B, which are key proteins involved in epige-
netic regulation. FUT2, a gene that determines secretor 
status (the ability to secrete blood group antigens into 
bodily fluids), has been shown to determine the micro-
biome composition in patients with IBD19, supporting 
the notion that AS is driven by interactions between the 
host microbiome and the immune system20.

Heritability estimates for common genetic variants 
obtained through the Immunochip platform suggest that 
AS heritability is higher than that of IBD or psoriasis, 
but, to date, only approximately 28% of AS heritability 
has been explained by genetic loci in genome-wide asso-
ciation studies (GWAS)9. Clearly, many genetic variants 
remain unidentified, and the identification of these 
variants will be valuable given the important biologi-
cal insights arising from genetic findings. Large-scale 

studies analysing the whole genome, rather than tar-
geted studies such as those utilizing the Immunochip 
platform, are warranted, as are studies in unique popu-
lations in which new disease-associated variants might 
be identified21.

Role of MHC in AS
Among the genes associated with AS described above, 
HLA‑B27 confers the greatest risk and is present in 
85–90% of patients22. The predominant physiological 
function of HLA-B27 is to bind peptides and present 
them to the surface of nucleated cells for recognition by 
CD8+ T cells. Furthermore, this polymorphic molecule 
has a subtype-specific influence on the development of 
AS23. Sequence variations in HLA-B27 subtypes con-
fer differences in peptide-binding ability and protein 
stability24.

No definitive ‘arthritogenic peptide’ triggering an 
immune response in AS has been identified to date, 
and qualitative differences between peptides that 
bind to AS-associated and non-associated HLA-B27 
subtypes have not been found25. Most peptides bind-
ing to HLA-B*2704 and HLA-B*2705 (encoded by 
AS-associated alleles) can also bind to HLA-B*2706 
and HLA-B*2709, which are not associated with AS25. 
In the past 5 years, the focus of research has shifted 
to quantitative HLA-B27 ‘peptidome’ analyses and, 
with the advent of data- independent acquisition mass  
spectrometry, high-quality results have been reported26. 
Peptides that are under-represented on HLA-B*2706 
and HLA-B*2709 were quantified with the assumption 
that a putative arthritogenic peptide would bind pref-
erentially to AS-associated HLA-B27 subtypes than 
non-AS- associated HLA-B27 subtypes, potentially 
leading to abnormal immune responses. Interestingly, 
26 peptides were presented in lower abundance by non- 
AS-associated HLA-B27 subtypes, and two peptides, 
ARYVFQSENTF and ARVLLVPDNTF, showed the low-
est abundance. Although most differences in abundance 
were minimal, the authors claimed that subtle differ-
ences in peptide binding between subtypes, which seem 
to be driven predominantly by variability in the affin-
ity for C and N-terminal ends, could drive patho genic 
immune responses26. Longer peptides seem to be accom-
modated by folding the central part of the peptides out of 
the peptide-binding groove while still maintaining the C 
and N-terminal anchors. Conformational differences in 
the same peptide can be observed depending on whether 
it is bound to HLA-B*2705 or HLA-B*2709 (REF. 27). 
Advanced, quantitative peptide analyses are required to 
replicate these findings, especially in the context of T cell 
activation in patients with AS.

Accumulation of unconventional forms of HLA-B27, 
such as free heavy chains (FHCs), was recently reported 
in the gut and synovial tissues of patients with spondylo-
arthritis (SpA) and HLA‑B27-transgenic rats28. Multiple 
hypotheses exist regarding the potential pathogenic role 
of FHCs in AS29. Owing to the intrinsic relative insta-
bility of HLA-B27 compared with that of other HLA-B 
alleles, FHC formation is higher with HLA-B27 (REF. 30). 
FHCs can accumulate in the endoplasmic reticulum (ER), 

Key points

• More than 100 genetic loci have been associated with ankylosing spondylitis (AS), but 
together they explain less than 30% of AS heritability

• Multiple genes involved in antigen processing and presentation are associated with AS

• Investigation into the cellular sources and regulation of IL‑17 production is crucial to 
understanding the pathogenesis of AS

• Cells involved in type 3 immunity produce IL‑17 and include innate lymphoid cells and 
γδ T cells

• Given the efficacy of the anti‑IL‑17 monoclonal antibody secukinumab in the 
treatment of AS, other therapies targeting type 3 immunity could also be effective
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Autophagy
A process that involves the 
orderly degradation of 
dysfunctional intracellular 
components through their 
delivery to lysosomes in 
structures called 
autophagosomes.

Endoplasmic reticulum- 
associated degradation
(ERAD). A process that 
facilitates the degradation of 
misfolded proteins in the 
endoplasmic reticulum by 
transporting them to the 
cytoplasm, where 
ubiquitylation followed by  
proteasome-mediated 
degradation occurs.

leading to ER stress that in turn triggers the unfolded 
protein response (UPR). The UPR has been linked to 
increased production of multiple cytokines, especially 
IL-23, which is particularly relevant to AS31. UPR can be 
challenging to study in patients with AS owing to tissue- 
specific responses and the difficulty in obtaining tissue 
from facet and sacroiliac joints by biopsy. Given that a 
considerable proportion of patients with AS have gut 
manifestations, enteric biopsies could be a good tool to 
study tissue abnormalities in AS. However, a 2013 study 
showed that autophagy, but not UPR, was activated in 
gut tissue from patients with AS32. Similarly, UPR acti-
vation was not observed in the synovium or peripheral 
blood mononuclear cells (PBMCs) of patients with AS33. 
Autophagy is a cellular process that can remove dying 
cellular organelles and misfolded proteins to improve 
cell survival34. Autophagy might be directly linked to AS 
pathogenesis by clearance of misfolded HLA-B27 mole-
cules and regulation of UPR. Changes in autophagy also 
seem to be tissue-specific, as abnormalities could not be 
demonstrated in the synovium or PBMCs from patients 
with AS35.

An important regulatory process related to ER stress 
and UPR activation is endoplasm reticulum-associated pro-
tein degradation (ERAD). Inhibition of ER degradation- 
enhancing α-mannosidase-like protein 1 (EDEM1), 
an ERAD-related molecule, leads to an increase in the 
number of HLA-B27 dimers36. Thus, UPR, autophagy 
and ERAD are highly interconnected. Whether decou-
pling these processes results in AS pathogenesis requires 
further investigation34.

Extracellular, non-classical HLA-B27 molecules 
can be pathogenic as they trigger abnormal immune 
responses. Interestingly, HLA-B27 FHC dimers present 
on the cell surface of antigen-presenting cells stimulate 
IL-23 receptor (IL-23R)-positive T cells carrying the 
killer cell immunoglobulin-like receptor (KIR) 3DL2 to 
produce IL-1737. KIRs can transduce both activating and 
inhibitory   signals; for example, KIR3DL2 is an inhibitory 
receptor that binds with strong affinity to unconventional, 

dimeric forms and FHC forms of HLA-B27 and inhib-
its inflammatory cytokine production as well as natural 
killer (NK) cell adhesion38. As mentioned above, uncon-
ventional HLA-B27 forms are present in the gut and 
synovium of patients with SpA28. Interaction between acti-
vated, KIR3DL2-expressing CD4+ T cells and HLA-B27 
dimers promotes the expression of T helper 17 (TH17)-  
cell-specific transcription factor RORγt and the anti- 
apoptotic factor B cell lymphoma 2 (BCL-2)39. Thus, KIR 
activation could decrease apoptosis of activated TH17 cells 
in AS. Promisingly, in HLA‑B27-transgenic rats, HD5,  
a monoclonal antibody that specifically targets HLA-B27 
dimers, blocked the interaction between KIRs and 
HLA-B27 dimers and effectively reduced TNF and IL-17 
production by CD4+ T cells2.

Antigen processing and presentation
Three genes of the M1 family of zinc metallopeptidases 
have been shown to be associated with AS: ERAP1, 
ERAP2 and NPEPPS (encoding puromycin-sensitive 
aminopeptidase)8. The function of the proteins encoded 
by these genes is to trim peptides to appropriate lengths 
for presentation by HLA molecules40–42. Protective vari-
ants of ERAP1 and ERAP2 have reduced rates of peptide 
cleavage5,43 and different functional effects that might 
lead to increased or reduced availability of antigenic 
peptides, depending on whether the antigen is created or 
destroyed by the aminopeptidase. The altered availability 
of antigenic peptides could have various effects on HLA 
antigen presentation (FIG. 1), HLA-B27 FHC expression 
and TH17 cell activation through the interaction with 
KIRs44. Substrate levels can affect the enzymatic activ-
ity of aminopeptidases, and variable effects on amino-
peptidase activity as well as FHC expression have been 
reported in patients with AS45–47. Puromycin-sensitive 
aminopeptidase variants associated with AS have not yet 
been functionally characterized.

The direct functional effect of ERAP1–HLA-B27 inter-
action is not clear. Decreased ERAP1 activity was shown 
to reduce HLA-B27 stability48. ERAP1 seems to affect 

Table 1 | Global polarization of immunity

Type of immune 
response

Cytokine 
receptor(s)

STAT(s) Transcription 
factor

Effector 
cytokine(s)

Cell types

Type 1 IL-12R STAT1, STAT4 T-bet IFNγ ILC1s, NK cells, 
cytotoxic CD8+ T cells, 
IFNγ+ CD4+ T cells

Type 2 IL-4R STAT6 GATA3 IL-4, IL-5, IL-13 ILC2s, IL-4+ CD8+ 
T cells, IL‑4+ CD4+ 
T cells, mast cells, 
basophils, eosinophils

Type 3 IL-1β, IL-6, 
IL-23R

STAT3 RORγt IL-17, IL-22, 
GM-CSF

ILC3s, MAIT cells, 
IL-17+ CD8+ T cells, 
IL-17+ CD4+ T cells, 
neutrophils

Current concepts of innate and adaptive immunity postulate a broad polarization of effector T cell and innate lymphoid cell (ILC) 
lineages, and involvement of specific myeloid cells. Forkhead box protein P3 (FOXP3) expression and subsequent regulatory activity 
are thought to be mainly restricted to IL-2-induced and/or TGFβ-induced, STAT5/FOXP3-dependant CD4+ regulatory T cells and, 
therefore, have not been included in this table. GATA3, trans-acting T-cell-specific transcription factor GATA3; GM-CSF, granulocyte- 
macrophage colony-stimulating factor; IL-4R, interleukin 4 receptor subunit α; IL-12R, interleukin 12 receptor subunit β1; IL-23R, 
interleukin 23 receptor; MAIT cell, mucosal-associated invariant T cell; NK cell, natural killer cell; RORγt, RAR-related orphan 
receptor γ; STAT, signal transducer and activator of transcription. 
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peptide handling by AS-associated HLA-B27 subtypes to 
a greater extent than it affects HLA-B27 subtypes not asso-
ciated with AS, which explains the previously reported dif-
ferences in ERAP1 functional interaction with HLA-B27 
subtypes24,47. Interestingly, experimental models of influ-
enza infection in HLA transgenic mice have demonstrated 
that generation of the HLA-B27 immunodominant viral 
epitope, but not the HLA-B7 viral epitope, is dependent 
on ERAP1 (REF. 49). Two studies suggested that ERAP1 
deficiency leads to increased number of FHC dimers and 
longer HLA-B27-associated peptides, whereas another 
study showed a decrease in FHC expression resulting from 
reduced expression of ERAP1 (REFS 44,47,50). Another 
study reported that AS-protective ERAP1 variants do not 
increase ER stress51. Some of these discrepancies could be 
explained by the methodology used in different studies, 
and extreme reduction of ERAP1 expression in knock-
down experiments might not reflect the genetic effects 

occurring in vivo. Furthermore, the use of fresh PBMCs, 
cryopreserved primary cells or cell lines might lead  
to different results. Substrate concentrations might vary 
in different experimental conditions and, accordingly, the 
trimming efficiency of ERAP1 can change considerably45.

Familial studies show an association between AS 
and a specific ERAP1–ERAP2 haplotype52. Interestingly, 
ERAP1 and ERAP2 can form heterodimers, resulting 
in enhanced peptide trimming efficiency53. However,  
a human polymorphism resulting in the loss of ERAP2 
expression does not alter the expression of HLA-B27 
on the cell surface54, suggesting functional differences 
between ERAP1 and ERAP2. A 2016 study reported  
a crucial role for ERAP2 in shaping the HLA-B27-bound 
peptidome through degradation of N-terminal basic res-
idues and generation of nonameric ligands55. Additional 
studies on the functional relevance of the ERAP2–AS 
association are warranted.

Figure 1 | Antigen processing and presentation: potential link to AS. 
Proteins destined to be degraded are ubiquitylated and broken down into 
peptides by the proteasome. Peptides that have an excessive number of 
amino acids at the N-terminal, which cannot be accommodated on class I 
MHC molecules, enter the endoplasmic reticulum (ER) and are further 
trimmed by endoplasmic reticulum aminopeptidase 1 (ERAP1) and ERAP2. 
Peptides of appropriate length are loaded onto class I MHC molecules such 
as HLA-B27 to form a peptide–HLA-B27–β2m heterotrimer. This complex 
is then transported to the cell surface via the Golgi apparatus. Like other 
molecules destined to leave the ER, peptide–HLA-B27–β2m is transported 
through coat protein complex II (COPII) vesicles. COPII vesicles are formed 

at a ribosome-free ER-exit site, and protein transport protein SEC16A 
regulates this process. Abnormal peptide complexes can form as a result 
of altered ERAP1 or ERAP2 activities, resulting in abnormal surface 
peptide–HLA-B27–β2m complexes. Unstable peptide–HLA-B27 complexes 
can accumulate in the ER, triggering the unfolded protein response (UPR), 
ER-associated protein degradation (ERAD) and autophagy. Defects in 
COPII vesicle formation, ERAD or autophagy could potentially amplify UPR 
responses. Furthermore, free heavy chains of misfolded HLA-B27 can 
combine to form dimers. AS, ankylosing spondylitis; EDEM1, 
α-mannosidase-like protein 1; TAP, transporter associated with antigen 
processing. 
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Coat protein complex II
Vesicle coat protein that aids 
anterograde transport of 
proteins from the endoplasmic 
reticulum to the Golgi 
apparatus.

