
Therapeutic blockade of immuno
inhibitory checkpoints has proved 
phenomenally successful in the treat
ment of many cancers: by hindering 
the function of inhibitory receptors 
such as programmed cell death 
protein 1 (PD1), checkpoint blockers 
‘unleash’ antitumour immune 
responses. However, the effects of 
immune checkpoint deficiency 
on susceptibility to spontaneous 
autoimmune disease is unclear. New 
research published in Proceedings of 
the National Academy of Sciences USA 
implicates deficiency in the PD1– 
programmed cell death protein 1 
ligand 1 (PDL1) pathway in the patho
genesis of giant cell arteritis (GCA),  
a form of autoimmune vasculitis.

“In [GCA], granulomatous 
infiltrates (CD4+ T cells, dendritic 
cells, macrophages) attack the walls of 
arteries, leading to wall destruction and 
vessel occlusion,” explains correspond
ing author Cornelia Weyand. The 

findings of the study, which com
bined analysis of tissue and 

blood samples from 
patients with 

GCA 

and experiments in a humanized 
mouse model of vasculitis, suggest that 
a breakdown in the inhibitory PD1–
PDL1 pathway promotes ischaemic 
organ damage, and that activation of 
this checkpoint could be a novel strat
egy for the treatment of auto immune 
vasculitis. “We need to develop means 
to reconstitute that negative signalling,” 
Weyand suggests.

Transcriptome analysis revealed 
PD1 was present at high concentrations 
in GCAaffected arteries, whereas 
expression of the inhibitory ligand 
PDL1 was low. “We localized PDL1 
expression to dendritic cells in the 
tissue,” recounts Weyand. “The PDL1lo 
phenotype was also present in ex vivo 
generated dendritic cells from patients 
(compared to agematched controls). 
Indeed, the intensity of PDL1 expres
sion correlated inversely with the 
intensity of inflammation measured by 
acute phase reactants,” she continues. 
Analysis of the tissueinfiltrating 
T cells in granulomatous lesions 
revealed that the majority expressed 
PD1. “We concluded that the lack of 
PDL1 signalling (which provides a 
negative signal) enabled PD1+ T cells 
to infiltrate the tissue, survive, and 
remain activated,” says Weyand. 

The investigators next turned to a 
model system of vasculitis induction 
in human artery–severe combined 
immunodeficiency (SCID) mouse 
chimeras. “We create this model by 
engrafting human mediumsized and 
large arteries into immunedeficient 
mice and then we reconstitute[d] the 
mice with the patient’s immune sys
tem,” Weyand explains. “We [could] 
then measure the vasculitis 
inducing potential of the patient’s 
immune system by harvesting the 

engrafted human arteries and analyse 
the infiltrates in the vessel wall.” In 
this model, inhibition of PD1–PDL1 
interaction by use of an antiPD1 
antibody enhanced T cell recruitment 
and retention in the engrafted human 
arteries and exacerbated vascular 
inflammation. 

PD1+ T cells in the inflamed vessel 
wall produced effector cytokines 
including IFNγ, IL17 and IL21.  
“To our surprise, the frequency 
of PD1+ T cells in the vasculitic 
infiltrates correlated tightly with the 
intensity of microvessel formation 
and with the thickening of the 
intimal layer,” Weyand reveals. 
“Neoangiogenesis and intimal hyper
plasia are the two major mechanisms 
that cause the pathologic complica
tions of GCA — the occlusion of the 
vascular lumen and the subsequent 
ischaemia of the tissue.  Thus, PD1–
PDL1 signalling has a direct impact 
on the remodelling of the vascular 
wall,” she concludes.

Together, the results of the study 
shed light on the disease process 
of GCA and suggest new avenues 
for immunomodulatory treatment. 
Another consideration is that patients 
treated with checkpoint inhibitors can 
develop druginduced autoimmunity. 
“We should be prepared to see cases of  
druginduced vasculitis as the use 
of checkpoint inhibitors increases in 
[patients with cancer],” Weyand notes.

Sarah Onuora

 VA S C U L I T I S  S Y N D R O M E S

Loss of immunoinhibitory checkpoint 
implicated in GCA

ORIGINAL ARTICLE Zhang, H. et al. Immuno
inhibitory checkpoint deficiency in medium and 
large vessel vasculitis. Proc. Natl Acad. Sci. USA 
http://dx.doi.org/10.1073/pnas.1616848114 (2017)
FURTHER READING van der Vlist, M. et al. 
Immune checkpoints and rheumatic diseases: 
what can cancer immunotherapy teach us?  
Nat. Rev. Rheumatol. 12, 593–604 (2016)
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Changes in articular cartilage and 
subchondral bone are interconnected 
in osteoarthritis (OA), but the 
molecular mechanisms underlying 
bone–cartilage interactions are 
incompletely understood. New 
research shows that the chondrocyte- 
specific protein unique cartilage 
matrix-associated protein (UCMA, 
also known as upper zone of growth 
plate and cartilage matrix associated) 
not only stimulates subchondral bone 
turnover but also supports cartilage 
integrity, and could thus provide 
a link between cartilage and bone 
changes in OA.

“In order to establish the 
physiological role of UCMA, we 
generated a UCMA-deficient mouse 
strain,” explains corresponding 
author Michael Stock. Previous 
work had established that these 

UMCA-deficient mice do not dis-
play any overt alterations in skeletal 
development; the current study 
investigated the relevance of UCMA 
to joint integrity under pathological 
conditions.

The researchers first demon-
strated that UCMA expression is 
upregulated in human and mouse 
osteoarthritic cartilage. In a mouse 
model of OA induced by destabiliza-
tion of the medial meniscus (DMM), 
cartilage damage, proteoglycan loss 
and chondrocyte cell death were 
exacerbated in UCMA-deficient 
mice compared with their wild-type 
littermates, suggesting UCMA might 
have chondroprotective effects. On 
the other hand, UCMA-deficient 
mice showed less pronounced osteo-
phyte formation and subchondral 
bone sclerosis than wild-type mice 

following DMM surgery. Moreover, 
osteoblast and osteoclast numbers 
were lower in UCMA-deficient mice 
with experimental OA than their 
wild-type counterparts, indicating a 
role for UCMA in promoting bone 
turnover. Consistent with this notion, 
recombinant UCMA stimulated 
osteoclast differentiation in vitro, and 
co-culture with cartilage explants 
from wild-type mice (but not 
UCMA-deficient cartilage explants) 
promoted osteoclastogenic differenti-
ation of bone marrow-derived cells.

“Together these data introduce 
UCMA as a cartilage-derived factor 
that stimulates bone remodelling 
during experimental OA,” explains 
Stock. He notes that further inves-
tigations will explore the signalling 
pathways by which UCMA activates 
osteoclastogenesis, as well as the 
relevance of UCMA’s aggrecanase- 
inhibiting properties in the context 
of novel therapies for OA and other 
joint diseases.

Sarah Onuora

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

UCMA links cartilage and bone in OA

ORIGINAL ARTICLE Stock, M. et al. A dual role 
for UCMA in osteoarthritis - Inhibition of 
aggrecanases and promotion of bone turnover.
Arthritis Rheumatol. http://dx.doi.org/10.1002/
art.40042 (2017)
FURTHER READING Goldring, S. R. &  
Goldring, M. B. Changes in the osteochondral unit 
during osteoarthritis: structure, function and 
cartilage–bone crosstalk. Nat. Rev. Rheumatol. 12, 
632–644 (2016)
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 B O N E

miR‑106b promotes osteoporosis in mice
The microRNA miR‑106b contributes to osteoporosis by 
negatively regulating osteoblast differentiation and bone 
formation via the bone morphogenic protein 2 (BMP2) 
signalling pathway, according to new research. In vitro, 
miR‑106b negatively regulated osteogenic differentiation of 
mesenchymal stem cells. Mice with glucocorticoid‑induced 
osteoporosis (GIOP) expressed higher levels of miR‑106b than 
healthy mice, and silencing miR‑106b signalling protected 
mice from GIOP by a combination of inhibiting bone resorption 
and promoting bone formation.
ORIGINAL ARTICLE Liu, K. et al. Silencing miR‑106b accelerates osteogenesis of 
mesenchymal stem cells and rescues against glucocorticoid‑induced osteoporosis by 
targeting BMP2. Bone http://dx.doi.org/ 10.1016/j.bone.2017.01.014 (2017)

 T H E R A P Y

Retreatment with rituximab is beneficial in RA
Data on 1,530 patients with rheumatoid arthritis (RA) 
in a real‑life cohort from the CERERRA collaboration 
show that repeated cycles of rituximab provides clinical 
improvements. A significant (P < 0.0001) reduction in mean 
28‑joint disease activity score (DAS28) occurred between 
each round of retreatment, suggesting an improvement in 
disease. In a second analysis of 800 patients from the cohort, 
a fixed‑interval treatment strategy was more effective than 
on‑flare treatment, with the former yielding a lower average 
DAS28 (3.8 versus 4.6).
ORIGINAL ARTICLE Chatzidionysiou, K. et al. Rituximab retreatment in rheumatoid 
arthritis in a real‑life cohort: data from the CERERRA collaboration. J. Rheumatol.  
http://dx.doi.org/10.3899/jrheum.160460 (2017)

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

S100A9 does not predict response to etanercept
Pretreatment serum levels of protein S100A9 in a UK cohort of 
236 patients with RA did not correlate with EULAR response 
to etanercept, despite promising results from a previous 
small‑scale study. Levels of S100A9 were not associated with 
moderate response (P = 0.957 versus non‑response) or good 
response (P = 0.316 versus non‑response) to etanercept. 
Pretreatment levels of S100A9 also did not correlate with any 
clinical parameters of disease activity (P > 0.05).
ORIGINAL ARTICLE Smith, S. L. et al. The predictive value of serum S100A9 and response 
to etanercept is not confirmed in a large UK rheumatoid arthritis cohort. Rheumatology 
(Oxford) http://dx.doi.org/10.1093/rheumatology/kew387 (2017)

 U N D I F F E R E N T I AT E D  A RT H R I T I S

Features of UA that develops into RA revealed
After 2 years, only 47 (9.8%) of 277 patients with 
undifferentiated arthritis (UA) from the Norwegian Very Early 
Arthritis Clinic study went on to fulfil the 2010 ACR–EULAR 
criteria for rheumatoid arthritis (RA). Characteristics of patients 
with UA that progressed to RA include older age, female sex, 
ever smoking, rheumatoid factor or anticitrullinated protein 
antibody positivity and initial presentation with polyarticular 
arthritis with small‑joint involvement and a swollen shoulder 
joint. Patients with UA that developed into RA were also more 
likely to use DMARDs than those with UA that did not develop 
into RA (P < 0.001).
ORIGINAL ARTICLE Brinkmann, G. H. et al. Disease characteristics and rheumatoid 
arthritis development in patients with early undifferentiated arthritis: a 2‑year followup 
study. J. Rheumatol. http://dx.doi.org/10.3899/jrheum.160693 (2017)

IN BRIEF

R E S E A R C H  H I G H L I G H T S

NATURE REVIEWS | RHEUMATOLOGY  www.nature.com/nrrheum

Nature Reviews Rheumatology | Published online 2 Feb 2017

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/ 10.1016/j.bone.2017.01.014
http://dx.doi.org/10.3899/jrheum.160460
http://dx.doi.org/10.1093/rheumatology/kew387
http://dx.doi.org/10.3899/jrheum.160693


The HLA region is strongly associated 
with inclusion body myositis (IBM), 
according to new findings published 
in Arthritis & Rheumatology, con-
firming an immune-related genetic 
component in this subtype of myo sitis. 
“While a degenerative component is 
recognised [in IBM], this is the first 
study to focus solely on immune- 
related genes,” comments corres-
ponding author Simon Rothwell. 
“Since there is no proven treatment in 
IBM, the identification of new genetic 
risk factors may ultimately lead to new 
effective treatments.”

The rarity of IBM has meant genetic 
studies of this disease have previously 
been limited. Through the Myositis 
Genetics Consortium (MYOGEN), 
Rothwell and colleagues were able to 
collect samples from 252 patients with 
IBM, enabling statistically meaningful 
analysis. The researchers investigated 
immune-related genes, including 
those known to be associated with 
a variety of autoimmune diseases, 
using the Immunochip single- 
nucleotide polymorphism (SNP) 
array. “As well as fine-mapping 
immune genes, the Immunochip 
also contains a dense set of SNPs 
within the MHC region, allowing for 
imputation of HLA alleles with high 
accuracy,” explains Rothwell. 

In their analysis, SNPs within 
the HLA region were the only 
variants to reach genome-wide 
significance. HLA imputation 
identified three HLA-DRB1 alleles 
that were independently associated 
with IBM: HLA-DRB1*03:01, HLA-
DRB1*01:01 and HLA-DRB1*13:01. 
Furthermore, amino acid positions 
26 and 11 of HLA-DRB1 were inde-
pendently associated with disease. 
“Interestingly, these positions are 
different than seen in other types 

of inflammatory myopathy, such as 
polymyositis and dermatomyositis,” 
remarks Rothwell.

Three non-HLA regions were also 
suggested to be associated with IBM, 
including the chromosome 3p21.31 
region, which is already known to be 
associated with various other auto-
immune diseases. Within this region, 
49 SNPs reached a level suggestive of 
significance, with SNP rs112088397 
showing the strongest association 
with IBM. Although rs112088397 
is located upstream of chemokine 
receptor 2 (CCR2), further investi-
gation implicated a role for CCR5 in 
this disease. Going forward, Rothwell 
explains, they would like to validate 
the association of CCR5 with IBM, 
using functional studies to investigate 
the underpinning disease mecha-
nisms. “This [approach] will assist us 
in further understanding the patho-
genesis of this challenging [and] 
debilitating disease,” he concludes.

Jessica McHugh

 I N F L A M M ATO RY  M YO PAT H I E S

Genetic associations with IBM

ORIGINAL ARTICLE Rothwell, S. et al.  
Immune-array analysis in sporadic inclusion 
body myositis reveals HLA-DRB1 amino acid 
heterogeneity across the myositis spectrum. 
Arthritis Rheumatol. http://dx.doi.org/10.1002/
art.40045 (2017)
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Interaction between death-receptor 6  
(DR6; also known as TNF receptor 
superfamily member 21) on  
T follicular helper (TFH) cells and 
syndecan-1 on B cells presents a 
novel mechanism for regulating 
the progression of disease in lupus-
prone mice. “We have identified 
syndecan-1 as a novel functional 
ligand for DR6 and successfully  
generated a functional antibody 
against DR6,” states Daisuke 
Fujikura, corresponding author 
of the new study. “The anti-DR6 
antibody has provided us with 
molecular information about  
the role of DR6 in disease 

progression in a murine model 
of systemic lupus erythematosus 
(SLE),” he continues.

Induction of TNFRSF21 is linked 
to disease progression in patients with 
SLE and, unlike other members of 
the TNF receptor superfamily, DR6 is 
known to suppress the production of 
B-cell-activating cytokines by  
T cells. Fujikura and colleagues first 
created a highly specific functional 
antibody against DR6; they then used 
this antibody to establish that DR6 is 
expressed on TFH cells and that this 
population is expanded in lupus-
prone mice. The research team then 
identified syndecan-1 as a ligand for 
DR6 by screening a complementary 
DNA library made from cells that 
bound to a DR6–Fc fusion protein, 
and pinpointed the location of synde-
can-1 to autoreactive germinal centre 
B cells in lupus-prone mice.

Noticing that strains of lupus-
prone mice with high levels of syn-
decan-1 in their germinal centre B 
cells had a reduced expansion of TFH 
cells, Fujikura and colleagues inves-
tigated a role for syndecan-1 in the 
regulation of TFH cells in these mice. 
In vitro stimulation of activated 

DR6+ TFH cells with recombinant 
syndecan-1 caused the suppression 
of IL-21 production by these cells. 
These results were confirmed  
in vivo using anti-DR6 antibody, 
which mimics the action of 
syndecan-1.

The same antibody administered 
therapeutically to lupus-prone 
mice reduced levels of circulating 
anti-double stranded DNA anti-
bodies, reduced kidney damage and 
increased survival compared with a 
control antibody. Mice treated with 
the anti-DR6 antibody also had fewer 
DR6+ TFH cells, germinal centre B cells 
and plasma cells than mice treated 
with the control antibody. “This 
study provides us with a therapeutic 
concept for targeting DR6 in SLE,” 
says Fujikura. “The generation of a 
humanized anti-DR6 functional anti-
body is of great importance to take 
this work forward,” he concludes.

Joanna Collison

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

New pathway blocks disease in lupus-prone mice

ORIGINAL ARTICLE Fujikura, D. et al. Death 
receptor 6 contributes to autoimmunity in lupus-
prone mice. Nat. Commun. 8, 13957 (2017)
FURTHER READING Tsokos, G. C. et al. New 
insights into the immunopathogenesis of systemic 
lupus erythematosus. Nat. Rev. Rheumatol. 12, 
716–730 (2016)
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IL-10-producing regulatory B 
(Breg) cells are defective and exist 
in fewer numbers in patients with 
rheumatoid arthritis (RA) compared 
with healthy individuals, according 
to new research. “We have found 
a significantly lower number of 
CD19+CD27+IL-10+ B cells in blood 
samples from patients with RA with 
long-standing, moderately active 
or active disease as compared with 
healthy controls, and that IL-10-
producing Breg cells in RA have a 
significantly lower capacity to inhibit 
IFNγ production in autologous 
CD4+ type 1 helper T cells,” says 
Gabriella Sármay, corresponding 
author of the study. 

Breg cells have important roles in 
inflammation and autoimmunity, 
such as the regulation of T-cell 

responses, antigen presentation 
and cytokine production. Breg cells, 
especially those expressing IL-10, 
are associated with arthritis, but 
their source and specific roles have 
remained elusive.

Previous studies have shown 
conflicting results regarding the 
involvement of IL-10-producing  
Breg cells in RA. Sármay and col-
leagues found that IL-10 production 
could be efficiently induced in 
human Breg cells by treatment with 
a combination of CpG oligodeoxy-
nucleotide and CD40 ligand 
(CD40L) for 48 hours. Treating 
peripheral blood mononuclear cells 
with CpG and CD40L revealed that 
the percentage of IL-10-expressing 
cells was higher among 
CD19+CD27+ memory B cells  
than CD19+CD27– naive B cells.

Using these stimulation condi-
tions, the researchers found that 
the number of CD19+CD27+IL-10+ 
Breg cells was lower in the peripheral 
blood of patients with RA than 
in healthy individuals. In vitro, 
CD19+CD27+IL-10+ Breg cells from 
patients with RA had a lower capacity 

to suppress IFNγ production by 
CD4+ T cells than the same cells  
from healthy individuals. 

The addition of IL-21 to the 
stimulation conditions synergistically 
increased the number and the sup-
pressive function of IL-10-producing 
Breg cells to the same extent in 
patients with RA and healthy indi-
viduals. “The capacity of IL-21 to 
expand the IL-10-producing Breg cell 
population in samples from patients 
with RA might indicate a possible 
therapeutic application for IL-21,” 
explains Sármay.

“We are planning to monitor 
proinflammatory versus suppressive 
cytokine expression by IL-10-
producing Breg cells and regulatory 
plasmablasts from patients with 
RA receiving biological therapies to 
clarify if cytokine expression by these 
cells has diagnostic or prognostic 
significance,” she concludes.

Dario Ummarino

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

Defective IL‑10‑producing Breg cells 

ORIGINAL ARTICLE Bankó, Z. et al. Induction 
and differentiation of IL‑10‑producing regulatory 
B cells from healthy blood donors and rheumatoid 
arthritis patients. J. Immunol. http://dx.doi.
org/10.4049/jimmunol.1600218 (2017)
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NET

Nicotine can induce neutrophil 
extracellular trap (NET) formation 
(a process known as NETosis), 
according to new research published 
in Rheumatology, providing a 
mechanism through which use of 
nicotine-containing products could 
contribute to rheumatoid arthritis 
(RA). “This work supports the 
hypothesis that smoking and nicotine 
use might drive immune activation, 
including the generation of autoanti-
gens through NETosis, which could 
be involved in the transition from 
preclinical autoimmunity to clinical 
RA,” states corresponding author 
Jeremy Sokolove.

Previous studies have suggested 
that NETosis contributes to RA 
pathogenesis through the release of 
autoantigens in the context of circu-
lating autoantibodies. As smoking is a 

known risk factor for RA, Sokolove’s 
group set out to investigate the effects 
of nicotine on NETosis using neutro-
phils from healthy individuals. “One 
of the most interesting findings of 
the study was increased spontaneous 
and phorbol 12-myristate 13-acetate 
(PMA)-induced NETosis in neutro-
phils derived from current smokers 
compared with non-smokers,” says 
Sokolove. Furthermore, ex vivo treat-
ment with nicotine induced NETosis 
in neutrophils from non-smokers in 
a dose-dependent manner.

Investigating the underlying 
mechanism, the researchers 
demonstrated the involvement of 
nicotinic acetylecholine receptors 
(nAChRs), which were expressed 
on neutrophils from healthy 
non-smokers. Stimulation of these 
receptors using an agonist specific 

for the α7 subunit of nAChR induced 
NETosis, whereas nicotine-induced 
NETosis was attenuated when the 
neutrophils were pretreated with 
an α7-nAChR antagonist. In the 
collagen-induced arthritis mouse 
model, administration of nicotine 
exacerbated inflammatory arthritis, 
with nicotine-treated mice exhibiting 
both increased clinical scores and 
high plasma levels of NET-associated 
myeloperoxidase–DNA complexes 
(markers for NETosis). 

“The most significant finding 
of this study is the implication that 
even tobacco-free nicotine-contain-
ing products, such as e-cigarettes, 
have the potential to exacerbate 
arthritis, as well as a variety of 
other inflammatory conditions, by 
priming or driving neutrophil acti-
vation,” explains Sokolove. “Future 
work will include epidemiological 
confirmation that these tobacco-free 
nicotine-containing products are 
associated with increased severity 
or exacerbation of RA and related 
inflammatory disease activity.”

Jessica McHugh

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

Nicotine exacerbates arthritis

ORIGINAL ARTICLE Lee, J. et al. Nicotine drives 
neutrophil extracellular traps formation and 
accelerates collagen-induced arthritis.
Rheumatology (Oxford) http://dx.doi.org/10.1093/
rheumatology/kew449 (2016)
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In a new article published in Nature Chemical 
Biology, Jones and colleagues have identi‑
fied transforming growth factor‑β–activated 
kinase 1 (TAK1, also known as mitogen‑ 
activated protein kinase kinase kinase 7 
(MAP3K7)) as a central mediator of cytokine 
responses induced by TNF, IL‑1α and 
poly(I:C) in synovial fibroblasts1. Moreover, 
their findings suggest that drugs targeting 
TAK1 could have a place in the treatment of 
rheumatoid arthritis (RA).

The authors demonstrated that in syno‑
vial fibroblasts (5z)‑7‑oxozeaenol (5ZO), an 
irreversible TAK1 inhibitor, reverts cytokine 
secretion induced by TNF, poly(I:C) and IL‑1α 
and normalizes secretion induced by synovial 
fluid samples from individuals with rheumatoid 
arthritis (RA). In activated synovial fibroblasts 
5ZO reduced the activity of nuclear factor‑ κB 
(NF‑κB), c‑Jun N‑terminal kinase (JNK) and 
p38, which lie downstream of TAK1 (the pri‑
mary target of 5ZO), and inhibited dual spec‑
ificity MAPK kinase (MAP2K, also known 
as MAPK/ERK kinase (MEK)), an off‑target 
effect of 5ZO. Neither selective MEK inhibi‑
tion nor individual blockade of p38 and JNK 
with small‑molecule inhibitors could explain 
the potent anti‑inflammatory activities of 5ZO 
in activated synovial fibroblasts. Rather, simul‑
taneous targeting of multiple kinase cascades 
downstream of TAK1 seemed necessary to 
block synovial fibroblast activation, with NF‑κB 
inhibition contributing the most to this effect.

The signalling axis involving TAK1, inhib‑
itor of NF‑κB kinase 2 (IKK2) and the p65 
subunit of NF‑κB has been identified as fun‑
damental in orchestrating the cellular proin‑
flammatory response to IL‑1α2. Specifically, 

other TAK1‑activating stimuli. Such a milieu 
closely mimics the chronic inflammatory 
microenvironment of the RA synovium. Given 
the key role of TAK1 in p65 genomic recruit‑
ment, p65‑dependent cytokine‑driven chro‑
matin remodelling and integration of diverse 
stimuli, TAK1 inhibition might prove instru‑
mental in terminating the sustained responses 
to TNF, as well as ‘erasing’ the proinflammatory 
memory, in synovial fibroblasts.

As shown by Jones et al., TNF, IL‑1α, and 
poly(I:C) were the most potent stimuli in 
inducing cytokine production in synovial 
fibroblasts1. By contrast, seven other tested 
stimuli, including IL‑6, IL‑17, insulin‑like 
growth factor, epidermal growth factor, adi‑
ponectin, visfatin and leptin, were largely 
inefficient in inducing cytokine production 
in synovial fibroblasts. The cytokine output of 
synovial fibroblasts in response to TNF, IL‑1α 
and poly(I:C) was rich in immune‑cell activa‑
tors and chemoattractants and closely resem‑
bled the composition of RA synovial fluids, 
indicating that activated synovial fibroblasts 
shape the inflammatory milieu of RA joints. 
These findings underline the potential of 
therapeutic TAK1 inhibition in breaking the 
vicious cycle of RA synovitis, which is perpet‑
uated by the mutual interactions of infiltrating 
leukocytes and synovial fibroblasts.

In the study, stimulation with IL‑6 had 
no effect on the induction of the 48 meas‑
ured cytokines in synovial fibroblasts1, which 
might be expected. Synovial fibroblasts express 
the gp130 component of the IL‑6 signalling 
complex, but lack membrane‑bound IL‑6 
receptor (IL‑6R), which confers the regener‑
ative and antibacterial effects of IL‑6 (REF. 5). 
Proinflammatory IL‑6 responses in synovial 
fibroblasts, on the other hand, rely on the 
gp130‑dependent IL‑6 trans‑signalling path‑
way, which is activated via binding of IL‑6 to 
soluble IL‑6R (REF. 6). Soluble IL‑6R is present 
in increased amounts in RA synovial fluid 
and governs the paracrine and autocrine pro‑
inflammatory IL‑6 responses of synovial fibro‑
blasts6. Although TAK1 is not directly involved 
in the IL‑6 pathway, it could be speculated that 
TAK1 inhibition might prove beneficial in 
blocking autocrine IL‑6 signalling in syno‑
vial fibroblasts within the soluble IL‑6R‑rich 
microenvironment of RA joints. Nonetheless, 
proinflammatory IL‑6 signalling in synovial 
fibroblasts can be efficiently targeted by the 

genome‑wide binding of TAK1‑controlled p65 
not only activated IL‑1‑inducible promoters 
and enhancers by promoting H3K27 acetyl‑
ation, but also regulated recruitment of RNA 
polymerase II, CREB‑binding protein (a his‑
tone acetyltransferase), and transcription fac‑
tors AP‑1 and p50 to these loci to maximize the 
IL‑1‑driven transcriptional output2. Inhibition 
of TAK1 by 5ZO counteracted IL‑1‑driven p65 
recruitment, H3K27 acetylation and inflam‑
mation2. Therefore, TAK1 not only integrates 
proinflammatory signalling from diverse 
stimuli, but also serves as a master regula‑
tor of cytokine‑induced NF‑κB‑dependent  
chromatin remodelling (FIG. 1).

Synovial fibroblasts, unlike macrophages, 
do not effectively terminate proinflammatory 
signalling upon exposure to TNF3. Both their 
lack of intrinsic anti‑inflammatory ‘brakes’ 
(REF. 3) and the TNF‑rich synovial micro‑
environment support synovial fibroblasts in 
driving the vicious cycle of persistent syno‑
vitis and joint destruction in RA. Strikingly, 
sustained recruitment of NF‑κB subunit p65 
coupled with histone eviction and increased 
histone acetylation at TNF‑inducible promot‑
ers are central to both the prolonged TNF sig‑
nalling and priming of synovial fibroblasts, the 
latter being required for enhanced reactivity to 
secondary stimuli (inflammatory memory)3,4. 
As illustrated by Jones at al., 5ZO efficiently 
blocks proinflammatory signalling in syno‑
vial fibroblasts transiently exposed to high 
amounts of TNF (100 ng/ml)1. The next logical 
step is to explore the role of TAK1 inhibition in 
the sustained responses of synovial fibroblasts 
to long‑term exposure to smaller amounts 
of TNF, both alone and in combination with 
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TAK-ing the road to suppress 
inflammation in synovial fibroblasts
Mojca Frank-Bertoncelj, and Steffen Gay

Positioned at the crossroads of TNF, IL-1 and Toll-like receptor signalling 
cascades and cytokine-driven chromatin remodelling, TAK1 is emerging as  
a new therapeutic target in rheumatoid arthritis.

Refers to Jones, D. S. et al. Profiling drugs for rheumatoid arthritis that inhibit synovial fibroblast activation. Nat. Chem. 
Biol. 13, 38–45 (2016)
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Janus kinase (JAK) inhibitor tofacitinib7, the 
first FDA‑approved small‑molecule kinase 
inhibitor for the treatment of RA. TNF indi‑
rectly activates the JAK and signal transducer 
and activator of transcription 1 (JAK–STAT1) 
signalling pathway in synovial fibroblasts by 
inducing type I interferons, leading to secretion 
of CXC‑chemokine 10 (IP‑10), CC‑chemokine 
5 (RANTES) and CC‑chemokine 2 (MCP‑1) 
(REF. 7). Although 1,000 nM tofacitinib has 
been demonstrated to efficiently suppress 
TNF‑dependent JAK–STAT1 activation in 
synovial fibroblasts7, 300 nM tofacitinib, as 
used by Jones and colleagues1, was largely inef‑
ficient in limiting IP‑10, RANTES and MCP1 
production in synovial fibroblasts exposed 
to high concentrations of TNF1. This implies 
that the amount of both activating ligands and 
small‑molecule inhibitors should be titrated to 
define the ‘therapeutic window’ for each inhib‑
itor in a given cell type, taking into account the 
toxicity profile of an inhibitor.

Over the past two decades we have seen 
considerable advances in the treatment of RA, 
essentially improving patient’s outcomes. Still, 
around one‑third of patients with RA respond 
insufficiently or not at all to approved therapies 
for RA, underscoring the need for new drug 
development. RA synovitis is highly hetero‑
geneous and linking synovial heterogeneity 
to drug (non)responsiveness in RA is a focus 
of extensive investigations8. Transcriptomic  
analyses of RA synovial tissues have revealed 
that synovial fibroblasts shape synovial diver‑
sity in RA8. Synovial fibroblasts are increasingly 
recognized as a heterogeneous cell population, 
with synovial inflammation, lining versus sub‑
lining origin, and anatomic joint localization 
governing the functional specialization of 
distinct subsets of these cells8,9. Forthcoming 
studies should endeavour to answer whether 
and how synovial fibroblast subsets influence 
synovial pathotypes, clinical disease, RA out‑
comes and (non)response to RA therapy.  

In line with this goal, Jones and colleagues 
have shown that the anti‑inflammatory effi‑
cacy of small‑molecule kinase inhibitors in 
synovial fibroblasts vary by both stimulus and 
donor1. These findings suggest that trigger(s) 
that induce disease or RA flares could substan‑
tially influence variability in drug responses 
observed between patients, emphasizing the 
need to understand the complex interactions 
between drugs and stimulus‑dependent signal‑
ling cascades in order to estimate the likelihood 
of drug efficacy or failure.

