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A newly discovered variant of 
immunoglobulin G1 (IgG1) that 
can modulate B cell activation and 
differentiation is also a risk variant 
for systemic lupus erythematosus 
(SLE), according to a new study 
published in Science. These findings 
provide insights into the regulatory 
function of IgG-B cell receptor 
(IgG-BCR) signalling in the control 
of autoreactive B cell fate and SLE 
pathogenesis.

SLE is characterized by B cell 
dysfunction and the production of 
a wide spectrum of autoantibodies 
that can promote immune complex 
formation and deposition, leading 
to multi-organ damage. In healthy 
individuals, the autoreactivity of the 
IgG+ plasma cell compartment is 
low, despite prevalent autoreactivity 
in the IgG+ memory B cell pool. 
However, checkpoints that restrain 
plasma cell autoreactivity fail in 
autoimmune diseases such as  
SLE. “How autoreactive IgG+  
B cells are maintained in a quiescent 
state under normal immune 
homeostasis, but surmount the 
immune tolerance checkpoints  
in pathological conditions is still  
not clear,” remarks Zhanguo Li,  
one of the corresponding authors  
of the study.

In B cells, the cytoplasmic tail of 
membrane-bound IgG (mIgG-tail) 
can modulate IgG-BCR activation 
by amplifying downstream 
signalling of the receptor through its 

phospho-immunoglobulin  
tail tyrosine (ITT) motif and a 
signalling module involving the 
adaptor molecule GRB2 and  
the tyrosine-protein kinase 
BTK. “Based on the effects of the 
mIgG-tail on B cell activation  
and differentiation, and the  
prevalent autoreactivity in human 
IgG-BCR-expressing B cells, we 
proposed that the illegitimate 
activation of IgG-BCR might 
be involved in the pathogenesis 
of autoimmune diseases such 
as SLE,” explains Wanli Liu, the 
co-corresponding author.

By scanning for potential 
mutations in the mIgG-tail 
that might be associated with 
autoimmune diseases, they 
discovered a single nucleotide 
polymorphism (SNP; rs117518546) 
that correlated strongly with SLE 
susceptibility. This SNP results in a 
glycine-to-arginine substitution at 
codon 396 in human IgG1 (G396R 
variant) and is also associated with  
a more severe disease phenotype.

“Current genetic research on 
SLE indicates a strong genetic 
predisposition, mediated by multiple 
gene variants,” says Liu. “As the 
patients with SLE who had this 
susceptible variant had exacerbated 
organ involvement, testing for this 
variant might help predict the patient 
prognosis.”

To further study the mechanisms 
underlying this association, the 
researchers generated knock-in mice 
expressing the murine homologue 
IgG1-G390R (G390R mice). Under 
standard physiological conditions 
the mice had no apparent phenotype; 
however, in two mouse models of 
SLE (a bm12-inducible model and 
an apoptotic thymocyte-induced 
model) the G390R mice had 
higher IgG1 autoantibody levels 
than wild-type mice, as well as 

enlarged glomeruli and substantial 
deposition of IgG1+ immune 
complexes. By further analysing the 
B cell compartment of the G390R 
mice, they also found evidence of 
increased plasma cell generation 
and changes in the IgG1+ plasma cell 
population that were indicative of 
autoreactivity.

Using various imaging 
techniques and molecular dynamics 
simulations, the researchers found 
that the G390R variant lowers the 
threshold for BCR activation by 
promoting phosphorylation of the 
ITT motif via the LYN tyrosine 
kinase, resulting in enhanced 
recruitment of downstream 
signalling molecules GRB2 and  
BTK to the immunological  
synapses. The G390R ITT motif 
bound better to active LYN  
kinase than the wild-type ITT 
motif, which resulted in increased 
availability of the phospho-ITT 
motifs and promoted longer  
dwelling times of GRB2 in the 
immunological synapse. The 
researchers likened this effect to 
a ‘recruit-and-confine’ model. 
Following initial recruitment  
of GRB2 to the phospho-ITT motifs, 
GRB2 is released and recaptured 
rather than being released and 
escaping (as in the ‘recruit-and-
escape’ model), leading to more 
effective downstream signalling.