SKG mice
Mice carrying a hypomorphic 
single nucleotide 
polymorphism in ZAP70  
(a T cell receptor signalling 
molecule), which predisposes 
T cells to a T helper 17 cell 
phenotype. Under specific 
pathogen-free conditions, SKG 
mice are disease-free; 
however, a single dose of 
curdlan, an IL-23-inducing 
molecule, induces progressive 
spondyloathropathy 
characterized by axial and 
peripheral arthritis, dermatitis 
and colitis.

Innate-like lymphocytes
Cells of the lymphocyte lineage 
that express T cell receptors of 
limited diversity and are 
restricted by non-classical 
MHC molecules such as CD1 or 
MR1. These cells typically 
recognize non-peptide antigens 
and are activated faster than 
regular peptide-restricted 
adaptive immune cells.

Mucosal-associated 
invariant T (MAIT) cells
A population of innate-like 
lymphocytes that recognize 
bacterially derived vitamin B 
metabolites presented on 
the non-classical MHC 
molecule MR1.

Exome sequencing performed in a multigenerational 
family comprising several patients with axial SpA identi-
fied a rare 9 bp in-frame mutation in exon 3 of SEC16A21, 
a gene encoding protein transport protein SEC16A, 
which is involved in the formation of coat protein  
complex II (COPII) and trafficking of molecules from 
the ER to Golgi apparatus (FIG. 1). Among nine family 
members who had genetic deletions in HLA‑B27 and 
SEC16A, seven developed axial SpA. These deletions led 
to alterations in the secondary structure of the encoded 
proteins but did not affect their total expression levels. 
Gene–gene interaction (with potential functional conse-
quences) between HLA‑B27 and SEC16A seems to exist 
in AS as none of the family members who carried the 
SEC16A deletion developed disease in the absence of 
HLA‑B27 (REF. 21). SEC16A variants could affect traffick-
ing of HLA-B27 to the Golgi apparatus and, subsequently, 
to the cell surface. This effect can, in turn, affect immune 
responses as well as ER accumulation of proteins such 
as HLA-B27. Studying the role of this and other mole-
cules related to familial AS should provide insight into 
the pathogenesis of AS.

IL‑17 and type 3 immunity in AS
The speed at which the role of IL-17 has been recog-
nized in AS is remarkable. Soon after the levels of this 
cytokine were found to be elevated in serum, synovial 
fluid, joints and CD4+ (TH17) cells from patients with 
AS56–58, GWAS identified several IL-17-related genes as 
risk factors for AS development7,8,9. The central role of 
IL-17 in animal models of SpA, such as SKG mice and 
HLA‑B27 transgenic rats59,60, supported therapeutic tar-
geting of IL-17 in patients with AS. A study published 
in 2016 reported an increase of IL-17 levels specific to 
male patients with AS, an effect that was not directly 
linked to levels of sex hormones61. Although the mech-
anism behind this male-specific effect is currently 
unclear, the implications are important: IL-17 inhibi-
tion in female patients might not be as effective as in 
male patients, and this difference should be carefully 
examined in ongoing clinical trials.

Current research on IL-17 in AS is focused on the 
identification of factors that induce IL-17 production and 
cell types that produce IL-17. Microbial dysbiosis might 
be a key driver of IL-17 induction in AS (BOX 1), which 
needs to be addressed in future studies. To date, the target 
cells of IL-17 in AS, or whether IL-17 is a key initiator of 
pathogenic processes, is not clear.

IL‑17‑producing cells. A multitude of IL-17-producing 
cells have been implicated in AS, including myeloid cells,  
adaptive lymphocytes, innate-like lymphocytes and innate 
lymphocytes62 (FIG. 2). TH17 cells are the most com-
mon class of IL-17-producing adaptive lymphocytes. 
In patients with AS, TH17 cells are characterized by 
enhanced expression of KIR3DL2 (discussed above) and 
display an oligoclonal T cell receptor (TCR) repertoire39. 
A study published in 2016 implicated IL-17+ CD8+ T cells 
in AS63. The expression of T-bet (encoded by TBX21), 
a prototypic T helper 1 (TH1) cell transcription factor 
identified through GWAS, was found to be elevated in 
CD8+ T cells of patients with AS, and to be associated 
with an IL-17 response62. Furthermore, Tbx21−/− SKG 
mice did not develop SpA-like disease and showed a 
drastic reduction in the number of IL-17+ CD8+ T cells 
as compared with wild-type SKG mice. Currently, it is 
unclear how these findings in SKG mice are consistent 
with results obtained in mouse colitis models, which 
revealed that T- bet-deficient mice have unrestrained 
IL-17 production owing to the role of this transcription 
factor in suppressing IL-23 receptor (IL-23R) expression 
in TH17 cells64. Furthermore, T-bet is essential in regulat-
ing the activity of CD4+ T cells, especially in their transi-
tion from the lamina propria to the epithelium, during 
which they acquire CD8α expression and lose expression 
of forkhead box protein P3 (FOXP3) while maintaining 
a regulatory function65.

Innate-like lymphocytes possess an invariant TCR, 
have limited clonality and are quickly activated upon stim-
ulation. Examples of innate-like lymphocytes are mucosal- 
associated invariant T (MAIT) cells and γδ T cells. Human 
studies published in 2016 showed that MAIT cells from 
patients with AS produce higher levels of IL-17 compared 
with those from healthy individuals, and are enriched 
in the inflamed joint of patients with AS66,67. Elevated 
levels of IL-17 are attributed to priming of MAIT cells  
with IL-7; this phenomenon might extend to TH17  
cells and is important because IL7R confers AS suscepti-
bility. Furthermore, IL-7 might prove to be a viable thera-
peutic target given that levels of this cytokine are elevated 
in inflamed gut and joint tissue from patients with AS68,69.

The number of γδ T cells that produce IL-17 and 
express IL-23R are elevated in AS70. Although not 
yet confirmed in humans, IL-17-producing CD4−  

CD8−IL-23R+ T cells are found in the enthesis of mice 
with IL-23-induced SpA-like disease71. Evidence from 
mouse studies suggests that these cells are tissue- resident 
Vγ6+ γδ T cells72. This particular subtype promotes 
bone growth through IL-17 (REF. 73), and is thus a puta-
tive patho genic cell population linking IL-23-induced 
inflammation to bone growth in the enthesis. The 
synovio- entheseal complex is considered important in the 

Box 1 | Role of microbiome and mycobiome in AS

Of the environmental triggers skewing type 3 immunity in ankylosing spondylitis (AS), 
the microbiome has received considerable attention (reviewed previously104,105). In 
patients with AS, dysbiosis has been observed in the gut microbiota20, with abundance 
of the Dialister positively correlating with disease activity scores106. Studies in 
HLA‑B27‑transgenic rats support a role for HLA‑B27 in skewing the host microbiota107. 
Microorganisms are an important pathogenic factor in animal models of 
spondyloarthritis (SpA), as germ‑free HLA‑B27‑transgenic rats and SKG mice are 
disease‑free108,109. Chlamydia infection in SKG mice promotes axial and peripheral 
arthritis, uveitis and psoriasis, but not colitis110. Furthermore, Chlamydia‑induced 
disease in SKG mice is TNF‑dependent, without a defined role for IL‑17 (REF. 110). One 
striking feature of the SKG mouse model is that fungi are required to initiate a full 
spectrum of IL‑17‑dependent, SpA‑like disease111. This feature is particularly relevant to 
AS, as fungal signalling through lectins and subsequent effector molecule induction 
involve a number of AS risk genes identified through genome‑wide association studies, 
namely CARD9, NFKBIA, TNFRSF1A (encoding TNF receptor 1), PTGER4, IL1R2, IL‑6R 
and, importantly, IL‑23R9. Although several technical hurdles remain to be overcome in 
mycobiome studies, this subject should be prioritized in future research given its 
potential role in AS pathogenesis.
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pathogenesis of SpA74,75, and mechanical loading of the 
entheses has been shown to activate inflammation and 
bone formation in the TNFΔARE mouse model of SpA76.

Innate lymphocytes, such as innate lymphoid cells 
(ILCs), do not have an adaptive immune receptor (TCR 
or B cell reptor (BCR)) and respond rapidly to stimula-
tion. NK cells are the most common type of group 1 ILCs 
in humans and mice. Renewed interest in the function 
of NK cells in AS was sparked by the identification of 
NKp44+ NK cell expansion in ileal tissues from patients 
with AS, which represent a major source of IL-22,  
a cytokine that acts in concert with IL-17 in mediating 
effector functions77. Similarly, group 3 ILCs (ILC3s) that 
produce IL-17 and IL-22 are expanded in the peripheral 
blood and tissues from patients with AS68.

Thus, IL-17 upregulation in patients with AS is evi-
dently not cell-specific, and probably reflects a global 
dysregulation of IL-17-producing type 3 immune cells 
(TABLE 1). The relative contribution to AS of IL-17 derived 
from various type 3 immune cells has yet to be deter-
mined, but might be tissue-specific. It is unclear whether 
all type 3 immune cells are pathogenic. Indeed, ILC3s 
seem to target commensal-specific T cells and thus to 
promote tolerance to gut microorganisms78, whereas 
IL-17 produced by intestinal γδ T cells is essential for 
epithelial integrity79.

TH17 cell plasticity. It is becoming clear that not all TH17 
cells are ‘created equal’, and a large body of work indi-
cates an inherent instability of some TH17 cell popula-
tions, especially in the gut80,81. Despite TH17 cells being 
a focus of AS research, their instability has not been 
investigated. A decade ago, TH17 cells were found to 
require transforming growth factor-β (TGFβ) and IL-6 
to differentiate from naive T cells82,83. Soon afterwards, 
IL-23 was found to be crucial in stabilizing the TH17 
cell phenotype and promoting TH17 cell pathogenic-
ity in autoimmune settings84. Extensive fate-mapping 
studies published over the past year provide conclusive 
evidence of, and mechanistic insight into, TH17 cell 
instability85,86,87; strikingly, this instability is very com-
mon in TH17 cells of the intestinal lamina propria, where 
up to half of IL-17-producing CD4+ T cells stop express-
ing this cytokine during resolution of inflammation85. 
Furthermore, two studies reported the differentiation of 
TH17 cells to regulatory T (Treg) cells expressing IL-10, 
FOXP3 or both86,87. Exposure to microbial antigens 
through antigen-presenting cells is essential for the tran-
sition of TH17 cells into Treg cells87, with cytokines such as 
TGFβ promoting TH17 cell destabilization85.

Data on the role of IL-23 in the generation of ‘ex-TH17’ 
Treg cells are conflicting. Some studies have shown that 
IL-23 promotes the accumulation of Treg cells in the gut88, 
which are probably ‘ex-TH17’ Treg cells87. Conversely,  
a 2016 study showed that IL-23 promotes the stability 
of pathogenic TH17 cells through the transcription fac-
tor PR domain zinc finger protein 1 (PRDM1)89. This 
finding is particularly important given the association 
of PRDM1 with Crohn’s disease90. The implication of 
these findings is that the increased number of TH17 cells 
in patients with AS might not result from preferential 

Figure 2 | Type 3 immunity and AS. Strong evidence exists for a mucosal origin of type 3 
inflammation in patients with ankylosing spondylitis (AS). Paneth cells are an important 
source of IL-23, which acts on local innate and adaptive lymphocytes to stimulate an 
IL-17–IL-22 response. These cytokines are considered protective as they promote 
epithelium integrity. HLA-B27-influenced microbial dysbiosis might drive inflammatory 
events in the mucosa. IL-17-producing lymphocytes, probably of gut origin, are elevated 
in the blood of patients with AS. Gut-related trafficking markers, such as α4β7 and 
CC-chemokine receptor 9 (CCR9) have been implicated in the trafficking of type 3 
immune cells into inflamed synovial tissue. Cells involved in type 3 immunity are enriched 
in different locations of synovial and cartilaginous joints of patients with AS, including 
synovial fluid, ligaments and subchondral bone marrow. Mechanical stress might drive, in 
part. the activity of such cells at the enthesis. IL-17 is known to alter the activity of 
osteoclasts and osteoblasts, probably contributing to aberrant bone formation. APC, 
antigen-presenting cell; IL7R , interleukin 7 receptor subunit α; ILC3; group 3 innate 
lymphoid cell; KIR3DL2, immunoglobulin-like receptor 3DL2; MAIT cell, 
mucosal-associated invariant T cell; NK cell, natural killer cell; TH17 cell, T helper 17 cell.
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Synovio-enthesal complex
Anatomical unit comprising the 
fibrous insertion of tendon or 
ligament enthesis and the 
adjacent synovial membrane of 
the bursa.

Fate-mapping studies
Studies that investigate the 
origin of cell populations 
through labelling and tracking 
of cells of interest. 
Immunological studies typically 
use membrane-incorporated 
dyes, or genetic switches that 
result in constitutive 
fluorochrome expression if  
a cell marker is expressed.

differation of naive T cells, but rather through a reduced 
plasticity of mature TH17 cells. The instability of TH17 
cells and their transition to a non-pathogenic phenotype 
should be investigated in future studies of AS. 

Targeting type 3 immunity in AS. Given its prominent 
role in AS, type 3 immunity is an important therapeutic 
target. A multitude of type 3 immunity targets have been 
tested, including upstream inducers of type 3 immune 
cells and downstream effector molecules. Although TNF 
inhibitors are very effective in controlling AS symptoms, 
connecting this response to effects on type 3 immunity 
is difficult. In patients with AS, although TNF inhibi-
tion seems to reduce the number of neutrophils accu-
mulating in the synovium and the number of ILC3s in 
the gut68,91, and to suppress IL17R expression in blood 
cells92, it does not seem to affect serum levels of IL-23 
or prosta glandin E2 (PGE2)93. A 2014 study showed that 
TNF inhibition promotes IL-10 production in human 
TH17 cells94. Whether a similar mechanism occurs in 
patients with AS is not clear.