Tofacitinib has paved the way for small‑ 
molecule kinase inhibitors in the treatment 
of RA, with a number of similar compounds 
currently being tested in stage II clinical tri‑
als. Over the last two decades, we have been 
suggesting that the pharmaceutical industry is 
neglecting synovial fibroblasts as drug targets 
in RA10. The current study by Jones and col‑
leagues1 lends high visibility to synovial fibro‑
blasts as drug targets in RA and heightens the 
cardinal position of TAK1 inhibition in drug 
discovery pipelines for RA.
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Figure 1 | A model of TAK1 coupling proinflammatory signalling with chromatin remodelling. 
Transforming growth factor-β–activated kinase 1 (TAK1) integrates signalling from diverse pro-
inflammatory stimuli, leading to the activation of multiple signalling kinases (p38, inhibitor of 
nuclear factor-κB kinase 2 (IKK2) and Jun N-terminal kinase (JNK)). TAK1-controlled recruitment of 
p65 to cytokine-inducible enhancers and promoters is coupled with acetylation of histone H3K27 
and formation of transcription factor–activator complexes to maximize the proinflammatory cell 
response. The TAK1 inhibitor (5z)-7-oxozeaenol (5ZO) interferes with TAK1-dependent cytokine-in-
duced chromatin remodelling, leading to potent inhibition of proinflammatory cell responses.
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Systemic sclerosis (SSc) is a rare connective 
tissue disease that can affect several organs1. 
Multiple specialists are often involved in 
the management of SSc, and each specialist 
might only have exposure to a small number 
of patients with this disease2, which is why 
treatment guidelines are so important in this 
setting. An update of the EULAR SSc recom‑
mendations has been published recently3. A 
task force was set up to update the guidelines 
from 2009, including experts from several 
countries, trainees, an epidemiologist and 
patient representatives. 16 treatment recom‑
mendations were generated, and a research 
agenda for SSc was suggested3. These recom‑
mendations are helpful and include most fea‑
tures of SSc but are lacking input from some 
recent trials (such as tocilizumab in SSc), and 
do not comment on inflammatory arthritis 
and calcinosis (Supplementary information 
S1 (table)).

Highlights of the recommendations include 
the treatment of Raynaud phenomenon in 
SSc using dihydropiridine calcium channel 
blockers (with most data for nifedipine) but 
also considering phosphodiesterase 5 (PDE‑5) 
inhibitors, which is a new addition with a 
meta‑analysis of randomized trials to sup‑
port the recommendation. Other treatments 
that might be considered include intravenous 
ilopost and fluoxetine (the latter is better for 
mild Raynaud phenomenon).

and fatal complication; treatment delays 
worsening but is not a cure6. Multiple drugs 
have proven benefit in PAH associated with 
SSc and are included in the EULAR recom‑
mendations, including endothelin receptor 
antagonists (sitaxsentan is no longer availa‑
ble and has been removed, whereas new and 
existing treatments are mentioned including 
bosentan, ambrisentan and macitentan) and 
PDE‑5 inhibitors (such as sildenafil and tada‑
lafil). Riociguat (a soluble guanylate cyclase 
stimulator) has also been added. For more 
severe PAH, intravenous epoprostenol is also 
included and other prostacyclin analogues 
such as iloprost and trepostinil might also be 
considered.

Various factors are not included in the rec‑
ommendations for PAH, such as consideration 
of treatment with combinations of different 
classes of PAH drugs, and referral to expert 
centres for screening and treatment. In addi‑
tion, the question of whether to treat patients 
who have borderline right‑heart catheteriza‑
tion values but do not meet criteria for PAH 
or who are not symptomatic  is not addressed, 
as no RCTs have been performed in this set‑
ting. Another treatment dilemma occurs when 
a patient with SSc has substantial interstitial 
lung disease and proven PAH. These patients 
are excluded from most RCTs for PAH, so 
treatment with the mentioned medications 
has unknown results and at this time these 
patients should not be treated owing to the 
unknown cost:benefit ratio of treatment. 
Recommendations for treatment of pulmo‑
nary hypertension from veno‑occlusive dis‑
ease, hypoxia and left‑heart disease such as 
diastolic dysfunction are also absent and 
these are complications that certainly occur 
in SSc, especially as patients age. The diagno‑
sis of PAH must be confirmed by right‑heart 
cathertization and other causes of PAH need 
to be ruled out.

Methotrexate is still recommended for 
the treatment of early diffuse cutaneous SSc. 
Cyclophosphamide has been added for inter‑
stitial lung disease, and has also been shown 
to reduce skin scores. Haematopoietic stem 
cell transplantation has been added to the 
guidelines for improving skin and interstitial 
lung disease in severe rapidly progressive SSc. 
Recommendations are lacking for azathio‑
prine (which was used as maintenance therapy 
in one lung disease trial and is sometimes used 

Some data supports the use of intravenous 
iloprost for digital ulcer healing; PDE‑5 inhib‑
itors might also be considered. For prevention 
of digital ulcers, bosentan (a dual endothelin 
receptor antagonist) has been recommended 
if other treatment fails; this recommenda‑
tion is new as previously bosentan was only 
recommended in the subset of patients with 
diffuse cutaneous SSc. Importantly, bosentan 
is not licensed for prevention of digital ulcers 
in North America. Furthermore, a 2016 study 
showed that macitentan (a selective endothe‑
lin receptor antagonist) failed to reduce the 
number of new digital ulcers compared with 
placebo when added to standard of care4. No 
recommendation was made for atorvasta‑
tin in the prevention of digital ulcers, which 
has supporting evidence from a single‑site  
randomized controlled trial (RCT)5.

Pulmonary arterial hypertension (PAH) is 
prevalent in up to 15% of patients with SSc1. 
Untreated, it can be a rapidly progressive 

 C O N N E C T I V E  T I S S U E  D I S E A S E

Reflections on the EULAR 
recommendations for the 
treatment of systemic sclerosis
Janet E. Pope

The treatment of systemic sclerosis (SSc) is complex as multiple organs are 
frequently involved and treatment is either for overall disease modification 
or is organ specific. EULAR has updated its treatment recommendations  
for SSc, reflecting data from some new trials. However, some features of SSc 
are not included.
Refers to Kowal-Bielecka, O. et al. Update of EULAR recommendations for the treatment of systemic sclerosis.  
Ann. Rheum. Dis. http://dx.doi:10.1136/annrheumdis-2016-209909 (2016).

…data are lacking with respect 
to many situations that arise in 
clinical practice
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in clinical practice for interstitial lung disease 
or softening skin in SSc7), rituximab (one small 
single‑site RCT), tocilizumab (one RCT and  
another in progress)8, abatacept (one RCT in 
progress, for which skin softening is the pri‑
mary outcome but changes in lung function are 
also being studied) and mycophenolate mofetil 
(one trial comparing it to cyclophosphamide 
for interstitial lung disease)9. No recommenda‑
tions are made for the use of drugs approved 
for idiopathic pulmonary fibrosis (such as pir‑
fenidone and nintedanib), as large RCTs in SSc 
are currently lacking. Steroids are not men‑
tioned with regard to their potential beneficial 
effects in treating skin, inflammatory arthri‑
tis and potentially interstitial lung disease 
in some patients, but the recommendations 
do warn that these drugs might precipitate  
scleroderma renal crisis.

Scleroderma renal crisis needs immedi‑
ate identification and treatment with angio‑
tensin‑converting enzyme (ACE) inhibitors. 
What is not expanded upon in the guide‑
lines is what treatments to add when the 
target blood pressure is not rapidly achieved. 
Importantly, angiotensin II receptor antago‑
nists do not reduce mortality in scleroderma 
renal crisis (in contrast to ACE inhibitors) and 
should not be used instead of ACE inhibitors.

Most people with SSc have gastrointestinal 
tract involvement, particularly in the oesoph‑
agus and possibly also gastric and colonic 
dysmotility. Proton pump inhibitors are rec‑
ommended for symptom control in gastro‑ 
oesophageal reflux and erosive oesophagitis, 
and to prevent ulcers and strictures. Prokinetic 
drugs are recommended for upper gastrointes‑
tinal symptoms such as delayed gastric empty‑
ing. Antibiotics can be used for small‑intestinal 
bacterial overgrowth. Recommendations for 

the treatment of other complications such as 
gastric antral vascular ectasia, incontinence 
and constipation are not included.

No recommendations are made for cardio‑
myopathy, inflammatory arthritis, calcinosis, 
myositis, sicca and pain, all of which can 
occur in SSc1. Non‑pharmacological treat‑
ments such as hand therapy are not within 
the scope of the guidelines. Other recom‑
mendations from the UK have suggested the 
referral of patients with complicated SSc to an 
expert centre10. As with any treatment recom‑
mendations, data are lacking with respect to 
many situations that arise in clinical practice, 
such as when proven treatments are not effec‑
tive or when access to treatment is limited by 
cost, or lack of approval of products for SSc.  
Treatment recommendations will need to be 
updated again soon as research in SSc (espe‑
cially regarding skin and lung involvement) 
and the results of trials currently underway 
might change the treatment paradigm.
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Nowadays, cyclooxygenase (COX, also known 
as prostaglandin G/H synthase) inhibitors are 
well known to be associated with increased 
cardiovascular risk. This increased risk also 
holds true for most NSAIDs, with the prob
able exception of naproxen1. The newly pub
lished results of the landmark PRECISION 
study seemingly refute the widely held idea 
that naproxen treatment is associated with 
fewer cardiovascular events than other 
NSAIDs, including the COX inhibitor cel
ecoxib2. However, aspects of the study related 
to dosage and the study population could 
mean the results will be difficult to translate 
into clinical practice.

The first indication that COX inhibitors 
might be associated with increased cardio
vascular risk came from the VIGOR trial3, 
which used the COX inhibitor rofecoxib at 
twice the registered dose. These findings 
prompted the APPROVE trial4, which inves
tigated use of the registered dose of rofecoxib 
in patients with colorectal adenoma in a rand
omized doubleblind placebocontrolled fash
ion. The APPROVE trial demonstrated that 
the risk of thrombotic cardiovascular events 
was doubled in rofecoxibtreated patients, 
findings that led to the worldwide withdrawal 
of rofecoxib from the market in 2004 (REF. 5). 
Subsequently the European Medicines Agency 
advocated that COX inhibitors should not be 
used in patients with confirmed cardiovascular  
disease, and that NSAIDs should be used with 
caution in this patient group6. Moreover, the 
FDA not only recommended cautious use 
of celecoxib (the only COX inhibitor still 

During this 10year trial the mean duration 
of treatment was 20.3 months and the mean 
follow up was 34.1 months. The primary out
come was the occurrence of an adverse event 
that met Antiplatelet Trialists Collaboration 
(APTC) criteria; this composite endpoint 
included death from cardiovascular causes2. 
In the intentiontotreat analysis this APTC 
endpoint was met in 188 celecoxibtreated 
patients (2.3%), 201 naproxentreated patients 
(2.5%) and 218 ibuprofentreated patients 
(2.7%); the hazard ratio for celecoxib ver
sus naproxen was 0.93 (95% CI 0.76–1.13) 
and for celecoxib versus ibuprofen was 0.85 
(95% CI 0.70–1.04), demonstrating celecoxib 
to be noninferior to both naproxen and ibu
profen with respect to cardiovascular safety. 
Furthermore, the rates of hospitalization for 
hypertension and renal adverse events were 
lower in the celecoxib group compared with 
the ibuprofen and naproxen groups, albeit the  
latter comparison did not reach statistical 
significance. As expected, composite rates of 
gastrointestinal adverse effects were signifi
cantly lower in the celecoxibtreated patients 
compared with the other two groups, but this 
difference was mainly attributable to iron 
deficiency of gastrointestinal origin, of which 
the clinical relevance is unknown.

To what extent are the results of this mega
trial generalizable to clinical practice? The 
rate at which patients discontinued treatment 
(69%) and followup (27%) in the PRECISION 
trial resembles that seen in clinical practice. 
However, betweengroup differences in loss 
to followup could have affected infrequent 
treatment outcomes; for example, death from 
cardiovascular disease tended to be less fre
quent in the celecoxib group when compared 
with the naproxen group, whereas the major
ity of the literature points towards the reverse 
trend1. Hence, the results of the PRECISION 
trial might simply be a chance finding; notably 
the power of the trial was lowered from 90% 
to 80% owing to a lower than expected cardio
vascular event rate and a higher than expected 
discontinuation rate. Alternatively, these results 
could be explained by different patient popula
tions, as the present population had a relatively 
high background cardiovascular risk. Further 
research is necessary to know whether the 
same findings arise in subgroups with a lower 
cardiovascular background risk, in order to put 
all available data into perspective.

approved for use in the USA) in this category 
of patients, but also extended this advice to 
apply to NSAIDs. The FDA also requested 
a cardiovascular safety trial comparing cel
ecoxib to ibuprofen and naproxen; thus, 
the Prospective Randomized Evaluation of 
Celecoxib Integrated Safety versus Ibuprofen 
or Naproxen (PRECISION) trial was designed 
in consultation with the FDA2.

In this noninferiority trial, a total of 
24,081 patients (90% with osteoarthritis 
(OA), 10% with rheumatoid arthritis (RA)) 
requiring daily treatment with NSAIDs for 
arthritisrelated pain for at least 6 months 
were randomized to receive either celecoxib 
(n = 8,072; mean daily dose 209 mg), naproxen 
(n = 7,969; mean daily dose 852 mg) or ibupro
fen (n = 8,040; mean daily dose 2,045 mg)2. In 
addition, all patients received gastroprotective 
treatment with the protonpump inhibitor 
esomeprazole; remarkably, this treatment was 
not restricted to those at high risk of NSAID
induced gastropathy. An important inclu
sion criterion was the presence of confirmed 
cardio vascular disease or an increased risk  
for cardiovascular disease. Hence, continuation  
of lowdose aspirin was allowed.

 T H E R A P Y

Cardiovascular safety of celecoxib, 
naproxen and ibuprofen
Michael T. Nurmohamed

The PRECISION trial demonstrates that celecoxib is noninferior to 
ibuprofen and naproxen in regard to cardiovascular safety. Do these 
findings mark the end of the debate on this issue, or do aspects of the trial 
mean the implications for clinical practice are not clear-cut?

Refers to Nissen, S. E. et al. Cardiovascular safety of celecoxib, naproxen, or ibuprofen for arthritis. N. Engl J. Med. 
375, 2519–2529 (2016)

  The APPROVE trial 
findings… led to the worldwide 
withdrawal of rofecoxib from the 
market in 2004
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Patients with arthritis, particularly those 
with RA, often require ‘antiinflammatory’ 
doses of NSAIDs, a situation reflected in the 
PRECISION trial by the use of nearmaxi
mal mean doses of ibuprofen and naproxen. 
However, the dose of celecoxib could not be 
increased above 200 mg per day, raising the 
question of whether or not the discontinuation 
rate of celecoxib was higher in patients with 
RA than in patients with OA. Moreover, the 
relatively low celecoxib dose implies a lower 
cardiovascular event rate, as there is a clear 
relationship between celecoxib dose and car
diovascular events; thus, the results might be 
skewed in favour of celecoxib. Furthermore, 
chronic proton pump inhibition itself has 
also been associated with increased cardio
vascular risk, thought to be attributable to an 
impairment of endothelial nitric oxide syn
thase7. Unfortunately, this limitation was not 
addressed in the present study.

More than 20% of patients taking part in 
the PRECISION trial had a history of cardio
vascular disease, which in Europe would 

be a contraindication for prescribing either 
celecoxib, diclofenac (the most powerful 
NSAID) or highdose ibuprofen. The fact 
that more than 50% of patients had a his
tory of aspirin use at baseline is important 
as some guidelines (for example the Dutch 
pharmacotherapeutic guidelines8) advise 
against chronic use of ibuprofen and naproxen 
together with aspirin, as these NSAIDs jeop
ardize the inhibition of thromboxane synthe
sis by aspirin9. Hence, in Europe, alternative 
options for treating arthritis pain are aceta
minophen or tramadol, but clinical practice 
reveals these agents  to be frequently ineffec
tive. FDA advice seems to be more practical 
and in line with the increasingly commonly 
applied principles of shared decisionmaking; 
that is, discussing with your patients the pros 
and cons of the various available drugs against 
their background risk of adverse cardiovascu
lar and gastrointestinal effects. Nevertheless, 
patients sometimes choose a COX inhibitor 
or a ’contraindicated’ NSAID despite having a 
high background cardiovascular risk, because 

it is the only drug that is effective for them10. 
Obviously, the present trial results will not 
change this practice.

In conclusion, we can be (re)assured that at 
a moderate dose celecoxib does not increase 
the risk of cardiovascular events compared 
with ibuprofen or naproxen; for patients 
requiring higher doses of celecoxib, however, 
the answer remains elusive despite the very 
costly PRECISION trial.
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Rheumatology and Immunology Center, Department of 
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Transition to adulthood is a developmental 
challenge for all adolescents, but particularly 
for those with a chronic illness, as it involves 
assuming responsibility for their own health 
care. Treatments for childhood-onset rheum-
atic diseases have improved dramatically in 
the last 2 decades, with subsequent improve-
ments in long-term survival and physical 
function. As a result, increasing numbers 
of youth with childhood-onset rheumatic 
conditions are entering adulthood. Most of 
these young adults continue to need active 
management of their disease, requiring 
access to adult rheumatology care, contin-
uous insurance coverage and self-advocacy. 
Despite the need for ongoing care, current 
data suggest that approximately half of 
young adults with childhood-onset chronic 
rheumatic conditions in the USA and Canada 
are lost to follow-up after leaving their pae-
diatric rheumatologist1,2. Results from one 
study of young adults with systemic lupus 
erythematosus suggest that those with lower 
educational attainment and previous medi-
cation non-adherence might be at particu-
lar risk of missing appointments with their 
new adult providers3. To help youth with 
chronic rheumatic disease more successfully 
navigate the transfer to adult rheumatology 
care, new guidelines have been developed by 
EULAR and the Paediatric Rheumatology 
European Society (PReS) for the transitional 
care of young adults with childhood-onset 
rheumatic diseases4.

European health-care systems in mind but with 
potentially broader applicability, are intended 
to direct service development, assess the qual-
ity of transitional care and inform patient 
expectations of care. They were created by an 
international expert panel (including patients, 
multidisciplinary team members and adult 
and paediatric rheumatology providers) using 
a rigorous consensus-based methodology sim-
ilar to Delphi processes, which have been used 
in the development of other health-care qual-
ity guidelines in rheumatology9. This process 
resulted in the creation of 12 consensus-based 
recommendations. Given the challenge of 
implementing robust transition support in 
resource-limited clinical settings, the authors 
stratified recommendations into ‘essential’ and 
‘ideal’ components, with essential components 
representing the minimal standard of care and 
ideal components representing optimal care. 
In addition, the panel assembled a directory 
of online transition-related resources and, 
importantly, a list of suggested quality indica-
tors and outcome measures. They emphasize 
the need for health-care teams on both the 
adult and paediatric sides of transition to have 
specialized knowledge in adolescent health 
and development, and recommend that teams 
have designated transition coordinators. This 
work represents a much-needed step towards 
the establishment of appropriate practices and 
clear quality standards for the care of young 
adults with chronic rheumatic conditions as 
they enter adulthood.

Foster et al. note that poor communication 
between adult and paediatric providers creates 
barriers to effective transition. The EULAR–
PReS transition guidelines propose, as a 
minimum, a direct communication between 
paediatric and adult caregivers immediately 
before and after transfer and the use of a ded-
icated transfer document. Youth with chronic 
rheumatic diseases often have complex med-
ical histories, and adult care providers need 
access to this history to provide optimal care. 
Facilitating communication between pro-
viders through the use of technology, such 
as electronic medical record interoperabil-
ity and e-mail, can help to bridge the gap. 
However, the lack of structured reimburse-
ment for this type of communication, which 
is often time- consuming, poses an additional 
obstacle. To improve care coordination for 
transitioning patients, payment structures 

‘Health care transition’ encompasses all the 
education, support and planning needed to 
prepare young people to successfully manage 
a chronic health condition as adults, whereas 
‘transfer’ is defined as the movement from pae-
diatric to adult health-care providers. Several 
health care societies have published consensus 
statements outlining standards for the transi-
tion of youth with chronic medi cal conditions5,6. 
However, international, rheumatology- specific 
transition guidelines have been lacking. Several 
surveys of adult and paediatric rheumatologists 
in North America confirm a lack of structured 
transition processes in clinical practice, as well 
as the need for rheumatology-specific tran-
sition guidelines7,8. A survey of members of 
the Childhood Arthritis and Rheumatology 
Research Alliance (CARRA), conducted by 
Chira et al. in 2010, revealed that only 8% of 
paediatric rheumatology providers have a 
formal transition policy in place. However, 
the desire to do more to prepare patients for 
transfer was prevalent, with 83% of respond-
ents wanting rheumatology- specific transition 
guidelines for use in their practice7. Similarly, in 
a survey of USA-based adult rheumatologists, 
conducted through the ACR provider database, 
nearly half of respondents had not received any 
training in transition concepts or processes, and 
84% wanted rheuma tology-specific guidelines 
and recommendations for transition8.

The development of EULAR–PReS transi-
tion guidelines by Foster et al.4 aims to meet 
these needs. These guidelines, developed with 

 PA E D I AT R I C  R H E U M AT I C  D I S E A S E S

Navigating the transition 
from paediatric to adult care
Erica F. Lawson & Elizabeth D. Mellins

New guidelines from EULAR and the Paediatric Rheumatology European 
Society recommend a set of quality standards for the care of young adults 
with childhood-onset rheumatic diseases during their transfer from 
paediatric to adult rheumatology care providers. Can the application of 
these guidelines prevent patients from getting lost in the system?

Refers to Foster, H. E. et al. EULAR/PReS standards and recommendations for the transitional care of young people with 
juvenile-onset rheumatic diseases. Ann. Rheum. Dis. http://dx.doi.org/10.1136/annrheumdis-2016-210112 (2016)
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need to be optimized for patients with chronic 
conditions. Integrated health-care systems 
that are not subject to fee-for-service reim-
bursement, such as national health systems 
in Europe and health maintenance organi-
zations in the USA, might be better poised 
to implement the services recommended in  
these guidelines.

The authors also address the critical issue 
of evidence-based guidelines. Although the 
grade of recommendation and level of evi-
dence were reported in the guidelines8, only 
the second recommendation, which is to start 
the transition process in early adolescence or 
as early as possible in adolescent-onset disease, 
was supported by evidence beyond expert con-
sensus. The authors note that this limited evi-
dence base makes it challenging to identify key 
outcome measures and quality indicators for 
transition, and they outline a research agenda 
to improve our understanding of optimal tran-
sitional care. They also note that, although the 
current guidelines were developed to support 
the transition of rheumatology patients, many 
aspects of transition are universal. Therefore, 
transition research among youth with a 
variety of chronic conditions can inform our 
understanding of how to optimize care for 
young adults with rheumatic conditions. For 

example, a study by Fair et al.10 applied Delphi 
methodology to determine key health-care 
transition outcomes of adolescents and young 
adults with special health-care needs; the inter-
national group of stakeholders included the 
patients, their parents and a range of health-
care providers. The ten identified transition 
outcomes in this study partially overlap with 
the 12 outcomes cited in the EULAR-PReS 
guidelines; both include disease knowledge, 
self- management, medication adherence and 
quality of life as outcomes.

Further research clearly is needed to meas-
ure the effects of transition processes on key 
outcomes. The impact of high-quality trans-
itional care on high-cost and high-morbidity 
outcomes, such as prevention of unnecessary 
hospitalizations, must be assessed to identify 
the best clinical practices in resource-limited 
settings. Evidence-based quality standards 
are critical for the iterative process required 
to optimize transition policies in the coming 
years (FIG. 1). Foster et al. name a substantial 
list of individuals who might find their rec-
ommendations useful, including funders of 
clinical services and health policy makers8. 
Demonstrating cost-effectiveness will be 
essential to the adoption of improved transition 
services for youth with rheumatic diseases.
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Figure 1 | Optimization of transition and transfer policies. One recommendation of the EULAR/
PReS expert panel is that clinical networks develop written transition policies that are updated at 
least every 5 years4. Defining outcome measures of successful transition practices will facilitate 
the iterative process needed to optimize transitional care models and transition policies.
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In order to fulfil the complexity of functions generally 
referred as immunological responses (including defini-
tion of B and T cell receptor repertoire diversity, mount-
ing of protective antigen-specific immunity against 
pathogens, generation and persistency of immuno-
logical memory, maintenance of central and peripheral 
immunological tolerance, etc.) lymphoid tissues have 
evolutionally differentiated into highly organized struc-
tures, which can be broadly classified into primary and 
secondary lymphoid organs. Primary lymphoid organs 
comprise the bone marrow and the thymus and are pri-
marily responsible for the selection of naive B and T lym-
phocytes bearing highly diverse B and T cell receptors in 
their germline sequences. Secondary lymphoid organs 
(lymph nodes, spleen, mucosal-associated lymphoid tis-
sues such as Peyer’s patches) regulate the recirculation 
of leukocytes and are critical for mounting high-affinity 
adaptive immune responses upon antigenic challenge.

Tertiary lymphoid organs are defined as clusters of 
lymphomonocytic cells that form at sites of chronic 
inflammation in peripheral, non-lymphoid organs — 
hence they are also known as ectopic lymphoid struc-
tures (ELSs) — and they acquire phenotypic features 
that are characteristic of secondary lymphoid organs. 

The structures show segregation of T cells and B cells 
into discrete areas (that is, B cell follicles surrounded by 
T cell rich areas). Furthermore, vascular structures with 
the appearance of high endothelial venules (HEVs) — 
specialized postcapillary venous swellings that enable 
lymphocytes expressing L-selectin to enter from the 
blood — develop, and networks of stromal-derived fol-
licular dendritic cells (FDCs) differentiate; these FDCs 
express the long isoform of complement receptor type 2 
(Cr2, also known as CD21), which contributes to the 
presentation of immune complexes necessary to gener-
ate activated B cells. Plasmablasts and plasma cells sub-
sequently accumulate around the follicles of T cells and 
B cells (FIG. 1). In addition, a common feature of ELSs is 
the de novo ectopic expression at sites of inflammation 
of a discrete set of genes encoding proteins such as lym-
phoid chemokines and lymphotoxins that are implicated 
in the development of secondary lymphoid organs. A 
considerable proportion of ELSs also display functional 
features of ectopic germinal centres, such as expression of 
the enzyme activation-induced cytidine deaminase (AID, 
also known as single-stranded DNA cytosine deaminase) 
and evidence of both in situ B cell affinity maturation and 
clonal selection.
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Ectopic lymphoid neogenesis in 
rheumatic autoimmune diseases
Michele Bombardieri, Myles Lewis and Costantino Pitzalis

Abstract | Ectopic lymphoid neogenesis often occurs in the target tissues of patients with 
chronic rheumatic autoimmune diseases such as rheumatoid arthritis, Sjögren syndrome and 
other connective tissue disorders, including systemic lupus erythematosus and myositis. 
However, the mechanisms of ectopic lymphoid-like structure (ELS) formation and function are 
not entirely understood. For example, it is unclear whether ELSs indicate distinct disease 
phenotypes or whether they are evolutionary manifestations of chronic inflammation. Also 
unclear is why ELSs form in some patients but not in others. Nonetheless, ELSs frequently display 
functional features of ectopic germinal centres and can actively contribute to the maintenance 
of autoimmunity through the production of disease-specific autoantibodies; furthermore, they 
seem to influence disease severity and response to both synthetic and biologic DMARDs. In this 
Review, we discuss current knowledge and gaps in understanding of ELS formation and function 
including their prevalence in the above rheumatic autoimmune diseases; the mechanisms 
underlying their formation, maintenance and function, including positive and negative 
regulatory pathways; their functional relevance in the perpetuation of autoimmunity; their 
relationship with disease phenotypes, clinical outcomes and response to treatment; and the 
potential for specific targeting of ELSs through novel therapeutic modalities.
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The formation of ELSs is not exclusive to rheumatic 
diseases, and has been described in other organ-specific 
autoimmune conditions, during solid tumorigenesis, in 
chronic infections and in graft rejection, as reviewed else-
where1. However, in the context of this Review, we focus 
solely on rheumatic autoimmune diseases. Because ELSs 
most frequently develop in target organs that are sites of 
chronic, antigen-driven inflammation, most of the infor-
mation presented herein derives from extensive studies of 
the synovium of patients with rheumatoid arthritis (RA) 
and salivary glands of patients with Sjögren syndrome; 
data regarding the formation of ELSs in the kidneys of 
patients with systemic lupus erythematosus (SLE) and in 
the muscle of patients with dermatomyositis or polymy-
ositis are more limited. We discuss current knowledge, as 
well as gaps in our understanding, of ELSs, including their 
prevalence; the mechanisms underlying their formation, 
maintenance and function, including positive and neg-
ative regulatory pathways; their functional relevance in 
the perpetuation of autoimmunity; and their relationship 
with disease phenotypes, clinical outcomes and response 
to treatment. Finally, the potential for specific targeting 
of ELSs through novel therapeutic modalities is outlined.

ELS prevalence and tissue localization
Although ELSs form in virtually all organ-specific 
chronic autoimmune diseases, their prevalence ranges 
from almost 100% in patients with autoimmune thyroid-
itis to a small minority of patients with myositis1. The 
reason underlying such variability is presently unknown, 
although genetic predisposition, environmental factors 
and immunosuppressive treatment all probably influ-
ence the development and maintenance of ELSs at sites 
of inflammation.

Rheumatoid arthritis
In RA, the activation of resident synovial cells and the 
synovial microvasculature, together with the infiltra-
tion of immune cells from the peripheral pool, leads to 
chronic proliferative synovitis with the formation of the 
so-called pannus, which directly damages cartilage and 
subchondral bone2. Advances in our understanding of 
the complex heterogeneity of the histopathology and the 

underlying molecular signatures have enabled the defini-
tion of at least three microstructural levels of organization 
(pathotypes) of synovial tissue in RA: follicular synovitis 
with the presence of aggregates of B cells and T cells that 
form ELSs (lymphoid pathotype); a diffuse pattern of 
infiltration with prevalent monocyte–macrophage infil-
tration (myeloid pathotype); and a pauci-immune syn-
ovitis with scarce or no immune cell infiltration (fibroid 
pathotype)3–8. Although ELSs primarily form within the 
sublining of the synovial tissue in patients with RA, they 
can also be detected at extra-articular sites (including the 
lung and bone marrow)9,10. ELSs in RA are characterized 
by the formation, by T cells and B cells, of discrete peri-
vascular clusters, which can also be graded (G1, G2 or G3) 
according to the aggregate radial cell count (the number of 
cell layers surrounding a central blood vessel)4,6,11–14.

It is now generally accepted that ELSs form in approx-
imately 40% of patients with RA, but this prevalence 
varies considerably4,6,8,11–14 depending on the site of the 
biopsy, the sampling technique (that is, joint replacement 
versus arthroscopy versus ultrasound-guided biopsy), the 
stage of the disease, the treatments received by an indi-
vidual patient, and the staining and scoring procedure15.

Sjögren syndrome
Most studies have reported an estimated prevalence of 
ELSs of 30–40% for Sjögren syndrome when consider-
ing patients who present with a focus score >1 in labial 
salivary gland biopsy samples16–21, with similar results 
obtained from parotid gland tissue samples22. ELSs in the 
salivary glands of patients with Sjögren syndrome form 
around central ductal structures known as intercalated 
ducts, which suggests an important role for antigens 
exposed by ductal epithelial cells in driving the disease. In 
an analysis of almost 500 periductal foci, we demonstrated 
that approximately 20% of lymphoid aggregates develop a 
clear segregation of T cells and B cells in discrete areas as 
well as networks of FDCs17 that are populated by germinal 
centre B cells and surrounded by perifollicular plasma-
blasts and plasma cells (supporting functional germinal 
centre responses)18,23, as discussed later.