“These findings deepen the 
understanding of the function of SLE 
susceptibility loci and emphasize 
the notion that autoreactive IgG+ 
memory B cells are critical in SLE 
development and are a priority target 
for autoimmune disease treatment,” 
remarks Li.

Jessica McHugh
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IgG1 variant promotes autoimmunity

ORIgInAL ARTICLE Chen, X. et al.  
An autoimmune disease variant of IgG1 modulates 
B cell activation and differentiation. Science. 362, 
700–705 (2018)
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in brief
 S P O n DY LOA RT H R I T I S

IL-17A blockade effective for AS
Ixekizumab (an anti- IL-17A monoclonal antibody) is superior 
to placebo for the treatment of DMARD- naive patients with 
ankylosing spondylitis (AS), according to the 16-week results  
of the COAST- V phase III randomized controlled trial  
(341 patients, randomized 1:1:1:1). More patients achieved the 
stringent Assessment of Spondyloarthritis International Society 
40% response primary endpoint when treated with ixekizumab 
(every 2 weeks = 52%; every 4 weeks = 48%) than with placebo 
(every 2 weeks = 18%), results that were not inferior to 
treatment with a TNF inhibitor (every 2 weeks = 36%).
ORIgInAL ARTICLE van der Heijde, D. et al. Ixekizumab, an interleukin-17A antagonist in 
the treatment of ankylosing spondylitis or radiographic axial spondyloarthritis in patients 
previously untreated with biological disease- modifying anti- rheumatic drugs (COAST- V): 
16 week results of a phase 3 randomised, double- blind, active- controlled and placebo- 
controlled trial. Lancet https://doi.org/10.1016/S0140-6736(18)31946-9 (2018)

 T H E R A P Y

Infection risk with tofacitinib plus glucocorticoid
The increased risk of infection with herpes zoster virus in 
patients with rheumatoid arthritis (RA) treated with the  
Janus kinase inhibitor tofacitinib is further increased by  
the concomitant use of glucocorticoids. In a study of  
8,030 patients with RA in the USA treated with tofacitinib, 
additional glucocorticoid use nearly doubled the risk of 
herpes zoster infection (HR = 1.96, 95% CI 1.33-2.88), whereas 
additional methotrexate use did not increase the risk of herpes 
zoster infection (HR = 0.99, 95% CI 0.64-1.54).
ORIgInAL ARTICLE Curtis, J. R. et al. Herpes zoster in tofacitinib: risk is further increased 
with glucocorticoids but not methotrexate. Arthritis Care Res. https://doi.org/10.1002/
acr.23769 (2018)

 PA E D I AT R I C  R H E U M ATO LO gY

Treat- to-target possible for JIA
Following a treat- to-target strategy resulted in remission at  
24 months regardless of which of three different treatment 
plans (DMARD alone, DMARD plus prednisolone or DMARD 
plus etanercept) was used in a randomized, single- blinded 
study of 94 DMARD- naive patients with juvenile idiopathic 
arthritis (JIA). When averaged across the three groups, at  
24 months 71% of patients had achieved inactive disease 
and 39% of patients had achieved drug- free inactive disease. 
Time- to-flare following DMARD discontinuation did not differ 
between the groups.
ORIgInAL ARTICLE Hissink Muller, P. et al. Treat to target (drug- free) inactive disease in 
DMARD- naive juvenile idiopathic arthritis: 24-month clinical outcomes of a three- armed 
randomised trial. Ann. Rheum. Dis. https://doi.org/10.1136/annrheumdis-2018-213902 (2018)

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

Fat pad MRI signal linked to OA progression
Individuals with a large volume of effusion- synovitis and/or an 
alteration in infrapatellar fat pad signal intensity on MRI have 
an increased risk of developing accelerated knee osteoarthritis 
(OA). Using participants from the Osteoarthritis Initiative,  
three groups of individuals were compared (n = 125 per group):  
those with accelerated knee OA; those with knee OA; and those 
without knee OA. Patients with accelerated knee OA had an 
average of 44% more effusion- synovitis volume than those with 
knee OA or no knee OA 2 years before disease onset, and >50% 
had a change in infrapatellar fat pad signal intensity on MRI.
ORIgInAL ARTICLE Davis, J. E. et al. Effusion- synovitis and infrapatellar fat pad signal 
intensity alteration differentiate accelerated knee osteoarthritis. Rheumatology  
https://doi.org/10.1093/rheumatology/key305 (2018)

New research published in 
Immunity identifies a pathogenic 
function for the extra- follicular 
B cell differentiation pathway 
in patients with systemic lupus 
erythematosus (SLE).