Treatment strategies that might affect TH17 differen-
tiation have had mixed results in the clinic. IL-6 seemed 
to be a promising target in AS owing to its increased 
expression in patients and its role in TH17 cell devel-
opment. However, clinical trials of IL-6 inhibition in 
patients with AS were terminated as the primary out-
come of clinical response (according to Assessment in 
Ankylosing Spondylitis International Working Group 
criteria for 20% improvement) was not reached, despite 
a substantial reduction in C-reactive protein levels95,96. 
This result could reflect the relatively lower activity of 
IL-6 in the development of human TH17 cells compared 
with that of mouse cells97. Conversely, a proof- of-concept 
study suggested that IL-12 and IL-23 blockade with 
ustekinumab is effective in patients with AS98. The spe-
cific interleukin receptor that accounts for this response 
remains to be defined.

Rheumatologists might have unintentionally targeted 
type 3 immunity for decades with NSAIDs. The AS risk 
gene PTGER4, which encodes PGE2 receptor EP4 sub-
type, is expressed on, and promotes pathogenicity of, 
TH17 cells99. A subset of patients with AS respond very 
well to treatment with NSAIDs, which act by suppressing 
prostaglandin production. A biomarker for predicting 
response, such as PTGER4 polymorphism, could prove 
to be useful in the targeted treatment of these patients.

A number of inhibitors of type 3 immunity are cur-
rently being tested and might be useful in the treat-
ment of AS. As discussed above, ERAP1 inhibition 
reduces TH17 cell expansion and IL-17 release44. Small 
molecules targeting RORγt seem to be effective at 
blocking IL-17-dependent colitis in mice and in vitro 
differentiation of TH17 cells from patients with AS100,101. 
Importantly, RORγt inhibition in mice with colitis and 
gut explants derived from patients with colitis selectively 
inhibited pathogenic TH17 cells but not protective ILC3s.

To date, the only type 3 immunity cytokine that has 
been successfully targeted in AS is IL-17. In phase III 
clinical trials, secukinumab (an anti-IL-17 monoclonal 
antibody) was shown to be as effective as TNF inhibitors 
in patients with AS3. Conversely, secukinumab failed to 
reduce severity of Crohn’s disease in a clinical trial, with 
results suggesting that this drug exacerbates colitis102. 
These results probably reflect the tissue-specific roles of 
IL-17, which are protective in the gut and detrimental  
in the joint79. Although these data have caused concern 
for the treatment of patients with AS who might have 
subclinical gut inflammation, data from other secuki-
numab trials in patients with psoriasis, psoriatic arthritis 
and AS are promising as they do not show a considerable 
increase in de novo IBD development103. Careful moni-
toring of patients with AS treated with secukinumab will 
be essential in ongoing clinical trials.

Conclusions
The progress in our understanding of AS pathogenesis 
has been remarkably rapid. Four decades have passed 
since the discovery of the HLA‑B27–AS association, with 
an accumulation of substantial, incremental knowledge; 
however, paradigm-shifting evidence demonstrating 
exactly how this gene confers susceptibility to AS has yet 
to emerge. High-throughput techniques and a renewed 
enthusiasm for functional studies are contributing to 
advance our understanding of AS. Multiple interacting 
proteins involved in the antigen-presentation pathway, 
including ERAP1, ERAP2, HLA-B27 and SEC16A, have 
been found to be associated with AS. The role of type 3 
immunity is increasingly recognized and future studies 
should help identify crucial cell types involved in the dis-
ease. Patients with AS will benefit from the understanding 
of signalling pathways involved in AS pathogenesis and 
the differential regulation of TNF and IL-17 signalling  
pathways in personalized medicine approaches.
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Since Professor Jerry Morris published a series of semi-
nal studies in 1953 (REF 1) demonstrating the relation-
ship between physical inactivity and chronic disease risk, 
mounting evidence has shown the systemic benefits of 
physical activity1–16. Conservative estimates indicate that 
physical inactivity — defined as being an activity level 
that is insufficient to meet current recommendations 
of ≥150 min of moderate-to-vigorous physical activity 
per week for the general adult population — accounts 
for 6–10% of the major noncommunicable diseases and 
approximately 9% of premature mortality worldwide, 
making inactivity comparable to more traditional risk 
factors such as smoking and obesity17. Notably, strong 
evidence indicates that physical activity can reduce 
the incidence of coronary heart disease, high blood 
pressure, stroke, metabolic syndrome, type 2 diabetes 
mellitus, breast and colon cancer, depression and falls, 
which obviously results in lower mortality rates1–16,18,19. 
Physical activity improves general health and survival 
through numerous mechanisms, including increases in 
cardiorespiratory and muscular fitness, improvements 
in function, body composition, bone health, cognitive 
function, health-related quality of life and well-being, 
and reduction of fatigue2,20–23.

Physical activity has long been recognized as one of 
the most important therapeutic interventions for sev-
eral diseases, particularly those in which the aetiology 
is linked to metabolic and/or cardiovascular dysfunc-
tion, including type 2 diabetes mellitus and arterial 
hypertension2,8,24–26. As cardiovascular and metabolic 
risk factors are also major causes of premature mortal-
ity in patients with rheumatic disease27–29, interest in the 
therapeutic effects of physical activity has progressively 
reached the area of rheumatology. In some rheumatic 
diseases, such as myositis and rheumatoid arthritis, for 
which bed rest was previously considered the optimal 
treatment, physical activity has emerged as an invalu-
able therapeutic tool30,31. This paradigm shift has been 
fostered by numerous clinical studies demonstrating 
the clear relationship between physical inactivity and 
disease-associated symptoms32,33, as well as the efficacy 
(and safety) of exercise training in alleviating disease- 
associated symptoms34–38.

The effects of physical activity have not been exten-
sively studied in the area of paediatric rheumatic dis-
eases. In general, the younger generation has become 
increasingly sedentary and less fit than it was two decades 
ago39, which partially explains (along with malnutrition) 
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Physical inactivity
The failure to meet the specific 
physical activity guideline of 
≥60 min of moderate-to- 
vigorous physical activity per 
day for paediatric populations.

Physical activity for paediatric 
rheumatic diseases: standing up 
against old paradigms
Bruno Gualano1, Eloisa Bonfa1, Rosa M. R. Pereira1 and Clovis A. Silva1,2

Abstract | Over the past 50 years it has become clear that physical inactivity is associated with 
chronic disease risk. For several rheumatic diseases, bed rest was traditionally advocated as the 
best treatment, but several levels of evidence support the imminent paradigm shift from the 
prescription of bed rest to physical activity in individuals with paediatric rheumatic diseases,  
in particular juvenile systemic lupus erythematosus, juvenile idiopathic arthritis, juvenile 
fibromyalgia, and juvenile dermatomyositis. Increasing levels of physical activity can alleviate 
several symptoms experienced by patients with paediatric rheumatic diseases, such as low 
aerobic fitness, pain, fatigue, muscle weakness and poor health-related quality of life. Moreover, 
the propensity of patients with paediatric rheumatic diseases to be hypoactive — often due to 
social self-isolation, overprotection, and fear and/or ignorance on the part of parents, teachers 
and health practitioners — can be detrimental to general disease symptoms and function. In 
support of this rationale, a growing number of studies have demonstrated that the systemic 
benefits of exercise training clearly outweigh the risks in these diseases. In this sense, health 
professionals are advised to assess, track and fight against physical inactivity and sedentary 
behaviour on a routine basis, as they are invaluable health risk parameters in rheumatology.
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Physical activity
Any bodily movement 
produced by the skeletal 
muscles that results in energy 
expenditure.

Exercise
A physical activity that is 
planned, structured, repetitive 
and purposeful, in the sense 
that improvement or 
maintenance of one or more 
components of physical fitness 
is an objective.

Sedentary behaviour
Any waking behaviour that is 
characterized by an energy 
expenditure ≤1.5 metabolic 
equivalents (METs) while in  
a sitting or reclining posture.

Hypoactivity
A physical activity level that is 
lower than that of healthy 
peers matched by age, sex and 
cultural and socioeconomic 
background.

the substantially increased rates of juvenile obesity and 
some early-onset diseases, such as metabolic syndrome 
and type 2 diabetes mellitus40,41. Theoretically, the inabil-
ity to attain sufficient physical activity levels combined 
with increased sedentary behaviour could also aggravate 
common features in paediatric rheumatic diseases, 
including weakness, atrophy and dysfunction of mus-
cles, chronic pain and fatigue, bone loss, dyslipidaemia, 
arterial hypertension, insulin resistance and a general 
decrease in health-related quality of life. Conversely, 
some of these symptoms, along with a disproportionate 
fear that physical activity might induce disease flare, can 
be important barriers precluding the attainment of min-
imum levels of physical activity. A vicious cycle (FIG. 1) of 
physical inactivity (and/or sedentary lifestyle) and sys-
temic dysfunction is consequently created, which results 
in deterioration of general health and quality of life and 
can be broken only by increasing physical activity levels. 
In fact, some findings suggest that paediatric rheumatic 
patients often fail to achieve minimum levels of physical 
activity (60 min of moderate-to-vigorous physical activity 
per day for children42–48, and that exercise training pro-
grammes are capable of improving general health and 
preventing disease-related symptoms without inducing 
a flare of disease activity. This evidence heralds a new era 
in paediatric rheumatology in which overprotective bed-   
rest-centred treatment must be progressively replaced 
with physical activity to improve general health.

In this Review, we outline the scientific rationale for 
prescribing physical activity in paediatric rheumatic 
diseases, particularly in juvenile systemic lupus erythe-
matosus (JSLE), juvenile idiopathic arthritis (JIA), juve-
nile fibromyalgia (JFM) and juvenile dermatomyositis 
(JDM), as well as discussing the efficacy and safety of 
physical activity programmes in these diseases.We 
also aim to advise scientists how to expand the current 
knowledge and address the gaps in this area, as well as 
to provide practical recommendations to health profes-
sionals on how to assess, track and recommend physical 
activity in paediatric rheumatology.

Why prescribe physical activity?
Promoting physical activity in children and adolescents 
has become a public health priority as several conditions 
that are often manifested in the adult years (such as 
decreased bone mass, insulin resistance, atherosclerosis 
and obesity) derive from processes that originate in the 

paediatric years49–51. Therefore, promoting a physically 
active lifestyle during childhood is an intuitively attractive 
strategy for preventing future health risks52. The rationale 
for prescribing physical activity to paediatric populations 
with chronic diseases is even stronger, as this approach 
could have immediate effects on their health condition as 
well as ameliorating lifelong complications secondary to 
the disease and its pharmacological treatment.

Paradoxically, however, children with disabilities are 
generally less active than healthy controls53,54, which 
holds true for patients with paediatric rheumatic dis-
eases42–47. Hypoactivity might be inherent to the disease 
(and a possible result of it) or simply incidental to the 
disease52. For instance, although a child with JDM might 
naturally be less physically active during a flare-up owing 
to motion limitation, the same child during disease 
remission without any physical disabilities (even if expe-
riencing other symptoms not directly related to function, 
such as dyslipidaemia or insulin resistance) has the capa-
bility to be normally active, but often is not. Supporting 
this notion, we have demonstrated that patients with 
JDM or JSLE who show very mild disease activity and 
low cumulative damage are highly inactive42,46,55. The 
unnecessary restriction of physical activity might be 
related to overprotection, fear and/or ignorance of par-
ents, teachers, health practitioners, and social self-isolation 
(FIG. 1) and therefore an improvement in the quality of 
information given to parents, health practitioners, teach-
ers and patients is warranted to clarify the misconcep-
tions related to the safety of physical activity, as well as 
the health risks associated with inactivity.

The premise for increasing physical activity levels 
in paediatric rheumatologic diseases is twofold: first, 
young patients with rheumatic disease display a num-
ber of symptoms that could potentially be mitigated 
by increasing physical activity levels; and, second, such 
patients can be hypoactive, which is associated with poor 
health-related parameters.

Symptoms potentially eased by activity
Paediatric patients with rheumatic diseases experience a 
number of symptoms, which, in theory, might be aggra-
vated by insufficient levels of physical activity and/or 
excessive sedentary behaviour.

Juvenile systemic lupus erythematosus. In comparison 
with their healthy peers, patients with JSLE showed 
reduced levels of aerobic fitness, muscle weakness, poor 
exercise tolerance and increased fatigue56. These patients 
can also have metabolic disturbances, premature risk 
factors for atherosclerosis and low bone mass57,58, as well 
as showing a diminished health-related quality of life, 
which is associated with obesity59.

Juvenile idiopathic arthritis. Patients with poly articular- 
onset, rheumatoid-factor-positive JIA (but not those 
with oligoarticular-onset JIA) showed decreased aero-
bic and anaerobic capacities when compared with 
healthy controls60. Isometric quadriceps strength was 
also reduced in patients with JIA when compared with 
healthy peers61. Importantly, a positive relationship 

Key points

• Patients with paediatric rheumatic diseases can be hypoactive, which can be 
detrimental to disease symptoms and function

• Several symptoms experienced by patients with paediatric rheumatic diseases  
might be mitigated by increasing physical activity levels

• The systemic benefits of exercise training clearly outweigh the potential risks in 
paediatric rheumatic diseases

• Health professionals are advised to assess and track physical activity levels and 
sedentary behaviour on a routine basis, as they are invaluable health risk parameters

• The concept that ‘exercise is medicine’ should be extended to the field of 
rheumatology and officially embraced by its scientific and professional organizations

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  VOLUME 13 | JUNE 2017 | 369

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



between anaerobic exercise capacity and functional abil-
ity was observed in patients with JIA, suggesting that 
improvements in physical capacity may have a positive 
influence on daily living activities62.

Juvenile fibromyalgia. Patients with JFM usually 
present with chronic diffuse pain, sleep disturbance, 
fatigue, chronic anxiety, cognitive impairment and poor 
health-related quality of life63,64. We demonstrated that, 
when compared with healthy peers, patients with JFM 
also had lower peak oxygen consumption and exercise 
tolerance, diminished cardiac reserve and delayed heart 
rate recovery following an incremental maximal exercise 
test (evaluated at diagnosis)65.