Systemic lupus erythematosus
In one study of patients with SLE, well-defined aggre-
gates of B cells and T cells were observed in the tubulo-
interstitium in 46% of kidney specimens from a cohort of 
68 individuals with lupus nephritis24. Fully formed germi-
nal centres with associated FDC networks occurred less 
frequently and were observed in only 6% of patients24. In a 
second study, aggregates of B cells and T cells were found 
in approximately 60% of biopsy samples from Chinese 
individuals with lupus nephritis, but no individuals with 
CD21+ FDCs could be identified, suggesting that fully 
organized renal germinal centres are rare in SLE25. Despite 
the general absence of organized germinal centres, intrare-
nal lymphoid aggregates in lupus nephritis are surrounded 
by plasmablasts and express survival factors that promote 
local B-cell survival and differentiation26. Although the 
formation of ectopic germinal centres within diseased 
tissues such as the kidney is rarer in patients with SLE 
than in those with RA, abnormal, accelerated germinal 

Key points

• Ectopic lymphoid structures (ELSs) develop in the target organs of a subset of patients 
with rheumatic autoimmune diseases and recapitulate key cellular and molecular 
features normally present in secondary lymphoid organs

• ELSs in rheumatic autoimmune diseases can function as germinal centres, favouring 
B cell selection and plasma cell differentiation

• B cells and plasma cells associated with ELSs in rheumatic autoimmune diseases 
frequently display an autoreactive phenotype towards disease-specific autoantigens

• Ectopic germinal centres in patients with Sjögren syndrome have been associated 
with more severe systemic manifestations and a higher risk of B cell lymphoma

• In rheumatoid arthritis, emerging but as-yet-inconclusive evidence suggests a role for 
ELSs in influencing disease evolution and the response to conventional and biologic 
treatments

• Several candidate therapeutic agents that target ELS-associated pathways are 
currently in clinical trials for rheumatic autoimmune diseases
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centre formation within the spleen is found during lupus 
flares both in mouse models of lupus27,28and in human 
patients29, and is linked to an excessive type I interferon 
response, which is a key feature of SLE pathogenesis. Two 
studies published in 2016 reveal important new mecha-
nisms involved in the spontaneous formation of splenic 
germinal centres in SLE and type II interferon (IFNγ) 
responses, through key pathways implicated in autoreac-
tive B-cell development30,31. Thus, both type I and type II 
interferon-driven aberrant germinal cell formation 
might function as a common link in the development 
of autoantibodies and lupus-like autoimmune disease.

Myositis
The accumulation of B cells and formation of lymphoid- 
like structures in autoimmune myositis has long been 
reported32,33 but an in-depth characterization of ELSs 

and their significance in myositis is lacking. In juvenile 
dermatomyositis, lymphoid follicles with aggregates of 
B cells and T cells form with a preferential perimysial 
localization in approximately 20% of patients34, and these 
follicles can be observed in a relatively small minority 
of adult patients with myositis35. Interestingly, ELSs in 
myositis do not develop typical germinal centres and 
generally lack CD21+ FDC networks, suggesting that 
muscle tissue provides a less permissive environment for 
lymphoid neogenesis; however, as discussed later, a local, 
antigen-driven humoral response can still be observed in 
inflammatory myopathies35,36.

ELS formation, maintenance and function
The mechanisms that regulate the formation, mainte-
nance and function of ELSs in rheumatic autoimmune 
diseases are largely shared with those involved in the 

Figure 1 | Ectopic lymphoid structures (ELSs) that form in rheumatic autoimmune diseases share features of secondary 
lymphoid organs. ELSs form around the intercalated ducts in the salivary glands of patients with Sjögren syndrome. 
a | Schematic representation of ELSs showing the full acquisition of features of secondary lymphoid organs: segregation of 
T cells and B cells into separate areas; development of high endothelial venules (HEVs) at the periphery of the lymphoid 
aggregates in the T-cell rich areas; differentiation of networks of follicular dendritic cells (FDCs) that support a functional 
germinal centre response; and differentiation of hypermutated and class-switched plasma cells, which typically acquire a 
perifollicular localization with frequent infiltration of epithelial cells (ECs) from the ducts and acini. b | Immunohistochemical 
staining for CD3 (T cells), CD20 (B cells), CD21 (FDCs) and CD138 (plasma cells) illustrates cellular localization within ELSs 
arising in Sjögren syndrome salivary glands. Original magnification ×100 for CD3, CD20, CD21 and CD138.
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organogenesis, maintenance and function of secondary 
lymphoid organs37. Conveniently, the factors involved in 
mediating these mechanisms can be grouped according to 
their involvement in the different stages of the lymphoid 
neogenesis process: initiating factors are involved in the 
early activation of ectopic lymphoid neogenesis; propa-
gating factors regulate the progression towards organized 
lymphoid aggregates, as well as their maintenance; func-
tional factors are involved in the acquisition of features of 
germinal centres; and other factors exist that mediate the 
retention and survival of germinal-centre-derived plas-
mablasts and plasma cells. Furthermore, with the iden-
tification of IL-27 as an inhibitor of ELS development in 
experimental inflammatory arthritis and RA38, negative 
regulators of ELSs are beginning to emerge.

Mediators of initiation and maintenance
Most mediators that are involved in the initiation of lym-
phoid neogenesis are also involved in the maintenance of  
the resulting lymphoid tissue, but the cellular sources 
of these mediators seem to be distinct in the early ver-
sus late stages of ELS formation. Furthermore, although 
increasing evidence indicates that the formation of ELSs 
in the inflamed microenvironment of rheumatic auto-
immune diseases (for instance, the synovium in RA, sali-
vary glands in Sjögren syndrome or kidneys in SLE) does 
not necessarily follow the pre-programmed ontogenic 
processes that regulate the development of secondary 
lymphoid organs owing to the contribution not only 
of infiltrating immune cells but also of tissue-specific 

cell types (TABLE 1), we will nevertheless use secondary 
lymphoid organ organogenesis as a reference when dis-
cussing ELS formation, highlighting the similarities and 
differences between these two processes.

Lymphotoxin‑β and lymphoid chemokines. The ini-
tiation of lymphoid neogenesis and its maintenance 
during the formation of ELSs or secondary lymphoid 
organs requires the ectopic expression, in a manner 
largely dependent on lymphotoxin-β (LTβ), of homeo-
static lymphoid chemokine CXC-chemokine ligand 13 
(CXCL13, which binds to its unique receptor, CXCR5), 
and CCL-chemokine ligand 19 (CCL19) and CCL21 
(which engage CCR7). During lymphoid organogenesis, 
the formation of the lymphotoxin–lymphoid chemok-
ine feedback loop is driven by the interaction during 
embryogenesis between haematopoietic cells such as 
CD3−CD4+IL-7Rα+RANK+ lymphoid tissue inducer 
cells and/or (their relative importance being related to 
the site of lymphoid organ development) CD3−CD4−

CD45+IL-7Ra−RANK+CD11c+CD11b+ lymphoid tissue 
initiator cells with VCAM1+ICAM1+LTβR+ mesenchymal 
organizer cells39–41. Briefly, lymphoid tissue inducer cells 
receive activating signals from mesenchymal organizer 
cells in the presence of CXCL13, IL-7 and RANK ligand 
(RANKL, also known as TNFSF 11); these activating 
signals regulate the migration and survival of lymphoid 
tissue inducer cells and, critically, their expression of 
membrane-bound heterotrimeric LTβ (LTα1β2), a 
member of the TNF family. The interaction of LTα1β2 

Table 1 | Cellular sources of the key factors regulating ectopic versus embryonic lymphoid organogenesis

Pathway Lymphoid 
organogenesis

Initiation and progression of 
ELS (animal models)

ELS-positive target tissues in human 
rheumatic autoimmune diseases

LTβ • LTi
• LTin
• B cells (neonatal spleen)

• CD11b+CD11c+ DCs
• CD4+ αβ T cells
• B cells

• B cells
• CD4+ T cells

CXCL13 LTo • CD11b+CD11c+ DCs
• GP38+ stromal cells

• CD4+ T cells
• CD14+ monocytes
• CD68+ macrophages or DCs
• Endothelial cells
• Epithelial cells
• Fibroblast-like synoviocytes
• Follicular DCs

CCL19 LTo • CD11b+CD11c+ DCs
• Stromal cells

Myofibroblast-like stroma

CCL21 LTo • CD11b+CD11c+ DCs
• Stromal cells

• Myofibroblast-like stroma
• Lymphatic endothelial cells
• DCs

RANKL LTo Stromal cells • B cells
• Fibroblast-like synoviocytes

IL-7 LTo Stromal cells • Fibroblast-like synoviocytes
• Sublining synovial macrophages

IL-17 ND • ILC3s
• CD4+ γδ T cells
• CD4+ αβ T cells

• CD4+ T cells
• Mast cells

IL‑22 ND • ILC3s
• CD4+ γδ T cells
• CD4+ αβ T cells

• CD4+ T cells
• NKp44+ NK cells

Abbreviations: CCL, CC‑chemokine ligand; CXCL, CXC‑chemokine ligand; DC, dendritic cell; ELS, ectopic lymphoid structure; FCRL4, 
Fc receptor-like protein 4; ILC3, type 3 innate lymphoid cell; NK cell, natural killer cell; LTβ, lymphotoxin-β; LTi, lymphoid tissue inducer 
cells; LTin, lymphoid tissue initiator cells; LTo, mesenchymal organizer cells; ND, not determined; RANKL, RANK ligand.

R E V I E W S

144 | MARCH 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.



with LTβ receptor (LTβR) expressed on mesenchymal 
organizer cells triggers the production of the lymphoid 
chemokines CXCL13, CCL19 and CCL21, and is also 
critical for promoting the differentiation of HEVs42. In 
agreement with the notion that ELS development is con-
trolled by reactivation at ectopic sites of the same path-
ways involved in the organogenesis and homeostasis of 
secondary lymphoid organs, the expression of lymphoid 
chemokines CXCL13 and CCL21 correlates strongly with 
the presence of ELSs in rheumatic autoimmune diseases. 
We and others have shown that the expression of lym-
phoid chemokines increases with the progressive acqui-
sition of lymphoid features in the synovium of patients 
with RA and the salivary glands of patients with Sjögren 
syndrome5,6,8,17,43–45, suggesting that these chemokines have 
an upstream role in ELS development. The expression of 
CXCL13 and CCL21 in ELSs is generally confined to the 
B-cell rich and the T-cell rich areas of the ectopic follicles, 
respectively, as occurs in secondary lymphoid organs6,17. 
However, during chronic inflammation in ELSs, it seems 
that additional alternative cell types can express lymphoid 
chemokines. Within RA and Sjögren syndrome lymphoid 
aggregates, myofibroblast-like stromal cells primarily 
express CCL21, similar to the scenario observed in lymph 
nodes in adult life where CCL21 is mostly expressed 
by fibroblastic reticular cells in the T-cell rich area46,47 
whereas infiltrating immune cells, including CD14+ 
inflammatory monocytes, CD68+ macrophages and mem-
ory CD3+CD4+ T cells, express CXCL13 (REFS 48–51). The 
expression of CXCL13 by monocyte-derived cells concurs 
with evidence that the maintenance and function of ELSs 
are dependent on the influx of CD11b+CD11c+ dendritic 
cells producing CXCL13, CCL19 and CCL21 during the 
formation of influenza-virus-driven inducible bronchus- 
associated lymphoid tissue (iBALT)52. In the presence of 
functional germinal centres, CXCL13 is primarily released 
by stromal- derived FDCs6,8,17. Resident non-immune 
cells can also be a source of CXCL13, as demonstrated for 
ductal epithelial cells and endothelial cells in the salivary 
glands of patients with Sjögren syndrome17,44,53,54.

Proinflammatory cytokines. As ELSs form at inflam-
matory sites, it is not surprising that proinflammatory 
cytokines have emerged as important contributors to the 
development of ELSs in addition, or as alternative path-
ways, to the classical lymphotoxin-induced lymphoid 
neogenesis. A role for the IL-23–IL-17 pathway in the 
development of ELSs in animal models of relapsing- 
remitting multiple sclerosis and in the lungs during 
the development of iBALT has been demonstrated55,56. 
Interestingly, in the context of ELS development, IL-17 
can be produced by cells of both the innate and adap-
tive arms of the immune system, suggesting that this 
cytokine might be involved both in the initiation and 
perpetuation of ELSs. Specifically, a subset of adult 
innate lymphoid cells (type 3 innate lymphoid cells 
(ILC3 cells)) can produce IL-17 during the initial steps 
of ELS formation57; and specific subsets of T helper 17 
(TH17) cells contribute to ELS development in exper-
imental autoimmune encephalomyelitis, a mouse 
model of multiple sclerosis55. Consistent with the above 

observations, which implicate IL-17 in ELS formation, 
IL-17 is mostly produced by CD4+ T cells in synovial 
tissue from patients with RA; TH17-like cells can fre-
quently be observed within and adjacent to ELSs in these 
samples58. Additionally, activation of the IL-23–IL-17  
pathway correlates with the presence of synovial ELSs in 
patients with RA59.

In addition to IL-17, IL-22, a member of the IL-10 
superfamily (comprehensively reviewed elsewhere60), 
is reported to be required for the development and 
maintenance of ELSs61 that form in the salivary glands 
in a mouse model of virus-induced lymphoid neogen-
esis, which displays several features of human Sjögren 
syndrome62. In this experimental model, IL-22 directly 
induces the production of CXCL13 in a subset of 
GP38+ stromal cells through phosphorylation of signal 
transduced and activator of transcription 3 (STAT3); 
Il22−/− mice were protected from ELS development and 
autoimmunity through reduced B-cell recruitment to 
the salivary glands61. Notably, although IL-22 was mostly 
produced by γδ T cells and ILC3-like cells within hours 
of viral infection, by 5 days post-infection most IL-22 
production was dependent on classical αβ T cells61. It is 
currently unclear whether IL-22 is capable of inducing 
ELSs in the absence of LTβ, and whether IL-22 also has 
a role in the maintenance of ELSs in rheumatic auto-
immune diseases. Reports of increased IL-22 expression 
in CD21L+ cells in synovial tissue from patients with 
RA59 and of IL-22 production by TH17-like and NKp44+ 
natural killer cells in the salivary glands of patients with 
Sjögren syndrome63 would suggest that persistent IL-22 
expression also contributes to the maintenance of ELSs.

The evidence outlined above reinforces the concept 
that whereas innate immune cells are critical in con-
trolling the initiation of lymphoid neogenesis, cells of 
the adaptive immune system within days become capa-
ble of releasing key mediators that are critical for the 
progression and maintenance of ELSs.

Mediators of ELS function
In order to fulfil their role as functional germinal centres, 
thus promoting antigen-driven selection of B cell clones 
via affinity maturation, ELSs require a series of factors, 
both soluble (that is, certain cytokines) and membrane- 
bound (that is, receptor–ligand interactions), able to 
activate the molecular machinery required for immuno-
globulin somatic hypermutation and classswitching. 
These factors are largely provided by specialized T helper 
cell subsets migrating into the B cell follicles.

T follicular helper cells. T follicular helper (TFH) cells are 
a distinct and highly specialized CD4+ CXCR5+ mem-
ory T helper cell subset. In the context of ELSs, the best 
example of a critical role of TFH cells in the function of 
ectopic germinal centres comes from Mycobacterium 
tuberculosis-induced iBALT, in which these cells are vital 
in controlling the clearance of pathogens64.

The development of functional germinal centres is 
largely dependent on an antigen-driven immune response 
and requires cognate interactions between T cells and 
B cells65. In response to CXCL13 produced by FDCs in 
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germinal centres66, TFH cells localize to B cell follicles 
where they have a non-redundant role in B cell activation, 
antibody affinity maturation and germinal centre reac-
tions. Cognate interactions between TFH cells and B cells 
are critically dependent on interactions between induc-
ible T-cell co-stimulator (ICOS) and its ligand, ICOSL, 
and between CD40 (also known as TNFRSF5) and its 
ligand, CD40L, and the release of IL-21, a potent cofactor 
for B cell survival, proliferation and plasma cell differenti-
ation, particularly in the context of CD40 co-stimulation 
and in synergy with B-cell activating factor (BAFF, also 
known as TNFSF13B)67,68 (FIG. 2).

Accumulating evidence implicates IL-21 and TFH cells 
in the development of ELSs in rheumatic autoimmune 
diseases, particularly in Sjögren syndrome and RA. 

Upregulated expression of IL-21 and its receptor, IL-21R, 
has been reported in synovial tissue from patients with 
RA69,70, and IL-21 expression closely correlates with the 
formation of ELSs in this context38. Additionally, block-
ade of IL-21R signalling using a fusion protein consid-
erably ameliorates disease progression in animal models 
of RA71, and IL-21 downregulation using intra-sali-
vary-gland delivery of a short hairpin RNA directed 
against IL-21 significantly improves disease outcome in 
the nonobese diabetic (NOD) mouse model of Sjögren 
syndrome, which is characterized by the formation of 
ELSs72. Interestingly, in salivary glands from patients 
with Sjögren syndrome, the direct interaction of naive 
CD4+ cells with activated epithelial cells might promote 
TFH cell differentiation and IL-21 production73.

Figure 2 | Schematic representation illustrating the journey of T 
follicular helper (TFH) cells from the T-cell rich area of the ectopic 
lymphoid structure (ELS) to the B cell follicles, where TFH cells initiate 
and sustain germinal centre responses. a | Gradients of lymphoid 
chemokines CC‑chemokine ligand 19 (CCL19), CCL21 and 
CXC‑chemokine ligand 13 (CXCL13) regulate the organization of T cells 
and B cells, respectively, into discrete areas, as well as the migration of 
specialized TFH cells into B‑cell follicles to support B cells. Briefly, in the 
context of high levels of CCL19 and CCL21 around HEVs in the T‑cell rich 
area of the ELS, mature CCR7+CD62L+ antigen-presenting cells (APCs) 
form cognate interactions with CCR7+CD62L+CD4+ T cells (that is, central 
memory and naive T cells) leading to T cell activation. In the presence of 
cytokines released in the local microenvironment, TFH cells downregulate 
CC-chemokine receptor 7 (CCR7) and upregulate inducible T-cell 
co-stimulator (ICOS) and CXC-chemokine receptor 5 (CXCR5), the latter 
enabling TFH cells to migrate into B cell follicles in response to CXCL13 
gradients. At the border and within ectopic germinal centres, TFH cells 
form cognate interactions with B cells and, in the context of 
co‑stimulation from ICOS ligand (ICOSL) expressed by B cells, release 

high amount of the TFH cell signature cytokine, IL‑21. In turn, IL‑21  
(in synergy with other cytokines) induces the differentiation of germinal 
centre B cells by upregulating B cell lymphoma 6 (BCL6) and leading to 
the de novo expression of activation-induced cytidine deaminase (AID), 
which is required for somatic hypermutation of the immunoglobulin 
genes followed by isotype class‑switch recombination. B cells that acquire 
a higher affinity towards the antigen following somatic hypermutation 
receive strong survival and proliferative signals within the germinal centre 
and differentiate into high‑affinity plasma cells (and memory B cells). 
Perifollicular plasma cells leaving ectopic germinal centres receive strong 
migratory and survival signals in the form of CXCL12 and a prolifera-
tion-inducing ligand (APRIL), causing the retention of long-lived plasma 
cells in the tissue. b | Confocal multicolour immunofluorescence 
microscopy depicts TFH cells localizing within ectopic B cell follicles in ELS 
forming in the parotid glands of patients with Sjögren syndrome. TFH cells 
are identified as ICOS+ (depicted in blue) T cells that form close cell–cell 
contact with CD20+ (red) in B‑cell follicles both in the mantle zone and, 
within ectopic germinal centres, with BCL6 (green) germinal centre 
B cells. Original magnification: ×200 for CD20, ICOS and BCL6. 
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Turning off ELS development
Given the importance of TH17 cells and TFH cells in 
the maintenance and function of ELSs, factors with 
the potential to alter the fate of these cells might also 
influence ELS development. In this regard, IL-27 has 
been shown to regulate adaptive immunity and to limit 
T-cell-dependent immunopathology by restricting the 
expansion of TH17 cells74. In collaboration with the Jones 
group, we reported that Il27ra−/− mice develop a more 
severe form of antigen-induced arthritis, characterized 
by the development of multiple lymphoid aggregates in 
the inflamed synovium, in response to immunization 
with methylated bovine serum albumin38. In parallel, 
increased numbers of TH17 cell in the draining lymph 
nodes and a concomitant increase in serum levels of 
IL-17 were observed, suggesting that in this system IL-17 
secretion and TH17 cell differentiation are under the 
control of IL-27 (REF. 38). Furthermore, when translating 
these observations into the human setting, we observed 
that the levels of IL-27 in synovial tissue from patients 
with RA correlated inversely with ELS development, 
the degree of synovial infiltration of CD3+ T cells and 
CD20+ B cells, and the expression of IL-17-encoding and 
IL-21-encoding transcripts38. Finally, gene therapy with 
IL-27 ameliorates Sjögren syndrome-like autoimmune 
exocrinopathy in mice75.

By contrast, in pristane-induced glomerulonephri-
tis (a mouse model that recapitulates some features 
of SLE), IL-27 supports germinal centre function and 
autoantibody production in secondary lymphoid organs 
by enhancing the production of IL-21 and the function 
of TFH cells76. These discordant findings could result 
not only from intrinsic differences in the role of IL-27 
in regulating ELSs versus secondary lymphoid organ 
responses, but also from the relevance of the same fac-
tors to modulating CD4+ T-cell plasticity under different 
experimental conditions and in different inflammatory 
microenvironments. Nonetheless, investigating the 
mechanisms that are involved in turning off ELSs repre-
sents an important research area, as a better understand-
ing of this phenomenon might lead to the development 
of new therapies that are capable of targeting these highly 
pathogenic structures. In this regard, the identification 
of T follicular regulatory cells and their capacity to reg-
ulate germinal centre responses in secondary lymphoid 
organs77 is likely to prove relevant for ELS function.

ELSs and autoimmunity
As described above, ELSs in rheumatic autoimmune 
diseases recapitulate the cellular, molecular and struc-
tural organization of secondary lymphoid organs and 
can also display features of functional germinal centres. 
Not surprisingly, therefore, they can facilitate he affinity 
maturation of germinal centre B cells through antigen- 
driven selection and their differentiation into (auto)
antibody-producing cells.

Affinity maturation
Microdissection of ectopic germinal centres or isolated 
B cells from ELS-positive tissues (such as the synovium 
of patients with RA, the salivary glands of those with 

Sjögren syndrome or the kidneys of those with SLE) has 
shown conclusively that IgG-producing, IgA-producing 
and some IgM-producing B-cell clones that populate 
ELSs display highly somatically hypermutated immu-
noglobulin variable heavy chain (VH) and light chain 
(VL) genes, consistent with their antigen-driven selec-
tion20,24,78,79. Mutations that accumulate in hotspots within 
the complementarity determining region of the immuno-
globulin VH and VL genes are physiologically acquired by 
B cells in the germinal centres of secondary lymphoid 
organs through the process of immunoglobulin gene 
somatic hypermutation (FIG. 2). Lineage-tree analysis of 
the immunoglobulin gene repertoire of B cells and peri-
follicular plasmablasts and plasma cells that populate ELS-
positive tissue from patients with RA, Sjögren syndrome 
or myositis has demonstrated the presence of a clonal 
relationship between B cells and surrounding plasma-
blasts and plasma cells, confirming that intra- tissue clonal 
diversification and differentiation into antibody-produc-
ing cells can occur within ectopic germinal centres20,35,78,79. 
Furthermore, although B cells and plasmablasts that have 
already undergone hypermutation (that is, they have 
probably been primed in secondary lymphoid organs) can 
also migrate from the peripheral compartment and enter 
chronically inflamed tissues in rheumatic autoimmune 
diseases, in the absence of ELSs with functional germinal 
centres these cells do not seem to undergo any further 
functional diversification as they fail to accumulate fur-
ther somatic mutations79. Consistent with the above evi-
dence, ELSs are required for B-cell affinity maturation at 
ectopic sites, as the expression of AID, an enzyme involved 
in somatic hypermutation (but also in class-switch recom-
bination, which is responsible for immunoglobulin iso-
type switch and influences anti bodies effector function), 
is restricted to ELS-positive tissue in the synovium of 
patients with RA and in the salivary glands of patients 
with Sjögren syndrome, and closely correlates with the 
presence of CD21+ FDC networks and the mRNA-level 
expression of the FDC-specific gene CD21L4,43,80,81.

Antigen-driven disease-specific autoimmunity
Critically, ectopic germinal centres are also intimately 
linked with the local production of autoantibodies and 
thus have been implicated in the perpetuation of auto-
immunity within the target organ, although this notion 
has been challenged in the field of inflammatory arthri-
tis on the basis of two lines of evidence. First, ELSs can 
be found in patients with ‘seronegative’ (that is, with no 
anti-citrullinated protein antibodies (ACPAs) or rheuma-
toid factor (RF)) arthritides, such as spondyloarthropa-
thies82,83. Second, the presence of synovial ELSs does not 
correlate with the levels of circulating or synovial fluid 
ACPAs12,83,84 (but systemic or synovial fluid detection 
of ACPAs does not necessarily reflect local production 
in synovial ELSs and is influenced by production at 
extra-articular sites such secondary lymphoid organs).

Conversely, however, a large body of evidence corrobo-
rates the notion that functional germinal centres do indeed 
contribute to the perpetuation of local autoimmunity to 
disease-associated autoantigens. Synovial protein extracts 
from ELS-positive RA tissues are significantly enriched 
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in both IgM RF and IgG ACPAs85, and the engraftment 
of ELS-positive (but not ELS-negative) synovial tissue 
from patients with RA into severe combined immuno-
deficiency (SCID) mice in a human–mouse chimeric 
model resulted in the release of human class-switched 
ACPAs into the mouse circulation4. Additionally, within 
the synovium of patients with RA, perifollicular CD138+ 
plasma cells frequently display immunoreactivity 
against citrullinated antigens (FIG. 3). Using an unbiased 
approach based on single B-cell sorting, cloning and 
recombinant monoclonal antibody production from  
ACPA+ ELS-positive synovia or from synovial fluid  
from patients with RA, we and others have demon-
strated that >30% of the overall synovial B-cell response 
is directed towards citrullinated antigens in some 
patients78,86, supporting the concept that an enriched 
selection of ACPA-producing B cells occurs within syn-
ovial ELSs in RA. Interestingly, the ACPA response in 
ELSs is not limited to the joints of patients with RA but 
can also take place in the lung in those patients with 
pulmonary involvement10.

Similar data have emerged from studies of ectopic 
germinal centes developing in the salivary glands of 
patients with Sjögren syndrome. In this context, a large 
number of autoreactive CD138+ plasma cells accumulate 
at the border of B-cell follicles, which are characterized 
by CD21+ FDC networks and populated by AID+ ger-
minal centre B cells. These cells are frequently reactive 
towards Sjögren syndrome-associated autoantigens such 
as the ribonucleoproteins Ro/SSA and La/SSB18,44 (FIG. 3). 
Similar to the above evidence, the prevalence of circulat-
ing anti-Ro/SSA and anti-La/SSB antibodies is on average 
~20% higher in patients with Sjögren syndrome in whom 
ELSs are present compared with those without ELSs87.

Thus, ELSs in rheumatic autoimmune diseases effec-
tively fail to exert physiological mechanisms of tolerance 
that regulate the follicular exclusion of autoreactive 
B cells, thereby allowing the differentiation of these cells 
into high-affinity autoreactive plasma cells81.

Notably, although the processes underlying the for-
mation of ELSs in the synovium of patients with RA 
and the salivary glands of those with Sjögren syndrome 
are similar, the antigen-driven autoimmune response 
within ELSs in their respective target organs seems to 
be disease-specific (FIG. 3).

Direct evidence for this phenomenon comes from 
in vivo experiments in the chimeric SCID mouse–human 
model in which engraftment of ELS-positive synovium 
from patients with RA or from the salivary glands of  
patients with Sjögren syndrome leads to the release  
of ACPAs and of anti-Ro/SSA and anti-La/SSB human 
IgG, respectively, but not vice versa18,88. However, the 
exact nature of the (auto)antigen(s) that fuel the (auto)
reactive immune response in rheumatic auto immune 
diseases remains elusive. In particular, it is unclear 
whether immunodominant epitopes across different 
patients are responsible for driving most of the antigen 
selection process within ectopic germinal centres, and 
whether a process of epitope spreading accompanies the 
dynamic evolution of autoimmune responses at sites of 
chronic inflammation. Nevertheless, the identification 

that dominant B-cell clones with frequent autoreactive 
immunoglobulin variable regions (but also dominant 
T-cell clones) represent a significant proportion of the 
synovial B-cell (and T-cell) diversity within the tissue 
and across different joints strongly favours the hypo-
thesis that dominant (auto)antigens indeed exist89,90. 
High-throughput immunoglobulin gene sequencing 
in combination with the identification of the fine spec-
ificity of recombinant monoclonal antibodies derived 
from lesional B cells and plasma cells in rheumatic 
autoimmune diseases might clarify the nature of these 
dominant autoantigens and potentially pave the way for 
tolerogenic strategies.

Plasma cell survival
Once autoreactive plasma cells are generated in ELSs 
or have migrated from the peripheral compartment, an 
important feature of rheumatic autoimmune diseases is 
their capacity to promote retention of these cells within 
the target tissue. Plasma-cell survival in bone-marrow 
niches depends on signals received through adhesion 
molecules and a series of soluble factors, most nota-
bly CXCL12, IL-6 and a proliferation-inducing ligand 
(APRIL, also known as TNFSF13)91. Not surprisingly, 
high levels of factors involved in plasma cell retention 
and survival have been described in rheumatic auto-
immune diseases with focal lymphocytic aggregates. 
Szyszko et al.92 demonstrated the abundant expression 
of CXCL12 and IL-6 in labial salivary gland biopsy sam-
ples from patients with Sjögren syndrome with high 
focus score (that is, extensive lesions) and high infiltra-
tion of CD138+ cells. Similarly, we reported high levels 
of CXCL12 in ductal epithelial cells and CD68+ cells in 
the salivary glands of patients with Sjögren syndrome 
with ELSs48. In RA, fibroblast-like synoviocytes seem to 
have a fundamental role in plasma cell survival. Synovial 
stromal cells, but not dermal stromal cells, constitutively 
release high levels of APRIL80, and the survival of auto-
reactive plasma cells in ELS-positive RA synovial grafts 
from patients with RA in the SCID–RA chimera model 
is strongly associated with the persistent expression of 
APRIL4. Additionally, stromal cells from the synovia  
of patients with RA can release high amounts of CXCL12 
in response to IL-17 (REF. 93), and polymorphisms in the 
promoter of the gene encoding IL-6 cause high IL-6 
expression in this cell type94. Further elucidation of the 
above mechanisms might prove relevant not only for 
understanding disease pathogenesis, but also for disease 
outcome, as the number of lesional CD138+ cells have 
emerged as potentially important predictors of response 
to biologic therapy, as discussed below.