B cells that undergo class 
switching but lack expression  
of immunoglobulin D and the 
memory marker CD27 are 
commonly referred to as double- 
negative (DN) B cells. These cells 
seem to serve different functions in 
the context of different diseases.  
In patients with HIV or malaria they 
have been characterized as having 
either an exhausted or anergic 
phenotype, respectively; however,  
a function in autoimmune disease  
is less clear.

To understand how these cells 
might contribute to autoimmunity, 
the researchers of the new study 
isolated and characterized DN 
B cells from two cohorts of patients 
with SLE. Patients in the SLE-2 
cohort (n = 50) had higher disease 
activity, serum autoantibody titres 
and frequency of lupus nephritis 
than patients in the SLE-1 cohort 
(n = 40). Although the DN B cell 
population was expanded relative 
to healthy individuals in both 
cohorts, the DN B cell population 
from the SLE-2 cohort was highly 
enriched for a subset of DN B cells 
that lack the follicular homing 
marker CXCR5. Unlike CXCR5+ 

cells (called DN1 cells), these 
extra- follicular cells (called DN2 
cells) were also more numerous 
in African–American individuals 
relative to people of other ethnic 
backgrounds, which might explain 
the high prevalence or severity of SLE 
in this population.

Using flow cytometry, 
epigenomics and transcriptomics, 
the researchers characterized the 
DN2 cells, showing that these 
cells are probably a unique lineage 
and that in patients with SLE they 
are frequently specific for known 
autoantigens.

“The DN2 cells show some 
differentiation characteristics of 
cells on the way to becoming a 
plasmablast, and are thus distinct 
from naive B cells,” says Steve Nutt, 
a B cell differentiation expert not 
associated with the new study.

So why do these autoreactive 
cells proliferate so much in patients 
with SLE?

“Cause and effect are extremely 
difficult to separate in a complex 
systemic autoimmune disease such 
as SLE,” cautions Nutt. “However, 
the DN2 cells show a striking 
hyper-plasmablast differentiation 
response to TLR7 agonists and a role 
for TLR7 hyper- responsiveness in the 
promotion of pathology is supported 
by studies in animal models.”

Whether these findings will 
translate into the development  
of therapeutics that target DN2  
B cells is unclear, and Nutt points  
out that presently we have no  
way of depleting the DN2 B cell 
subset specifically. However,  
he is optimistic that these new 
data will be clinically important. 
“Detecting the frequency of DN2 
B cells in patients may be useful 
for patient stratification and 
monitoring as well as provide a 
biomarker for clinical intervention 
studies,” he says.

Nicholas J. Bernard
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Double- negative B cells

ORIgInAL ARTICLE Jenks, S. A. et al. Distinct 
effector B cells induced by unregulated Toll- like 
receptor 7 contribute to pathogenic responses 
in systemic lupus erythematosus. Immunity 49, 
725–739.e6 (2018)

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

684 | december 2018 | volume 14 

mailto: 
https://doi.org/10.1016/S0140-6736(18)31946-9
mailto: 
https://doi.org/10.1002/acr.23769
https://doi.org/10.1002/acr.23769
mailto: 
https://doi.org/10.1136/annrheumdis-2018-213902
mailto: 
https://doi.org/10.1093/rheumatology/key305
mailto: 


nATure revieWS | Rheumatology

from patients with OA compared 
with undamaged control cartilage. 
Furthermore, in the destabilization of  
the medial meniscus mouse model 
of OA, intra-articular adenoviral 
delivery of Itgbl1 reduced cartilage 
damage and osteophyte formation.