Juvenile dermatomyositis. Patients with JDM usually 
show low lean mass and bone mass, substantial muscle 
weakness, aerobic deconditioning and severe exercise 
intolerance66–68. Several factors might contribute to these 
features, including increased levels of intramuscular 

pro-inflammatory cytokines, capillary inflammation in 
muscle, systemic inflammation processes, glucocorticoid- 
induced bone loss and muscle atrophy66–69.

Targeting hypoactivity and its effects
A wealth of studies have reported that the levels of phys-
ical activity displayed by patients with paediatric rheu-
matic diseases are reduced compared with their healthy 
counterparts, as outlined below. On the basis of these 
observations, reducing hypoactivity might be speculated 
to improve systemic health-related parameters in these 
patients.

Juvenile systemic lupus erythematosus. Only 10% of 
patients with JSLE from our laboratory achieved mini-
mum physical activity levels (Gualano, B. et al., unpub-
lished work) as measured by accelerometry. In a separate 
study, when compared with healthy controls matched 
by low levels of physical activity, patients with JSLE (15 
girls and 3 boys; aged 9–18 years) showed reductions in 
muscle strength, aerobic capacity, function and health- 
related quality of life46,55. We hypothesize that subclini-
cal residual effects of the disease or its pharmacological 
treatment seem to affect patients with JSLE even with a 
well-controlled disease, and that inactivity might have 
more detrimental repercussions in patients than in their 
healthy counterparts.

Juvenile idiopathic arthritis. In a study of 16 girls and  
7 boys with JIA, Henderson et al.44 observed that patients 
performed less vigorous physical activity than their 
healthy peers (0.2 h per day versus 0.7 h per day, respec-
tively). Supporting these findings, Bohr et al.43 reported 
that only 19% of girls and 45% of boys from a larger 
cohort of patients with JIA (99 girls and 34 boys) were 
physically active. Furthermore, patients with JIA were 
less physically active on average than healthy controls. 
Notably, active disease in weight-bearing joints was nega-
tively associated with the levels of vigorous physical activ-
ity. Lelieveld et al.48 showed that only 23% of patients with 
JIA achieved the recommended levels of physical activity. 
The patients also spent more time in bed and less time 
on moderate-to-vigorous physical activity than their 
healthy peers. However, the levels of physical activity 
were not associated with disease activity, suggesting that 
disease control is not sufficient to ensure achievement of 
the recommended physical activity levels.

Juvenile fibromyalgia. Similar to other patients with 
paediatric rheumatic diseases, patients with JFM 
assessed by accelerometry were shown to be poorly 
engaged in moderate-to-vigorous physical activity, with 
over 85% of patients (n = 105; aged 11–18 years) failing 
to meet the recommended guidelines for physical activ-
ity45. A cognitive–behavioural strategy alone was un  able 
to increase physical activity levels47, highlighting the 
requirement for developing new, effective interventions.

Juvenile dermatomyositis. From a cohort of 19 patients 
with JDM, only two patients achieved the minimum 
recommended physical activity levels42 and, even when 

Nature Reviews | Rheumatology

Physical inactivity/
sedentary lifestyle

Ignorance

DeconditioningLow self esteem/
poor quality of life

Independent
effects?

Direct (e.g. joint pain)
or indirect (e.g. 
dyslipidaemia) effects

Symptoms
worsening

Poor quality
of life

Metabolic
disturbances

Overprotection Self-isolation Fear

Systemic
dysfunction

Figure 1 | A vicious cycle of physical inactivity and/or sedentary lifestyle and 
systemic dysfunction. Physical inactivity and sedentary behaviour (possibly 
independently) lead to systemic dysfunction and the aggravation of symptoms in 
paediatric rheumatic diseases; some symptoms, in turn, can either directly (for 
example, in the case of joint pain that directly affects physical function) or indirectly 
(for example, dyslipidaemia, which does not directly affect physical function) 
predispose the patient to a more sedentary lifestyle. Therefore, a sedentary lifestyle 
can either be inherent to the disease (for example, in the case of a sedentary patient 
with marked physical disabilities) or simply incidental to the disease (as in the case of 
a sedentary patient without any debilitating physical impairments). Social 
self-isolation and overprotection, fear and/or ignorance on the part of parents, 
teachers and health care practitioners are also factors that might stimulate inactivity 
and sedentary behaviours, thereby fuelling this vicious cycle.
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Sport
An athletic activity, often of a 
competitive nature, requiring 
skill or physical prowess.

compared with controls matched for physical activity 
levels, patients with JDM showed diminished aerobic 
condition, muscle function and health-related quality 
of life. Notably, the length of time spent sitting down 
was positively associated with the duration of the dis-
ease and showed a negative association with peak oxy-
gen consumption; conversely, moderate-to-vigorous 
physical activity correlated inversely with disease dura-
tion but positively with peak oxygen consumption and 
corticosteroid use.

Exercise as a proof of concept
Exercise programmes enable the rigid control of var-
iables such as the patient’s adherence and the amount 
of physical activity prescribed (for example, the mode, 
frequency, intensity and volume). Furthermore, engage-
ment in structured exercise programmes (such as sport) 
early in life could be an effective way to establish a per-
sistent physically active lifestyle, thereby preventing 
complications of chronic illness in adulthood. Below we 
outline the benefits of exercise training programmes for 
each paediatric rheumatic disease as a proof-of-concept 
that increasing physical activity levels (and/or disrupt-
ing chronic inactivity) can partially prevent several of the 
disease-related symptoms described in the above section, 
thereby improving general health and health-related 
quality of life (summarized in TABLE 1).

Exercise in juvenile systemic lupus erythematosus. In 
2011, we published the first evidence that exercise train-
ing could improve function and physical capacity in a 
15-year-old boy with JSLE with associated secondary 
antiphospholipid syndrome who was receiving warfa-
rin, azathioprine and prednisone70. These findings were 
confirmed in our subsequent randomized controlled 
trial (RCT)71, in which 19 physically inactive patients 
with JSLE were randomly assigned into groups that 
received either supervised training, comprising aerobic 
exercise for 12 weeks, or no training. Compared with 
patients who received no exercise training, the trained 
patients showed improvements in aerobic conditioning 
(for example, time to exhaustion, peak speed and peak 
oxygen consumption) as well as autonomic function, as 
assessed by chronotropic reserve and heart rate recovery. 
No changes in disease activity scores or inflammatory 
markers were observed, indicating that the programme 
did not induce disease flare, and the drug treatment reg-
imen remained largely unchanged for the duration of 
the study; furthermore, no adverse effects were noted. 
Overall, these studies indicate that aerobic exercise train-
ing might safely and effectively improve health-related 
parameters in JSLE.

Exercise in juvenile idiopathic arthritis. In the context of 
exercise training in paediatric rheumatic disease, JIA has 
been studied the most (11 studies, including four RCTs). 
Exercise interventions tested in JIA varied extensively in 
length (5–24 weeks), frequency (1–3 times per week), 
duration (30–60 min), intensity (light-to-intensive),  
medium (water, land or combined), mode (aerobic 
training, resistance training, general conditioning, 

proprioceptive-balance training, circuit training, Pilates 
or sport-specific training) and delivery (home-based or 
supervised) (reviewed elsewhere72,73). Although such 
heterogeneity hinders any firm conclusion on the opti-
mal training model (which might actually be a mislead-
ing concept, since one programme model does not fit 
all), it does allow for a broad overview of the benefits and 
disadvantages that are inherent to different exercise inter-
ventions in this disease, which facilitates their prescription 
in the clinical setting.

Exercise in JIA has been shown to improve clinical 
symptoms, range of motion in the joints and health- 
related quality of life74 as well as increasing muscle 
strength, aerobic capacity, proprioception and bone min-
eral density74–84. Although patients who trained only on 
land showed similar improvements in health-related qual-
ity of life, disease outcome, aerobic fitness, pain, muscle 
strength and patient satisfaction to those who partici-
pated in a combined water-based and land-based exercise 
programme, the improvements induced by the com-
bined training approach lasted longer. Notably, low-to- 
moderate-intensity and high-intensity exercise pro-
grammes induced comparable clinical improvements 
in patients with JIA76. Proprioceptive-balance training 
and strengthening training programmes also improved 
passive range of motion, balance, function and pain; 
proprioceptive-balance training additionally increased 
lower-body strength78. Interestingly, home-based exercise 
training programmes were able to improve clinical symp-
toms, physical capacity and muscle mass83,84. Importantly, 
no exacerbation of pain or important adverse effects asso-
ciated with exercise training was reported in either home-
based or supervised exercise programmes. Altogether, 
these findings enable us to consider exercise as a safe and 
effective approach in the treatment of patients with JIA.

The results of three RCTs74–76 investigating the effi-
cacy of exercise therapy in patients with JIA were eval-
uated in a meta-analysis published in 2008 (REF. 85). 
Functional ability, health-related quality of life and 
aerobic capacity were the only homogeneous variables 
pooled in the analysis. All outcomes measured favoured 
exercise interventions, although none reached statistical 
significance, highlighting the need for further RCTs to 
confirm the promising effects of exercise on this disease.

In 2016, a multicentre RCT assessed the effects of an 
Internet-based programme supplemented with four group 
sessions, which was aimed at improving physical activity, 
exercise capacity, health-related quality of life, and partici-
pation in school and physical education classes in patients 
with JIA77. The intervention produced long-lasting posi-
tive — albeit small — effects on physical activity, exercise 
capacity, and participation in school and physical educa-
tion class. However, the intervention was not sufficient to 
improve health-related quality of life. This study provides 
evidence that behaviour-based technological interven-
tions can be a valid alternative to structured exercise pro-
grammes to increase physical activity levels and, hence, 
improve health-related outcomes in JIA, although other 
strategies (for example, exercise training programmes) 
should be combined with this mode of intervention to 
effectively improve health-related quality of life.
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Table 1 | Studies assessing the effects of exercise training in paediatric rheumatic diseases

Study Sample (age) Experimental 
design

Intervention Main effects of exercise Refs

JSLE

Prado (2011) 1 JSLE and APS 
(15 years)

Case study 12-week aerobic exercise 
programme

↑ VO2peak, time to exhaustion, peak exercise 
intensity, function; ↓ metabolic cost of 
movement; ↔ disease activity and cumulative 
damage

70

Prado (2013) 19 JSLE 
(7–15 years)

RCT 12-week aerobic exercise 
programme

↑ VO2peak, time to exhaustion, peak speedand 
chronotropic reserve; ↓ post-exercise heart rate 
recovery; ↔ disease activity

71

JIA

Bacon 11 JIA 
(4–13 years)

Pre–post pilot 
study

6-week aquatic exercise program ↑ external and internal hip rotation 134

Singh-Grewal 
(2007)

80 JIA 
(8–16 years)

RCT 12-week high-intensity aerobic 
exercise versus Qiqong (control)

Both groups: ↑ physical function; ↔ VO2submax 
and physical capacity

135

Takken 54 JIA 
(5–13 years)

RCT 16-week aquatic exercise 
programme versus no exercise 
(control)

↔ functional ability, quality of life, joint status 
and physical fitness (although all measures 
improved more in the exercise group)

74

Epps 78 JIA 
(4–19 years)

RCT 24-week combined hydrotherapy 
and land-based training versus 
land-based training only (control)

• Both groups: ↑ strength and aerobic fitness
• Combined group: ↑ retention of gains

75

Myer 1 JIA 
(10 years)

Case study 5-week neuromuscular training 
programme

↑ vertical jump and balance 136

Singh-Grewal 
(2006)

9 JIA 
(8–11 years)

Pre–post pilot 
study

12-week circuit training 
programme involving pool, 
stationary bicycle, treadmill and 
fitball

↑ anaerobic leg power; ↔ energy cost of 
locomotion, VO2peak and arm muscular 
endurance; ↓ anaerobic arm power

76

Tarakci 81 JIA 
(5–17 years)

RCT 12-week land-based home exercise 
programme versus control

↑ 6-min walk distance, function and quality  
of life

83

Sandstedt 
(2012)

54 JIA 
(9–21 years)

RCT 12-week strengthening exercises 
plus jumps versus control

↑ bone mineral density 81

Sandstedt 
(2013)

30 JIA 
(8–16 years)

Pre–post study 
(with healthy 
controls)

8-week aerobic training combined 
with range-of-motion exercises

↑ aerobic conditioning and physical function 82

Mendonça 50 JIA 
(8–18 years)

Randomized 
single-blind 
trial

24-week conventional exercise 
programme (stretching plus 
strengthening exercises) versus 
Pilates

• Both groups: ↑ quality of life
• Pilates group: ↑ range of motion and function; 

↓ pain

80

Van Oort 7 JIA 
(8–18 years)

Pre–post safety 
and feasibility 
study

6-week home-based resistance 
training programme

• ↔ pain; ↑ muscle size
• No adverse effects
• 70.6% adherence rate

84

Baydogan 30 JIA 
(6–18 years)

Randomized 
trial

12-week strengthening exercise 
versus proprioceptive-balance 
exercise

• Both groups: ↑ passive range of motion, 
balance, and function; ↓ pain

• Proprioceptive-balance exercise group; ↑ 
lower extremity function

78

JFM

Stephens 30 JFM 
(8–18 years)

RCT 12-week aerobic exercise versus 
Qigong (control)

• Both groups: ↑ anaerobic function; ↓ tender 
point count, pain and symptom severity

• Aerobic group: ↑ physical function, functional 
capacity and quality of life; ↓ fatigue

86

Olsen 10 JFM 
(15–17 years)

Pre–post study 4– 7-week multidisciplinary pain 
treatment, including intensive 
exercise training

↑ subjective sleep quality; ↔ objective sleep 
quality; ↓ pain

87

Sherry 64 JFM 
(13–18 years)

Pre–post study 48-week intensive physical 
and occupational therapy and 
psychotherapy

↑ quality of life, function and aerobic capacity; 
↓ pain

88

R E V I E W S

372 | JUNE 2017 | VOLUME 13 www.nature.com/nrrheum

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Exercise in juvenile fibromyalgia. All studies assessing 
the effects of exercise training in JFM showed positive 
outcomes, although only one was a RCT. Stephens et al.86 
were the first to investigate the effects of an exercise 
intervention in patients with JFM. Twelve weeks after 
being randomly assigned to a programme of intense 
aero bic exercise or low-intensity exercise (Qigong, which 
is similar to Tai Chi), patients showed good tolerance 
to the exercise and no worsening of disease symptoms. 
Interestingly, patients in both groups showed improve-
ments in anaerobic function, tender point count, pain 
and symptom severity, but improvements in physical 
function, functional capacity, health-related quality of 
life and fatigue were shown only in patients in the aero-
bic group. These results indicate that both high-intensity 
and low-intensity exercise can be beneficial and safe for 
patients with JFM, but that a high-intensity regimen can 
potentially produce greater health benefits.