ELSs and disease severity
Rhematoid arthritis
The relevance of synovial ELSs to disease severity in 
RA is controversial. Several studies have reported that 
ELSs are associated with increased circulating levels of 
inflammatory markers and inflammatory cytokines, 
autoantibody status, higher disease severity and higher 
erosive load5,43,95,96, whereas other reports have failed to 
find a direct correlation between the presence of ELSs 
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Figure 3 | Ectopic germinal centres sustain antigen-specific and 
disease-specific autoimmune responses. Ectopic lymphoid structures 
(ELSs) arising in the salivary glands of Sjögren syndrome (part a) and in 
the synovium of rheumatoid arthritis (RA; part b) are depicted. 
Although ELSs in RA and Sjögren syndrome display overlapping 
architecture and are regulated by similar mechanisms, they favour the 
affinity maturation and differentiation of plasma cells reactive against 
disease-specific autoantigens. These autoantigens are exposed as a 
result of the chronic inflammatory process and can be presented by 
both professional antigen‑presenting cells (APCs) and B cells to T cells. 
The left side of parts a and b are representative schematics of the 
potential source of autoantigens driving the formation of ELSs. Briefly, 
in Sjögren’s syndrome (part a), after an initial unknown trigger (that is, 
viral infection), necrotic or apoptotic epithelial cells release 
autoantigens. In the RA synovium (part b), breach of self-tolerance to 

citrullinated antigens precedes ELS onset. Circulating anticitrullinated 
protein antibodies (ACPAs) (that is, as immune complexes, IC) may 
enter the RA synovium due to increased vascular permeabilization (for 
example following injury or infection). Once inflammation is 
established, citrullinated antigens can be locally released by several 
cell types, including neutrophil extracellular traps (NET). The right side 
of parts a and b shows double immunofluorescence microscopy 
demonstrating that perifollicular CD138+ plasma cells (depicted in 
green) in Sjögren syndrome salivary glands (part a) react against the 
Sjögren syndrome‑associated autoantigen Ro52 (stained in red) but 
not against Cit‑fibrinogen (cFb); conversely, CD138+ plasma cells in the 
RA synovium (part b) display strong reactivity to cFb (in red), but not 
Ro52. Original magnification: ×400 for CD138/Ro52 and CD138/cFb. 
Permission to use microscopy images obtained from Wiley © Croia, C. 
et al. Arthritis Rheumatol. 66, 2545–2557 (2014).
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and the disease activity score, autoantibody status and 
presence of erosive disease12,97. Several factors could con-
tribute to these conflicting results, including inconsistent 
definitions of ELSs, differences in cohort size or disease 
duration, and prior exposure to DMARDs and/or bio-
logic therapies15. Thus, in order to progress the field it is 
critical that the potential clinical use of synovial patho-
types in RA is further investigated in multicentre inves-
tigations based on a consensus definition of ELS and in 
homogenous patient cohorts.

Sjögren syndrome
Evidence for a role of ELSs in disease progression is 
more robust for Sjögren syndrome than for RA. The 
presence of ELSs in the salivary glands of patients with 
Sjögren syndrome is associated with higher levels of 
circulating autoantibodies and systemic manifestations, 
including lymphadenopathy and peripheral neuropa-
thy18,21,44,87. Approximately 5% of patients with Sjögren 
syndrome will develop non-Hodgkin B-cell lymphomas 
of mucosal-associated lymphoid tissue (MALT-L), most 
commonly arising in the parotid glands98. In Sjögren 
syndrome, evidence exists that neoplastic B-cell clones 
originate from common precursors that often display 
variable immunoglobulin domains with homology to 
RF99,100, which is already present during the polyclonal 
phase of the local humoral response. These clones are 
progressively enriched during the progression first to 
lymphoepithelial lesions and then to MALT-L101, sug-
gesting that MALT-L in Sjögren syndrome is an (auto)
antigen-driven process. We reported in 2007 that 
the prevalence of ELSs in labial salivary gland biopsy 
samples was extremely high (over 75%) in patients 
with Sjögren syndrome who later developed parotid 
MALT-L23. Subsequent studies established that the 
presence of ELSs in labial salivary glands at diagnosis  
conferred a 16-fold increased risk of lymphoma21,87.

SLE
In SLE, only limited data associate the presence of renal 
ELSs with clinical severity. However, existing evidence 
suggests that the presence of renal B-cell aggregates 
and plasma cells is more commonly seen in patients 
with diffuse proliferative lupus nephritis (class IV) and 
membranous disease either alone (class V) or in combi-
nation with focal (classes III and IV) or diffuse (classes 
IV and V) proliferative nephritis than in those with less 
severe types of lupus nephritis, and might be associ-
ated with greater SLE disease activity and more severe  
renal impairment25,102.

ELSs and the response to biologic therapies
TNF inhibitors
Several studies have investigated the correlation between 
the presence of synovial ELSs and the response to TNF 
inhibitors in RA. Again, the results are conflicting. 
Some reports showed that the presence of ELSs pre-
dicted a positive response to infliximab103 whereas ELSs 
emerged as negative independent predictors of clinical 
improvement in other studies84. These discordant data 
might partly be reconciled by the demonstration in 

post-treatment analysis that the disruption of ELSs after 
TNF inhibition is selectively associated with a positive 
clinical response, whereas their persistence is not84.

Rituximab
Several studies investigated the link between clinical 
response and ELSs in patients with RA or Sjögren syn-
drome treated with the anti-CD20 monoclonal anti-
body rituximab. Interestingly, although no association 
between the change in synovial B cell number from 
baseline and clinical response to rituximab treatment 
has been observed in patients with RA104, in sequential 
parotid gland biopsy samples taken from patients with 
Sjögren syndrome at baseline and 12 weeks after start-
ing treatment with rituximab, the median number of 
CD20+ B cells emerged as a positive predictor of clinical 
improvement105. Of note, although rituximab treatment 
invariably eradicates B cells from the peripheral circulat-
ing pool and significantly reduces the number of lesional 
CD20+ cells, niches of B cells and plasma cells that escape 
depletion are frequently observed in ELSs in the sali-
vary glands of patients with Sjögren syndrome and the 
synovia of patients with RA11,13,85,106–108. Additionally,  
the persistent accumulation of plasmablasts and plasma 
cells and the early repopulation of B cells after deple-
tion are commonly observed in ELSs in patients with 
RA or Sjögren syndrome13,85,106, and in RA plasma cell 
persistence is associated with a poorer clinical response 
to rituximab108,109. Importantly, in patients with RA, cir-
culating levels of CXCL13, which are associated with the 
presence of synovial ELSs3, strongly predict the degree of 
peripheral B cell repopulation 6 months following ritu-
ximab treatment110. This result again suggests that ELSs 
can influence the rate of B cell depletion and repopulation  
at the tissue level after rituximab treatment.

Abatacept
As described above, the function of ELSs is critically 
dependent on interactions between cognate T cells and 
B cells, so treatment with abatacept (a CTLA4–IgG1 
fusion protein that inhibits interactions between CD80/
CD86 on antigen-presenting cells (APCs), including 
B cells, and CD28 on T cells) would be expected to 
potentially influence ELS survival. However, only a 
mild reduction in the number of synovial B-cell folli-
cles has been reported in patients with RA treated with 
abatacept following an inadequate response to either 
TNF inhibition111 or rituximab112, or in pilot studies in 
patients with Sjögren syndrome113. However, rather than 
promoting the physical disruption of ELSs, abatacept 
(or other novel biologic agents targeting T cell–B cell 
co- stimulation, as discussed in the final section) might 
instead mainly influence the functionality of ELSs and 
their capacity to fine-tune T-cell responses and the  
function of ectopic germinal centres.

ELSs as new therapeutic targets
Advances in our understanding of the mechanisms 
regulating the formation, maintenance and func-
tion of ELSs, and the increased appreciation of their 
importance in disease pathogenesis and response to 
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treatment, as described above, have provided a strong 
rationale for targeting these structures in rheumatic 
autoimmune conditions for therapeutic purposes. 
Several compounds entering the clinical arena have the 
potential to interfere with ELS formation, maintenance 
and function (TABLE 2).

The main challenge in devising an effective strategy 
to disrupt ELS architecture and/or function relates to 
the observed differences in the mechanisms regulat-
ing ELSs at different stages of the lymphoid neogenesis 
process — that is, from initiation to propagation and 
maintenance and finally to the development of func-
tional ELSs. Thus, evidence gathered from experimental 
animals in which early stages of ELS formation are tar-
geted generally (ELS prevention strategies through either 
gene depletion or pharmacologic blockade) might not 
necessarily translate into successful application in ran-
domized clinical trials. For example, although pharma-
cologic inhibition of LTβ using a LTβR–Ig fusion protein 
results in ELS impairment and disease amelioration in 
experimental arthritis114 and in animal models of Sjögren 

syndrome115, randomized clinical trials with baminercept- 
α (a fusion protein of human LTβR and human IgG1) 
failed to demonstrate clinical efficacy in RA or, in pre-
liminary analyses reported at the 2015 ACR meeting, 
in Sjögren syndrome116. Nevertheless, neither study 
stratified patients on the basis of the presence of ELSs 
and, as such, probably included a considerable number 
of patients in whom the lymphoid neogenesis process 
was inactive. Blocking pathways of ELS initiation that are 
alternative to, and possibly independent from, LTβ, such 
as IL-17 and IL-22, also represents an attractive strategy. 
A plethora of promising compounds targeting IL-17 are 
currently undergoing clinical testing in ELS-positive 
rheumatic diseases but their impact on ELSs is currently 
untested. Notably, as for the baminercept studies, it will 
be essential to stratify patients according to target activity 
in the disease tissues, as some of the disappointing results 
seen with IL-17 blockade in RA might, once again, be 
related to the fact that this pathway is active in the joint 
in only 30–40% of patients with RA and is associated with 
the presence of synovial ELSs59.

Table 2 | Clinical trials in rheumatic autoimmune diseases of drugs targeting pathways involved in ELS formation and function

Pathway 
inhibited

Compound Class of drug Completed and ongoing clinical trials in ELS-positive 
rheumatic autoimmune diseases

Disease Phase of trial Trial status Trial ID

IL-17 Secukinumab IL-17A-specific monoclonal antibody RA III Recruiting • NCT01377012
• NCT01350804

Ixekizumab IL-17A-specific monoclonal antibody RA II Completed NCT00966875

Brodalumab IL-17RA-specific monoclonal antibody RA II Completed NCT00950989

ABT‑122 TNF and IL-17 bispecific antibody RA I Ongoing NCT01853033

CNTO‑6785 IL-17A-specific monoclonal antibody RA III Recruiting NCT01909427

IL‑21 NNC0114‑0006 IL‑21‑specific monoclonal antibody RA II Completed NCT01647451

SLE I Completed NCT 01689025

NNC0114‑0005 IL‑21‑specific monoclonal antibody RA I Completed NCT01208506

LTα or LTβ Baminercept‑α LTβR–immunoglobulin fusion protein RA II Completed NCT00664573

SS II Recruiting NCT01552681

Pateclizumab Anti-LTα monoclonal antibody RA II Completed NCT01225393

RANKL Denosumab RANKL-specific monoclonal antibody RA III Ongoing NCT01973569

ICOS–ICOSL AMG557/MEDI5872 ICOSL-specific monoclonal antibody SLE I Recruiting NCT01683695

SS II Recruiting NCT02334306

CD40–CD40L CFZ533 CD40‑specific monoclonal antibody SS II Recruiting NCT02291029

RA I Recruiting NCT02089087

BAFF Belimumab BAFF‑specific monoclonal antibody SS II Completed NCT01008982 
(SS, phase II, 
completed)

Belimumab and 
rituximab

Combination of BAFF‑specific and 
CD20‑specific monoclonal antibody

SS II Recruiting NCT02631538 
(SS, phase II, 
recruiting)

Tabalumab BAFF‑specific monoclonal antibody RA III Completed NCT01202760

SLE III Recruiting NCT01639339

Status of studies identified in ClinicalTrials.gov current as of 8 Nov 2016, Abbreviations: BAFF, B‑cell‑activating factor; CD40L, CD40 ligand; ELS, ectopic lymphoid 
structure; ICOS, inducible T-cell co-stimulator; ICOSL, ICOS ligand; LT, lymphotoxin; LTβR, LTβ receptor; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; 
SS, Sjögren syndrome. Adapted with permission obtained from Pitzalis, C. et al. Nat. Rev. Immunol. 14, 447–462 (2014),  Macmillan Publishers Limited.
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Inhibition of co-stimulation of TFH cell–B cell inter-
actions through the blockade of ICOSL–ICOS, CD40L–
CD40 or IL-21–IL-21R interactions could considerably 
alter ELS function and downstream autoreactive B-cell 
activation. Pharmacologic blockade of ICOS, as well as 
inhibition of the signature TFH-cell cytokine, IL-21, have 
proven beneficial in experimental arthritis71, Sjögren 
syndrome-like sialoadenitis72 and mouse lupus-like dis-
ease117. Blocking agents that target ICOSL, CD40 and 
IL-21 have entered early-phase clinical trials for ELS-
positive rheumatic autoimmune diseases, but the results 
are currently unavailable.

Although a beneficial role for histopathology in pre-
dicting the clinical response to specific biologic drugs cur-
rently lacks sufficient evidence, the addition of a detailed 
histopathological and molecular characterization of ELS-
related pathways in clinical studies could not only provide 
information about target validation and patient stratifi-
cation, but also identify additional factors that are poten-
tially contributing to the failure of novel (and existing) 
biologic drugs in modulating ELS function in rheumatic 
autoimmune diseases. For example, these agents might 
be ineffective at modulating other dominant mediators 
associated with ELSs (such as the IL-23–IL-17 and IL-21 
pathways)38,59. Alternatively, or in addition, an alternative 
cytokine drive might emerge following pathway block-
ade (for example, a TH17 cell-mediated increase in IL-17 
following TNF inhibition113,118. Furthermore inadequate 
target elimination in protected ELS niches could occur, 
thus requiring more refined strategies for delivering  
therapeutic agents to the site of inflammation119.

Conclusions
The study of ELSs in rheumatic autoimmune dis-
eases over the past 10 years has provided important 
new insights into the mechanisms that link chronic 

inflammation and the perpetuation of autoimmunity. 
The elucidation of the cellular sources of key factors 
that drive the formation of ELSs in rheumatic autoim-
mune diseases has highlighted critical differences in the 
regulation of lymphoid neogenesis in adults compared 
with lymphoid organogenesis that occurs during embry-
onic development. Furthermore, the demonstration that 
ELSs can act as functional germinal centres and support 
antigen- driven autoreactive B cell activation has paved 
the way for further studies investigating the fine specific-
ity of lesional B cells at the single-cell level; these studies 
have the potential to reveal new insights into the dom-
inant antigens that drive disease-specific autoimmune 
responses, with the prospect of future tolerogenic studies 
in patients with rheumatic autoimmune diseases. Finally, 
the availability of novel compounds that target specific 
factors that act at different steps during the formation 
and function of ELSs will clarify whether the direct tar-
geting of ELSs is a feasible and beneficial therapeutic 
strategy and is able to prevent disease progression — 
for example, B cell lymphoma development in patients 
with Sjögren syndrome. To effectively advance the field, 
it is essential that current and future studies investigat-
ing novel ELS-blocking strategies are not limited to the 
assessment of clinical improvement, but are accompa-
nied by refined mechanistic studies at sites of ELS forma-
tion that encompass the fine-tuning of T cell responses, 
the impact on ectopic germinal cell functionality and the 
inhibition of autoreactive B cell activation. Finally, we 
envisage that a better understanding of the histopatho-
logical heterogeneity in the target tissue of rheumatic 
autoimmune diseases and the underlying molecular sig-
natures might lead to the identification of specific bio-
markers that, once validated in larger cohorts of patients 
and in randomized studies, would allow patients to be 
stratified before treatment initiation.
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Osteoarthritis (OA) is the most common joint disease, 
and is increasing in prevalence in the Western world 
owing to ageing of the population1. The primary charac‑
teristics of OA are destruction of articular cartilage, syn‑
ovial inflammation and fibrosis, osteophyte formation 
and subchondral bone alterations. OA is progressive and 
can result in loss of joint function; the ultimate ‘therapy’ 
for OA is replacement of the damaged joints by artificial 
ones. Homeostasis of articular joints is dependent on the 
proper function and interaction of joint cells. Growth 
factors, such as the pleiotropic cytokine transforming 
growth factor‑β (TGFβ), are crucial in maintaining joint 
homeostasis. In this Review, the changing role of TGFβ 
in normal, ageing and osteoarthritic joints is discussed, 
along with the possibility of therapeutically targeting 
TGFβ in OA.

TGFβ and TGFβ signalling pathways
Members of the TGFβ superfamily are involved in most 
biological processes in mammals. This family consists 
of more than 35 members and can be divided into two 
major branches: the TGFβ and activin group, and the 
bone morphogenetic protein (BMP) and growth and dif‑
ferentiation factor (GDF) group2. TGFβs regulate many 
of the processes common to cell differentiation, tissue 
repair and inflammation. In mammals, three TGFβ 
peptides are present: TGFβ1, TGFβ2 and TGFβ3. The 
different peptides show a high degree of homology but 
their expression is differentially regulated at the tran‑
scriptional level due to different promoter sequences3. 

All three peptides are expressed in abundance during 
development and display overlapping but distinct spatial 
and temporal expression patterns. TGFβs are synthesized 
as inactive precursors, consisting of a mature ligand and a 
latency associated peptide (LAP) that stick together until 
the mature ligand is liberated. The non‑covalent linkage 
of LAP to the mature ligand prevents receptor binding. 
Latent TGFβ is bound to the extracellular matrix via latent 
TGFβ binding proteins (LTBPs)4. Four different LTBPs 
are known, of which LTBP1 seems to be the most widely 
expressed. An important mechanism of TGFβ activa‑
tion is dependent on interactions with cell surface inte‑
grins but other mechanisms, such as physical, chemical  
and enzymatic activation, have also been reported5–7.

Active TGFβ is a 25 kD dimer that signals via hetero‑
meric complexes of transmembrane serine/threonine 
type I and type II receptors, most commonly tetramers 
composed of two type I and two type II receptors (FIG. 1). 
The type I receptors, also termed activin receptor‑like 
kinases (ALKs), act downstream of type II receptors and 
determine receptor specificity8. The canonical signalling 
route of TGFβ is via the broadly expressed type I receptor 
ALK5, but in chondrocytes and other cell types additional 
ALKs, such as ALK1, can be involved9–11. Upon type I 
receptor activation, intracellular signalling is initiated 
by C‑terminal phosphorylation of receptor‑regulated 
(R)‑SMAD proteins. Whereas ALK5 stimulates phos‑
phorylation of SMAD2 and SMAD3, ALK1 mediates the 
activation of SMAD1, SMAD5 and SMAD8 (REFS 11,12). 
Phosphorylated R‑SMADs form heteromeric complexes 
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The changing role of TGFβ in healthy, 
ageing and osteoarthritic joints
Peter M. van der Kraan

Abstract | Transforming growth factor‑β (TGFβ) is a pleiotropic cytokine that is important in the 
regulation of joint homeostasis and disease. TGFβ signalling is induced by loading and has an 
important function in maintaining the differentiated phenotype of articular chondrocytes. 
Concentrations of active TGFβ differ greatly between healthy and osteoarthritic joints, being low 
in healthy joints and high in osteoarthritic joints, leading to the activation of different signalling 
pathways in joint cells. The characteristic pathology of osteoarthritic joints, such as cartilage 
damage, osteophyte formation and synovial fibrosis, seems to be stimulated or even caused by 
the high levels of active TGFβ, in combination with altered chondrocyte signalling pathways 
(which are also observed in ageing joints). In this Review, the changing role of TGFβ in normal 
joint homeostasis, ageing and osteoarthritis is discussed: TGFβ counteracts pathological changes 
in a young healthy joint, alters its signalling during ageing and is a driving force of pathology in 
osteoarthritic joints.
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(trimers) with SMAD4, the common mediator SMAD 
(co‑SMAD); the trimers are made up of two R‑SMADs 
and one SMAD4 (REF. 13). These heteromeric complexes 
accumulate in the nucleus where they, together with 
co‑activators and repressors, control transcriptional 
responses8. Frequently, these two main intracellular 
SMAD pathways are found to antagonize each other14,15. 
Both the SMAD2–SMAD3 and SMAD1–SMAD5–
SMAD8 signalling cascades have been reported to be 
involved in chondrogenesis and to regulate chondrocyte 
differentiation16–18. Notably, non‑SMAD (non‑canonical)  
pathways can also be activated by ligand‑occupied recep‑
tors, leading to strengthening or attenuation of down‑
stream cellular responses; non‑SMAD pathways have also 
been described to have a role in chondrocyte biology19,20.

TGFβ in normal cartilage physiology
Articular cartilage is a unique tissue as it not only has 
a mechanical function but its maintenance actually 
depends on regular mechanical stimulation. Reduced 
joint‑loading rapidly leads to increased expression of 
proteolytic enzymes and cartilage degeneration, in both 
humans and animal models21–24. Indeed, patients with 
spinal cord injury show progressive loss of knee cartilage 
at a faster rate than patients with OA25.

Chondrocytes are mechanosensitive cells that pro‑
foundly respond to mechanical loading26. Mechanical 
stimulation of chondrocytes has been shown to activate 
TGFβ signalling, as both compressive and tensile stress 
results in increased SMAD2–SMAD3 signalling27,28. 
Moreover, TGFβ is stored in a latent form in large 
amounts in articular cartilage (~300 ng/ml)29. Not only 
is TGFβ locally produced and stored in cartilage, but also 
TGFβ signalling seems to be essential for articular carti‑
lage maintenance. In both humans and mice, an inacti‑
vating mutation in SMAD3 results in early‑onset cartilage 
degeneration30,31. In animal models, defective TGFβ sig‑
nalling, more specifically reduced SMAD3 signalling, has 
been shown to promote cartilage damage and loss of the 
differentiated articular chondrocyte phenotype32–34.

These data, in combination with the observation that 
compressive loading rapidly activates TGFβ signalling in 
cartilage explants35, imply that under normal physiolog‑
ical conditions (regular loading) articular cartilage has a 
basic level of TGFβ signalling and expression of TGFβ‑
regulated genes. Adult bovine cartilage stains clearly for 
phosphorylated SMAD2 shortly after death of the ani‑
mals (10 min) but a striking decrease in expression is 
observed by 2 h after death36. Furthermore, expression 
of TGFβ‑regulated genes (PAI1, Smad7 and Alk5) was 
considerably reduced within 24 h after death of the ani‑
mals. Reloading of the cartilage samples (after 48 h of 
being unloaded) rapidly induced staining for both phos‑
phorylated SMAD2 and expression of TGFβ‑regulated 
genes. The effect of reloading could be fully prevented 
by addition of a specific blocker of ALK4, ALK5 and 
ALK7 activity. Furthermore, the effects of loading could 
be fully mimicked by exogenous addition of TGFβ but 
not activin36.

TGFβ has been shown to stimulate proteoglycan syn‑
thesis in (semi)intact immature bovine cartilage and has 
been shown to be a very strong blocker of chondrocyte 
terminal differentiation29,33,37. TGFβ could not block 
proteoglycan loss in adult bovine cartilage, but both 
addition of exogenous TGFβ and compressive loading 
blocked the upregulation of Col10a1 gene expression (a 
well‑accepted marker of early chondrocyte hypertrophy) 
that occurred by non‑loaded culturing36.

These observations indicate that activation of TGFβ 
signalling seems to be the default mode for articular 
cartilage when the cartilage is regularly loaded, and 
unloading results in rapid loss of TGFβ signalling  
and TGFβ‑dependent gene expression. Mechanical 
loading can result in activation of inactive LAP‑bound 
TGFβ, as has been shown in various systems38,39; the 
released mature TGFβ ligands will bind to chondrocyte 
TGFβ receptors whereas non‑receptor‑bound TGFβ will 

Figure 1 | Simplified scheme of TGFβ signalling. Active transforming growth factor‑β 
(TGFβ) dimers bind to the TGFβ type II receptor (TGFβRII) and recruits activin 
receptor‑like kinase 5 (ALK5) and/or ALK1. This results in phosphorylation of SMAD2 or 
SMAD3 (via ALK5) or SMAD1, SMAD5 or SMAD8 (via ALK1).The phosphorylated SMADs 
bind to SMAD4, forming a trimeric complex, and translocate to the nucleus. These 
complexes accumulate in the nucleus and, together with co‑activators and repressors, 
control transcriptional responses and regulate expression of specific genes.

Key points

• Physiological loading of articular cartilage maintains transforming growth factor-β 
(TGFβ) signalling and prevents hypertrophic differentiation of articular chondrocytes

• TGFβ signalling changes with ageing, at least in animal models, resulting in a loss of 
SMAD2–SMAD3 signalling and making articular cartilage prone to changes 
associated with osteoarthritis (OA)

• Loading-induced induction of TGFβ signalling is less efficient in aged cartilage than in 
young cartilage, impairing the mechanism that blocks chondrocyte hypertrophic 
differentiation

• During OA, high levels of active TGFβ in the joint drive fibrosis, osteophyte formation 
and subchondral bone changes

• The role of TGFβ changes from protective in a young, healthy joint to pathologic in an 
osteoarthritic joint
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become rapidly unavailable owing to the presence of a 
vast quantity of TGFβ binding sites in the extra cellular 
matrix. In this model, mechanical loading results in short‑
term TGFβ activation confined to the articular cartilage. 
Activation of this system blocks chondrocyte hypertro‑
phy and stimulates the expression of latent TGFβ1 and 
ALK5 while downregulating the expression of ALK1. In 
this context it should be noted that ALK1 signalling (via 
SMAD1, SMAD5 and SMAD8) stimulates chondrocyte 
hypertrophy whereas ALK5 signalling (via SMAD2 and 
SMAD3) blocks chondrocyte hypertrophy40,41. In this 
model (FIG. 2), loading‑induced TGFβ signalling is a 
self‑regulatory system that prevents articular chondrocyte  
terminal differentiation and cartilage degeneration.

Age-related changes in TGFβ signalling
Changes in the ALK5:ALK1 ratio
The observation that responses to TGFβ are age‑related 
has been known for several decades42. The responsive‑
ness of equine cartilage to TGFβ decreases with increas‑
ing age in animals between 9 months and 20 years43. 
Furthermore, TGFβ is able to counteract the inhibitory 
effect of IL‑1 on mouse articular cartilage proteoglycan 
synthesis in young animals but not in old animals44,45. 
Comparing TGFβ signalling components in young and  
old mice revealed that TGFβ receptor expression  
and the expression of phosphorylated SMAD2 was 
greatly reduced in old animals46.

Studies in old mice have revealed an age‑related 
increase in the ALK1:ALK5 ratio11, an observation that 
has since been confirmed in other mouse strains and 
species47,48. Furthermore, Hui et al. showed a switch in 

the expression of phosphorylated SMAD2–SMAD3 to 
SMAD1–SMAD5–SMAD8 in old guinea pigs compared 
with young ones48. Substantially reduced expression of 
ALK5 but not of ALK1 has been found in old cows com‑
pared with young ones49. Moreover, in old animals the 
response to TGFβ was decreased whereas the response 
to BMP‑9, an ALK1 ligand, was unaltered49.

ALK5 and ALK1 signalling have opposing functional 
effects in chondrocytes10,12. Furthermore, both reduced 
ALK5 expression and increased ALK1 activity increase 
chondrocyte MMP‑13 expression11. Additionally, signal‑
ling by SMAD2–SMAD3 stimulates metalloproteinase 
inhibitor 3 (TIMP‑3) expression in chondrocytes50,51 The 
age‑related reduction in expression of ALK5, in combi‑
nation with increased expression of ALK1, might shift 
the balance to cartilage degradation and could render 
articular cartilage prone to development of OA (FIG. 3).

Loss of loading-induced TGFβ signalling
Unloading of cartilage results in associated loss of TGFβ 
signalling and loss of the block on chondrocyte hyper‑
trophy (see above). However, old bovine cartilage (from 
cows 6–13 years old) has a strongly reduced capacity for 
loading‑mediated TGFβ signalling compared with car‑
tilage from young cows (6–36 months)52. This reduced 
responsiveness might be the result of the observed 
age‑related reduction in expression of ALK5 in old cows 
or changes in the extracellular matrix that make it harder 
to deform; indeed, perhaps reduced ALK5 expression 
in old bovine cartilage is an outcome of diminished 
TGFβ signalling due to a more rigid matrix. However, 
reduced ALK5 expression is also observed in old mice46 
even though increased matrix stiffness with increasing 
age is less likely in these short‑living animals. Whatever 
the primary cause, an age‑related decrease in TGFβ sig‑
nalling (via phosphorylated SMAD2–SMAD3) is antic‑
ipated to impair cartilage homeostasis. The age‑related, 
loading‑associated loss of protective SMAD2–SMAD3 
signalling makes articular cartilage more vulnerable to 
OA development in older than in young individuals.

Loss of circadian rhythm
Ageing is associated with loss of circadian rhythm, result‑
ing in internal desynchronization53,54. Data from humans 
and animal models indicate that disruption of the cir‑
cadian clock is associated with development of OA55; 
expression of the core clock transcription factor BMAL1 
is impaired in human osteoarthritic cartilage and carti‑
lage from old mice56. Knockout of BMAL1 in mice dimin‑
ishes the levels of phosphorylated SMAD2–SMAD3 while 
increasing levels of phosphorylated SMAD1–SMAD5–
SMAD8, indicating a connection with TGFβ signalling56. 
These observations might link the age‑related loss of 
temporal control to a shift in the ALK5:ALK1 ratio and 
development of OA.

Role of TGFβ in osteoarthritis
Changes in signalling route
Under physiological conditions, levels of active  
TGFβ in joint tissues are either very low or load‑acti‑
vated and confined to articular cartilage. However, the 

Figure 2 | Model of loading-induced TGFβ signalling in articular cartilage. 
Compressive loading results in the short‑term release of active transforming growth 
factor‑β (TGFβ) from latent TGFβ stored in the matrix. Active TGF1 binds to chondrocyte 
TGFβ receptors. Non‑receptor‑bound TGFβ becomes quickly unavailable owing to matrix 
binding. Binding of active TGFβ to activin receptor‑like kinase 5 (ALK5) stimulates the 
expression of latent TGFβ1 and ALK5 while downregulating the expression of ALK1. 
Activation of this system blocks chondrocyte hypertrophy (Col10a1 expression).
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pathological changes observed in OA suggest that this 
situation changes when the OA process is initiated (FIG. 4). 
Unfortunately, most studies have only reported total syn‑
ovial fluid TGFβ levels, activated by 1N HCl, which makes 
it difficult to make a statement about active TGFβ levels  
in situ 57,58. However, Fava et al. measured TGFβ activity 
in the synovial fluid of patients with OA using a radio‑
receptor and a bioassay59. The mean level of active TGFβ 
was ~4 ng/ml, whereas in a patient with avascular necro‑
sis no TGFβ activity could be detected. Acid activation 
increased TGFβ activity in all synovial fluids tested.

Cells in the joint, such as macrophages and fibro‑
blasts, can produce and activate TGFβ60–62. Furthermore, 
in several organs it has been shown that inflammation 
results in increased levels of active TGFβ63,64. In mice 
with experimental knee OA, synovial cells abundantly 
expressed TGFβ and phosphorylated SMAD2, indicating 
both TGFβ production and increased TGFβ signalling65. 
Furthermore, given that articular cartilage contains a 
reservoir of TGFβ bound to the matrix, cartilage degra‑
dation is expected to release TGFβ. The high level of pro‑
tease activity in osteoarthritic joints further contributes  
to TGFβ activation66.

Interestingly, the SMAD2–SMAD3 and SMAD1–
SMAD5–SMAD8 pathways are differentially activated 
depending on the active TGFβ concentration present. In 
human fibroblasts, a relatively high TGFβ concentration 
(>5 ng/ml) preferentially stimulates SMAD1–SMAD5–
SMAD8 phosphorylation whereas low concentrations 
predominantly stimulate phosphorylated SMAD2–
SMAD3 signalling67. A similar pattern has been shown 
in other cell types such as endothelial cells9. This obser‑
vation indicates that in a normal joint with low concen‑
trations of active TGFβ, the SMAD2–SMAD3 pathway 
will preferentially be activated, whereas in a joint with 
high concentrations the SMAD1–SMAD5–SMAD8 
route will be favoured.

Interactions with key signalling pathways
In OA, not only is TGFβ signalling altered but also other 
signalling pathways are activated as a result of processes 
such as synovial inflammation. Furthermore, activation 
of other signalling pathways not only modulates TGFβ 
signalling, but TGFβ signalling modulates the signalling 
pathways of other ligands. For example, in chondrocytes 
from patients with OA, IL‑1β has been shown to down‑
regulate TGFβ type II receptor expression and inhibit 
TGFβ1‑induced gene expression and SMAD2–SMAD3 
phosphorylation68. Furthermore, in these cells, IL‑1 
upregulates SMAD7 expression (an intracellular TGFβ 
signalling inhibitor) via NF‑κB activation69. In this way 
inflammation affects chondrocyte TGFβ signalling.