“As a long-term goal, we are trying 
to identify the minimal domain of 
ITGBL1 that could be used to treat 
various integrin-mediated diseases,” 
states Park. “Ultimately, we hope to 
develop peptide drugs based on the 
ITGBL1 sequence.”

Joanna Collison

current treatments for osteoarthritis 
(oA) can alleviate the symptoms of joint 
pain, but do not modify the course of 
disease. one strategy to overcome this 
therapeutic limitation is to target the 
underlying pathogenic mechanisms 
that degrade the cartilage. new 
research demonstrates that injection of 
mir-181a-5p antisense oligonucleotides 
might be a suitable therapeutic method 
to achieve this goal.

“Three years ago, we conducted a 
screen for micrornAs in patients with 
varying degrees of spinal facet joint 
cartilage degeneration,” explains 
mohit Kapoor, corresponding author 
of the new study. “our results showed 
that mir-181a-5p has an active role in 
degenerating facet cartilage.”

in this follow-up work, Kapoor and 
his team tested locked nucleic acid 
antisense oligonucleotides that can 

target mir-181a-5p from mice, rats 
and humans. They show that these 
oligonucleotides limit expression of 
catabolic and apoptotic markers by 
murine and human cartilage cells in 
response to il-1β and in cultured knee 
cartilage explants from patients with oA.

in support of these findings, the 
researchers show that intra-articular 
injection of the oligonucleotides can 
protect rats from cartilage degradation 
(measured by oArSi scores) in an oA 
model driven by needle puncture of the 
facet joint.

Similar results were obtained in 
mice using a different oA model, by 
surgical destabilization of the medial 
meniscus. in this model, reduction in 
cartilage destruction resulted from the 
oligonucleotides being injected into the 
joints 2 or 4 weeks after surgery to induce 
oA. This time frame might indicate that 

the effect of this method has therapeutic 
(not just prophylactic) potential.

“We are now conducting a series 
of studies to investigate the safety 
and best therapeutic dose, as well as 
optimal method for the local delivery of 
mir-181a-5p antisense oligonucleotides 
to the joints,” says Kapoor. “if the 
oligonucleotides prove to be safe and 
effective, this could be a potential oA 
disease modifying therapy and not just a 
symptom modifier,” he concludes.

Nicholas J. Bernard

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

A new antisense 
oligonucleotide therapy?

Integrins link chondrocytes to the 
surrounding extracellular matrix 
(ECM), mediating chondrocyte 
development and differentiation and  
controlling catabolic pathways that 
cause cartilage destruction. New 
research has revealed a role for integrin 
β-like protein 1 (ITGBL1) in modu-
lating integrin-mediated chondrocyte 
activity, suggesting that blocking 
integrins with ITGBL1 could reduce 
cartilage damage in osteoarthritis (OA).

“ITGBL1 is a secreted protein 
that possesses a dual function 
in inhibiting inflammation and 
promoting chondrogenesis,” explains 
corresponding author Tae Joo Park. 
“Our data suggest that ITGBL1 might 
function as a secreted inhibitor for a 
broad range of integrins.”

Fragments of ECM molecules 
such as fibronectin are produced via 
proteolytic cleavage of the ECM by 
catabolic enzymes during cartilage 
degeneration. These fragmented 

ECM molecules can themselves 
trigger the production of catabolic 
enzymes by chondrocytes in a 
positive feedback loop. “Integrins 
are known to be receptors for 
fragmented ECM molecules and to 
promote chondrolysis in models of 
arthritis,” says Park.

In vitro studies showed that 
overexpression of ITGBL1 reduced 
the binding of fragmented ECM 
molecules to human chondrocytes 
via integrins. Similarly, stimulation 
of human chondrocytes with 
fragmented ECM molecules caused 
an upregulation of catabolic enzymes 
that could be reduced by the 
overexpression of ITGBL1.