Olsen et  al.87 showed that a multidisciplinary 
approach to pain treatment that incorporated high- 
intensity exercise reduced pain and improved perceived 
sleep quality (as assessed on the pain visual analogue 
scale and the functional disability inventory, respec-
tively) in patients with JFM. However, objective sleep 
measures (as assessed by actigraphy, polysomnography 
and the Multiple Sleep Latency Test) were not seen to 
improve in response to the intervention.

Sherry et al.88 studied the effects of a long-term 
intervention comprising intensive physical therapy, 
occupational therapy and psychotherapy in patients 
with JFM whose pharmacological treatment had been 

discontinued. Following 1 year of intervention, remark-
able improvements were seen in pain (with no pain in 
33% of cases) and self-reported and objectively meas-
ured function, suggesting that medications could be 
successfully replaced with an intensive programme 
involving physical therapy, occupational therapy and 
psychotherapy.

An intervention comprising 8 weeks of cognitive–
behavioural therapy and neuromuscular integrative 
training in patients with JFM was shown to reduce 
functional disability, depression, fear of movement and 
pain catastrophizing in several small pilot studies89–91. 
The patients also reported improvements in physical 
function and reduced fear of movement following the 
intervention. Furthermore, qualitative analyses revealed 
improvements in self-efficacy, strength and motiva-
tion for exercise. However, these promising pilot data 
are limited by the small sample size and the lack of a 
control group.

Exercise in juvenile dermatomyositis. In 2010, we 
reported on the effects of a 16-week combined aero-
bic and resistance training programme in a 7-year-old 
patient with JDM and her unaffected monozygotic twin 
sister, who served as a control92. Following the inter-
vention, muscle strength, muscle function and aerobic 
conditioning all improved to a greater extent in the unaf-
fected twin compared with her affected sister; neverthe-
less, relative improvements (that is, percentage change 
from baseline) in maximal strength, peak oxygen con-
sumption and time to exhaustion were comparable in the 

Table 1 (cont.) | Studies assessing the effects of exercise training in paediatric rheumatic diseases

Study Sample (age) Experimental 
design

Intervention Main effects of exercise Refs

Kashikar-Zuck 17 JFM 
(12–18 years)

Pre–post study 8-week cognitive–behavioural 
and neuromuscular training 
intervention

↑ self-efficacy, strength and motivation to 
exercise; ↓ pain

89

Tran (2016) 11 JFM 
(12–18 years) 

Pre–post study 8-week cognitive–behavioural 
and neuromuscular training 
intervention

↑ walking gait and functional performance, 
hip abduction strength and dynamic postural 
control

91

Tran (2017) 22 JFM 
(12–18 years)

Pre–post study 8-week cognitive–behavioural 
and neuromuscular training 
intervention

↑ physical function; ↓ functional disability, 
depression, fear of movement and pain 
catastrophizing

90

JDM

Omori (2010) 1 JDM  
(age 7 years)

Case study of 
monozygotic 
twins

16-week combined aerobic and 
resistance training program

↑ VO2peak, time to exhaustion and muscle 
strength; ↔ quality of life, inflammation and 
muscle damage

92

Omori (2012) 10 JDM 
(age 
7–17 years)

Pre–post study 12-week combined aerobic and 
resistance training program

↑ VO2peak, time to exhaustion, muscle strength 
and muscle function, bone mineral apparent 
density and quality of life; ↓ disease activity

69

Riisager 9 JDM 
(age 
16–42 years)

Pre–post study 12-week aerobic training program ↑ VO2peak, maximal workload; ↓ submaximal heart 
rate; ↔ creatine kinase

93

Habers 26 JDM 
(age 
8–18 years)

RCT 12-week home-based exercise 
programme of treadmill interval 
training and strength exercises

↑ standing long jump distance, push-ups 
and sit-ups performance, function (parents’ 
evaluation); ↔ isometric muscle strength and 
perception of fatigue

94

APS, antiphospholipid syndrome; JDM, juvenile dermatomyositis; JFM, juvenile fibromyalgia; JIA, juvenile idiopathic arthritis; JSLE, juvenile systemic lupus erythematosus; 
RCT, randomized controlled trial; VO2peak, peak oxygen consumption; VO2submax, submaximal oxygen consumption; ↑, increase; ↔, no change; ↓, decrease.
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sisters; neither twin showed any change in health-related 
quality of life, disease activity, inflammation or mark-
ers of muscle damage. This report suggests that patients 
with JDM could be responsive to exercise training.

These preliminary findings were subsequently 
expanded and corroborated by a prospective study 
involving 10 patients with JDM69 who, following a 
12-week aerobic plus resistance training program, 
experienced significant improvements in peak oxygen 
consumption, time to exhaustion, upper and lower 
extremity muscle strength and muscle function, as 
well as significant increases in bone mineral apparent 
density of the whole body and lumbar spine. Notably, 
health-related quality of life was also improved, whereas 
the disease activity score was reduced in approximately 
27% of patients. Overall, these findings show that exer-
cise training might counteract key symptoms in JDM, 
although the absence of a control group precludes any 
definitive conclusions.

Riisager et al.93 investigated the effects of a 12-week 
aerobic training programme in patients with JDM who 
had recovered from disease flare. Following the inter-
vention, the patients showed improvements in maximal 
and submaximal aerobic capacity, with no evidence of 
muscle damage. These findings suggest that decreased 
aerobic conditioning experienced by patients with 
JDM in remission is reversible and can be improved by  
exercise training.

Only one RCT has examined the effects of exer-
cise training in JDM94. Twenty-six patients were allo-
cated to either an exercise or control group; following 
a 12-week home-based exercise programme of interval 
training on a treadmill and strength exercises, patients 
who exercised showed greater improvements than 
controls in standing long jump distance, push-up and 

sit-up performance, and function (parents’ evaluation), 
whereas isometric muscle strength and perception of 
fatigue were unaffected. Notably, none of the patients 
who took part in the programme required an increase 
in immunosuppressive therapy (in some cases, therapy 
decreased) or were admitted to hospital during the trial.

Closing the scientific gaps
Several areas in which the widespread application of 
physical activity in the area of paediatric rheumatology 
require further investigation, and hence a number of 
fundamental questions remain (BOX 1).

Neglected rheumatic diseases. Surprisingly few studies 
have examined the effect of physical activity in other, 
less prevalent paediatric rheumatic diseases, such as IgA 
vasculitis (formerly known as Henoch–Schönlein pur-
pura), Takayasu arteritis, polyarteritis nodosa, juvenile 
systemic sclerosis and autoinflammatory syndromes. 
A rationale exists for speculating that physical activity 
could be an important therapeutic intervention for these 
neglected diseases, similar to the situation in the diseases 
outlined in this article. For instance, juvenile patients 
with Takayasu arteritis can show cardiovascular and 
metabolic abnormalities, including arterial hyperten-
sion, insulin resistance, endothelial dysfunction, exacer-
bated inflammation, fatigue and pain95. We have shown 
that a supervised moderate-intensity aerobic training 
programme can decrease the levels of the proinflam-
matory cytokine TNF, increase the levels of the pro-
angiogenic factors vascular endothelial growth factor 
and platelet-derived growth factor AA, and improve 
muscle function in adult patients with Takayasu arte-
ritis96. These benefits might also be reproducible in 
paediatric patients.

Building on small-scale studies. The unstable natural 
course of paediatric rheumatic diseases, the care effect 
(that is, improvements in a patient’s health that arise 
simply from feeling cared for), and the maturational 
process itself somehow weaken the conclusions of non- 
controlled studies. Obviously, the low prevalence of some 
paediatric rheumatic diseases restricts the conduction of 
well-powered RCTs. In this sense, it would be interesting 
to join scientific efforts and develop multicentre collab-
orative networks dedicated to the study of the feasibility, 
safety and efficacy of physical activity in these diseases. 
Only large sample sizes might enable the investigation 
of specific effects of physical activity in relation to drug 
regimens (in particular, the new generation of biologic 
agents), comorbidities and maturational status. The 
development of international consortia might also be 
necessary to explore the worldwide prevalence of phys-
ical inactivity among paediatric rheumatic populations.

Insights into the mechanisms of physical activity. The 
mechanisms underlying the effects of physical activity in 
paediatric rheumatic diseases need to be unravelled. In 
adults with autoimmune inflammatory diseases, phys-
ical activity seems to promote a homeostatic immuno-
modulatory effect97,98, which has been postulated to 

Box 1 | Fundamental scientific questions in paediatric rheumatic diseases

• What are the effects of physical activity, inactivity and sedentary lifestyle in patients 
with IgA vasculitis, Takayasu arteritis, polyarteritis nodosa, juvenile systemic sclerosis 
and autoinflammatory syndromes?

• Can well-powered randomized controlled trials replicate the findings from 
small-scale, non-controlled studies?

• What is the prevalence of physical inactivity and sedentary behaviour in each 
disease?

• What is the influence of different drug regimens, comorbidities and maturational 
status on the effects of physical activity?

• What are the mechanisms underlying the effects of physical activity in paediatric 
rheumatic diseases?

• Are physical inactivity and sedentary behaviour independent and synergistic health 
risk factors?

• Can physical activity and the breaking-up of sedentary time act independently and 
synergistically to improve health?

• What are the specific facilitators and barriers to physical activity engagement in 
each disease?

• How do physical activity levels during the paediatric years track into adulthood?

• Can the effects of exercise training programmes persist in the long-term?

• What are the most effective interventions to increase physical activity levels and/or 
reduce sedentary behaviour?
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contribute to a decreased risk of cardiovascular events 
and to improvements in disease-related symptoms 
(reviewed elsewhere99,100). The biological effect of phys-
ical activity is possibly mediated by ‘exerkines’ (that is, 
any peptide, microRNA, messenger RNA or other circu-
lating RNA species that is released into the circulation in 
response to physical activity101). Evidence suggests that 
skeletal muscle is the main site responsible for secret-
ing exerkines (also known as myokines when secreted 
by skeletal muscle99), and studies involving adults with 
myositis have provided evidence that exercise can ame-
liorate muscle function through global modulation of 
molecular pathways related to inflammation and aerobic 
metabolism in the muscle98,102,103. In the paediatric field, 
ethical issues might preclude invasive studies involving 
serial muscle biopsies, but image-based techniques, such 
as magnetic resonance spectroscopy, could provide an 
alternative non-invasive method to cross-examine mus-
cle functioning and fatigue mechanisms in real time. For 
instance, patients with JDM might show reduced levels 
of high-energy phosphate compounds, namely ATP and 
phosphorylcreatine, as assessed by 31P-magnetic res-
onance spectroscopy104. Physical tests using this same 
technique coupled with in-magnet bicycling revealed 
that patients with JDM experienced faster depletion of 
phosphorylcreatine and acidification during exercise, and 
faster post-exercise phosphorylcreatine recovery kinetics 
than their controls105. Additionally, near-infrared spec-
troscopy revealed fewer changes in total haemoglobin 
concentrations in patients with JDM during an incre-
mental physical test, suggesting that these patients have 
difficulties in increasing muscle blood volume with more 
strenuous exercise106. Altogether, these studies provide a 
biochemical basis for the exercise intolerance and mus-
cle weakness often seen in patients with JDM. Another 
non-invasive technique that generates insights into met-
abolic responses in muscle is breath-by-breath respira-
tory gas analysis. This method enables the study of the 
kinetics of oxygen uptake in response to different exercise 
intensity domains, each of which represents complex and 
integrative metabolic adjustments that are thoroughly 
discussed elsewhere107. Using this technique, we demon-
strated that a patient with JSLE and antiphospholipid 
syndrome showed reductions in the metabolic cost of 
movement following an aerobic training program, mean-
ing that a lower amount of energy compared with before 
the programme was required to complete a given physical 
effort70. This metabolic adaptation could partially explain 
the improvements in physical function experienced by 
this patient. Finally, either targeted or non-targeted tran-
scriptomics, proteomics or metabolomics analyses from 
blood and urinary samples, which are obviously easier to 
collect than samples from muscle, could generate valua-
ble molecular candidates to analyse the effects of physical 
activity, or inactivity, in these diseases.

Inactivity and sedentary behaviours as independent 
risk factors? Interestingly, evidence indicates that indi-
viduals who are highly engaged in sedentary behaviours 
can show an increased risk of morbimortality108–110, irre-
spective of whether or not they meet the recommended 

physical activity levels6,109,111. These findings suggest that 
health interventions should aim to simultaneously reduce 
sedentary time and increase moderate-to-vigorous  
physical activity levels, as inactivity and sedentary 
behaviour might be independent (and potentially addi-
tive) risk factors. This hypothesis merits investigation in 
the paediatric rheumatology field.

Exercise compliance and long-term benefits. Short-
term supervised exercise training programmes are use-
ful in demonstrating the efficacy and mechanisms of 
physical activity in well-controlled environments, but 
the translation of their benefits to patients in real life, 
when self-sufficiency is required, remains debatable. The 
specific facilitators and barriers to engaging in physical 
activity should be investigated for each paediatric rheu-
matic disease, as they are of paramount relevance for 
compliance to physical activity programmes112,113.

The last remaining question concerning the paedi-
atric exercise rationale52 is whether encouraging phys-
ical activity habits early in life to counteract disease 
symptoms will provide an effective means of lowering 
the risk of developing health risk factors in the adult 
years. Notwithstanding the obvious complexities inher-
ent to such a study, it would be interesting to investi-
gate whether the physical activity levels of a child with 
rheumatic disease carry over to the adult years, as any 
beneficial effect of physical activity on the adult disease 
should act over an extended period.