As described above, the central mediators of intra‑
cellular TGFβ signalling are the SMAD proteins. The 
R‑SMADs consist of an MH1 and MH2 domain that 
are joined by a so‑called linker domain. This linker 
domain can be modified by phosphorylation of spe‑
cific serine and threonine residues, and these modifi‑
cations regulate intracellular transport and stability of 
the SMAD proteins70. Numerous kinases, activated by 
inflammatory cytokines and growth factors, can phos‑
phorylate the linker region, thus integrating the signals 
of these ligands with TGFβ signalling71–73. However, 
the role of SMAD‑linker modification in OA has been 
poorly investigated. One study has shown that Wnt sig‑
nalling modifies TGFβ‑induced SMAD signalling in 
mouse chondrocytes, skewing signalling towards the 
SMAD1–SMAD5–SMAD8 pathway74. Moreover, in 
rat chondrocytes ERK1/2 has been shown to activate 
the SMAD2–SMAD3 signalling pathway, resulting 
in TGFβ1‑induced TIMP‑3 upregulation; in human 
IL‑1‑stimulated OA cartilage, inhibition of p38 MAPK 
stimulated TGFβ‑induced TIMP1 expression51,75. In the 
nucleus, interaction of TGFβ signalling with other sig‑
nalling pathways takes place at the level of transcription 
factors and chromatin modifications, but these inter‑
actions have not been fully investigated in OA yet76–78. 
Undoubtedly TGFβ signalling is integrated with the sig‑
nalling of other pathways on all levels; however, its role 
in OA must be further elucidated.

Synovial fibrosis
TGFβ is a well‑known profibrotic protein and can even 
be considered the main driving factor in many fibrotic 
diseases79. Injection of active TGFβ into mouse knees 
(three doses of 200 ng TGFβ per knee) results in moder‑
ate synovial fibrosis, temporary influx of inflammatory 
cells, lasting synovitis and extensive osteophyte forma‑
tion. By contrast, overexpression of active TGFβ using 
an adenoviral vector leads to profound synovial fibrosis 
and moderate osteophyte formation80,81. These obser‑
vations suggest that high peak levels of TGFβ induce 
osteophyte formation whereas lower but lasting TGFβ 
levels primarily induce fibrosis; these differences might 
be related to differential receptor activation by different 
ligand concentrations.

Inhibition of TGFβ activity in experimental mouse 
OA using either SMAD7 or LAP substantially inhib‑
ited synovial fibrosis82,83. A study investigating the 

Figure 3 | Age-related changes in TGFβ signalling in articular cartilage. In young, 
healthy cartilage, transforming growth factor‑β (TGFβ) signals mainly via activin 
receptor‑like kinase 5 (ALK5), which stimulates SMAD2–SMAD3 phosphorylation; during 
ageing, a decrease in expression of ALK5, in combination with stable expression of ALK1 
(which mediates SMAD1–SMAD5–SMAD8 phosphorylation), shifts the balance to a 
higher ALK1:ALK5 ratio. This shift leads to induction of chondrocyte hypertrophy and 
results in articular cartilage that is prone to development of osteoarthritis (OA).
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expression of profibrotic genes in human OA synovium, 
human TGFβ‑stimulated fibroblasts and synovium 
of mice with experimental OA showed that five genes 
were upregulated in all three conditions (PLOD2, LOX, 
COL1A1, COL5A1 and TIMP1)84. Moreover, these five 
genes were also upregulated in vivo in mouse synovium 
after TGFβ injection. These genes seem to be central 
to TGFβ‑driven matrix deposition in the synovium of 
osteoarthritic joints. Furthermore, in animal models, 
elevated PLOD2 expression increases the number of 
collagen hydroxypyridinoline crosslinks, making the 
fibrotic tissue more resistant to proteolytic degradation85.

Myofibroblasts can be a source of proteases, and 
increased expression of MMP‑3, MMP‑13, ADAMTS‑4 
and ADAMTS‑5 has been found in fibrotic synovial 
tissue in mice with experimental OA86. Furthermore, it 
has been suggested that cartilage degradation in OA is 
attributable to high expression of TGFβ‑induced fibro‑
genic genes (including metalloproteinases) in chondro‑
cytes87. In this perception of events, TGFβ signalling, 
through ALK5 and SMAD2–SMAD3, drives the transi‑
tion of chondrocytes and chondroprogenitors to a fibro‑
genic phenotype, resulting in the destructive processes 
observed in OA88.

Osteophyte formation
Osteophytes — a typical characteristic of OA — are 
bony outgrowths at the joint margins of synovial joints. 
Osteophytes are thought to originate from progenitor 
cells (residing in the periosteum at the boundary of bone 

and cartilage) that undergo a process of chondrogene‑
sis and finally endochondral ossification89. Bolus injec‑
tion of TGFβ in naive mouse knee joints (three doses 
of 200 ng TGFβ per knee) induced osteophyte forma‑
tion similar to that observed in experimental OA90. A 
comparison of osteophyte formation induced by TGFβ 
to that induced by intra‑articular injection of BMP‑2 
showed that osteophytes induced by BMP‑2 were found 
primarily in the region where the growth plates meet the 
joint space, whereas those triggered by TGFβ originated 
from the periosteum at sites distant from the growth 
plates81. Moreover, chondrocyte‑specific, drug‑induced 
overexpression of BMP‑2 did not result in osteophyte 
formation in naive mouse knee joints but boosted exper‑
imental OA‑dependent osteophyte formation91. These 
data indicate that, at least in experimental OA, TGFβ 
and BMPs target different progenitor cell populations92. 
Moreover, TGFβ is the most likely trigger of osteophyte 
formation in (experimental) OA but BMPs can greatly 
enhance oestophyte development when chondrogenesis 
has been initiated and progenitor cells have entered the 
chondrogenic differentiation programme.

TGFβ is expressed in developing osteophytes, in both 
human and experimental OA65,93,94. In experimental 
OA, specific inhibition of TGFβ activity reduces osteo‑
phyte formation82,95. These studies indicate that TGFβ is 
essential in osteophyte formation in vivo in mouse OA 
models. To date, it is not clear what the crucial factors 
in human osteophyte formation are, although TGFβ is 
a very plausible candidate. Further supporting a role for 
TGFβ in osteophyte formation, at least in mice, is the 
observation that the periosteal niche involved in osteo‑
phyte formation harbours a unique mesenchymal pro‑
genitor population of SCX‑positive and SOX9‑positive 
progenitors cells and that TGFβ signalling in these cells is 
required for the development of bone eminences during 
development96,97.

Species‑specific differences are well known with 
respect to osteophyte formation. For instance, mice 
develop osteophytes not only during OA but also during 
inflammatory arthritis. This observation indicates that 
either the factors present in human and mouse joints 
with arthritis are dissimilar or that human mesenchy‑
mal stem cells react differently to these factors com‑
pared with mouse mesenchymal stem cells. The fact 
that human OA is characterized by osteophyte formation 
shows that adult human mesenchymal stem cells retain 
the ability to undergo chondrogenesis, and that differ‑
ences in the growth factor and cytokine milieu probably 
determines whether osteophytes are formed or not.

Subchondral bone changes
Subchondral bone shows pathological alterations in OA, 
such as sclerosis, cyst formation and accelerated remod‑
elling98,99; some investigators even believe that changes 
in subchondral bone precede or cause articular carti‑
lage changes100,101. Osteoblasts isolated from subchon‑
dral bone in OA have increased TGFβ expression, and 
increased activity of TGFβ is observed in subchon‑
dral bone in OA94,102. This enhanced TGFβ activity in 
subchondral bone is thought to increase the severity 

Figure 4 | Role of TGFβ in a normal and an osteoarthritic joint. In a healthy joint, 
loading‑induced transforming growth factor‑β (TGFβ) signalling is important in the 
maintenance of the differentiated chondrocyte phenotype. In an osteoarthritic joint, 
TGFβ levels are increased and TGFβ receptor expression on chondrocytes is altered. The 
high TGFβ concentrations stimulate osteophyte formation, synovial fibrosis and 
subchondral bone sclerosis and remodelling. In addition, the high TGFβ concentrations, 
in combination with the altered TGFβ receptor expression, push articular chondrocytes 
towards hypertrophy.
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of OA. Zhen et al. showed that inhibition of TGFβ 
activity in subchondral bone attenuated the degenera‑
tion of articular cartilage in experimental OA, and that 
knockout of the TGFβ type II receptor in nestin‑positive 
mesenchymal stem cells resulted in less‑severe OA in 
mice102. Furthermore, transgenic mice that overexpress 
TGFβ specifically in osteoblasts, and that have high lev‑
els of active TGFβ in bone marrow, develop mandibular 
condyle cartilage degradation103. In addition, systemic 
neutralization of excessive TGFβ prevented subchon‑
dral bone microarchitecture changes and OA progres‑
sion in experimental OA (cruciate ligament transection 
model in mice)104. In Dunkin‑Hartley guinea pigs, 
which develop OA spontaneously at a relatively young 
age, changes in subchondral bone occurred in parallel 
with increasing levels of active TGFβ, which implies 
that excessive bone formation is linked to TGFβ activ‑
ity47. These findings indicate that OA is characterized by 
enhanced subchondral bone TGFβ activity, resulting in 
excessive bone remodelling.

TGFβ as a therapy
In a healthy joint, extra TGFβ can help maintain preser‑
vation. However, this action will only be effective when 
TGFβ is targeted to the cartilage and when its active 
levels are relatively low. In cartilage, low levels of TGFβ 
help to maintain the differentiated chondrocyte phe‑
notype but this mechanism is only effective when the 
actual chondrocyte TGFβ receptor expression pattern 
supports inhibition of hypertrophy (via ALK5 and phos‑
phorylated SMAD2 –SMAD3). If this is not the case, or if 
the whole joint is exposed to relatively high TGFβ con‑
centrations, this will lead to synovial fibrosis, osteophyte 
formation and can even push articular chondrocytes on 
the track of hypertrophy.

Systemic inhibition of TGFβ could be an option 
to block pathology in osteoarthritic joints, especially 
in joints in which subchondral bone changes are the 
leading characteristic. However, systemic inhibition 
will also result in inhibition of TGFβ activity in healthy 

cartilage in non‑osteoarthritic joints (if the inhibitor 
is able to penetrate cartilage), and might lead to loss 
of the hypertrophy block in non‑osteoarthritic chon‑
drocytes (TABLE 1). Moreover, TGFβ has a role in inhi‑
bition of inflammation, and general blockade of TGFβ 
could result in a progressive inflammatory reaction, as 
observed in TGFβ1‑deficient mice105. Joint‑specific inhi‑
bition of TGFβ activity could be an alternative therapy to 
block OA pathology. However, in most joints with OA, 
cartilage damage starts as a focal process and inhibition 
of TGFβ might have a harmful effect on the still relatively 
normal cartilage.

Cartilage defects have been treated by TGFβ sup‑
plementation in in vivo experimental models. Injection 
of TGFβ‑overexpressing chondrocytes, fibroblasts and 
mesenchymal stem cells accelerated repair of carti‑
lage defects in rabbits; in sheep, genetic modification 
of blood clots with an adenoviral vector encoding 
TGFβ1 had a similar outcome106–109. Experimental OA 
has been treated by administration of extra TGFβ as 
well as by TGFβ inhibition. Overexpression of TGFβ1 
in the joints of rabbits with experimental OA by 
intra‑articular TGFβ1 transfection led to substantial 
reduction of cartilage matrix degradation110. By con‑
trast, systemic application of a TGFβ type I receptor 
kinase inhibitor in a mouse model of post‑traumatic 
OA attenuated cartilage damage102. The inhibitor used 
in this study was not ALK5‑specific, rendering inter‑
pretation of the findings more complicated, but the 
results were confirmed by application of an anti‑TGFβ 
antibody102. Furthermore, systemic treatment of mice 
with the TGFβ type II receptor inhibitor losartan or a 
TGFβ‑neutralizing antibody delayed the progression 
of articular cartilage degeneration in experimental 
post‑traumatic OA104,111.

In light of the different roles TGFβ can have in 
healthy or diseased joints, it is not surprising that mod‑
ulation of TGFβ activity can have disparate effects on 
OA severity and progression. Depending on the main 
target tissue, residual TGFβ activity and disease stage, 

Table 1 | Expected effects of TGFβ modulation in a young, old and osteoarthritic joint

Joint TGFβ supplementation TGFβ inhibition

To cartilage To whole joint Local Systemic

Young joint Prevents hypertrophy • Osteophyte formation
• Synovial fibrosis
• Subchondral sclerosis
• Prevents hypertrophy

Impairs chondrocyte 
phenotype

• Impairs chondrocyte 
phenotype

• Inhibits anti‑inflammatory 
function

Aged joint Stimulates hypertrophy • Osteophyte formation
• Synovial fibrosis
• Subchondral sclerosis
• Stimulates hypertrophy

Blocks hypertrophy • Blocks hypertrophy
• Inhibits anti‑inflammatory 

function

OA joint Stimulates hypertrophy • Osteophyte formation
• Synovial fibrosis
• Subchondral sclerosis
• Stimulates
• Hypertrophy

Blocks hypertrophy • Blocks subchondral sclerosis
• Blocks osteophyte formation
• Blocks synovial fibrosis
• Blocks hypertrophy
• Inhibits anti‑inflammatory 

function

This table shows that the effect of TGFβ modulation depends on the state of the joint (young or old, healthy or diseased) and the specific target tissue.  
The differential effects mean TGFβ modulation is not a simple therapeutic option, and modulation of OA in experimental models can have variable results 
depending on the type and course of the model and the approach of TGFβ modulation. OA, osteoarthritis; TGFβ, transforming growth factor‑β.
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altering TGFβ activity will have variable effects on dis‑
ease outcome. To be able to target TGFβ‑dependent 
pathways more predictably, it is of utmost importance 
to elucidate in detail the different intracellular signal‑
ling pathways and to discriminate the deleterious and 
protective effects of TGFβ on joint tissues and the body 
as a whole. Only when this information is available can 
TGFβ‑based OA therapy be developed as an effective 
and safe treatment.

Conclusions
TGFβ is a peptide with many different and varied actions. 
This peptide is thought to provide a selective advantage 
during evolution, but it can also function as a factor that 
drives pathology. For example, during oncogenesis112, 
TGFβ changes from a factor that inhibits tumour growth 
to a factor that promotes tumour progression. A similar 

pattern can be seen in OA, as TGFβ alters from a protec‑
tive, homeostasis‑maintaining factor in a healthy young 
joint to a pathogenic factor in an (old) osteoarthritic joint. 
In a young, healthy joint TGFβ dampens inflammation 
and maintains the differentiated chondrocyte phenotype, 
whereas in an osteoarthritic joint it seems to add to loss of 
the differentiated chondrocyte phenotype and accelerates 
cartilage damage, and induces synovial fibrosis and oste‑
ophyte formation. Furthermore, data suggest that TGFβ 
might even contribute to joint pain by inducing β‑nerve 
growth factor (β‑NGF) expression, although TGFβ itself 
has also been shown to be able to act as a suppressor of 
pain113–116. This shifting role of TGFβ has the consequence 
that targeting TGFβ as a therapy for OA is not a simple 
option; blocking TGFβ or TGFβ supplementation could 
have either deleterious or positive effects depending on 
the target tissue and disease state.
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ILCs do not express T cell receptors but share many 
functional similarities with T helper cells and cytotoxic 
CD8+ T lymphocytes. Although T cells outnumber 
ILCs and produce many of the same cytokines, ILCs are 
strategically positioned at barrier surfaces and respond 
rapidly to environmental changes by local proliferation. 
They are important in the initiation of the immune 
response before adaptive immune cells are recruited1,2. 
Notably, several studies have also reported on the inter-
play between ILCs and T cells. Cytokines produced by 
ILCs and direct ILC–T cell interactions regulate CD4+ 
T cell responses in allergic diseases3–7 and in inflamma-
tory bowel disease (IBD)8, as discussed below. However, 
very little is known about the relevance of the crosstalk 
between T cells and ILCs in autoimmunity.

ILCs are known to be important in the innate 
response against pathogenic microorganisms, contain-
ment of commensals, tissue homeostasis and regulation 
of metabolism1. However, ILCs might also have detri-
mental effects when dysregulated, leading to chronic 
inflammation and autoimmune diseases such as spondy-
loarthritis (SpA), psoriasis and IBD9–12 (FIG. 1). Given that 
key cytokine pathways contribute to various rheumatic 
diseases and that ILCs are potent cytokine producers, 
it raises the question of what role these cellular players 

have in the pathophysiology of these diseases. Here 
we review the importance of ILCs by focusing on their 
role in the context of the functional immune response 
to infectious agents and on their role in the pathogenesis 
of rheumatic and other autoimmune diseases.

ILCs are divided into three groups based on their 
dependence on transcription factors for development 
and function, and on the cytokines they produce. 
Furthermore, they can also be divided into non- cytotoxic 
cytokine-producing ILCs and cytotoxic natural killer 
(NK) cells. This Review addresses the role of non- 
cytotoxic helper ILCs in autoimmune diseases and the 
mechanisms by which ILCs can induce breakdown 
of tolerance. Understanding the role of these cells in 
immuno regulatory mechanisms might offer new treat-
ment strategies targeting autoimmune diseases. For 
a review on cytotoxic ILC (NK cell) biology and their 
role in autoimmune diseases we would like to direct the 
reader to a review by Popko and Górska.13

ILC subsets
The family of ILCs consists of three groups: group 1 
ILCs (which includes NK cells and ILC1s); group 2 ILCs 
(ILC2s); and group 3 ILCs (which consists of lymphoid 
tissue inducer (LTi) cells and two subsets of ILC3, natural 
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Abstract | Innate lymphoid cells (ILCs) are important in the regulation of barrier homeostasis. 
These cells do not express T cell receptors but share many functional similarities with T helper 
cells and cytotoxic CD8+ T lymphocytes. ILCs are divided into three groups, namely group 1 
ILCs, group 2 ILCs and group 3 ILCs, based on the transcription factors they depend on for their 
development and function, and the cytokines they produce. Emerging data indicate that ILCs 
not only have protective functions but can also have detrimental effects when dysregulated, 
leading to chronic inflammation and autoimmune diseases, including asthma, inflammatory 
bowel disease, graft-versus-host disease, psoriasis, rheumatoid arthritis and atopic dermatitis. 
Elucidation of the cytokine pathways involved in various autoimmune diseases — and the 
identification of ILCs as potent producers of these cytokines — points towards a potential role 
for these cellular players in the pathophysiology of these diseases. In this Review we discuss 
the current knowledge of the role of ILCs in the pathogenesis of rheumatic and other 
autoimmune diseases.
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cytotoxicity receptor (NCR)-positive and NCR-negative 
ILC3s) (FIG. 1). All ILCs share a lymphoid morphology  
and depend on both the transcriptional suppressor ID2 and  
the common gamma chain of the IL-2 receptor for their 
development. Whereas NK cells and ILC1s depend on 
IL-15 for their survival and development, ILC2s and 
ILC3s depend on IL-7 (REFS 14–16).

Group 1 ILCs
Group 1 ILCs includes conventional natural killer (cNK) 
cells, CD127+ ILC1s and CD103+ ILC1s (intraepithelial 
ILC1 (ieILC1)) subsets. cNK cells and ILC1 subsets 
are developmentally different, depending on the tran-
scription factors Eomes or T-bet for their function1,16,17. 
However, NK cells and ILC1s share many pheneno-
typical and fuctional similarities, making their distinc-
tion very difficult. cNK cells and ieILC1s produce IFNγ 
in response to IL-12, IL-15 and IL-18. Their cytotoxic 
activity is mediated by perforin and granzyme B18. Non-
cytotoxic CD127+ ILC1s produce IFNγ in response to 
the inflammatory cytokines IL-12 and IL-18 and have 
been shown to be important in the immune response 
against intracellular pathogens. For instance, in mice 
they protect against the protozoan parasite Toxoplasma 
gondii15 by assisting in myeloid cell recruitment to 
control infection. In addition, mouse ILC1s confer 
resistance to Salmonella enterica through the secretion 
of IFNγ, which is necessary for the release of mucus- 
forming glycoproteins to protect the epithelial barrier 
during this infection19.

Group 2 ILCs
Group 2 ILCs require GATA-binding factor 3 (GATA3) 
and secrete type 2 T helper cell (TH2)-associated cytokines 
IL-4, IL-5 and IL-13 and the epidermal-growth-factor- 
like molecule amphiregulin1,16,17. Like TH2 cells, ILC2s are 
involved in the immune response against extracellular 
microorganisms20. ILC2s are activated by cytokines and 
lipid mediators derived from epithelial cells and tissue- 
resident immune cells, such as the alarmins IL-25, IL-33 
and thymic stromal lymphopoietin, and the lipid medi-
ators leukotriene D4 and prostaglandin D2. The type 2 
cytokines secreted by ILC2s induce activation of eosino-
phils, mast cells and macrophages, mucus production by 
goblet cells and muscle contractibility17. ILC2s have a vital 
role in protection against infectious agents such as gut 

helminths (for example, Nippostrongylus brasiliensis21,22) 
and influenza A virus23. ILC2s are also relevant in aller-
gic airway inflammation, skin inflammation24–26, tissue 
repair through the secretion of amphiregulin27 and the 
regulation of lipid metabolism28. Evidence in mice sug-
gests that two distinct ILC2 subsets exist, namely home-
ostatic ST2+ ILC2s (which respond mainly to IL-33) 
and inflammatory IL-25-responsive IL-7RB+KLRG1+ 
ILC2s29; however, the human counterparts of these 
subsets have not yet been described.

Group 3 ILCs
Group 3 ILCs include LTi cells and ILC3s. LTi cells 
and ILC3s are related in terms of their dependence on 
both RAR-related orphan receptor gamma (RORγt) 
and IL-7 for development and function, although some 
studies using promyelocytic leukaemia zinc finger 
protein fate-mapping mice indicate different develop-
mental pathways30,31. Unlike LTi-cell- specific genes, 
mouse NKp46+ ILC3-specific genes are positively reg-
ulated by GATA3 (REFS 32,33). In response to IL-23 and 
IL-1β, ILC3s produce IL-22, IL-17 and granulocyte- 
macrophage colony-stimulating factor (GM-CSF)1,16,17, 
which are implicated in tissue homeostasis, repair and 
inflammation20. In the gut, ILC3-derived IL-22 is cru-
cial for innate responses against bacterial pathogens 
such as Citrobacter rodentium and, in a similar manner, 
IL-17 is important in antifungal responses, such as those 
against Candida albicans in the oral mucosa34. However, 
ILC3s have also been implicated in the development of 
cancer, such as in the gut where a dysregulated anti-
microbial response can ultimately lead to tumorigen-
esis35. Furthermore, IL-22-production by ILC3s might 
be a double-edged sword as IL-22 not only limits 
tumour growth by promoting epithelial repair, but also 
induces inflammation and proliferation36. LTi cells are 
essential for the development of secondary lymphoid 
organs during embryogenesis. However, they might 
also be involved in the formation of lymphoid struc-
tures after birth, through activation of stromal cells via 
lymphotoxin and TNF production, and the subsequent 
recruitment of lymphocytes to the developing lymphoid 
tissues37–39.

Identifying ILCs
ILCs are usually identified by the absence of markers 
specific for T cells, B cells and other haematopoietic 
cells (referred to as lineage markers). However, research 
groups use different sets of monoclonal antibodies to 
exclude these other lineages, introducing variability 
among studies. Unambiguously discriminating NK 
cells and ILC1s is also problematic as they share many 
cell-surface markers. In general they can be distin-
guished by CD127, which is expressed on ILC1s and not 
on mature NK cells40; however, a CD127− ILC1 subset 
has been reported18. ILC2 and ILC3 subsets can be dis-
tinguished on the basis of their expression of either the  
prostaglandin D2 receptor CRTH2 (for ILC2s) or  
the natural cytotoxicity receptor NKp44 (for ILC3s) in 
humans, and the expression of either the IL-33 recep-
tor ST2 (for ILC2s) or NKp46 (for ILC3s) in mice.  

Key points

• Innate lymphoid cells (ILCs) are important for the orchestration of immune responses 
against pathogens and the maintenance of tissue homeostasis, processes mediated 
mainly by cytokine crosstalk between ILCs and various cell types

• ILCs play a role in the initiation and exacerbation of autoimmune responses through 
the amplification of the IL-23–IL-17 cytokine axis

• ILC3s are emerging as plausible therapeutic targets in rheumatic disease as they are 
present in autoimmune inflamed tissue and ILC3-derived cytokines enhance disease- 
inflammatory processes

• Despite improved understanding of the role of ILCs in chronic inflammation, the 
mechanisms by which ILC might influence rheumatic disease processes remain poorly 
characterized
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Group 1 ILC Group 2 ILC Group 3 ILC

All human ILCs express CD161, which is co-expressed 
with c-Kit (the receptor for stem cell factor) in both 
ILC2s and ILC3s2. In mice, the chemokine receptors 
CCR6 and CD4 are selectively expressed on cells with 
LTi activity41–44. However, in humans almost all ILC3s 
express CCR6 (REFS 38,45)  although fetal LTi cells lack 
CD4 expression38. Recently, NRP1 was shown to be selec-
tively expressed on mouse intestinal CD4+ LTi cells46. 
Our group have also confirmed that NRP1 is expressed 
on mouse fetal CD4+ LTi cells, and is also expressed on 
a subset of human ILC3s present in both fetal and adult 
lymphoid tissues and exhibiting in vitro LTi activity  
(M. M. Shikhagaie, unpublished work). Hence, NRP1 
will facilitate the delineation between different group 3 
ILC subsets in humans. For a detailed review on ILC 
phenotypes we would like to direct the reader to a 2016 
review by Mjösberg and Spits2.

Although ILCs have been grouped into various enti-
ties, functional plasticity is exhibited between ILC sub-
sets, depending on their inflammatory milieu. Similar 
to what is now known for CD4+ T cells47, during devel-
opment ILCs are thought to undergo subset polariza-
tion but not terminal differentiation. In this manner a 
flexible ILC repertoire is present and these cells can be 
repolarized towards an alternative fate in response to 
environmental cues47. To date, ILC plasticity has mainly 
been described as a cytokine-driven process, which has 
not yet been completely elucidated. ILC2s and ILC3s 
can transdifferentiate into T-bet+ IFNγ secreting ILC1s 
when activated in the presence of IL-12, losing GATA3 

or RORγt expression, respectively15,48,49. This process 
can also be reversed, with ILC1s shifting back to either 
ILC3s in response to IL-23, IL-1β and retinoic acid12,50–52  
(FIG. 2) or ILC2s in response to IL-4 (REFS 50–52). In 
this way, ILC subsets can rapidly cope with a variety of 
pathogenic microorganisms without having to recruit 
new subsets53. Increased transdifferentiation of ILC3s 
into IFNγ-producing ILC1s has been observed in the 
inflamed intestinal tissue of patients with Crohn dis-
ease12, and ILC2 plasticity has been observed in the 
lungs of patients with chronic obstructive pulmonary 
disease. To date no human ILC counterpart of the reg-
ulatory T cell has been described, although one report 
has demonstrated IL-10-producing ILCs within mice54. 
Whether these cells are also present in humans or can 
be induced upon specific stimulatory signals from other 
ILC subtypes remains to be studied.

This functional plasticity can potentially be delete-
rious and contribute to immune pathology, as observed 
in Crohn disease and chronic obstructive pulmonary 
disease. However, many important questions regard-
ing how ILCs transdifferentiate and acquire different 
functions remain to be addressed. By understanding 
the factors underlying ILC plasticity, new therapeu-
tic approaches might be developed that exploit this 
property.

The role of ILCs in rheumatic diseases
As the ILC field is still relatively new and evolving, 
researchers have used different markers to identify 
ILCs, and in earlier studies some cells that were previ-
ously thought to be NK cells would now be classified as 
non-cytotoxic ILCs. Here we refer to these cells as ILC 
or ILC-like cells; ILCs described before the ILC nomen-
clature was proposed in 2013 (REF. 55) and in studies that 
did not use stringent ILC phenotyping are referred to 
as ILC-like cells. The complete phenotype of these cells 
in both experimental models and human diseases is  
summarized in TABLE 1.

Rheumatoid arthritis
The chronic autoimmune disease rheumatoid arthritis 
(RA) is characterized by infiltration of leukocytes (such 
as macrophages, lymphocytes and dendritic cells) into 
synovial tissue, proliferation of synoviocytes, and degra-
dation of bone and cartilage. Such histological changes 
are presumed to be mediated by interactions between 
resident mesenchymal cells, cartilage and bone, and the 
infiltrating leukocytes56.

Both TNF and IL-6 are implicated in clinical disease, 
and studies using animal models of RA also suggest roles 
for IL-17 and IL-1β57–61. However, before the proposed 
ILC nomenclature55, few studies suggested a role for 
ILC-like cells and ILC-derived cytokines in RA. ILC1s, 
ILC2s and ILC3s have all been identified in the periph-
eral blood of healthy individuals, with the ILC3s being 
NKp44 negative11. However, one study demonstrated that 
CD3−CD56+NKp44+CCR6+ cells were increased in the 
peripheral blood and synovial fluid of patients with RA 
in comparison with age-matched healthy controls, 62. As 
CD56 was previously regarded as a marker of NK cells, 

Figure 1 | Role of innate lymphoid cells (ILCs) in steady state, non-autoimmune and 
autoimmune chronic inflammatory diseases. ILCs can exhibit multiple antimicrobial 
effector functions at barrier surfaces, protecting against infectious agents including 
helminths, viruses, intracellular parasite and protozoa, extracellular bacteria and fungi. 
ILCs are divided into three groups; functional plasticity is exhibited between these ILC 
subsets, depending on the inflammatory milieu. ILCs are dysregulated in a variety of 
non-autoimmune and autoimmune chronic inflammatory diseases that affect barrier 
functions, suggesting that they contribute to pathology. ANCA, antineutrophil 
cytoplasmic autoantibody.
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these cells were referred to as NK-22 cells; however, 
CD56 is also expressed on a subset of ILC3s. When 
stimulated in culture these ILC3-like cells secreted 
both TNF and IL-22, which together induced prolifer-
ation of RA fibroblast-like synoviocytes62. In addition, 
the frequency of ILC3-like cells in the synovial fluid 
in these patients positively correlated with 28-joint 
disease activity score (DAS28)62, implicating ILC3s 
in the disease process. This accumulation of syno-
vial fluid ILC3-like cells in RA has also been reported 
elsewhere63.