In mice, knockdown of Itgbl1 
using intra-articular adenoviral 
delivery of short hairpin RNA 
caused cartilage damage similar 
to that seen in patients with OA. 
Interestingly, expression of ITGBL1 
was also greatly reduced in cartilage 

intra-articular 
adenoviral 
delivery of 
Itgbl1 reduced 
cartilage 
damage and 
osteophyte 
formation

C
re

di
t:

 M
ed

ic
al

R
F.

co
m

/A
la

m
y 

St
oc

k 
Ph

ot
o

ORIgInAL ARTICLE Song, E. K. et al. ITGBL1 
modulates integrin activity to promote cartilage 
formation and protect against arthritis. Sci. Transl. 
Med. 10, eaam7486 (2018)
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injection of the 
oligonucleo-
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degradation
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ORIgInAL ARTICLE Nakamura, A. et al. 
microRNA-181a-5p antisense oligonucleotides 
attenuate osteoarthritis in facet and knee joints. 
Ann. Rheum. Dis. https://doi.org/10.1136/
annrheumdis-2018-213629 (2018)
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Inhibit integrins to protect 
cartilage
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Selective inhibition of Janus kinase 1  
(JAK1) is safe and effective for treating 
ankylosing spondylitis (AS) in patients 
who fail to respond to nSAids,  
according to the results of a new  
phase ii, placebo-controlled trial 
published in The Lancet.

unlike for psoriatic arthritis, inhibition 
of il-6 or il-23 was not effective for 
treating AS, meaning that current 
treatment options for patients with AS 
who do not respond well to nSAids 
are limited to Tnf inhibitors and the 
anti-il-17A antibody secukinumab. 
Tofacitinib (a dual JAK1 and JAK3 
inhibitor) was effective in a phase ii  
clinical trial, but safety issues are 
potentially a greater concern when 
blocking multiple JAKs.

in the current study, 116 patients 
from seven european countries were 
randomly allocated 1:1 to receive either 
200 mg oral filgotinib (a JAK1 inhibitor) 
or placebo once daily for 12 weeks.  
All patients fulfilled the modified  
new York classification criteria for 

AS, had previously had an inadequate 
response to two or more nSAids 
and had radiographically confirmed 
sacroiliitis and active disease (bath AS 
disease activity index (bASdAi) of ≥4 
and c-reactive protein concentration  
of ≥3.0 mg/l).

“The primary endpoint was the change 
from baseline in the AS disease activity 
score (ASdAS),” explains corresponding 
author Désirée van der Heijde. “This  
was the first time that this endpoint was  
used as a primary endpoint for a phase ii 
or iii trial.” At week 12, the change  
in ASdAS from baseline was –1.47  
(Sd 1.04) for those treated with 
filgotinib and –0.57 (Sd 0.82) for those 
who received placebo (least squares 
mean difference between groups of 
–0.85; 95% ci –1.17 to –0.53; P<0.0001). 
The number of reported adverse events 
was equal in each group and one 
patient in each group withdrew owing 
to an adverse event (pneumonia in the 
filgotinib group and high creatine kinase 
in the placebo group).

“The data show that selective 
inhibition of JAK1 may be an effective 
and safe treatment option for patients 
with active AS who failed treatment with 
NSAIDs,” says van der Heijde. “Phase III 
trials should confirm these findings.”

Joanna Collison

 S P O n DY LOA RT H R I T I S

Selective JAK inhibition for AS

ORIgInAL ARTICLE Choi, S.-C. et al. Inhibition  
of glucose metabolism selectively targets 
autoreactive follicular helper T cells. Nat. Commun. 
9, 4369 (2018)

blocking 
glucose 
metabolism 
can selectively 
eliminate 
autoreactive 
TFH cells

differences in metabolic requirements 
between autoreactive TFH cells and 
pathogen-specific TFH cells.

“We are now focusing on  
the mechanisms responsible for the  
higher glucose requirements of 
autoreactive TFH cells, and what 
metabolites generated from glucose 
are specifically required,” says Morel. 
“We plan also to use other pathogens 
to understand to what extent our 
results obtained with influenza 
virus infection and nominal protein 
immunization can be generalized.”

Jessica McHugh

Follicular helper T (TFH) cells are 
involved in both the pathogenesis 
of systemic lupus erythematosus 
(SLE) and in protective humoral 
immune responses to pathogens, 
making these cells a challenge to 
target therapeutically. Addressing 
this challenge, the results of a new 
study show how blocking glucose 
metabolism can selectively eliminate 
autoreactive TFH cells without 
compromising T cell-dependent 
responses to immunization or viral 
infection.