Promoting activity
Below, we suggest recommendations (summarized in 
BOX 2) on how to promote physical activity to patients 
with paediatric rheumatic diseases in the clinical setting.

Assessing physical activity and sedentary behaviour. 
In the first instance, health professionals are advised to 
assess and track physical activity levels and sedentary 
behaviour on a routine basis, as these are invaluable 
health risk parameters. Unfortunately, scientists and 
practitioners both encounter difficulty in assessing levels 
of physical activity in young people as no gold-standard 
method exists for this purpose114,115.

Briefly, methods to assess physical activity can be 
classed as subjective or objective. Subjective methods 
include questionnaires, interviews, activity diaries (logs) 
and direct observation, whereas objective methods uti-
lize physiology-based or biomechanical-based devices, 
such as pedometers, accelerometers, heart rate monitors 
and multi-site movement sensors. Although subjective 
methods are criticized on the basis of their validity, 
which is generally low, objective methods are limited by 
low feasibility (due to high cost, for example)114. We have 
demonstrated very poor agreement between physical 
activity that was measured objectively (by accelerometry) 
and self-reported subjectively (through the short-form 
International Physical Activity Questionnaire) in patients 
with JDM or JSLE116. Therefore, while the use of self- 
reported instruments (such as questionnaires) remains to 
be proven valid in paediatric rheumatic diseases, meth-
ods that objectively measure physical activity should be 
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encouraged instead117,118. In addition to the measurement 
of physical activity, health care providers are also encour-
aged to gather information on sedentary behaviours, such 
as time spent in front of a screen (watching television, 
playing video games, using a computer and so on).

Evaluating facilitators and barriers. Following on 
from an assessment of physical activity, understanding 
an individual patient’s facilitators and barriers to phys-
ical activity, which might depend on sex, age, disease, 
comorbidities and physical limitations, socioeconomic 
status, and cultural and emotional factors, is important. 
Factors that inhibit parents’ efforts to achieve physically 
active lifestyles for their children should also be iden-
tified (for example, lack of resources, encouragement, 
support or companionship), as these factors are likely to 
negatively influence the extent to which patients engage 
in an intervention. Furthermore, overprotective attitudes 
inadvertently imposed by health professionals should be 
immediately detected and avoided. Providing patients 
and their families with extended support may assist 
them in overcoming barriers to physical activity.

Generating and maintaining an intervention plan. With 
all this information in mind, the next step is to generate an 
intervention plan to increase the levels of physical activ-
ity and, at the same time, reduce sedentary behaviour. As 
multicomponent interventions tend to be the most effec-
tive ones, physicians, nurses, physical therapists, teachers 
and parents are recommended to combine forces to suc-
cessfully promote physical activity119,120. Special attention 
should be given to risk groups that tend to be less physically 
active (such as female adolescents121) or less responsive to 
physical activity interventions (for example, children from 
populations with low socioeconomic status119).

The global aim of physical activity prescription should 
be the attainment of the physical activity guidelines (that 
is, a minimum of 60 min per day of moderate-to-vigorous 
physical activity for the general paediatric population). 

Considering that most benefits of physical activity occur 
in a dose-responsive manner7, progressive increases in 
prescription should be recommended.

In parallel to increase physical activity prescrip-
tion, sedentary behaviour should be addressed. Parents 
should be advised to limit their children’s time in front 
of a screen to 2 h per day122,123. Furthermore, a window 
of opportunity exists in the school environment, where 
children spend hours sitting. Whenever possible, schol-
ars should be encouraged to break up sedentary time 
(for example, a 6-min standing break during every 1 h 
of class time).

Avoiding negative attitudes to exercise. It is important to 
emphasize that absolute contraindications to exercise are 
few in number and often transient in nature (for exam-
ple, fever, severe anaemia, dehydration or uncontrolled 
hypertension). Therefore, the widespread message that 
‘some people just can’t exercise’ is usually overempha-
sized and can be misleading in the sense that it might 
make patients more prone to a sedentary lifestyle, par-
ticularly when the message is disseminated by health 
professionals. Another common belief that might also 
negatively affect the patient’s attitude to physical activ-
ity is that ‘some people just don’t respond to exercise’. 
This notion is scientifically flawed, as the adaptations 
induced by physical activity are more graded in nature 
rather than binary, meaning that a lack of response to 
physical activity can be attenuated or even reversed by 
simply increasing the physical activity prescription124–126.

Important factors to consider in physical activity pro-
grammes. In prescribing exercise-training programmes, 
practitioners should ideally aim to develop strength, 
aerobic and anaerobic capacities, and flexibility alike. 
Importantly, ‘one size fits all’ programmes should be 
avoided, as compliance in the long run is very low. To 
avoid participants dropping out, it is imperative to take 
into account a patient’s preferences in the choice of activ-
ity. For younger children in particular, playful aspects 
of the activity should be emphasized. Care should be 
taken in applying adult training programmes to young 
people, as several exercise responses depend on the stage 
of maturity, including changes in body composition and 
strength, immunological adaptations and thermoregula-
tion127–129. Evidence-based literature on paediatric exer-
cise should guide exercise prescription where possible. 
Safety issues are always a priority. Patients and their 
parents should be advised on the physical risks (such 
as risk of fractures, joint lesions or muscle injuries) 
that are inherent to some contact sports, such as rugby, 
American football, soccer and combat sports; although 
none of these sports should be prohibited in princi-
ple, some adaptations might be required to reconcile 
safe practice with the patient’s physical limitations and 
maturational status. Patients who are willing to engage 
in intensive training routines (such as sports) should 
perform a pre-participation screening, in which family 
and personal history, physical examination (including 
blood pressure), and basal 12-lead electrocardiogram 
are recommended130. If necessary, further examinations 

Box 2 | Steps to promote a physically activity lifestyle

• Step 1: Routinely assess physical activity and sedentary behaviour as part of all 
health care.

• Step 2: Individually evaluate the facilitators of and barriers to physical activity.

• Step 3: Prescribe a multicomponent intervention, with participation of health care 
providers, teachers, the community and parents.

• Step 4: Focus on the achievement of recommended general physical activity targets, 
with increments in prescription whenever possible.

• Step 5: Encourage progressive reduction in sedentary time (for example, ‘screen time’).

• Step 6: Avoid negative attitudes in relation to physical activity, through the 
dissemination of misleading information such as ‘Patients with diseases just can’t 
exercise’ or ‘Some people just don’t respond to physical activity’.

• Step 7: During the course of exercise training prescriptions:
 - perform a pre-participation screening
 - prescribe exercises focused on global adaptations
 - take into account the patient’s preferences in the prescription
 - refer the patient to qualified professionals with expertise in paediatric exercise 
medicine

 - track the compliance, efficacy and safety of the intervention
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include echocardiography, 24- h Holter monitoring, 
stress testing, signal-averaged electrocardiogram and 
cardiac MRI130.

Disease flares can be accompanied by debilitating 
pain, fatigue or even more severe symptoms, such as 
kidney or cardiac dysfunction. Although all of these con-
ditions obviously hamper a patient’s ability to perform 
intensive activities, it does not mean that bed rest should 
be recommended instead. A more balanced approach 
could be to encourage light physical activity to break up 
sedentary time (for example, a 6-min light walking break 
for every 60 min of television viewed) to potentially alle-
viate metabolic disturbances and physical impairments 
induced by sedentary lifestyle6,24,131.

Conclusions
In this article, we have discussed several levels of evi-
dence to support a paradigm shift from recommending 
bed rest to prescribing physical activity in paediatric 
rheumatology. Patients with paediatric rheumatic dis-
ease tend to be hypoactive. When physical activity level 
does not match the norm of physical activity that shaped 
the evolutionary selection of our inherited genome, the 
body becomes dysfunctional. The literature consist-
ently shows that increasing physical activity levels (and 
reducing sedentary behaviour) might restore normal 

mechanical, physical and biochemical processes within 
the body125. This rationale underlies the concept that 
‘exercise is medicine’, which has formed the basis of a 
worldwide campaign co-launched by the American 
College of Sports Medicine and the American Medical 
Association. The campaign focuses on educating health-
care providers on the belief that “Physical activity is inte-
gral in the prevention and treatments of diseases and 
should be regularly assessed and ‘treated’ as part of all 
health care” (REF. 132). This concept has been adopted by 
several medical specialties, including cardiology, endo-
crinology and oncology and, in light of the systemic 
therapeutic benefits of physical activity in adult30,99,100 
and paediatric72,73,133 patients with rheumatic diseases, 
we propose that the notion of ‘exercise is medicine’ 
should also be extended to the field of rheumatology, 
and officially embraced by its scientific and professional 
organizations.

Despite the scientific gaps that exist in this relatively 
new area, it is safe to conclude that promoting high 
levels of physical activity and low sedentary time is of 
paramount relevance in the treatment of paediatric 
rheumatic diseases. Furthermore, lessons learned from 
a growing number of clinical trials enable the assertion 
that the systemic benefits of exercise clearly outweigh the 
potential risks in the studied diseases.
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The term necrotizing vasculitis defines 
a group of diseases characterized by 
inflammatory lesions of the blood vessels 
and necrosis of the vessel wall. Necrotizing 
vasculitis is a classic lesion of polyarteritis 
nodosa (PAN), but a number of other 
disorders with different aetiopathogenesis 
also display this lesion, which can make 
these disorders difficult to distinguish. 
Characterization of PAN and other 
vasculitides has changed over time as our 
knowledge and understanding of these 
disorders has developed. Uncovering 
the pathogenesis of PAN and related 
disorders and characterizing some of 
the pathways leading to the pathological 
features of necrotizing arteritis1 has enabled 
more-specific treatment of these disorders.

This Perspectives article focuses on 
how the multiple diseases that lead to the 
common histopathology of necrotizing 
arteritis have come to be defined (FIG. 1). 
Although differentiation might not always 
be possible, distinguishing between these 
diseases is important for their management, 
which might also differ. Anti-neutrophil 

had glomerulonephritis4. In 1952, Zeek 
suggested that periarteritis nodosa 
should be recognized as one of five 
morphologically and clinically distinct 
forms of necrotizing angiitis (the term she 
used to describe damage to the vessels), 
the other forms being hypersensitivity 
angiitis, allergic granulomatous angiitis, 
rheumatoid arthritis and temporal arteritis5. 
Necrotizing vasculitis serves as the common 
denominator for a wide variety of diseases 
with different aetiologies, most of which 
were unknown in the 1950s. Necrotizing 
vasculopathies include a number of 
disorders, such as, but not limited to, what 
we now know as classic PAN, microscopic 
polyangiitis (MPA), granulomatosis with 
polyangiitis (GPA, formerly known as 
Wegener granulomatosis) and eosinophilic 
granulomatosis with polyangiitis (EGPA, 
formerly known as Churg–Strauss 
syndrome). These disorders are indistin-
guishable histologically, except for the vessel 
wall predominantly involved1,6–8. Although 
GPA was defined in 1936, it was not until 
the 1950s that these diseases were eventually 
separated on the basis of distinct pathologic 
features, including the involvement of  
not only arteries, but also venules, 
glomerular capillaries and pulmonary 
alveolar capillaries4. Subsequent studies 
confirmed the distinction between PAN 
and MPA by showing that the latter was 
associated with ANCAs9, an association that 
was also observed in GPA10.

Despite these advances, confusion 
remained in distinguishing PAN from MPA. 
For example, MPA has occasionally been 
referred to as ‘microscopic polyarteritis’, 
suggesting it to be on a continuum with 
PAN. This terminology is more evident 
in past paediatric nephrology literature, 
probably because of the rarity of MPA 
among children, as patients with what 
we would now call classic PAN and 
those with necrotizing capillaritis of 
the glomeruli (MPA) were historically 
grouped together; later studies clarified 
this distinction11–17. Furthermore, in the 
1990 ACR classification criteria for PAN, 
the inclusion of creatinine as a criterion 
blurred the distinction between disorders 
with involvement of vessels of different 
sizes18. Creatinine levels are commonly 

cytoplasmic antibody (ANCA)-mediated 
diseases, which are associated with 
necrotizing vasculitis of the small vessels 
and capillaries, have been reviewed in 
detail elsewhere2. This article discusses the 
pathogenesis of PAN and other disorders 
with PAN-like features, such as PAN 
associated with hepatitis B virus (HBV) 
infection, familial Mediterranean fever 
(FMF) and a newly discovered monogenic 
disease, deficiency of ADA2 (DADA2).

Classification schemes
The evolving classification of PAN. 
Kussmaul and Maier first used the term 
‘periarteritis nodosa’ in 1866 to describe 
a pathological inflammatory condition 
that presented with multiple nodules 
along the small and medium-sized 
arteries3 (FIG. 2). By the early 1900s, all 
patients with necrotizing arteritis were 
described as having periarteritis nodosa. 
Ferrari introduced the term ‘polyarteritis 
nodosa’ in 1903 to describe the transmural 
nature of the inflammation; interestingly, 
the patient examined by Ferarri also 
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The changing face of polyarteritis 
nodosa and necrotizing vasculitis
Seza Ozen

Abstract | Polyarteritis nodosa (PAN) is a vasculitic disease characterized primarily 
by necrotizing vasculitis — inflammatory lesions in blood vessels that lead to vessel 
wall necrosis. Our understanding of PAN and necrotizing vasculitis has evolved 
over time. In addition to PAN, necrotizing vasculitis is now a recognized feature of 
a broad range of diseases with different aetiopathogenesis. For example, 
necrotizing vasculitis associated with hepatitis B virus infection has a different 
aetiopathogeneis to PAN and is now classified as a separate disease. Additionally, 
although ‘classic’ PAN is not an inherited disease, mutations in specific genes, such 
as ADA2 (also known as CECR1), can result in a necrotizing vasculopathy similar to 
PAN. The literature also suggests that the course of PAN differs in childhood-onset 
disease and in cases confined to the skin (so-called cutaneous PAN). Dissecting 
PAN and other autoinflammatory diseases with PAN-like features has enabled 
more-specific therapies and might also help us better understand the pathogenesis 
of these devastating conditions.
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Classic PAN

Monogenetic diseases:
• SAVI
• DADA2
• FMF-associated PAN
• RAG1 or RAG2 deficiency
• TAP deficiency

Infection
HBV-associated vasculitis

ANCA-associated vasculitis
• Microscopic polyangiitis
• Granulomatosis with 

polyangiitis
• Eosinophilic granulomatosis 

with polyangiitis

Necrotizing 
vasculitis

used as a measure of kidney function and 
levels of creatinine rise in vasculitis that 
affects the glomerular capillaries (such as 
glomerular disease). This limitation was 
corrected in the 1994 International Chapel 
Hill Consensus Conference (CHCC) 
nosology for vasculitides7, in addition to 
its 2012 update19, where MPA and PAN are 
again clearly separated7. The CHCC scheme 
defines PAN as a necrotizing inflammation 
of medium-sized or small arteries without 
glomerulonephritis or vasculitis of the small 
vessels (arterioles, capillaries and venules), 
whereas MPA is defined as a necrotizing 
vasculitis, with few or no immune deposits, 
affecting the small vessels7,19. It should 
be emphasized that the CHCC produced 
nomenclature, not classification or 
diagnostic criteria. Classification criteria 
for these diseases are lacking, although an 
international initiative is presently working 
on diagnostic criteria for vasculitides.