ILC1-like cells have also been identified within 
the synovial fluid and synovial tissue of patients with 
inflammatory arthritis; this cohort of patients consisted 
mainly of patients with RA but also included patients 
with juvenile idiopathic arthritis and psoriatic arthritis 
(PsA)64. These cells responded to combined stimula-
tion with IL-2, IL-12 and IL-15 by producing IFNγ64. 
In another study, ILC1-like cells were highly respon-
sive to stimulation with IL-12 and IL-18 and produced 
more IFNγ than their peripheral blood counterparts65. 
The stimulated cells elicited TNF production from 

Figure 2 | Human innate lymphoid cell (ILC) subsets. ILCs are divided 
into three groups based on their dependence on transcription factors for 
development, function and the cytokines they produce. Group 1 ILCs 
depend on the transcription factors T-bet and/or Eomes for their function, 
and include conventional natural killer (cNK) cell, CD127+ ILC1 and 
CD103+ ILC1 (intraepithelial ILC1 (ieILC1)) subsets. cNK cells and ieILC1s 
produce IFNγ in response to IL-12, IL-15 and IL-18. Their cytotoxic activity 
is mediated by perforin and granzyme B. Non-cytotoxic CD127+ ILC1 
produce IFNγ in response to IL-12 and IL-18. Group 2 ILCs (ILC2s) require 
GATA-binding factor 3 (GATA3) and are endowed with the ability to 
secrete the type 2 T helper (TH2) cell-associated cytokines IL-4, IL-5, IL-9, 
IL-13 and amphiregulin (Areg). ILC2s secrete TH2 cell-associated cytokines 
in response to alarmins (IL-25, IL-33, thymic stromal lymphopoietin (TSLP)) 
and lipid mediators (leukotriene D4 (LTD4), prostaglandin D2 (PGD2)) 
derived from epithelial cells and tissue-resident immune cells. Group 3 
ILCs depend on the transcription factor RAR-related orphan receptor γ 
(RORγt) and include ILC3s and lymphoid tissue inducer (LTi) cells. ILC3s 

can be further divided into those that are positive and negative for NKp44 
(or NKp46 in mice). ILC3s and LTi cells are related in terms of IL-7Rα 
(CD127) subunit and c-kit (CD117) expression, cytokine production and 
dependence on RORγt. IL-7Rα is expressed on ILC1, ILC2 and ILC3 
subsets, but not on mature NK cells. Human ILC2s have a heterogeneous 
pattern of CD117 expression whereas all ILC3s are CD117-positive. ILC2s 
and ILC3s can be distinguished on the basis of expression of the PDG2 
receptor CRTH2 (for ILC2s) and NKp44 (for ILC3s) in humans, or expression 
of the IL-33 receptor ST2 (for ILC2s) and NKp46 (for ILC3s) in mice. ILCs 
exhibit functional plasticity; for instance, ILC2s and ILC3s can differentiate 
into ILC1s under the influence of IL-12. IL-1β, IL-23 and retinoic acid drive 
the transdifferentiation of ILC1s into ILC3s, and similarly IL-1β and IL-4 
regulate ILC2 plasticity. Selective markers to further distinguish between 
different stages of ILC plasticity are currently lacking. Transdifferentiation 
between group 2 and group 3 ILCs is also currently unknown (as indicated 
by “?”). AHR, aryl hydrocarbon receptor; GM-CSF,  granulocyte- 
macrophage colony-stimulating factor. 
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co-cultured CD14+ monocytes, which in turn enhanced 
IFNγ production by the ILC1-like cells65. Although the 
CD3−CD16−CD56bright cells described in these studies 
could be NK cells, they could also be non-cytotoxic 
ILC1s66. Indeed, a more recent study indicates that 
ILC1s predominate in synovial fluid from patients 
with RA67.

Spondyloarthritis
SpA is a family of arthritis-associated inflammatory 
diseases with diverse phenotypic manifestations includ-
ing spondylitis, arthritis, enthesitis and extra-articular 
manifestations. SpA has a strong genetic association 
with HLA-B27 and is often characterized by both 
bone destruction and new bone formation. SpA can be 

Table 1 | ILCs in autoimmune diseases

Cell phenotype ILC subset(s)* Observation in disease Location studied Refs

Rheumatoid arthritis

CD3−CD56+NKp44+CCR6+ ILC3-like Increased frequency of ILC3s producing 
IL-22 and TNF

Peripheral blood, synovial 
fluid

62

CD3−CD56−CD127+CD117+RORc+ ILC3-like, LTi-like Increased frequency of ILC3s Synovial fluid 63

Lineage−CD45+CD127+CD117−NKp44−

CRTH2−
ILC1 Accumulation of ILC1s compared with 

control subjects
Synovial fluid 76

Inflammatory arthritis

CD3−CD16−CD56bright ILC-like, NK IFNγ producing Synovial fluid 65

Ankylosing spondylitis

Lyn−CD45+RORc−Tbet+NKp44+ ILC3-like, NK-like IL-22 producing Peripheral blood, bone 
marrow, synovial fluid, gut

9,10

CD3−Thy1+CD117+ LTi-like IL-22 producing Peripheral blood, bone 
marrow, synovial fluid, gut

9,10

Psoriatic arthritis

LineageCD127+CD117+CCR6+NKp44+ ILC3 Increased frequency of ILC3s Synovial fluid 67

Systemic sclerosis

Lineage−CD127+CD117+NKp44+ ILC3, ILC1-like Altered frequencies of ILC3s and ILC1s 
compared to control subjects

Peripheral blood 45

Lineage−CD127+CD4+/− ILC3, ILC1-like Altered frequencies frequencies of ILC3s 
and ILC1s compared to control subjects

Peripheral blood 45

Lineage−ST2+IL-17RB+KLRG1+ ILC2-like Increased ILC2, linked to fibrosis Peripheral blood, skin 82

Systemic lupus erythematosus

CD3−CD16−CD56bright ILC1-like, NK Increased frequency of NK cells Peripheral blood 83

Experimental autoimmune encephalomyelitis

Lineage−CD45+CD127+ RORγt+ ILC3-like‡, LTi-like^ Increased frequency of ILC3-like and 
LTi-like cells

Meninges 107

Primary Sjögren syndrome

CD3−CD56+NKp44+ ILC3-like, NK IL-22 producing Salivary glands 95

Inflammatory bowel disease

Lineage−CD127− CD56+CD103+NKp44+ ILC1-like, ieILC1, ieNK IFNγ producing Gut 119

Lineage−CD45+CD127+CD117− ILC1 IFNγ producing Gut 12,49

CD127+CD56− ILC3 ILC3 IL-17 producing, IL-23 responsive Gut 77

Colitis model

Lineage−CD127+CD117+ST2L− ILC3‡ IL-13 producing Gut 8,97

CD127+NKp46−Thy1+IL23R+RORγt+ ILC3‡ IL-17A and IFNγ producing Gut 98

Psoriasis

Lineage−CD127+CD117+CRTH2−NKp44+ ILC3 IL-22 producing Peripheral blood, skin 11,103

ANCA-associated vasculitis

Lineage−CD127+CD117+/−CRTH2+/− All ILC subsets Increased ILC1, decreased ILC2 and ILC3 Peripheral blood 84

*According to proposed ILC nomenclature 2013 (55). ‡Mouse model. ANCA, anti-neutrophil cytoplasmic antibody; ieILC1, intraepithelial ILC1; ieNK cell, 
intraepithelial natural killer cell; ILC, innate lymphoid cell; LTi cell, lymphoid tissue inducer cell; NK cell, natural killer cell. 
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subdivided into axial or peripheral disease according to 
whether there is involvement of the spine or occurrences 
outside the spine, respectively. Ankylosing spondylitis 
(AS) is the most common member of the SpA family 
and falls into the category of axial disease. Extra-articular 
manifestations of SpA include enteropathic arthritis, 
which is associated with IBD, and PsA, which is associated  
with psoriasis68.

Clinical trials of the anti-IL-17 antibody secuki-
numab in AS69,70 and PsA71,72 demonstrate the une-
quivocal involvement of the IL-23–IL-17 cytokine axis 
in the pathogenesis of SpA. γδ T cells, mast cells and 
neutrophils have been demonstrated to be the main 
source of IL-17 in patients with SpA73–75. However, the 
role of IL-17-producing ILCs in SpA remains to be elu-
cidated. Immunophenotyping of ILC subsets suggests 
that ILC1s and NKp44− ILC3s are the most promi-
nent subset of ILCs in the joints of patients with SpA76. 
Compared with RA, patients with PsA show increased 
numbers of IL-17-producing NKp44+ ILC3s within 
the synovial fluid. These ILC3s appear similar to the 
IL-17-producing ILCs that have been found in inflamed 
tissues of patients with Crohn disease, expressing both 
CCR6 and melanoma cell adhesion molecule (MCAM), 
but not CD56 (REF. 77). Increased levels of CCL20 have 
also been observed within the synovial fluid of patients 
with PsA, indicating that the chemokine CCR6 and its 
ligand CCL20 mediate ILC3 homing to the synovial tis-
sue67. Surprisingly, the percentage of NKp44+ ILC3s in 
the peripheral blood inversely correlated with disease 
activity score67.

NKp44+ ILC3-like cells are also increased in the 
inflamed ileum of patients with AS with enteropathic 
manifestations (compared with healthy controls and 
patients with Crohn disease). However, these lamina 
propria NKp44+ cells were a major source of IL-22 but 
not IL-17 (REF. 9). In a follow-up study, the same group 
reported an expansion of IL-17-producing NKp44+ 
ILC3s in the gut of patients with AS associated with 
IBD10. These IL-17-producing ILC3s were T-bet+ and 
RORC−, a phenotype more closely associated with 
ILC1s, and unlike IL-22-producing ILC3s did not 
express CD56 (REF. 78). This observation might be due 
to the plasticity of ILC3s, upregulating T-bet expression 
following a precise transdifferentiation program14,79. 
NKp44+ ILC3s have also been found in the peripheral 
blood, bone marrow and synovial fluid of patients with 
AS, but these cells produce IL-22 and not IL-17 (REF. 10). 
ILC3-like cells from these patients showed higher 
expression of the gut-homing integrin α4β7 (which has 
been demonstrated to regulate intestinal T-cell homing), 
compared with healthy controls10. Furthermore, the 
expression of α4β7 ligand mucosal vascular addressin 
cell adhesion molecule 1 (MAdCAM1) was upregulated 
within the gut and bone marrow of patients with AS10. 
Aggregates of LTi-like cells were present in the bottom 
of intestinal crypts in the gut of patients with AS but 
not in healthy controls10. Immunohistochemical stain-
ing showed that IL-7 was markedly upregulated at the 
bottom of intestinal crypts, and co-culture of ILC3 cells 
with epithelial cells from patients with AS resulted in 

the expansion of IL-17-producing and IL-22-producing 
NKp44+ ILC3s10. Thus, ILC3s seem to be amplified in the 
inflamed tissues of patients with AS, but the nature of  
the IL-17-producing ILCs remains unclear; these could 
be ILC3s or cells that originate from another, plastic ILC 
subset that changed its phenotype under the influence of 
the cytokine milieu in the inflamed tissues.

Systemic autoimmune diseases
Systemic sclerosis (SSc) is a multisystem autoimmune 
disease affecting the skin, gastrointestinal tract and other 
internal organs. SSc is characterized by a dysregulated 
immune system and increased fibroblast activity result-
ing in vascular damage and fibrosis80,81. Alterations in 
the frequencies of NKp44+ ILC3s and ILC1s have been 
observed in the peripheral blood of individuals with 
SSc45. Interestingly, these ILC1s expressed CD4, repre-
senting a possible new subtype of ILC1s, whereas CD4− 
ILC1 frequencies remained unchanged. Notably, some 
CD4+ ILC1s expressed intracellular CD3, and a propor-
tion of cells upregulated both surface T-cell receptor and 
surface CD3 expression following expansion in vitro, 
indicating that a proportion of these cells could be T cells 
with a downregulated T-cell receptor. Accumulation of 
ILC2 has also been demonstrated in both the skin and 
peripheral blood of patients with SSc compared with 
healthy controls, and numbers of these cells correlate 
with the extent of skin fibrosis82.

Systemic lupus erythematosus (SLE) is a chronic 
inflammatory disease that can affect multiple organs, 
and patients can present with heterogeneous clinical 
features. Although antinuclear antibodies (ANA) are 
a prominent feature, no single laboratory diagnostic is 
pathognomonic for this disease. Increased proportions 
of ILC1-like cells (CD56bright) have been reported in the 
peripheral blood of patients with SLE compared with 
healthy controls83. Referred to at the time as ‘NK cells’, 
these CD56bright cells from patients with SLE produced 
more IFNγ than those cells from healthy controls. 
Interestingly, type I interferons, known to be abundant 
and pathogenic in SLE, increased the numbers of these 
CD56bright cells in vitro83. Notably, this study did not look 
at other NK cell markers and therefore it is unknown 
whether the CD56bright cells included CD56+ ILCs.

Antineutrophil cytoplasmic autoantibody (ANCA)-
associated vasculitis (AAV) is a necrotizing small-vessel 
autoimmune vasculitis that mainly affects the airways, 
skin and kidneys. A study has demonstrated that in AAV 
the number of ILC1s is increased at the cost of ILC2s 
and ILC3s during acute phases and returns to normal 
during remission84.

Tertiary lymphoid organs
Tertiary lymphoid organs (TLOs), also known as ectopic 
lymphoid-like structures, are transient aggregates of 
lymphoid cells that exhibit similar structural proper-
ties as secondary lymphoid organs. Such structures are 
typically found in locations of chronic immune stimu-
lation that can arise from microbial infection, chronic 
allograft rejection or autoimmune disease58,85,86. TLO 
formations can be detected in tissues from patients with 
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chronic autoimmune pathologies, for example in the 
joints in RA, SpA or osteoarthritis, the central nervous 
system (CNS) in multiple sclerosis, the salivary glands in  
Sjögren syndrome or Graves disease, and the kidneys 
in SLE87–89. The formation of TLOs is driven by com-
munication between local stromal cells, tissue-specific 
resident mononuclear cells and infiltrating immune 
cells88,90–92. LTi cells, producing cytokines such as TNF, 
lymphotoxin-α, and lymphotoxin-β93, are among the 
immune cells proposed to be responsible for position-
ing TLOs within inflamed tissue, but the mechanism 
has yet to be elucidated. IL-22, produced by ILC3, has 
been linked to TLO formation. Using a virus-induced 
model of autoantibody formation in the salivary glands 
of adult mice, IL-22 was found to provide a mechanistic 
link between mucosal infection, B-cell recruitment and 
humoral autoimmunity94. Whereas γδ T cells produce 
the majority of IL-22 in mouse salivary glands during 
the early phase of the immune response to infection, 
ILCs also contributed in this phase94. Furthermore, 
IL-22-producing NKp44+ cells, with an ILC3-like phe-
notype, have been detected in patients with Sjögren 
syndrome95.

Lessons from other autoimmune diseases
Chronic IBD
The association of SpA with IBD and psoriasis indicates 
that the study of the molecular pathways and cellular 
players of the latter two diseases could lead to impor-
tant insights into SpA and other rheumatic diseases. 
IBD comprises two types of chronic remitting intesti-
nal inflammation: Crohn disease and ulcerative colitis. 
Environmental triggers, host genetic susceptibility and 
the microbiota are all believed to disturb the intestinal 
homeostasis of patients with IBD. Inflammatory CD4+ 
T-cell responses against commensal bacteria underlie 
the pathogenesis of IBD96.

Intestinal ILC3s have been demonstrated to express 
MHC class II (MHC II), and genetic deletion of MHC II in 
these cells results in spontaneous CD4+ T- cell-dependent 
intestinal inflammation8,97. These MHC II+ ILC3s had 
low or absent surface expression of co-stimulatory mol-
ecules CD80 and CD86, and microbial-derived antigens 
presented by these MHC II+ ILC3s activated T cells but 
failed to induce T-cell proliferation97, suggesting that 
MHC II+ ILC3s suppress microbial antigen- specific 
T cells. Consistent with this notion, in a follow up study, 
MHC II expression on colonic ILC3s was shown to limit 
commensal bacteria-specific CD4+ T cells and induce 
tolerance8. Furthermore, ILC3s from paediatric patients 
with Crohn disease have reduced MHC II expression 
compared with these cells from non-IBD controls. 
This reduced MHC II expression was associated with 
an increased frequency of type 17 T helper cells (TH17) 
cells in the intestine8, suggesting that reduction of class II 
MHC on ILC3s promotes inflammation.

A dysregulated ILC response and changes in 
ILC composition are suggested to contribute to the 
development of intestinal inflammation through 
increased IL-23-dependent IL-17A and IFNγ produc-
tion and reduced IL-22 production98. For example, 

in Rag−/− mice both IL-17A and IFNγ are crucial for 
inducing Helicobacter hepaticus infection-mediated 
colitis98. In humans, CD127+CD56− ILC3s have been 
demonstrated to produce IL-17, whereas CD56+ ILC3s 
produce IL-22 and IL-26 in response to IL-23 stimu-
lation77. However, although CD56− ILC3s were found 
to selectively accumulate in the inflamed intestine of 
patients with Crohn disease77, another study demon-
strated accumulation of IFNγ-producing ILC1s and 
reduction of IL-22-producing NKp44+ ILC3s in this 
context12,49. These ILC1s might be involved in the dis-
ease process because in experimental mouse models 
of colitis, IFNγ-producing, gut-epithelium-residing 
CD127− ILC1s and ILC3s drove inflammation18,98. The 
expansion of ILC1s at the cost of IL-22-producing ILC3s 
might be explained by the plasticity between these ILC 
subsets12. ILC3s were demonstrated to transdifferenti-
ate into ILC1s under the influence of the inflammatory 
cytokines produced by CD14+ dendritic cells, IL-12 and 
IL-18. This finding could explain the correlation seen 
between CD14+ dendritic cell and ILC1 numbers, both 
of which are increased in the context of Crohn disease 
within the inflamed tissues12.

ILC2s are present in the intestine of adult mice, and 
IL-13 (derived in part from IL-25-activated ILC2s) 
mediates colitis in an oxazolone-induced mouse model 
of colitis99. However, CRTH2+ ILC2s are undetectable 
within intestinal tissues of human adults12. The IL-13+ 
ILCs observed in the intestines of patients with Crohn 
disease100 might be IL-13-producing ILC3s101. Thus, it 
remains to be determined whether ILC2s have a role in 
diseases of the gastrointestinal tract.

Psoriasis
Psoriasis is characterized by thickening of the skin 
epidermal layer, abnormal keratinocyte proliferation, 
dermal microvascular changes and local infiltration of 
leukocytes. Dysregulation of RORγt-dependent ILC3s, 
as well as IL-17 and IL-22 production, have been linked 
to psoriasis102. The numbers of IL-22-producing NKp44+ 
ILC3s in the skin and blood of patients with psoriasis 
are increased compared with numbers in healthy indi-
viduals11,103. One study also found increased numbers of 
IL-17-producing ILCs in the skin of patients with psori-
asis103, but IL-17 was not produced by NKp44+ ILC3s11; 
therefore, the nature of these IL-17-producing ILCs 
remains unknown. However, the frequency of ILC3s 
in skin lesions correlated with psoriasis severity11,103. 
Interestingly, in one patient with psoriasis treated with 
a TNF-specific antibody, therapeutic response corre-
lated with a disappearance of NKp44+ ILC3s from the 
blood103. Whether or not this means that ILCs, particu-
larly ILC3s, are involved in the disease process remains 
to be determined.

Multiple sclerosis
Multiple sclerosis is an autoimmune disease leading to 
demyelination of the CNS. Genome-wide association 
studies of RA and multiple sclerosis indicate that these 
diseases share a number of genetic factors104. The aeti-
ology of multiple sclerosis remains to be elucidated, but 
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autoreactive T cells have an important role in the destruc-
tion of the myelin sheath that surrounds axons105. The ini-
tiation of inflammation takes place in the meninges, the 
membranes surrounding the brain and spinal cord that 
serve as an immunological barrier. c-Kit is crucial in sus-
ceptibility to experimental autoimmune encephalomyeli-
tis (EAE, a mouse model of multiple sclerosis), raising the 
possibility of a role for ILC3s and c-Kit+ ILC2s in multiple 
sclerosis106. This notion is supported by the observation 
that EAE induction results in an accumulation of ILC3s 
producing IFNγ, IL-17 and GM-CSF in the meninges107. 
Furthermore, mice that have a defect in c-Kit signalling 
and do not develop EAE did not show accumulation of 
ILC3s107. Investigators have also shown that numbers  
of ILC3s (referred to as LTi cells in their study), which are 
normally increased in patients with multiple sclerosis, are 
reduced after CD25-specific monoclonal antibody (dacli-
zumab) treatment, blocking IL-2 signalling108. Treated 
patients showed reduced signs of inflammation in the 
cerebrospinal fluid surrounding the brain. Moreover, 
daclizumab was found to have a stimulatory effect on 
NK cells while inhibiting ILC3s. The researchers spec-
ulated that daclizumab treatment inhibited generation 
of ILC3s in favour of cytotoxic, autoimmunity-reducing 
NK cells via its effects on IL-2 signalling. ILC2s, on the 
other hand, have been detected in the brain and draining 
lymph nodes of mice resistant to EAE109. In addition to 
c-Kit expression, several studies showed that the admin-
istration of IL-33, a potent inducer of ILC2s, is protec-
tive in EAE110,111. However, whether ILC2s are involved in  
multiple sclerosis remains to be fully determined.

ILCs as therapeutic targets
The IL-23–IL-17 cytokine axis has been shown to be 
important in the pathogenesis of several autoimmune 
diseases112–114. For instance, IL-17 inhibition using the 
anti-IL-17 monoclonal antibody secukinumab seems 
to be efficacious in the treatment of AS and PsA69–72,115. 
Although anti-IL-17 monoclonal antibodies have been 
developed to target TH17 cells, ILC3s have emerged as 
important sources of IL-17 and other potential disease- 
contributing cytokines, such as IL-22, lymphotoxin, TNF 
and GM-CSF, making these cells relevant targets for 

therapeutic intervention. Drugs that selectively inhibit 
ILC3s and/or LTi cells might be a useful therapeutic 
strategy in TLO-associated autoimmune diseases, as 
suggested by the effects of pharmacological inhibition 
of LTβ, which is important for TLO formation; this 
inhibition resulted in disease amelioration in animal 
models of arthritis and type 1 diabetes116–118. However, 
ILC-specific therapies are still lacking as anti-IL-23/IL-17 
or anti-LTi therapeutics target a large variety of cell types. 
Preclinical research combined with gene-expression pro-
filing might shed light into ILC-specific pathways that 
can be exploited to modulate ILC responses. An example 
of such a pathway has been demonstrated in patients with 
multiple sclerosis, in whom CD25-specific monoclonal 
antibody treatment selectively depletes ILC3s108. The 
plasticity displayed by the ILCs offers another possibil-
ity to develop specific treatment options to exploit this 
trait and induce transdifferentiation of IL-17-producing 
ILC3s into non-harmful subsets.

Conclusions
ILCs are involved in the production of large amounts of 
proinflammatory and chemotactic factors that activate 
stromal cells and promote the recruitment of leukocytes 
from the blood into peripheral and synovial tissues. In 
addition to the lack of truly specific marker for ILCs, the 
delineation and definition of ILC subsets in rheumatic 
diseases is made more challenging by the transdiffer-
entiation of ILCs into different subsets and phenotypi-
cally intermediate cell types under the influence of the 
cytokine milieu. Knowledge of the development process 
of ILCs in humans is still limited, and deciphering how 
all ILC subtypes develop from a common helper innate 
lymphoid progenitor might shed light on the cues that 
regulate ILC plasticity. Future work should focus on the 
relevance of ILCs in autoimmune diseases, where a bet-
ter understanding of their protective role, and their role 
in disease initiation and progression, will ultimately give 
insight into the mechanisms of these diseases and aid in 
the design of effective strategies for controlling them. 
Future efforts will require joint translational studies using 
mouse disease models, genetically engineered mice and 
patient material.
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Metabolomics is a high-throughput technology that 
captures the global metabolic state of an individual 
by simultaneously assaying an extensive set of low- 
molecular-weight compounds (metabolites) within a 
biological sample1. Metabolites are thought to represent 
the intermediate products of a number of physiological 
processes that are influenced by mechanisms of disease, 
lifestyle choices, the surrounding environment and phar-
macological treatments (FIG. 1). In this sense, metabo-
lites provide a more accurate representation of a disease 
phenotype than that provided by genetic variation, gene 
expression levels or protein levels, making metabolomics 
a powerful tool for identifying biomarkers for use in diag-
nosis, prognosis or prediction and monitoring of treat-
ment efficacy2. Moreover, different clinical responses to 
therapy can result in different metabolite profiles3, sug-
gesting that metabolomic profiling could help to identify 
patients who respond well to therapy, thereby improving 
the clinical management of rheumatic diseases.

Metabolomic profiling has the potential to provide an 
alternative perspective on the altered molecular processes 
responsible for the onset and pathogenesis of various rheu-
matic diseases, which could be of paramount importance 
in the prevention of joint damage and disability. At the 
same time, metabolite levels reflect an individual’s genetic 
makeup4–9. The genetic contribution to metabolite levels 

and disease processes needs further research if metabolo-
mic studies are going to reach their full potential. In the 
first part of this Review, we discuss various methodolog-
ical aspects related to metabolomic profiling studies. In 
the second part, we present the metabolomic and genetic 
studies carried out to date on rheumatic diseases, discuss-
ing any potential links between discoveries from metabolic 
studies and genetic studies of some of the most common 
rheumatic diseases, including rheumatoid arthritis (RA), 
osteoarthritis (OA), psoriatic arthritis (PsA), gout and  
systemic lupus erythematosus (SLE).

Metabolomic profiling 
Methodological considerations
Thousands of small molecules make up the human metab-
olome10; however, the precise number of potentially detect-
able independent metabolites is unclear, and although it is 
now possible to characterize hundreds of known metab-
olites, the entire metabolome has yet to be fully covered. 
Bearing this in mind, there are several important points to 
consider when designing a metabolomic study.

Type of biological sample. Metabolomic profiling can uti-
lize a variety of biological samples, ranging from urine and 
blood to faeces, synovial fluid, saliva, tissue, specific cells 
and tumours11,12. Urine and blood (in the form of serum 
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Abstract | Metabolomics is an exciting field in systems biology that provides a direct readout of 
the biochemical activities taking place within an individual at a particular point in time. 
Metabolite levels are influenced by many factors, including disease status, environment, 
medications, diet and, importantly, genetics. Thanks to their dynamic nature, metabolites are 
useful for diagnosis and prognosis, as well as for predicting and monitoring the efficacy of 
treatments. At the same time, the strong links between an individual’s metabolic and genetic 
profiles enable the investigation of pathways that underlie changes in metabolite levels. Thus, for 
the field of metabolomics to yield its full potential, researchers need to take into account the 
genetic factors underlying the production of metabolites, and the potential role of these 
metabolites in disease processes. In this Review, the methodological aspects related to 
metabolomic profiling and any potential links between metabolomics and the genetics of some 
of the most common rheumatic diseases are described. Links between metabolomics, genetics 
and emerging fields such as the gut microbiome and proteomics are also discussed.
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and plasma) are the most accessible biological samples 
as they are easy to collect by minimally invasive meth-
ods in patients and healthy individuals. There is also no 
need for additional grinding or fractionation with these 
types of biological sample. However, in patients with 
rheumatic diseases, urine and blood might not reflect 
the biochemical or physiopathological changes taking 
place in the joint.

Synovial fluid and tissues from either the joint or the 
bone are more relevant to pathogenesis than blood or 
urine in patients with rheumatic diseases. Synovial fluid 
samples are easy to collect from patients with RA or OA 
who have joint effusion, but are more difficult to collect 
from healthy individuals. This type of sample requires less 
processing and sample preparation than tissue-derived 
samples (such as cartilage or bone), but the metabolo-
mic profile of synovial fluid might not fully represent the  
biochemical changes taking place in other joint tissues.

Tissues from cartilage or bone are useful when stud-
ying pathogenic processes in the joint. Unfortunately, 
collecting large numbers of such tissue samples (particu-
larly from healthy individuals) is extremely challenging. 
Moreover, some techniques require manual and solvent 
extraction of tissue samples, followed by precipitation 
and further redissolving of the resulting dry residues, 
increasing the time and complexity of measuring  
metabolites in these tissues.

Targeted versus untargeted methods. The metabolome 
can be analysed by targeted and untargeted approaches13,14 
(FIG. 2). Untargeted metabolomics techniques measure 
hundreds of metabolites, with the advantage of detect-
ing previously unpredicted metabolic perturbations 
associated with a certain disease. Similar to genome-wide 
association studies (GWAS), no previous knowledge of 
biologically relevant metabolites is required when design-
ing this type of experiment. Untargeted approaches are 
therefore useful for finding novel mechanisms or bio-
markers. Targeted approaches, on the other hand, resem-
ble candidate-gene association studies, in which small, 
predefined sets of genes (or in this case, metabolites) are 
measured, typically focusing on a few pathways of inter-
est. The advantages of this kind of approach include a 
higher degree of sensitivity than untargeted approaches, 
absolute (instead of relative) quantification of metabolites 
and easy identification of compounds13.

Dealing with ‘unknowns’. Another advantage of untar-
geted metabolomics techniques is their ability to pro-
vide quantification of metabolites of unknown chemical 
identity that can be detected and quantified reproducibly. 
These metabolites, the so-called ‘unknowns’, are impor-
tant to consider. Indeed, in biomedical research, the lev-
els of many of these metabolites can strongly correlate 
with clinical phenotypes15–17, even if their functional link 
to the disease has yet to be unravelled. The majority of 
published metabolomic studies exclude ‘unknowns’ either 
by platform design18 or at the analysis stage19,20. Some 
researchers have tried to solve the problem of ‘unknowns’ 
by employing different computational methods. Genetic 
data are particularly useful for such endeavours, as sev-
eral unknown metabolites are associated with genetic var-
iants5,7. These variants provide a clue as to the metabolic 
pathway the unknown metabolite is most likely to belong 
to. One novel functional metabolomics method integrates 
high-throughput genotyping data, metabolomic data and 
information on metabolic pathways derived from the lit-
erature to predict the identity of unknown metabolites21. 
The advantage of this method is that it can be applied to 
metabolomic databases obtained from commercial ser-
vices, for which data on retention times, isotope patterns 
and fragmentation are not readily available.

Technological platform. Metabolites vary in size, polar-
ity and concentration, making unbiased detection, iden-
tification and quantification of the whole metabolome 
technically challenging10. The main methods employed 
in metabolomic studies are NMR spectroscopy and mass 
spectrometry (MS)22–24 (reviewed elsewhere25 ). Briefly, 
NMR spectroscopy is a quantitative, non-discriminating, 
non-destructive technique that provides detailed infor-
mation about solution-state molecular structures based 
on atom-centred nuclear interactions26. NMR spectros-
copy has several advantages, including the possibility of 
performing high-throughput measurements, minimal 
requirements for sample preparation, high reproduci-
bility of results, low cost per measurement, high speed 
of data acquisition and the non-discriminating and non- 
destructive nature of the technique27,28. However, NMR 
spectroscopy has a relatively low level of sensitivity and 
can detect only metabolites at medium-to-high levels of 
abundance29.

Alternatively, MS-based metabolomics provides highly 
selective and sensitive quantitative analyses with the poten-
tial to identify individual metabolites30. Within biological 
samples, metabolites are initially separated using chroma-
tography (gas chromatography, capillary electrophoresis, 
liquid chromatography or ultraperformance liquid chro-
matography) and identified with a mass spectrometer31,32, 
although pre-separation is not always required. Some 
commercially available MS kits, such as the Biocrates 
Absolute-IDQ Kit p150, directly sample metabolites 
from plates for quantitative analysis without pre-sepa-
ration. Techniques based on gas chromatography–MS  
(GC–MS) and liquid chromatography–MS (LC–MS)  pro-
vide metabolite separation in a time dimension, enabling 
the extraction of highly specific chemical information; 
however, these techniques also require preparation steps 

Key points

• Although large-scale genome-wide association studies have identified many 
rheumatic disease-associated genetic variants, effect sizes are small (with the 
exception of HLA loci)

• Metabolomics is a promising field for investigating the molecular pathogenesis of 
rheumatic diseases and for monitoring response to therapy, but only a few 
modest-sized studies have been conducted to date

• The contribution made by genetic factors to the production of metabolites and to 
disease processes in general needs to be investigated if metabolomics studies are to 
reach their full potential

• Integrating data from different omics studies, including metagenomics and 
proteomics, will help to increase our knowledge of pathways and diseases
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that can be very elaborate and can cause metabolite loss33. 
Additionally, different platforms are better at detecting 
specific metabolites, making the parallel application of 
techniques such as GC–MS and LC–MS desirable to study 
the metabolome comprehensively.

Analytical considerations
Statistical techniques, data reduction and pathway 
analysis. Many statistical techniques can be employed 
in the analysis of metabolomic data34 (FIG. 3). The usual 
starting point for analysis is quality control of the 
metabolite data. Quality control can involve several 
steps, including data normalization to remove or reduce 
unwanted overall variation in the spectral data; stand-
ardization of the data, so that the data distribution has a 
mean of 0 when data is measured in a relative manner; 
and scaling of the data to account for differences in the 
concentration of metabolites, focusing on metabolites 
at medium or low concentrations. Next, univariate or 
multivariate statistical analyses are performed to identify 
candidate biomarkers.

In methods of univariate analysis such as linear 
regression models, generalized linear models, t-tests 
or ANOVA, each variable is examined separately. Such 
methods are adequate when the aim of the analysis is 
to identify metabolites associated with pathogenesis34. 
Stringent multiple testing corrections are normally 
applied (such as the Bonferroni correction or false dis-
covery rate), which can obscure some biologically rele-
vant observations. However, univariate analyses produce 
very solid and reproducible results despite the obvious 
limitations of these methods (such as false negatives).

Multivariate analysis is a powerful tool for finding bio-
markers for classification and prediction of many aspects 
of disease, given that individual biomarkers might not 
be specific enough for a given trait. Multivariate meth-
ods include principal component analysis, partial least 
squares discriminant analysis, penalized regression mod-
els, random forest models and support vector machines35. 

Principal component analysis is particularly useful to gain 
an overview of the data and to define previously unknown 
relationships between metabolites in a given physiologi-
cal state. Alternatively, supervised methods such as par-
tial least squares discriminant analysis or support vector 
machines can create models to classify metabolites. 
However, most multivariate methods require a complete 
data matrix, which introduces the problem of imputation 
of missing values.

Independent replication of metabolomics studies and 
follow-up functional studies are especially important to 
validate any biomarkers identified. Although biomarkers 
are useful for predicting the risk of developing a disease 
and for monitoring disease progression or therapeutic 
efficacy, the value of a biomarker increases substantially 
if it is causally involved in a disease. Multi-omics data 
cannot prove the causality of a metabolite in a particular 
disease, but can enable interesting modelling and statisti-
cal inference of causality, leading to further investigation. 
Genetic effects are, by definition, causal, so combining 
genetic and metabolomic data might enable the inference 
of causality networks for disease phenotypes. Metabolic 
associations can be difficult to understand in complex 
diseases36, but using omics technologies can help to 
decipher the biological meaning of otherwise obscure 
statistical associations. The benefits of using pathway 
and ontological analyses for genomics data have been 
extensively discussed37,38. The Database for Annotation, 
Visualisation and Integrated Discovery (DAVID) v6.7 
(REF. 39) and Ingenuity Pathway Analysis (IPA)40 soft-
ware can be used to identify the biological pathways that 
underly the associations between metabolite signatures 
and diseases. Indeed, such functional annotation tools 
(normally used for genomic or genetic studies) can be 
applied to genes identified by GWAS or transcriptomic 
studies as being associated with certain metabolites, pro-
viding information on the biological pathways linked to 
these disease-associated or drug-response-associated 
metabolites .

Figure 1 | Metabolic profiling as a tool for studying rheumatic diseases. The metabolites in circulation or found in 
tissues not only reflect the genetic background and the gene expression profile of an individual, but also their lifestyle, 
diet, medication use and any ongoing pathogenic processes. Integrating metabolic and genetic profiling can help to 
differentiate between molecular changes observed in patients with rheumatic diseases that are derived from modifiable 
factors (dynamic changes that respond to diet or medication), and those that are directly linked to an individual’s genetic 
profile. Metabolomics could also monitor the progression of a disease or treatment.
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Open-source data repositories. Several open-source 
data repositories, as well as open-access databases con-
taining chemical, biological and molecular information 
about metabolites are available for use. These include the 
Human Metabolome Database (HMDB)10, PubChem41, 
the Kyoto Encyclopedia of Genes and Genomes 
(KEGG)42, the Metabolic Pathway Database (MetaCyc)43, 
the Chemical Entities of Biological Interest Database 
(ChEBI)44, MetaboLIGHTS45 and The Metabolomics 
GWAS Server, among others. Moreover, web services 
now exist for metabolomic data processing, analysis and 
annotation, such as MetaboAnalyst.

Metabolomics meets genomics
A number of studies in the past few years have mapped 
genetic variations in plasma, serum and urine metab-
olites, highlighting the influence of genetics on these 
traits4–9. Using metabolomics as a readout of molecular 
phenotypes is enabling the discovery of formerly unde-
tected associations between diseases, genes and meta-
bolic pathways. The number of published metabolomic 

studies has exponentially increased, with over 4,000 
papers published in 2015 (as listed on PubMed), a figure 
not much lower than that of GWAS papers.

Metabolomics and rheumatic disease
In the past few years, various published studies have inves-
tigated the associations between metabolites and rheu-
matic diseases in humans (TABLE 1; see Supplementary 
information S1 (table)). These studies show that patients 
with rheumatic diseases can be clearly distinguished 
from healthy individuals on the basis of the metabolic 
profile of their blood18 or urine46. One study used a panel 
of 52 metabolites from circulating blood to distinguish 
patients with RA from healthy individuals and patients 
with PsA with a high degree of sensitivity (93%) and spec-
ificity (70%)47. Patients with RA and OA can be distin-
guished from healthy individuals by decreased levels of  
(branched-chain) amino acids16,48 and increased levels  
of 3-hydroxybutyrate and lactate49, and patients with SLE 
can be identified by changes in energy metabolism50,51. 
Interestingly, similar metabolic changes also correlate with 

Figure 2 | Targeted versus untargeted metabolomics approaches. Two main approaches exist for carrying out 
metabolic profiling: targeted and untargeted. The scope of these two types of analysis is different and they both have 
advantages and disadvantages. Targeted metabolomics approaches have a low detection limit and enable the absolute 
quantification of the sample. However, targeted methods do not enable the discovery of unknown compounds. 
Untargeted metabolomics approaches provide a global view of a sample. The disadvantages of untargeted methods 
include the complex informatics required to interpret the results, the semi-quantitative nature of the methods and the 
need to validate any identified compounds.
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disease severity and response to treatment in patients with  
psoriasis52,53 and RA45. For instance, the response of 
patients with RA to anti-TNF therapy was predicted using 
urine metabolite profiles with a sensitivity of 88.9% and 
a specificity of 85.7% (REF 3). Metabolomics studies also 
help to identify causal mechanisms of disease, for exam-
ple by establishing a proinflammatory role for oestrogens 
in patients with RA and OA54. One study used metabo-
lomic profiling to identify global metabolic defects that 
are associated with four different types of rheumatic dis-
ease (OA, RA, gout and ankylosing spondylitis)55. This 
approach identified a metabolic defect common to all four 
diseases that is due to the presence of joint inflammation 
and lesions, as well as a unique metabolic signature for 
each disease compared with healthy individuals55. These 
studies highlight the potential uses of metabolomics in 
biomarker discovery and treatment stratification; how-
ever, many of these studies base their conclusions on small 
sample sizes and lack replication and stringent correction 
for multiple testing. Future studies should address these 
issues to find reliable biomarkers of disease progression 
and response to treatment.

Genetics and rheumatic disease
Usually, there are three main aims behind any genetics 
study. The first is to identify proteins and pathways that 
are crucial to pathophysiology and increase our under-
standing of the condition. The second is to identify clin-
ically relevant therapeutic targets that can prevent either 
the whole, or one aspect of a disease. Finally, the third aim 

is to identify a set of measurable variants to determine 
which individuals are at high risk of developing disease.

GWAS allow researchers to look for associations 
between common genetic variants (such as single nucle-
otide polymorphisms (SNPs), copy number variations 
(CNVs) and indels) and specific disease phenotypes. In 
the past few years, large-scale human GWAS of patients 
with OA (>18,000 participants56) and RA (>100,000 par-
ticipants57) have identified a substantial number of loci 
in several common pathways associated with the prev-
alence, severity and progression of these rheumatic dis-
eases. Combined data from more than 50 GWAS give a 
total of 303 SNPs in 186 genes, spanning all chromosomes, 
which are associated with at least one rheumatic disease 
(see Supplementary information S2 (figure)). These stud-
ies reveal that rheumatic diseases share common genetic 
risk factors, such as mutations in TNFAIP3, which are 
associated with RA57, PsA58 and SLE59. The common 
genetic basis of these diseases is a possible reason for their 
shared comorbidities60. Common genetic causes also lead 
to similar symptoms, hindering the precise diagnosis of 
these diseases.

Metabolomic studies reveal a more accurate picture of 
disease mechanisms than genetic studies (FIG. 1), making 
it possible to use metabolomics to differentiate between 
diseases when genetics cannot. However, in many cases 
the molecular links between a gene or biochemical 
pathway and the disease in question remain unknown. 
Animal models have helped us to understand the mech-
anisms underlying some of the disease-risk genes iden-
tified for rheumatic diseases. Studies in knockout mice 
showed the effect of genetic deletion of Tnfaip3 on the 
inflammosome61, whereas the role of insulin-like growth 
factor-binding protein 3 (IGFBP3) in nuclear factor-κB 
(NF-κB) signalling and its subsequent effect on RA was 
investigated using mice with collagen-induced arthritis62. 
Work on Runx2 knockout mice with the medial menis-
cal tear model of OA explored the effect of runt-related 
transcription factor 2 (RUNX2) on OA by causing chon-
drocyte hypertrophy63. Such research into the mecha-
nisms of rheumatic disease-related genes facilitates the 
discovery of potential therapeutic targets such as RUNX2 
(REF. 64) and IGFBP3 (REF. 64); however, the lack of func-
tional annotation for many genes can limit genetic studies. 
Metabolomic studies can help to overcome this shortcom-
ing by enabling researchers to infer the function of genes65, 
providing further insights into biological pathways that 
could potentially be involved.

Some of the genetic variants identified by meta-analy-
sis of GWAS datasets56 lie in pathways known to be impor-
tant in cartilage and bone physiology, such as CHST11, 
RUNX2 and IGFBP3; although for other variants, the 
gene function remains unknown. In situations where the 
mechanism linking a metabolite to disease onset or pro-
gression is known, it becomes feasible to make use of such 
a metabolite in clinical research. However, this knowledge 
is not necessary for a biomarker to be useful for diagnosis 
and prognosis, as is the case with anti-citrullinated pro-
tein antibodies, which are biomarkers for RA in routine 
clinical practice despite an incomplete understanding of 
their role in RA pathogenesis66.

Figure 3 | Statistical approaches for the analysis of metabolomic data. After quality 
control of the metabolite data, analysis can focus on single metabolite associations with 
the trait of interest (univariate analysis), or the effects of multiple metabolites on the 
outcome being studied (multivariate analysis). Results can then be validated using 
different approaches and fed into network analysis. FDR; false discovery rate.
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Combining metabolomics and genetics
A clear-cut example of the value of combining genetics 
and metabolomics is Mendelian randomization, a statis-
tical technique that uses genetic variation related to a risk 
factor of interest to reassess observational estimates67. In 
this technique, the genetic variant acts as a proxy for the 
risk factor, and the random allocation of genes during 
gamete production and fertilisation (Mendel’s second 
law) is used as a natural experiment to show causation68. 
Establishing a causal link between a metabolite and a 
disease or disease progression means that metabolite 
levels become directly relevant to disease management, 
and hence a target for intervention, rather than simply 
a by-product of disease. This is particularly relevant for 
diseases like OA, for which no disease-modifying drugs 
exist, despite the very high prevalence of the disease and 
unmet burden on healthcare systems.

GWAS show that, with the exception of the associ-
ation of HLA molecules with autoimmune disorders, 
effect sizes for individual genes are modest and require 
large sample sizes (usually in the range of thousands). 
Conversely, metabolomic studies into rheumatic diseases 
require at most a few hundred individuals (TABLE 1; see 
Supplementary information S1 (table)). The use of data 
from both genetic and metabolomic studies is achieva-
ble. By querying GWAS data for variants that regulate 
levels of metabolites and by developing databases of 
metabolic profiles for various conditions (carried out 
on genotyped individuals), it will be possible to estab-
lish the links between genetic susceptibility to a given 
disease and alterations in metabolite levels in serum, 
urine, joint and bone tissues. Achieving this goal will 

require the replication of experiments in sufficiently 
large cohorts of patients with rheumatic disease who 
have been assayed for the same metabolite panels, with 
measurements taken at comparable time points (such as 
pretreatment or post-treatment). As these data become 
available, it will become possible to discover the genetic 
basis of links between the levels of certain metabolites 
and disease progression or response to therapy, and 
hence to understand the molecular pathways underlying  
these processes.

Future directions
In addition to biomarker discovery, metabolomic analyses 
can provide information on a patient’s current medica-
tion use in the form of metabolites derived from specific 
drugs. If the drug dosage is known, then the levels of 
these metabolites can inform variation in drug response 
between patients or help track compliance in clinical tri-
als. Metabolites can also provide information on smok-
ing habits, as cotinine (a metabolic product of nicotine) is 
commonly measured in metabolomic panels.

Metabolomics concentrates on small molecules, but 
integrating other dynamic markers with this kind of 
data can enrich our understanding of pathogenesis and 
improve diagnosis, prognosis and disease management 
in the future. Here, we discuss two of these potential 
sources of data: proteomics and metagenomics.

Proteomics
The proteome encompasses all proteins expressed in a 
cell, tissue or organism, and as such is a dynamic reflec-
tion of both genes and the environment. The Human 

Table 1 | Key features of metabolomic studies investigating rheumatic diseases

Disease Number of 
published studies

Study design Number of 
metabolites studied

Metabolomics 
platform

Type of biological 
sample

Key refs

OA 61 Case–control (range 
n = 50–300 per group); 
progressors versus 
non-progressors (n = 22 
per group)

• >40,000* (untargeted 
NMR)

• 55–228 (targeted 
studies)

• Targeted NMR
• Untargeted NMR
• GC–MS

Urine, plasma, serum, 
synovial fluid (from 
knee)

17,18,48, 
75,76

RA 87 Response to anti-TNF 
treatment (n <30); 
prospective study 
of early RA (n = 216); 
case–control (n~55 per 
group)

• >40,000* (untargeted 
NMR)

• 194 (targeted studies)

• Targeted NMR
• Untargeted NMR
• GC–MS

Serum 16,49, 
53,77

SLE 32 Case–control (range 
n = 20–80 per group)

81–319 (targeted 
studies)

• Targeted LC–MS
• Targeted GC–MS
• Targeted NMR

Serum, urine, 
peripheral blood 
leukocytes

46,49,50, 
78,79

PsA 18 Case–control (range 
n = 10–32 per group); 
response to therapy 
(anti-TNF, steroids) 
(range n = 10–32)

9–354 (targeted 
studies)

• Targeted GC–MS
• Targeted LC–MS
• Targeted NMR

Serum, urine, plasma, 
skin

3,15, 
52,80

Gout 17 Case–control (n = 21); 
population-based 
urate levels

27–355 (targeted 
studies)

• Targeted LC–MS
• GC–MS 
• HPLC–diode array 

detector

Serum, urine 81,82

For further details of the key studies, see Supplementary information S1 (table). GC–MS, gas chromatography–mass spectrometry; HPLC, high-performance liquid 
chromatography; LC–MS, liquid chromatography–mass spectrometry; OA, osteoarthritis; PsA, psoriatic arthritis; RA, rheumatoid arthritis; SLE, systemic lupus 
erythematosus. *Number of data points used in the NMR data processing.
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Proteome Map currently includes ≥84% of the known, 
annotated, protein-coding genes in humans, and 30,057 
proteins derived from 17 adult and 6 fetal tissues. Many 
factors besides the expression level of a relevant gene 
modulate protein activity. For instance, emerging work 
on IgG glycosylation (the only post-translational mod-
ification that produces structural changes to a protein) 
shows that patients with SLE have an altered IgG gly-
come, with decreased immunosuppressive action of 
circulating immunoglobulins compared with healthy 
individuals69. Proteomics is a promising field for bio-
marker research, as proteins are likely to be ubiquitously 
affected during disease and disease response.

Metagenomics
Despite GWAS and meta-analyses of GWAS using 
increasingly large samples, the variants identified account 
for 65% of the estimated heritability of RA70, and 3% 
of that of OA71. Structural variation, rare variants and 
environmental factors influenced by host genetics help 
to explain this ‘missing heritability’. The microbial 
organisms that reside on and within a human host 
— the microbiome — is one such potential contrib-
utor72. Microorganisms produce a range of enzymes, 
chemicals, hormones and vitamins that can interact 
with our bodies. They also produce up to one third of 
the metabolites in human blood, and human genetic 
factors partially influence their presence in the gut72. 
Under physiological conditions, there is a mutually 
beneficial balance between intestinal bacteria and the 
host. Disruption of this intricate system (dysbiosis) is 
implicated in the pathogenesis of many human dis-
eases, including RA73. Manipulation of the microbiome 

is relatively easy with dietary or probiotic interven-
tions, making it an attractive target for therapeutic 
intervention74.

Conclusions
To date, no published studies exist that combine genetic 
and metabolomic approaches to understand the patho-
genesis of rheumatic diseases. Largely, this reflects the 
scarcity of metabolomic studies into rheumatic diseases 
and the challenges posed by collecting relevant tissues 
(such as cartilage, bone and synovium) from patients 
and healthy individuals. Although genetic studies have 
delivered a remarkable wealth of knowledge into some 
rheumatic diseases, they have serious drawbacks, not least 
their non-dynamic nature and the modest effect sizes for 
GWAS-discovered non-HLA genes. Genetic studies also 
require very large sample sizes.

Harnessing the power of both genetic knowledge and 
metabolomics is, however, achievable. By querying GWAS 
datasets for variants that regulate levels of metabolites, and 
by developing databases of metabolic profiles for various 
conditions (using genotyped individuals), it will be possi-
ble to establish the links between genetic susceptibility to 
a disease and changes in levels of metabolites. The combi-
nation of data from these techniques could help to identify 
the pathways that are most likely to change over time and 
to improve early diagnosis and identify risk of disease pro-
gression. As the price of metabolomic analyses decreases 
and the accurate measurement of hundreds of metabo-
lites becomes feasible, metabolomics will be increasingly 
used in the clinic to assess the levels and efficacy of drugs 
in a patient’s blood, and could rapidly replace the more  
expensive clinical tests used today.
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No disease-modifying osteoarthritis drugs 
(DMOADS) are currently available. Several 
drugs have potential to inhibit cartilage 
degeneration associated with osteoarthritis 
(OA) and post-traumatic osteoarthritis 
(PTOA), and to promote cartilage repair1; 
however, none of these drugs have yet 
translated to clinical practice, owing in part 
to the lack of effective delivery systems that 
enable local, safe administration in low 
doses without off-target effects2,3. Direct 
intra-articular administration of drugs can 
minimize adverse systemic side-effects4. 
But even intra-articular injection remains 
inadequate, as small compounds and large 
macromolecules are rapidly cleared from 
the joint space via subsynovial capillaries 
and lymphatics, respectively. For example, 
the mean half-lives of NSAIDs in the 
synovial fluid are only 1–4 h (REF. 4). As 
a result, multiple injections of high-dose 
drugs are sometimes used in attempts to 
suppress pain, inflammation and cartilage 
destruction, an approach that can cause 
systemic toxicity3.

Drugs need to penetrate the full depth 
of cartilage to reach the chondrocytes and 
extracellular matrix (ECM) targets involved 

and/or synovium. These techniques might 
be useful for delivering drugs for relieving 
pain and joint inflammation. However, 
these approaches do not guarantee drug 
penetration into cartilage (or other target 
tissues) or reversible binding of drugs inside 
cartilage. Both mechanisms are necessary 
to elicit the prolonged biological response 
needed for cartilage protection.

Drug penetration and retention inside 
cartilage is a challenging problem. The 
tissue’s ECM contains densely packed, highly 
negatively charged aggrecan proteoglycans 
enmeshed within a complex collagen 
network23; the ECM prevents sufficient 
drug penetration, thereby enabling rapid 
clearance of the drug from the joint space24.

In this Perpsectives article, we first 
describe candidate drugs for the treatment 
of OA and PTOA, and then focus on 
mechanisms by which charge–charge 
interactions can increase drug penetration, 
transport kinetics and retention within 
charged, avascular tissues such as 
cartilage. We compare three approaches 
to intra-articular cartilage-targeted 
delivery, and end with a discussion on the 
appropriate animal models to use for testing 
these systems.

Candidate disease-modifying drugs
Current therapies for OA provide only 
short-term relief of pain and inflammation 
(for example, analgesics and hyaluronic 
acid lubricants), but no protection against 
further degeneration of cartilage and OA 
progression25. Several therapeutics have 
been identified as having the potential for 
disease-modifying inhibition of cartilage 
breakdown, including anticatabolic 
glucocorticoids (such as dexamethasone and 
triamcinolone)12,26,27, cytokine blockers28,29, 
proanabolic growth factors (including 
insulin-like growth factor (IGF) 1 (REFS 30,31), 
fibroblast growth factor (FGF) 18 (REFS 32,33) 
and bone morphogenetic protein (BMP) 7 
(REF. 34)) and chondrogenic biomolecules35.

Given that OA affects the entire joint, 
DMOAD development and associated 
clinical trials have targeted cartilage 
breakdown (with protease or cytokine 
blockers), bone remodelling (with 
bisphosphonates, BMP7 or calcitonin), 
and synovial and inflammatory mediators 

in OA-associated cartilage pathogenesis5. 
Drug penetration into cartilage is especially 
important following traumatic joint injury, 
which can result in damage to articular 
cartilage, subchondral bone and nearby 
soft tissues, initiating a sequence of 
inflammatory events that can progress to 
PTOA6. Biopsy-obtained samples of cartilage 
from anterior cruciate ligament injury have 
revealed degradative changes to cartilage 
as early as 3 weeks after injury, including 
loss of superficial zone proteoglycans and 
cell viability, even in cases where there is no 
obvious damage to cartilage or its collagen 
network, as visualized by arthroscopy7.

New drug-delivery systems have been 
proposed for sustained delivery in the 
synovium and synovial fluid using polymeric 
nanoparticles8–11, microparticles12,13, 
liposomes14,15, drug-loaded hydrogels16–19, 
phase transitioning elastin-like 
polypeptides20, silk constructs21, and 
electrospun fibres22. These drug carriers have 
prolonged residence times due to their large 
size (micron) or viscous and/or aggregating 
properties that prevent them from leaving 
the joint space rapidly, thereby enabling 
rapid drug release within the synovial fluid 

O P I N I O N

Cartilage-targeting drug delivery:  
can electrostatic interactions help?
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Abstract | Current intra-articular drug delivery methods do not guarantee 
sufficient drug penetration into cartilage tissue to reach cell and matrix targets at 
the concentrations necessary to elicit the desired biological response. Here, we 
provide our perspective on the utilization of charge–charge (electrostatic) 
interactions to enhance drug penetration and transport into cartilage, and to 
enable sustained binding of drugs within the tissue’s highly negatively charged 
extracellular matrix. By coupling drugs to positively charged nanocarriers that 
have optimal size and charge, cartilage can be converted from a drug barrier into 
a drug reservoir for sustained intra-tissue delivery. Alternatively, a wide variety of 
drugs themselves can be made cartilage-penetrating by functionalizing them with 
specialized positively charged protein domains. Finally, we emphasize that 
appropriate animal models, with cartilage thickness similar to that of humans, must 
be used for the study of drug transport and retention in cartilage.
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(with cytokine blockers)36. TABLE 1 is a 
representative list of such therapeutics that are 
currently being considered for OA treatment. 
Biologic agents such as monoclonal 
antibodies against IL-1β (canakinumab) and 
TNF (infliximab, adalimumab), and other 
anti-IL-1 or anti-TNF agents (anakinra, 
etancercept), have been used successfully 
for the treatment of rheumatic diseases via 
systemic delivery. Notably, monoclonal 
antibodies and similarly sized therapeutics are 
probably much too large to penetrate cartilage 
sufficiently before being rapidly cleared from 
the joint24,37. Although some of these agents 
are being considered for intra-articular 
delivery to treat OA, clinical trials have 
lacked evidence of either sustained benefit or 
effective cartilage targeting3.

Another randomized, double-blind, 
placebo- controlled, multiple-dose study 
(NCT00110942) used subcutaneous injection 
or infusion of a monoclonal antibody  
(AMG 108) that binds the IL-1 receptor 
type 1 (IL-1R1), thereby inhibiting the 
activity of IL-139. The results showed 
statistically insignificant but numerically 
greater improvement in WOMAC (Western 
Ontario and McMaster Universities Arthritis 
Index) pain score compared with the placebo 
group, but the clinical relevance was stated to 
be unclear. The authors stated that it was not 
possible to evaluate the penetration of AMG 
108 into the deeper cartilage layers, and that 
the availability of the drug to chondrocytes in 
cartilage remains a possible limitation of this 
strategy for IL-1 inhibition.

For example, a multicentre, randomized, 
double-blind, placebo-controlled study 
(NCT00110916 (REF. 38)) was performed 
to evaluate the clinical response, safety 
and tolerability of a single intra-articular 
injection of anakinra (an IL-1 receptor 
antagonist (IL-1Ra), molecular weight 
~17 kDa) in patients with symptomatic knee 
OA. Although significant improvement was 
observed at day 4, anakinra did not improve 
OA symptoms after 1 month when compared 
with placebo38. The results suggest that the 
drug had cleared out from the joint space 
rapidly following intra-articular injection, 
and furthermore showed a serum half-life 
of only 4 h. The investigators speculated 
that multiple injections would be needed in 
any attempt to achieve cartilage protection. 

Table 1 | Examples of potential drugs for OA treatment under experimental or clinical trial testing

Drug type  
and/or target

Drug action Examples Molecular 
weight

Mechanism of therapy Target location  
inside joint

NSAIDs Pain relief • Ibuprofen
• Naproxen
• Celecoxib

<500 Da Inhibit COX enzymes • Vasculature of the joint 
capsule and cartilage–
bone interface

• Free nerve endings 
of sensory neurons in 
soft tissues (e.g. patella 
ligament and below the 
synovial layer)

Monoclonal antibodies 
against NGF

Biologic agents for 
pain relief

• Tanezumab
• Fluranumab

~150 kDa Bind to and inhibit NGF, 
which is produced by 
OA synovial cells and 
chondrocytes and acts 
directly on sensory neurons

Monoclonal antibodies 
against iflammatory 
cytokines

Biologic agents as 
DMOADs

TNF inhibitors*
• Infliximab
• Adalimumab
• Etanercept

IL-1β inhibitors*
• Canakinumab

~150 kDa
(except 
Etanercept, 
~50 kDa)

Directly bind target 
cytokines, preventing them 
from binding with their 
respective cell-surface 
receptors to initiate 
signalling

Cytokine targets 
hypothesized to be 
in the synovium, the 
synovial fluid and found 
throughout the full 
depth of the cartilage 
extracellular matrix

Receptor antagonists Biologic agents as 
DMOADs

IL-1 receptor 
antagonists*
• Anakinra

~17 kDa Competitively bind with 
cell-surface cytokine 
receptors thereby blocking 
cytokine activity

Glucorticoids Pain relief at 
high doses (and 
anticatabolic 
effects in cartilage 
at low doses)

Salts of dexamethasone, 
triamcinolone and 
prednisone

<1 kDa Bind with intracellular 
glucocorticoid 
receptors and inhibit 
cytokine-induced catabolic 
activity

Full depth of cartilage as 
well as neighbouring soft 
tissues and synovium

Growth factors Biologic agents as 
DMOADs

IGF-1, FGFs, BMPs 10–20 kDa Bind with cell surface 
growth factor receptors to 
stimulate repair

Full depth of cartilage, 
meniscus and other 
tissues

Protease inhibitors and 
pro-protein convertase 
blockers

DMOADs Inhibitors of MMPs, 
aggrecanases 
(ADAMTS-4, 
ADAMTS-5), cathepsins, 
PACE4, and others

<1 kDa Bind with the catalytic zinc 
atom at the MMP active 
site (for MMP inhibitors) 
to inhibit cartilage ECM 
breakdown

Full depth of cartilage, 
synovium and joint 
capsule space

Viscosupplements Pain relief and joint 
lubrication

 Hyaluronan‡. lubricin 
(proteoglycan 4)and 
others 

2–6 MDa Intended to restore 
joint lubrication, and 
hypothesized to bind with 
CD44 receptors to induce 
chondroprotection

Synovial fluid, joint 
capsule, synovial 
membrane and superficial 
zone of cartilage

ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; BMP, bone morphogenetic protein; COX, cyclooxygenase; DMOAD, disease-modifying 
osteoarthritis drug; ECM, extracellular matrix; FGF, fibroblast growth factor; IGF-1, insulin like growth factor 1; MMP, matrix metalloproteinase; NGF, β-nerve 
growth factor; OA, osteoarthritis. *Currently used for systemic treatment of rheumatoid arthritis. ‡Approved but no longer recommended for patients with 
symptomatic knee OA, according to American Academy of Orthopaedic Surgeons 2013 evidence-based guidelines82.
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A new class of RNA interference 
(RNAi)-based therapeutics has also 
emerged to target transcription factors 
(for example, NF-κB and HIF-2α) and 
their target genes, including those 
encoding matrix metalloproteinase 

To summarize thus far, certain drugs 
intended for relief of pain and general 
joint inflammation might do well with 
delivery and retention in the synovium 
or synovial fluid. However, to achieve 
cartilage protection (that is, to protect 
chondrocyte viability, inhibit cartilage 
matrix degradation and stimulate cartilage 
matrix biosynthesis), preclinical and 
clinical studies to date strongly suggest that 
appropriate therapeutics must be delivered 
to chondrocytes (especially in the middle 
and deep zones of cartilage5) or to cartilage 
matrix-associated targets.

Delivering drugs to cartilage
Cartilage: a barrier to drugs
Articular cartilage is a highly complex, 
avascular, alymphatic and aneural tissue 
whose matrix is made of a dense network  
of collagen fibrils (50–60% dry weight  
of tissue), aggrecan proteoglycans that 
contain highly negatively charged  
glyco s aminoglycan (GAG) chains (30–35% 
tissue dry weight) and dozens of additional 
extracellular macromolecules, which 
are continuously synthesized by a low 
density of chondrocytes (1–5% tissue dry 
weight)42. The collagen fibril network 
(mostly type II collagen with some type 
IX and XI collagen43) has an approximate 
pore size of 60–200 nm (REF. 44). Collagen 
fibrils are aligned parallel to the surface 
in the superficial zone (about 10–20% of 
total cartilage thickness), but are randomly 
oriented in the middle zone (40–60% 
tissue thickness) and perpendicular 
to the subchondral bone in the deep 
zone (30–40% tissue thickness). The 
collagen network is filled with ~300 MDa 
aggregates formed mainly of aggrecan; each 
aggregate comprises a central hyaluronan 
GAG chain to which as many as one 
hundred 2–3MDa aggrecan monomers 
are noncovalently bound via G1 binding 
domains, an interaction further stabilized 
by a link protein (FIG. 1).  The sulfated GAG 
chains covalently linked to the aggrecan 
monomers are spaced only 2–4 nm apart 
along the monomer core protein45. Thus, 
these bottle-brush structured aggrecan 
monomers are so densely packed within 
the collagen network that the GAG 
chains on adjacent aggrecan monomers 
are essentially as close to each other as 
GAG chains along the core protein46. 
Taken together, this matrix composition 
presents substantial steric hindrance to the 
penetration of therapeutic molecules. In 
addition, the density of aggrecan increases 
with depth into cartilage, which further 

(MMP) and a disintegrin and metallo-
proteinase with thrombospondin motifs 
(ADAMTS) aggrecanases, but these 
therapeutics can become clinically 
relevant only if there is a way to deliver 
them to chondrocytes40,41.