The discovery of multiple monogenetic 
diseases, such as DADA2, that are associated 
with vasculitis (discussed below) has led to 
reconsideration of the classification of both 
vasculitides and autoinflammatory diseases. 
Using the 2012 CHCC nomenclature, 
such monogenetic diseases could come 
under the heading ‘vasculitis associated 
with probable aetiology’, as their specific 
aetiology is known, and a new subheading 
of ‘monogenic causes of vasculitis’ could 
be created. On the other hand, these 
disorders are characterized by uncontrolled 
inflammation and can therefore also be 

and the Paediatric Rheumatology European 
Society (PReS) to develop and validate a 
set of classification criteria for childhood 
vasculitides, including paediatric PAN as 
well as GPA, Henoch–Schönlein purpura 
and Takayasu arteritis22, based on paediatric 
cases collected in a web registry. Two 
paediatric case series, one from France and 
one from the UK, have classified patients 
with childhood-onset PAN according to 
these criteria11,12; the former showed that 
rates of relapse of PAN in patients increased 
after 18 years of age12.

Cutaneous PAN is a major disease group 
in paediatric rheumatology practice. Patients 
with cutaneous PAN relapse frequently 
and the condition is often associated with 
streptococcal infection21. When comparing 48 
patients with ‘systemic’ PAN and 41 patients 
with cutaneous PAN, Alibaz-Oner et al.23 
concluded that cutaneous PAN should be 
classified separately because of its different 
disease course, characterized by frequent 
relapses but no mortality. However, given 
that cutaneous PAN patients can also have 
musculoskeletal complaints, occasional 
constitutional features and elevated levels 
of acute phase reactants, how to determine 
the boundary between limited and systemic 
disease remains a matter of debate.

Classic PAN
The aetiopathogenesis of classic PAN is 
still not clear, unlike ANCA-associated 
vasculitis (BOX 1). Patients with classic 
PAN are negative for ANCAs and thus 
the pathogenesis is not ANCA-driven. 
The pathway(s) leading to necrotizing 
inflammation of the blood vessels probably 
involve both the innate and adaptive 
immune systems. For example, a study 
by Shimojima et al. demonstrated the 
presence of defective regulatory T cells in 
patients with PAN24. They also observed 
a predominance of type 1 T helper (TH1) 
cells, with a relatively low frequency of 
TH17 cells, and suggested that such defects 
in T cell-mediated immunity contribute to 
disease development24. In a small pilot study, 
my group has shown a marked increase in 
TH17 cell numbers in pathology specimens 
from patients with PAN (S.O., unpublished 
work). Such data on T cells, albeit 
preliminary, suggest a crucial role of the 
adaptive immune system in the pathogenesis 
of PAN. On the other hand, the universally 
accepted association between cutaneous 
PAN and streptococcal infection points 
to a link to dendritic cells and the innate 
immune system. Animal models could be an 
important tool to study the pathogenesis of 

described as monogenetic autoinflammatory  
diseases; autoinflammatory diseases are 
clinically classified according to their 
outstanding features, and the discovery 
of diseases such as DADA2 creates a 
new disease category among the auto-
inflammatory diseases: ‘autoinflammatory 
diseases with vasculopathy’ (REF. 20).

Childhood-onset disease and cutaneous 
PAN. From the 1980s onwards, 
paediatricians started to define cases of 
PAN in children as ‘childhood-onset’ or 
‘juvenile’ PAN21. In 2004, a survey of 110 
children with PAN found that 63 had classic 
PAN, five had HBV-associated PAN and 
33 had cutaneous PAN21. Patients with 
cutaneous PAN present with necrotizing 
vasculitis confined to the skin, in addition 
to possible musculoskeletal features but 
no other systemic involvement14,21. The 
prevalence of cutaneous PAN is probably 
higher in children than in adults. The 
paediatric literature also suggests that 
childhood-onset PAN has a higher 
proportion of patients who are female 
compared with adult PAN, and is also 
associated with a better prognosis11,13,15,17. 
Paediatricians have attempted to diagnose 
and/or classify cases of PAN with newly 
suggested criteria that are based on a large 
registry of international patients with 
childhood vasculitis. These attempts led 
to an international collaboration endorsed 
by EULAR, the Paediatric Rheumatology 
InterNational Trials Organisation (PRINTO) 

Figure 1 | PAN and PAN-like diseases associated with necrotizing vasculitis. A number of conditions 
are now known to cause necrotizing vasculitis, including classic polyarteritis nodosa (PAN) and the 
anti-neutrophil cytolasmic antibody (ANCA)-associated vasculitides microscopic polyangiitis (MPA), 
granulomatosis with polyangiitis (GPA) and eosinophilic granulomatosis with polyangiitis 
(EGPA). Necrotizing vaculitis can also present secondary to infection, such as hepatitis B virus (HBV)-
associated necrotizing vasculitis, or to primary immunodeficiencies; the pathogenesis and treatment 
of necrotizing vasculitis in these settings differs from that in PAN. Other monogenetic diseases can be 
associated with necrotizing vasculitis, such as deficiency of ADA2 (DADA2), and need to be recognized 
as separate entities. New diseases in this spectrum of monogenetic diseases might remain to be 
defined. RAG1, V(D)J recombination-activating 1; SAVI, stimulator of interferon genes protein (STING)-
associated vasculopathy of infancy; TAP, transporter associated with antigen processing.
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severe vessel-wall inflammation. PAN-like 
disease was first described in mice in the 
1960s25. It might be useful to revisit these 
models to understand the exact nature of 
the disease.

HBV-related PAN
Necrotizing arteritis has long been linked 
with infection26, and the specific association 
between HBV and PAN (FIG. 2) in humans 
was first described by Gocke et al.27 and 
Trepo and Thivolet28. However, despite 
this association, studies have rarely found 
viral antigens in the vessels of patients with 
PAN29. The pathogenesis of HBV-related 
necrotizing vasculitis differs from that of 
classic PAN, and is related to the deposition 
of immune complexes29. Hence, Guillevin 
et al.29 suggested that the treatment of this 
form of PAN should also differ. In line 
with this hypothesis, Guillevin et al. tested 
treating patients with HBV-related vasculitis 
with antiviral drugs and plasma exchange, 
to target the infection and clear the immune 
complexes, respectively, and demonstrated 
successful treatment of 41 patients with 
glucocorticoids, plasma exchange and 
vidarabine (an antiviral drug)29. Thus, the 
aetiology, pathogenesis and treatment of this 
disease are quite different from other forms 
of PAN. The 2012 CHCC nomenclature 
defines HBV-associated PAN as a vasculitis 
“associated with a probable cause” (REF. 19); 
this description is logical, as we know the 
inciting factor for this form of PAN. Thanks 
to new vaccination protocols, the occurrence 
of HBV-related PAN has largely disappeared 
from paediatric practice21.

manifests mainly as recurrent episodes of 
fever and serositis. Patients who are not 
treated effectively have ongoing subclinical 
inflammation32.

There have been numerous reports of 
FMF-associated PAN, including three case 
series33–36. For example, a nationwide study 
from Turkey of approximately 3,000 patients 
with FMF showed that the frequency of PAN 
in these patients was extraordinarily high 
— almost 0.9%35. Although definite figures 
for how this compares with the general 
population in Turkey are not available, this 
frequency is much higher than the estimated 
prevalence of PAN in Europe (31 cases per 
million)37. Patients with FMF-associated 
PAN display specific features, such as 
increased perirenal haemorrhage and 
markedly increased levels of acute phase 
reactants33–36. Interestingly, a report of 17 
patients with FMF demonstrated that some 
of the patients had features of both classic 
PAN and necrotizing glomerulonephritis, 
albeit they were negative for ANCAs34. 
An ongoing inflammation involving the 
innate immune system probably triggers 
necrotizing vasculitis in patients with FMF. 
The increased innate immune response 
observed in carriers of MEFV mutations and 
patients with FMF might relate to variants 
of MEFV, such that possessing certain 
variants of this gene might be advantageous 
for defence against microorganisms but 
predisposes individuals to the development 
of inflammatory and rheumatic diseases38. 
Thus, severe mutations in the gene causing 
FMF are a predisposing factor for PAN in 
geographic areas where the carrier rate is 

Monogenetic diseases
Complex diseases are associated with 
multiple disease-associated genetic variants 
that alone often have a small magnitude of 
effect. However, mutations and/or variants 
of a single gene affecting a protein that is 
related to the pathogenic pathway for that 
disease might confer an increased risk for 
that disease. Thus, severe mutations in a 
single gene can result in a similar phenotype 
to that seen in a multifactorial, complex 
disease. For example, loss-of function 
mutations within the HA20 gene result in 
a Behçet-like disease30. Such monogenic 
causes have been described for necrotizing 
vasculitis as well, as discussed below.

FMF-associated necrotizing vasculitis. 
Watts and Scott reported that, in adults, PAN 
was more frequent than GPA in southern 
Europe, and the reverse trend was seen 
in northern Europe31. This observation 
was in agreement with a higher number 
of cases of childhood-onset PAN found 
in the eastern Mediterranean region16. 
However, subsequent findings showed 
that other diseases might be confounding 
these observations; for example, PAN-like 
vasculitis associated with FMF, which is a 
monogenic disease of the innate immune 
system, has a high prevalence in southeast 
Europe (or the eastern Mediterranean)20. 
Patients with FMF present with clinical 
features of inflammation and an acute-phase 
response due to a mutation in the gene 
encoding pyrin (MEFV) — a mutation that 
leads to uncontrolled production of IL-1 
(REFS 20,32). The clinical inflammation 

Figure 2 | Timeline: the evolution of our understanding of polyarteritis 
nodosa. The description and understanding of polyarteritis nodosa (PAN) 
has developed over time. The term periarteritis nodosa was first used in 
1866 by Kussmaul and Maier to describe conditions involving necrotis vas-
culitic lesions. Wegener granulomatosis (WG, later renamed granulomatosis 
with polyangiitis (GPA)) was initially defined in 1936. However, it took a few 
decades for the association of the vasculitis with antinuclear cytoplasmic 
antibodies (ANCAs) to be discovered, and hence for the ANCA-associated 

vasculitides (GPA, eosinophilic granulomatosis with polyangiitis (EGPA) and 
microscopic polyangiitis (MPA)) to be clearly defined. The association of 
hepatitis B virus (HBV) with necrotizing vasculitis was another break-
through. Paediatricians have been increasingly active in the vasculitis field 
in the past ~20 years. In the past 5 years, monogenetic diseases that might 
lead to necrotizing vasculitis (such as deficiency of ADA2 (DADA2)) have 
emerged. CHCC, Chapel Hill Consensus Conference; FMF, familial 
Mediterranean fever.
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high, such as in the eastern Mediterranean. 
Interestingly, cases of FMF-associated PAN 
have substantially declined in the past 
decade (S.O., unpublished work). Although 
this observed decrease might be due to 
publication bias, it could also be speculated 
that better control of inflammation in FMF 
has caused the decreased prevalence of this 
accompanying inflammatory disease: FMF 
is now recognized earlier and managed 
better, and resistant cases (that is, resistant 
to colchicine therapy) can be treated with 
biologic therapies such as IL-1 blockade39, 
a therapy shown to have some beneficial 
effects in such patients.

DADA2-associated necrotizing vasculitis. 
In 2014, two studies analysed a number of 
familial cases of necrotizing vasculitis for 
possible genetic defects40,41. These studies led 
to the discovery of a new autoinflammatory 
disease: DADA2. In this disease, a loss-
of-function mutation in CECR1 results in 
insufficient levels of adenosine deaminase-2 
(also known as ADA2), which is a growth 
factor for leukocytes and essential for 
endothelial stability41. Loss-of-function 
mutations in CECR1 result in a vasculopathy 
with autoinflammatory features and hence 
this disease is an example of a monogenic 
defect in a specific pathway causing the same 
phenotype as a multifactorial disease (in 
this case, PAN)40,41. The exact mechanism 
of vasculitis in patients with DADA2 is 
not clear. These patients also have mild 
abnormalities in their immune defences 
and show fluctuating levels of a variety 

well as rare nodules and necrotic ulcers, and 
peripheral neuropathies42,43. Similarly, when 
Stoffels et al. screened a North American 
cohort for mutations in CECR1 they found 
six cases of DADA2 among the 92 patients 
who were thought to have classic PAN44. The 
same report also described an additional 
19 new cases of DADA2 (REF. 44). On the 
basis of these findings, DADA2 should 
be considered especially in patients with 
skin lesions resembling livedo reticularis 
and histopathology showing necrotizing 
vasculitis, if they have had stroke at an early 
age and/or show signs and symptoms of 
subtle or periodic clinical and laboratory 
inflammation42. A family history of a similar 
disease and early stroke are ‘red flags’ 
that should prompt the clinician to seek a 
genetic test.