Figure 1 | Dense meshwork of type II collagen and aggrecan makes cartilage a barrier to drug 
penetration. The density of aggrecans increases with depth into cartilage towards the deep zone 
(DZ). The superficial zone (SZ) forms 10–20% of total cartilage thickness, the middle zone (MZ) 40–60% 
and the DZ 30–40%. The calcified zone (CZ) and subchondrial zone are also depicted. Aggrecan aggre-
gates are ~300 MDa macromolecules comprising hyaluronan (a long, central glycosaminoglycan 
(GAG) chain) and 100 or more ~3 MDa aggrecan monomers, which are bound non-covalently to hya-
luronan via their G1 globular domains and further stabilized by a link protein. Each aggrecan monomer 
has negatively charged chondroitin and keratan sulfate GAG chains that are separated from each 
other by 2–4 nm along the aggrecan core protein. Parts of this figure are reproduced with permission 
from Nia, H. T. et al. High-bandwidth AFM-based rheology reveals that cartilage is most sensitive to 
high loading rates at early stages of impairment. Biophys. J. 104, 1529–1537 (2013) (REF 81).
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reduces the effective pore size and restricts 
the ability of solutes to penetrate and diffuse 
within the tissue. Given that the majority 
of chondrocytes reside in the middle and 
deep zones of the tissue, drug delivery to 
chondrocytes is a challenge, and avascular 
cartilage is clearly a barrier to drug and/or 
drug-carrier entry.

intra-cartilage therapeutic levels before the 
drugs are cleared from the joint space47. 
Clearance is rate-limited first by elimination 
through the synovial membrane and then 
by the systemic circulation48. Detailed 
pharmacokinetic models of the escape 
kinetics of drugs from the synovial cavity 
can be found elsewhere in the literature4,48.

Drug transport into cartilage
Drug penetration and retention in cartilage 
depends on two competing rates of 
transport (FIG. 2): first, the net flux of drug 
carriers entering cartilage from synovial 
fluid, NEntry; and second, the rate of exit from 
the lymphatics and subsynovial capillaries, 
NExit. NEntry should be fast enough to achieve 

Figure 2 | Distribution of drugs or drug carriers inside the joint space fol-
lowing intra-articular administration. The concentration of injected drugs 
in the synovial fluid (CSF) is assumed to be homogenous throughout the joint 
space shortly after injection (for example, due to joint flexing). Penetration of 
the drug into cartilage (NEntry) competes with clearance of the drug through 
the synovium membrane into the lymphatics and vasculature (NExit) (part a).  
A simplified one-dimensional model depicting the transient drug or 

drug-carrier concentration profiles at various time points (T1 to T5) is shown 
during drug accumulation into cartilage and depletion from cartilage (part b). 
These chosen time points are also illustrated in a graph depicting the drug 
concentration in the cartilage or synovial fluid over time, following injection 
(part c). The time period during which the drug stays above the critical thera-
peutic level inside cartilage (denoted by *) is denoted as τeff, corresponding to 
the period during which the drug is effective in eliciting a biological response.
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The manner in which electrically neutral 
drugs and/or drug carriers distribute 
between regions of the joint space following 
intra-articular injection are depicted 
schematically in FIG. 2. To reduce the 
mathematical complexity, this scheme 
has been simplified to a one-dimensional 
transport system and depicts the transient 
concentration profiles of the drug (or 
drug carrier) in these regions at various 
time-points during its accumulation (FIG. 2b) 
and depletion (FIG. 2c) inside cartilage. 
Intra-articular injection immediately 
increases the synovial fluid concentration 
(CSF) of the drug or drug-carrier. Using 
the simplest model in which drug or 
drug-carrier concentration becomes 
uniformly distributed in the synovial 
fluid volume (for example, by flexing the 
joint), the CSF at the interface of synovial 
fluid and cartilage can be assumed to be 
approximately equal to that at the interface 
of synovial fluid and synovial membrane. 
Initially the drug concentration inside 
cartilage (Cc) will continue to increase with 
time even as CSF  begins to decrease with 
clearance from the synovial fluid. When 
the drug concentration in the synovial 
fluid finally becomes lower than that inside 
cartilage, a net outward diffusion from 
cartilage back into synovial fluid follows 
(FIG. 2c), unless there is a mechanism by 
which the drug or drug carrier can bind 
to sites inside cartilage. From standard 
diffusion theory, the diffusion time across 
cartilage is proportional to the square of 
the cartilage thickness (Lc); hence, cartilage 
thickness is extremely important to the 
success of intra-cartilage delivery (see 
discussion of animal models, below). The 
time period during which the drug stays 
above the critical therapeutic level inside 
cartilage (τeff, denoted by * in FIG. 2b–d) 
corresponds to the period during which 
the drug is effective in eliciting the desired 
biological response.

well as the fixed-charge groups of the ECM 
(for example, the charges on GAGs). Thus, 
under physiological conditions, Na+ ion 
concentration is higher inside cartilage while 
Cl− ion concentration is lower compared 
with their concentrations in the synovial 
fluid at equilibrium (FIG. 3b).

Transport of large-molecular-weight 
solutes into cartilage is sterically hindered, 
typically resulting in partition coefficients 
<1. For example, Maroudas et al. showed 
that serum albumin (molecular weight 
69 kDa, diameter ~7 nm, isoelectric point 
(pI) 4.7) is sterically hindered in normal 
human cartilage, with k <0.05 (REFS 49,51). 
Similarly, neutravidin (66 kDa, electrically 
neutral) has k = 0.5 in normal cartilage24. By 
comparison, avidin (66 kDa, net charge +20, 
pI = 10.5), the same-sized positively charged 
counterpart of neutravidin, has a much 
higher partition coefficient (k = 6)24. Most 
importantly, when a highly positively charged 
drug (or a potential drug carrier such as 
avidin) is injected intra-articularly47,52,  
there is an immediate sharp increase  
in its concentration just inside the  
cartilage due to Donnan partitioning at  
the synovial fluid–cartilage interface50 
(FIG. 3a). As depicted in FIG. 3a, the resulting  
increased concentration (from C to kC) 
causes a steep intra-tissue concentration 
gradient (from the superficial zone inward), 
which greatly accelerates transport of 
positively charged drugs and/or drug 
carriers deeper into the negatively charged 
cartilage. This accelerated transport enables 
drugs and/or drug carriers to penetrate into 
cartilage faster than their clearance rate 
from the synovial fluid. For example, avidin 
fully penetrates through 1 mm-thick bovine 
cartilage in <24 h, whereas neutravidin only 
partially penetrates by 4 days; avidin also 
shows 400-fold higher uptake into cartilage 
compared with neutravidin24.

Weak reversible binding. Current 
research in intra-articular delivery has 
sometimes focused on using strong 
binding mechanisms (for example, covalent 
bonds8,53) to increase the residence time 
of drug carriers inside cartilage. However, 
such strong-binding mechanisms would 
markedly slow the penetration of these 
carriers into human (and large animal) 
cartilage as the carriers would be trapped 
in the surface layers well before reaching 
middle zone and deep zone targets 
(BOX 3). More precisely, diffusion-reaction 
transport times are inversely proportional 
to the effective diffusivity of drug carriers, 
which would be decreased by orders of 

Utilizing electrostatic interactions
The high density of negatively charged 
GAGs inside cartilage provides a unique 
opportunity to use electrostatic interactions 
to augment transport, uptake and 
binding of drugs and drug-carriers. Such 
interactions, however, have not yet been 
fully exploited for local intra-articular 
delivery (BOX 1). Three complementary 
mechanisms have been identified by 
which electrostatic interactions can enable 
cartilage- targeted drug delivery and 
retention (BOX 2).

Donnan partitioning. Within cartilage,  
the partition coefficient of a solute, k, is 
defined as the equilibrium concentration 
of unbound, free solutes inside cartilage 
normalized to the solute concentration 
in the surrounding bath (that is, synovial 
fluid)49. k depends on solute size, charge and 
the composition of the cartilage ECM.  
A small electrically neutral solute that is not 
sterically hindered by cartilage ECM will 
have a partition coefficient of ~1: that is, 
when in equilibrium, solute concentration 
in the tissue and the surrounding synovial 
fluid is nearly equal. The high negative 
fixed-charge density of GAGs inside 
cartilage results in a drop in the electrical 
potential (ΔΦ) at the tissue interface, causing 
a strong, inwardly pointing electric field 
(FIG. 3a) that enhances transport of positively 
charged species into cartilage and excludes 
penetration of negatively charged solutes. 
This intra-tissue distribution of charged 
solutes within charged tissues is quantified 
by Donnan’s theory42,50,which states that, 
in equilibrium, all freely moving charged 
solutes will distribute (that is, ‘partition’) into 
charged tissues on the basis of the difference 
between the mean electrical potential 
inside the tissue compared with that of the 
surrounding bath and, additionally, that the 
net charge inside the tissue must be zero, 
including the charges of all mobile solutes as 

Box 1 | Why intra-cartilage delivery?

• Potential disease-modifying osteoarthritis drugs (DMOADs) are in preclinical development,  
but cartilage-targeted delivery methods for intra-articular delivery in humans are lacking

• Drugs injected directly into the joint have short residence times as they are rapidly cleared via 
lymphatics or sub-synovial capillaries

• The dense matrix of cartlilage prevents the drug penetration necessary to elicit the desired 
biological response

• In the absence of cartilage-targeted intra-articular delivery, multiple injections of high-dose 
drugs might cause off-target effects and even systemic toxicity

• To reach chondrocyte and matrix targets throughout the full thickness of cartilage, drug carriers 
are needed that can penetrate to the deep zone and bind to cartilage matrix, and thereby 
provide sustained intra-tissue delivery of therapeutics
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magnitude due to tight binding. By contrast, 
nonspecific electrostatic interactions 
between positively charged drugs and/or  
drug carriers and negatively charged 
cartilage ECM lead to weak and reversible 
binding, which provides the distinct 
advantage of enabling drug carriers to 
rapidly penetrate through the full thickness 
of cartilage. Such cationic particles will 
be attracted to and could weakly bind 
negatively charged GAG constituents 
inside cartilage. This weak and reversible 
ionic binding has a correspondingly high 
dissociation constant, KD, so the carriers also 
rapidly unbind from their intra-tissue 
binding sites. If the particles are small 
enough such that they are not subject to 
steric hindrance by the cartilage ECM, 
they will continue to diffuse through the 
cartilage and penetrate deeper into  
the tissue, given the inward concentration 
gradient induced by Donnan partitioning at 
the superficial zone, as described above.

High intra-tissue binding site density.  
The high density of GAGs in cartilage 
provides a high density of binding sites 
for certain positively charged solutes, 
which greatly increases their intra-tissue 
residence time, despite their weak binding. 
For example, avidin remains bound within 
cartilage for several weeks owing to a very 
high intra-cartilage binding site density  
(NT ~2,900 µM) even though its binding 
affinity is very weak (KD = 150 µM)24.

However, although electrostatic 
interactions result in upward partitioning of 
cationic peptides into cartilage, they do not 
guarantee binding to the matrix. Binding 
depends on the precise chemical structure 
of the binding site (for example, the GAGs 

drug transport, completely independent 
of electrostatic effects. However, several 
studies have reported that the effects of 
dynamic loading increase transport by only 
about twofold for large macromolecules 
compared with that in the non-loaded 
condition56,57. This approximately twofold 
increase was reported when cartilage plugs 
were subjected to continuous cyclic loading 
for several hours, a procedure not practical 
in clinical situations. Hence, dynamic 
loading has a smaller effect on transport 
of small molecules compared with passive 
diffusion. By contrast, the electrostatic 
effects described here can enable increases in 
intra-cartilage concentration of 10–100-fold, 
as has been reported for various cationic 
solutes in cartilage56–58.

Drug delivery approaches
Cartilage-targeting drug carriers
The current clinical standard for 
intra-articular delivery is direct injection 
into the joint. New delivery approaches 
being investigated in clinical trials utilize 
micron-sized, impenetrable, non-binding 
particles that remain suspended in 
the synovial fluid for sustained drug 
release into the joint space. However, a 
considerable fraction of the released drug 
might be cleared from the joint before 
entering cartilage. Hence the available 
drug concentration inside cartilage, Cʹ, will 
be lower than the concentration of drug 
injected into the joint, C. The time required 
to reach intra-cartilage therapeutic levels (τ1) 
can be very long (if ever attained) (FIG. 4a). 
Most currently explored sustained-release 
drug delivery systems fall into this category; 
examples include triamcinolone-loaded 
PLGA (poly lactic-co-glycolic acid) 
microspheres12, carriers or drugs crosslinked 
to either exogenous hyaluronan particles59 
or endogenous hyaluronan within the joint9, 
and elastin-like polypeptides for delivery of 
IL-1Ra60. These drug delivery systems are 
most relevant if target sites are mainly in the 
synovial fluid or synovium, such as when 
mediating pain and inflammation, but are 
not very effective for targeting chondrocytes 
unless extremely high drug doses are used.

A second approach utilizes drug carriers 
of varying sizes functionalized to bind to 
cartilage surfaces (FIG. 4b). Such surface 
binding prevents these carriers from 
penetrating deeper into the tissue, although 
drugs released from them could penetrate 
effectively depending on their properties. 
As a result, drug concentrations could reach 
intra-cartilage therapeutic levels in a shorter 
time, τ2, compared with drug-release from 

within cartilage) and that of the drug and/or  
drug carrier molecule. For example, the 
heparin-binding domain of heparin-binding 
(HB)-IGF-1 binds with a higher affinity  
to heparan sulfate GAGs (KD= 21 nM)  
than to chondroitin sulfate GAGs 
(KD = 160 nM)31. Similarly, avidin binds  
weakly to chondroitin sulfate GAGs. 
However, this weaker binding is 
compensated by the much higher density 
of chondroitin sulfate GAGs than heparan 
sulfate GAGs in cartilage (500–1,000 fold)31. 
By contrast, although the small cationic 
peptide therapeutic Pf-pep (Arg-Tyr- 
Lys-Arg-Thr, 760 Da, net charge +3, pI ~11) 
was found to partition upward (k ~3.5) into 
cartilage, this peptide did not bind inside 
cartilage and rapidly diffused out of the 
tissue, thereby preventing its intra-cartilage 
retention at levels needed for sustained 
therapeutic effect54. Thus partitioning and 
binding are two independent mechanisms 
that affect solute uptake and retention 
inside cartilage in very different ways 
(FIG. 3c). Separate experiments must be 
performed to test whether electrostatic 
interactions can simultaneously enable both 
upward partitioning and binding24.

Effects of dynamic loading
Dynamic loading of cartilage, as would occur 
during walking, running or jumping, 
might also affect drug uptake. These 
effects are independent of the electrostatic 
interactions discussed above. Joints are 
mechanically loaded across a wide spectrum 
of frequencies (loading rates) depending 
on the type of physical activity, which 
compresses the cartilage55. This dynamic 
loading of joints results in fluid flow within 
cartilage that could potentially enhance 

Box 2 | How can electrostatic interactions help?

Cationic carriers rapidly penetrate negatively charged cartilage, resulting in high uptake,  
binding to extracellular matrix components and sustained drug delivery to chondrocytes

Transport rate and uptake into cartilage
• Electrostatic interactions cause a sharp increase in concentration of cationic carriers at the 

synovial fluid–cartilage interface (called Donnan partitioning) following intra-articular injection

• This Donnan partitioning causes steep intra-cartilage concentration gradients that accelerate 
transport and enable high uptake of cationic carriers into cartilage before they exit the 
synovial fluid

Depth of penetration and binding
• Electrostatic binding is weak and reversible (that is, carriers rapidly unbind after initial binding 

with negatively charged groups); thus, cationic carriers continue to diffuse throughout the full 
thickness of cartilage

• Despite weak binding, the high negative fixed charge density of aggrecan glycosaminoglycans 
inside cartilage greatly increases the residence time of cationic carriers

• In the early stages of OA, despite the loss of some GAGs, the remaining negative charges inside 
cartilage still provide sufficient binding sites for cationic carriers
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impenetrable non-binding carriers (τ2 < τ1, 
FIG. 4b). This method might be best suited for 
delivery of novel proteoglycan 4 (PRG4)-like 
proteins for surface lubrication61.

In contrast to impenetrable particles, 
positively charged nanosized carriers 
<10 nm diameter (cationic drug nanocarriers) 
can penetrate past the superficial zone 
of the cartilage24 (FIG. 4c). Carriers with 
similar diameter but longer length (for 
example, rod or chain structures) might 
also penetrate cartilage tissue owing to 
matrix tortuosity62. The positive charge 
of nanocarriers drastically increases 
their partitioning and results in steep 
intra-tissue concentration gradients and 
accelerated transport. Mediated by weak 
reversible ionic binding, this approach 
can yield full depth penetration and 
retention of drug carriers, resulting in 
therapeutic levels of intra-cartilage drug 

have failed clinical trials65 owing to a lack 
of tissue-targeted delivery and resulting 
systemic adverse effects.

Cartilage-targeting drugs
Other approaches have been explored for 
targeting chondrocytes inside cartilage, 
including gene delivery66 (which often 
involves use of cationic viruses) and the 
use of ultrasonography to increase drug 
transport rates67. Attention has also focused 
on the addition of cationic domains to 
known protein therapeutics (for example, 
growth factors) to enable electrostatic 
penetration, binding and retention inside 
cartilage in a manner similar to that pictured 
in FIG. 4c. Clues for this approach were 
garnered from the FGF family, one of the 
first ligands discovered to have a cationic 
heparin-binding domain68. This domain 
binds heparan sulfate GAG chains on the 
surface of cells in cartilage, increasing  
the affinity between FGF family ligands 
and their cell-surface receptors, crucial for 
stabilizing this formation and initiating  
cell signalling69.

In addition to facilitating growth factor 
signalling, heparin and heparan sulfate are 
of particular interest in the realm of growth 
factor delivery owing to the cationic nature of  
heparin-binding domains. The existence 
of this domain on FGF-18 was partly the 
motivation for utilizing this growth factor for 
ongoing OA clinical trials33

Although some proteins (such as the FGF 
family and vascular endothelial growth factor 
(VEGF)) have naturally occurring cationic 
domains that bind to heparin and heparan 
sulfate, such heparin-binding domains 
can also be attached to other molecules, 
resulting in fusion proteins such as HB-IGF-1 
that are now known as heparin-binding 
drugs. Studies in vitro, as well as in animal 
models30,31, revealed that intra-articular 
injection of HB-IGF-1 resulted in longer 
retention and bioactivity in cartilage, as well 
as enhanced local delivery to chondrocytes, 
compared with IGF-1. Furthermore, 
HB-IGF-1 also binds to, and is primarily 
retained by, chondroitin sulfate35, a promising 
finding given the much higher concentration 
of chondroitin sulfate GAGs in cartilage 
compared with heparan sulfate GAGs. Thus, 
cationic drugs take advantage of the same 
electrostatic interactions described above for 
cationic drug carriers, interactions that enable 
upward partitioning, accelerated transport 
and retention of bioactive growth factors 
inside cartilage. Furthermore, an entire class 
of glycoadherins and chondradherins could 
be used to functionalize drugs. For example, 

concentrations in the shortest time (FIG. 4c). 
For example, avidin has been shown to 
have optimal size and charge properties 
for intra-cartilage drug delivery24,47. 
When conjugated with dexamethasone, 
it rapidly penetrated into full-thickness 
cartilage explants, releasing the drug 
inside, which significantly suppressed 
IL-1-induced GAG loss over 3 weeks 
compared with free drug63. In another 
study, cationic moieties were incorporated 
into DOTAM (1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid 
amide)-based nanocarriers functionalized 
with the cathepsin D inhibitor pepstatin 
A, and demonstrated retention in mouse 
knee joints64. Thus, this approach could 
enable intra-cartilage delivery of potential 
DMOADs, which has remained a challenge. 
Such an approach might also offer a unique 
opportunity to re-examine OA drugs that 

Figure 3 | Electrostatic (charge–charge) interactions cause Donnan partitioning but not neces-
sarily drug binding to cartilage matrix. a | The high negative fixed-charge density of glycosamino-
glycans (GAGs) inside cartilage results in a decrease in the electrical potential (ΔΦ) from the synovial 
fluid into cartilage, owing  to a strong, inwardly pointing electric field (E) that enhances transport of 
positively charged species into cartilage and diminishes penetration of negatively charged solutes 
such that the total net charge inside the cartilage is zero. b | The concentration of positively charged 
Na+ partitions upward (from CNa to kNaCNa), while negatively charged Cl− partitions downward (from 
CCl to kClCCl). Similarly, positively charged drug carriers (for example, avidin) partition upwards into 
negatively charged cartilage. k is the partition coefficient and C is the concentration of the solute 
particle within the synovial fluid. c | The small cationic peptide Pf-pep does not bind inside cartilage 
and hence rapidly diffuses out54. Avidin binds weakly and reversibly with the negatively charged 
GAGs with a dissociation constant (KD) of 150 µM owing to charge–charge interactions (note that a 
high dissociation constant implies weak binding)24. The cationic heparin-binding (HB) domain of 
heparin-binding insulin-like growth factor 1 (HB-IGF-1) binds comparatively more strongly with chon-
droitin sulfate GAG chains than does avidin, although penetration of HB-IGF-1 into cartilage is still 
dramatically high31.  
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the C-terminal peptide of chondroadherin 
selectively binds to heparan sulfate chains69; 
similarly, the GAG-binding domain of 
prolargin (also termed PRELP) can be 
fused with drugs to enable binding within 
cartilage ECM70.

Delivery to damaged cartilage
In the early stages of cartilage degradation, 
a window of opportunity exists for drug 
delivery6 when there might be some but not 
yet complete loss of GAGs from cartilage7. 

Late-stage OA is characterized by 
extensive damage to the collagen network 
of cartilage and other soft tissues, as well 
as substantial loss of GAGs from cartilage. 
These changes are accompanied by 
episodic synovitis, osteophyte formation 
and subchondral sclerosis25. Although this 
more extreme degradation of cartilage 
makes the tissue much more permeable to 
larger sized drugs (perhaps even ~150 kDa 
antibodies), this advanced stage of disease 
might be irreversible, and treatments are 
probably limited to symptomatic relief of 
pain and inflammation36. However, GAG 
chains are present in the menisci, ligaments 
and in lower concentrations in tendons. 
Additionally, lubricin glycoproteins are found 
in the superficial zone of cartilage and in 
the surface layers of the synovial membrane, 
fat pads and other gliding joint tissues, 
providing additional natural reservoirs for 
positively charged drug carriers. Hence, 
attaching a cationic domain to pain and 
inflammation relievers might still enhance 
their residence time in the joint through 
binding to negatively charged molecules in 
the synovial fluid, fat pads and synovium.

Appropriate animal models
Any perspective on developing new 
drug-delivery systems must include a 
discussion of animal models used to 
investigate in vivo biological responses 
and transport kinetics. Multiple studies of 
intra-articular delivery approaches have 
utilized mouse and rat models73,74. Although 
rodent models continue to have an essential 
role in our understanding of the biological 
mechanisms underlying OA and PTOA, 
and therefore in initial drug screening and 
drug discovery, these models might not 
be informative regarding drug delivery. 
Transport kinetics must be investigated 
using larger animal models with thicker 
cartilage more like human, models that 
might also be more clinically relevant (and 
generally preferred by the FDA75,76). Drug 
delivery and transport kinetics depend 
on drug carrier size and surface-func-
tional properties, and on the biophysical 
properties of the animal joint and its 
constituent tissues. The size of joint space 
and, in particular, the thickness of cartilage 
increase with animal size77,78. For example, 
average cartilage thickness for different 
mature animal species have been reported 
as follows: mouse ~50µm, rat ~100–150µm, 
rabbit ~350–700µm, goat ~900µm, pig 
~1.5 mm, horse ~1.5– 2.0 mm and human 
~1.5–2.0 mm (REFS 77–80). Therefore, 
drug uptake, diffusion-reaction transport 

Experiments utilizing avidin showed that 
its concentration inside partially degraded 
cartilage (40% depletion of GAG chains) 
was 25 times higher than that in the bathing 
medium24. Thus, utilizing charge–charge 
interactions for targeting and retaining 
positively charged drugs and/or drug carriers 
is feasible even with partial GAG loss. At 
this stage of disease, before overt collagen 
fibrillation, pharmacological intervention 
could delay, prevent or even reverse 
progression of OA or PTOA 71,72.

Box 3 | Strong binding hinders diffusive transport

The ability of binding interactions to promote transport of carriers through tissues is paradoxical 
because binding enhances retention but hinders diffusive transport. Using strong binding 
mechanisms such as covalent bonds for increasing drug retention inside cartilage can sound 
attractive; however, very strong or irreversible binding can dramatically slow down transport of 
carriers as they get bound/trapped in the surface layers of cartilage, preventing them from 
penetrating further to reach their target sites.

In constrast, nonspecific electrostatic interactions between positively charged carriers and 
the negatively charged ECM leads to weak and reversible binding, which provides the 
distinctive advantage of allowing drug carriers to rapidly penetrate through the full thickness 
of cartilage.

Glossary

Therapeutic levels
The drug doses necessary to elicit the desired biological 
response. For a particular drug this level can be estimated 
using a combination of in vitro assays and in vivo 
pharmacokinetic and pharmacodynamics studies.

Diffusion time
Time for diffusion (τ) of a drug into cartilage of thickness 
‘L’ is ~ L2/D, where D is the diffusivity of the drug inside 
cartilage tissue. 

Electrostatic interaction
Non-covalent repulsive or attractive interaction  
between charged molecules (for example, proteins, 
glycosaminoglycan chains) in a physiological medium  
(for example, saline, synovial fluid) or inside highly  
charged tissues such as cartilage.

Partition coefficient
The equilibrium concentration of unbound, free drug inside 
cartilage, normalized to drug concentration in the synovial 
fluid (denoted as k).

Electrical potential
The potential energy of a charged particle at any location 
divided by the particle’s charge. Sharp jumps in electrical 
potential result in high localized electric fields at that region.

Steric hindrance
When the pore size of the tissue matrix is small enough, 
diffusion and transport of a drug or drug-carrier will be 
hindered simply because of its size.

Donnan partitioning
The change in concentration of a charged drug across  
the synovial fluid–cartilage interface due to the drug’s 
charge. The high negative fixed-charge density of 
glycosaimnoglycans inside cartilage results in a drop in the 
electrical potential at the tissue interface, causing a strong 

inwardly pointing electric field that enhances transport of 
positively charged species into cartilage and excludes 
penetration of negatively charged species such that the net 
charge inside the cartilage is zero. Thus, the concentration 
of positively charged drug can increase dramatically  
(i.e. partition upwards) across the interface as the drug 
enters the negatively charged cartilage.

Dissociation constant, KD

Here, the concentration of the drug at which (in equilibrium) 
half of the binding sites are occupied by the drug. Generally, 
the lower the value of KD the tighter the binding.

Binding site density, NT

Here, the local density of sites inside a tissue that can bind 
drug molecules.

Binding affinity
Here, the strength of the binding interaction between  
a drug and its binding-site partner that bind together 
reversibly. High affinity means very tight binding.

Dynamic loading
The mechanical loading of joints, which can occur across a 
wide range of frequencies (loading rates) depending on the 
type of physical activity. For example, joint loading 
frequencies can range from <1Hz in slow activities such as 
walking to 1,000 Hz for high rate activities such as jumping 
and high impact sports.

Cationic drug nanocarriers
Biological or synthetic nano-particles (with diameters 
approximately <10 nm) that can be conjugated to small  
or large molecule drugs to enhance delivery.

Electrostatic binding
Binding due to electrostatic interactions; generally 
nonspecific and much weaker than strong (for example, 
covalent) binding.
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kinetics, and retention will vary markedly 
with animal species. Whereas drug carriers 
might penetrate rapidly into 50µm-thick 
mouse cartilage, in larger animals and 
humans they could easily be cleared from 
the joints before much penetration, as the 
diffusion time is proportional to the square of 
cartilage thickness. Conversely, once a drug 
reaches therapeutic levels inside cartilage, 
the theoretical retention time favours thicker 
cartilage. The outward diffusion-reaction time 
is also proportional to cartilage thickness 
squared, and inversely proportional to the 
effective diffusivity of the drug and/or  
drug carrier inside cartilage, including 
the effects of binding. For example, avidin 
takes much longer to diffuse out of rabbit 

drug delivery into negatively charged  
tissues such as cartilage by either 
functionalizing drugs with cationic peptide 
domains or utilizing cationic nanocarriers. 
By designing drug-carrier conjugates of 
optimal size and charge, it is possible to 
enable their penetration and long-term 
retention through the full thickness of 
cartilage, which is necessary for drug 
delivery to chondrocytes and other ECM 
targets. This approach could enable 
treatment of early stage OA and PTOA 
when the disease is still ‘reversible’. In the 
case of late-stage OA, this approach might 
enhance the residence times of symptomatic 
medication by enabling binding within the 
synovial joint.

cartilage compared to the thinner rat 
cartilage52. The longest half-life of avidin was 
measured in the thickest cartilage of rabbits 
(medial tibial plateau, 155 h) whereas in rat 
cartilage the half-life of avidin was five to 
six times shorter47,52. Much longer retention 
times would be expected in thicker human 
cartilage than in rabbits. Taken together, 
rodent models might greatly overestimate 
drug and/or drug carrier penetration into 
cartilage, compared to the much thicker 
human cartilage, and greatly underestimate 
drug and/or drug carrier retention.

Conclusions
Electrostatic (charge–charge) interactions 
provide a unique opportunity for targeted 

Figure 4 | Approaches to intra-articular drug delivery. a | Large, non-pen-
etrating, non-binding drug carriers remain suspended in synovial fluid. 
These carriers are most relevant when the target sites of the drug are 
mainly in the synovial fluid or synovial membrane, such as with drugs used 
for relieving pain and inflammation. b | Large or small carriers (depicted 
in blue and orange respectively) that bind strongly to the cartilage sur-
face and are unable to penetrate deeper into the tissue are relevant for 
the delivery of drugs to target sites at or near the tissue surface. 
c | Carriers with optimal size and positive charge can penetrate through 
the full thickness of cartilage and be retained owing to weak, reversible 
binding interactions. The sharp increase in cationic drug carrier concen-
tration (from C to kC) at the synovial fluid–cartilage interface is caused 

by Donnan partitioning, which accelerates drug transport into cartilage 
faster than drug clearance from the synovial fluid. Thus, the time to reach 
intra-cartilage therapeutic levels is shortest in this case compared with 
large carriers or surface-binding carriers. A graph for each drug delivery 
system depicts the transient carrier and drug concentration profiles.  
τ1 and τ2 denote an earlier and later time point respectively. C is the con-
centration of drug (encapsulated in carriers) in the synovial fluid. Cʹ is the 
effective drug concentration in synovial fluid after clearance from  
the joint. Blue and orange curves show the concentration gradient of 
drug carriers. Red dotted curves show concentration gradient of the drug 
released from these carriers inside the cartilage. * denotes the drug  
therapeutic threshold.
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ERRATUM

Insight into rheumatological cause and effect through the use  
of Mendelian randomization
Philip C. Robinson, Hyon K. Choi, Ron Do & Tony R. Merriman
Nature Reviews Rheumatology 12, 486–496 (2016) doi:10.1038/nrrheum.2016.102

In the originally published version of the above Review, in the left-hand panel of Figure 2b the residuals were represented by 
horizontal rather than vertical double-headed arrows between the individual data points and the regression line, and in the 
right-hand panel the labels for the axes were inverted; in the legend for Figure 2b and on page 487 of the article where Figure 2 
is cited, the description of the two-stage least squares method was inaccurate; and owing to an editorial oversight, a sentence 
on page 488 mistakenly referred to the occurrence of “reverse causality” instead of “inverse causality”. These errors have been 
corrected in the online version of the article. Also, in the discussion of the Wald method on page 488, the sentence “However, 
estimating the effect size of an exposure on the outcome is not possible” has been deleted to avoid ambiguity.
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CORRIGENDUM

Autophagy: controlling cell fate in rheumatic diseases
Jason S. Rockel and Mohit Kapoor
Nature Reviews Rheumatology 12, 517–531(2016)

In the above article, the sentence “The ubiquitin-like modifier-activating enzyme ATG7 ubiquitylates autophagy protein 5 
(ATG5) so that it can form a functional complex with ubiquitin-like protein ATG12” should have appeared as  
“The ubiquitin-like modifier-activating enzyme ATG7 conjugates autophagy protein 5 (ATG5) with ubiquitin-like protein 
ATG12 so that it can form a functional complex”. In Figure 1 of the same article, ATG7 was incorrectly shown to be 
ubiquitylating ATG5, instead of conjugating ATG5 to ATG12. These errors have been corrected in the online version  
of the article.
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