SAVI-associated necrotizing vasculitis. 
STING-associated vasculopathy of 
infancy (SAVI) is an autoinflammatory 
disease with vasculitic features similar 
to those of DADA2. This disease is 
associated with high levels of interferon 
and is caused by a mutation in TMEM173, 
which encodes stimulator of interferon 
genes protein (STING)45. This defect 
results in uncontrolled stimulation of the 
STING pathway, potentially activating 
endothelial cells directly and causing 
inflammation45. SAVI is associated with a 
severe vasculopathy that leads to tissue loss 
and severe interstitial pulmonary disease45. 
Patients with SAVI show leukocyto-
clastic vasculitis and microthrombotic 
angiopathy of small vessels. Although 
anti-TNF treatment is effective in patients 
with DADA2, the effects of this therapy 
in patients with SAVI await testing in 
therapeutic trials.

Necrotizing vasculitis of primary immuno-
deficiencies. Primary immuno deficiencies 
are associated with autoimmune and 
autoinflammatory diseases, in addition 
to increased susceptibility to infections. 
A number of immunodeficiencies are 
associated with features of vasculitis and 
even necrotizing vasculitis; hence, the 
abnormal immune responses observed in 
immunodeficiencies might target sites  
such as the endothelium. In particular, 
immunodeficiencies affecting the adaptive 
immune system have been associated with 
vasculitis46. For example, hypomorphic 
mutations in the genes encoding V(D)J 
recombination-activating 1 gene (RAG1) 
or RAG2, proteins involved in V(D)J 
recombination within T and B cells, can lead 

of autoantibodies, such as antinuclear 
antibodies; hence, this disease can also be 
described as an immune dysregulation 
disease. Biopsy-obtained brain tissue 
samples from these patients also show 
endothelial cell activation41. Furthermore, 
monocytes from patients with DADA2 
show a propensity to differentiate into M1 
macrophages. Hence, ADA2 deficiency 
might compromise endothelial integrity and 
polarize macrophage and monocyte subsets 
toward a proinflammatory phenotype.

Vasculitic features are the mainstay of the 
DADA2 phenotype and strongly resemble 
those of classic PAN. The patients included 
in the initial studies describing DADA2 had 
originally been diagnosed as having PAN, 
owing to the necrotizing vasculitis depicted 
in their histopathology40,41. DADA2 is an 
autosomal recessive disease and, thus, often 
these patients also have a positive family 
history of PAN. Subsequently, we and 
others have started to screen for mutations 
in CECR1 in patients with suspected PAN 
who have either a family history of PAN or 
a history of stroke42–44. Our group has so far 
identified 14 patients with DADA2 among 
the >90 patients screened, almost all of 
whom had either originally been diagnosed 
as having PAN but had an unsatisfactory 
response to conventional treatment or had 
a family history of PAN: six of these cases 
have been published42. These patients had a 
wide range of symptoms mimicking PAN, 
such as the classical necrotizing vasculitis in 
biopsy-obtained tissue specimens, aneurysms 
in mid-sized arteries, livedoid skin features as 

Box 1 | Pathogenesis of ANCA-associated vasculitis

In the International Chapel Hill Consensus Conference nomenclature, microscopic polyangiitis, 
granulomatosis with polyangiitis and eosinophilic granulomatosis with polyangiitis are classified 
as small-vessel vasculitis associated with anti-neutrophil cytolasmic antibodies (ANCAs). Previous 
studies have elegantly elaborated on the pathogenesis of the necrotizing vasculitis associated with 
these diseases. For example, to investigate pathogenic effects of anti-myeloperoxidase (MPO) 
antibodies (one of the major ANCAs), Xiao et al.52 injected Rag2−/− mice with cells from the spleens 
of mice lacking MPO that had previously been immunized with murine MPO and thus contained 
B cells producing anti-MPO antibodies. The recipient mice developed severe necrotizing 
glomerulonephritis and systemic necrotizing vasculitis52.

Thus, although the pathogenesis of classic PAN is still not clear, we have a clearer idea that these 
vasculitides are associated with ANCAs. ANCAs supposedly cause endothelial injury through full 
activation of primed neutrophils with an amplification loop of the complement activation via the 
alternative pathway53. Hence, although the targets of ANCAs are autoantigens, the pathway 
leading to tissue injury in ANCA-associated vasculitis (AAV) is different than in other, 
ANCA-unrelated autoimmune diseases, wherein the tissue injury is mainly mediated by immune 
complexes (such as in systemic lupus erythematosus). AAV is associated with few or no  
immune complexes; instead, severe injury to the endothelium occurs through the direct effect  
of ANCA-activated neutrophils and their inflammatory molecules along wıth activation of 
complement via the alternative pathway54. Although innate immune system molecules are  
crucial in the pathogenesis of AAV, dysregulation of T and B cells and genetic predisposition  
are also required for the development of the disease54. These diseases are reviewed in more  
detail elsewhere52,53,55.
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to immunodeficiencies ranging from classic 
severe combined immunodeficiency (SCID) 
to ‘leaky’ and/or atypical SCID; vasculitis 
has been observed in such patients, although 
the pathogenesis is not clear46. Finally, 
patients with a deficiency in transporter 
associated with antigen processing (TAP) 
can also exhibit a necrotizing vasculitis 
that resembles GPA, characterized by 
leukocyto clastic vasculitis and necrotizing 
granulomatous lesions47. This monogenic 
disease is caused by mutations that lead 
to a defect in the TAP complex, which is 
a peptide transporter complex associated 
with antigen presentation. Treatment of 
the vasculitis in these patients should be 
similar to that of other forms of primary 
vasculitis; however, for the underlying 
immunodeficiency, haematopoietic stem cell 
transplantation is the curative treatment in 
most of these cases47.

Treatment
Treatment recommendations for classic 
PAN that have a high level of supporting 
evidence are currently lacking. In 2009, 
EULAR published recommendations for 
the treatment of medium-vessel vasculitis, 
including classic PAN, and small-vessel 
vasculitis48. These recommendations 
suggest the use of glucocorticoids 

Conclusions
Dissecting the different forms of necrotizing 
vasculitis has clearly improved our 
understanding and classification of PAN. It 
has also enabled more-specific and effective 
treatment, as is the case for DADA2 and 
HBV-related PAN. Multicentre studies 
are needed to further define appropriate 
treatment of these diseases and provide 
a high level of evidence. In paediatrics, 
given that we already have classification 
criteria22 and a validated activity score50 for 
childhood-onset vasculitis, we should be 
able to collaborate on international studies 
to determine how best to manage patients 
with these disorders. For example, the 
Single Hub and Access point for paediatric 
Rheumatology in Europe (SHARE) initiative 
was convened to suggest recommendations 
for the management and treatment of 
children with vasculitis, including PAN51. 
Understanding the critical pathways 
involved in the pathogenesis of these 
disorders also might enable us to design 
more-specific treatments, particularly in 
this era of biologic therapies. Necrotizing 
vasculitis has a broad spectrum that spans 
multiple intersecting diseases (FIG. 1) and 
we now know that necrotizing vasculitis 
might be caused by different pathways. 
Dissecting these diseases has enabled better 
management of ‘necrotizing vasculitis’. 
However, we still need to understand the 
exact pathways that lead to ‘classic PAN’ to 
design more targeted therapy.
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We thank Zhanguo Li, Jing He, and Di 
Yu for their correspondence (The rise of 
IL‑2 therapy — a picture beyond Treg cells.  
Nat. Rev. Rheumatol.; 2017)1 about our com‑
mentary (Humrich, J. Y. & Riemekasten & G. 
The rise of IL‑2 therapy — a novel biologic 
treatment for SLE. Nat. Rev. Rheumatol. 12, 
695–696; 2016)2, which discussed their study 
of low‑dose IL‑2 therapy in systemic lupus 
erythematosus (SLE)3.

We agree that low‑dose IL‑2 therapy exerts 
effects on other cell subsets apart from regula‑
tory T (Treg) cells and that the clinical efficacy 
of this treatment modality might not only be 
explained by the exclusive targeting of Treg 
cells. Owing to its pleiotropy in general, IL‑2, 
even when applied in low doses, indeed has 
some effects on other cells such as conven‑
tional CD4+ T cells, natural killer cells and 
CD8+ T cells (see also von Spee‑Mayer et al.4).

He et al.3 focused their investigations on 
effects of low‑dose IL‑2 therapy on T follicu‑
lar helper (TFH) and type 17 T helper (TH17) 
cells, which of course is a sound rationale in 
light of their previous observations. In their 
study, He et al. defined Treg cells based on pro‑
tocols reported in 2006 (REFS 5,6). However, 
the appropriate application of these well‑
elaborated protocols depends on the research 

questions being explored, as these protocols 
were mainly developed to selectively enrich 
human Treg cells for in vitro functional studies. 
The respective studies demonstrated that the 
inclusion of surface CD127 for Treg cell analy‑
sis results in an improved flow‑ cytometry‑
based distinction between genuine Treg cells 
and activated conventional T cells, which 
transiently express CD25 in particular, as 
well as FOXP3 (REFS  5,6). These analyses 
also included staining for FOXP3 and the 
authors did not suggest omitting FOXP3 in 
flow‑cytometry‑based Treg cell analyses. One 
of the main messages of these works was that 
CD127, or the combination of CD127 and 
CD25, is better than CD25 alone for distin‑
guishing between Treg cells and activated con‑
ventional T cells, which is highly relevant for 
the ‘live’ isolation of Treg cells for functional 
analyses and in vitro studies5,6.

In our previous analyses4, a small propor‑
tion of FOXP3+CD127loCD25− T cells produced 
cytokines (~10–15% in patients with SLE) and 
we found that this cell subset was less demethy‑
lated in the Treg‑specific demethylated region 
compared with the FOXP3+CD127loCD25+ 
Treg cell subset, indicating that some of these 
FOXP3+CD127loCD25− T cells are indeed acti‑
vated conventional T cells. However, and in 

contrast to cells from healthy individuals, the 
majority of these FOXP3+CD127loCD25−cells 
could still be considered bona fide Treg cells in 
patients with SLE as they expressed high lev‑
els of surrogate markers for Treg cells (such as 
Helios) and most did not express cytokines. In 
addition, these FOXP3+CD127loCD25− cells 
could re‑express the IL‑2 receptor α‑chain 
CD25 upon IL‑2 exposure4.

In any case, we thank our colleagues for 
their important contribution to this vibrant 
research field and we hope very much for our 
patients that this novel therapeutic concept 
will find its way into routine clinical practice 
regardless of its underlying mechanisms.
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We thank Dr Jens Y. Humrich and Dr Gabriela 
Riemekasten for their interest in our study1, 
which they discussed in a News & Views com‑
mentary (Humrich, J. Y. & Riemekasten, G. 
The rise of IL‑2 therapy — a novel biologic 
treatment for SLE. Nat. Rev. Rheumatol. 12, 
695‑696; 2016)2. We are particularly excited 
that more clinical and basic scientists are 
working to understand the mechanisms of 
action underpinning the promising ‘experi‑
mental medicine’ observations of low‑dose 
IL‑2 therapy in systemic lupus erythematosus 
(SLE). After reading the commentary, how‑
ever, we noted that there was a misunder‑
standing of the research design of our study. 
We hereby provide further clarification.

The inspiration for this study of low‑
dose IL‑2 therapy in autoimmune diseases 
came from our previous publication show‑
ing that hyperactivation of follicular helper T 
(TFH) cells correlated with disease activity in 
patients with SLE and rheumatoid arthritis3;  
this is a different focus from the studies of 
low‑dose IL‑2 therapy, which centred on regu‑
latory T (Treg) cells4–6. Although IL‑2 had been 
shown to suppress TFH and type 17 T helper 
(TH17) cells in mouse models7,8, its effects 
in human cells were unknown. We started 
our study in 2013, with clinical responses as 
the primary end point and an emphasis on 
immuno logical responses, including changes 
in TFH, TH17 and Treg cells, as secondary end 
points9. For the first time, we demonstrated 
that low‑dose IL‑2 therapy could suppress 
TFH and TH17 cells in humans1. In addition, 
using a mouse model, we revealed that sup‑
pression of TFH and TH17 cells was as sensi‑
tive to low‑dose IL‑2 as the promotion of 
Treg cells. During the peer review process, 
we were asked to exclude the possibility that 

the increase in Treg cells and decreases in TFH 
and TH17 cells accompanying low‑dose IL‑2 
administration were a consequence of sig‑
nificantly lowered disease activity. Therefore, 
we analysed the immunological phenotype 
in another, separate cohort of patients who 
underwent a comparable response under 
conventional immunosuppressive treatments, 
and found no such changes in Treg, TFH and 
TH17 cells. This separate cohort was not a 
placebo‑ control group and we agree with the 
proposal of Drs Humrich and Riemekasten 
that a parallel study would be ideal.

Our study characterized Treg cells based 
on a CD4+CD25highCD127low phenotype, a 
method reported in 2006 (REFS 10,11) and cited 
in thousands of publications. Drs Humrich and 
Riemekasten suggest CD4+FOXP3+CD127low, a 
less well‑characterized phenotype, could be bet‑
ter. Notably, their own study indicated a sub‑
stantial proportion of CD4+FOXP3+CD127low 
cells did not express CD25 but secreted 
effector cytokines such as IFNγ, suggesting 
possible contamination with conventional 
effector T cells12. This agrees with the results 
of many studies on human samples showing 
that FOXP3 is expressed in activated effector 
CD4+ T cells in addition to Treg cells13. Owing 
to the limitations of the available phenotypical 
markers used to characterise Treg cells, we also 
performed a standard suppressive assay show‑
ing that low‑dose IL‑2 treatment in mice and 
humans promoted the suppressive function  
of Treg cells1.

SLE is a very complex and poorly treated 
disease. As low‑dose IL‑2 emerges as a new 
therapy for this disease, we agree that more 
studies, including well‑controlled randomized 
trials, will be needed to understand the 
underlying mechanisms, optimise treatment 

regimens and select the most suitable patients. 
These important follow‑up studies are  
currently underway.
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