Previous investigations 
have revealed that inhibiting 
both glucose metabolism and 
mitochondrial metabolism 
reverses autoimmune pathology in 
lupus-prone mice. “In this study, we 
performed a detailed analysis of the 
metabolic requirements of TFH cells 
from lupus-prone mice as compared 
with non-autoimmune controls,” 
says corresponding author Laurence 

Morel. “Spontaneous autoreactive 
TFH cells, but not influenza virus- 
specific TFH cells demanded a high 
level of glucose metabolism.”

Treatment with 2-deoxyglucose 
(2DG), an inhibitor of glycolysis 
and, hence, of glucose metabolism, 
prevented the expansion of 
TFH cells in four mouse models 
of SLE. However, this treatment 
did not impair T cell-dependent 
humoral responses to exogenous 
antigen, nor did it impair influenza 
virus-mediated induction of 
antigen-specific TFH cells. Conversely, 
inhibition of glutaminolysis with 
the glutamine analogue 6-diazo-
5-oxo-l -norleucine reduced the 
production of both antigen-specific 
antibodies and autoantibodies. 
The results suggest that, unlike the 
unique requirement for high levels of 
glucose in autoreactive TFH cells, all 
TFH cells require glutamine. Overall, 
the findings highlight the qualitative 
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ORIgInAL ARTICLE van der Heijde, D. et al. 
Efficacy and safety of filgotinib, a selective Janus 
kinase 1 inhibitor, in patients with active ankylosing 
spondylitis (TORTUGA): results from a randomised, 
placebo-controlled, phase 2 trial. Lancet  
https://doi.org/10.1016/S0140-6736(18)32463-2 
(2018)
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The need to repair and regenerate skeletal 
tissues is becoming more relevant with an 
ageing population that is susceptible to joint 
degeneration and low-trauma fractures due 
to osteoporosis. Regenerative medicine and 
tissue engineering aim to repair or regener-
ate damaged tissues, regardless of the cause 
of the damage, thereby restoring both struc-
ture and function. These fields are aided by 
remarkable advances over the past 70 years in 
the understanding of how tissues form during 
development, which has provided a platform 
to create new ways to repair postnatal tissue. 
Postnatal tissue healing (such as rebuilding an 
adult axolotl limb or fracture healing in higher 
species) is now widely accepted to mimic the 
developmental processes that occur during 
tissue formation1. However, to realize the 
true potential of this knowledge in the con-
text of regenerative medicine, the identity 
of the tissue-resident (reparative) stem cell 
is required. Chan et al.2 and Debnath et al.3 
report the identity of skeletal stem cells (SSCs) 
and with this information potentially provide 
the field with the building blocks for replacing 
skeletal tissues.

Chan et al.2 extend the data of a landmark 
study4 that provided evidence for the exist-
ence of a self-renewable mouse SSC that gives 
rise exclusively to bone, cartilage and stroma. 
The new study reports the identification of a 
human SSC with similar characteristics, while 
Debnath et al.3 provide data on the identity 
of a stem cell in the periosteum that gives 
rise exclusively to bone. Through single-cell 
RNA sequencing of cells in the fetal human 

lineage (Lin) markers, CD90.2 and 6C3 antigen 
and are CD49lowCD51low) were detected. A pop-
ulation of CD200+CD105− cells displayed SSC 
characteristics, including self-renewal both 
in vitro and in vivo, and as such were defined 
as periosteal stem cells (PSCs). The other two 
populations were identified as progeny of PSCs, 
defined as CD200−CD105− periosteal progeni-
tor 1 (PP1) cells and CD105+CD200Variable PP2 
cells (Fig. 1).

Interestingly, PSCs only gave rise to 
intramembranous bone when transplanted 
into mice, even though the periosteum is 
known to facilitate endochondral bone for-
mation during fracture repair. In an unantici-
pated finding, PSCs seem to acquire plasticity 
after injury, enabling these cells to coordinate 
endochondral ossification for repair (Fig. 1).  
A human equivalent of the PSC was also  
identified by the CD200+CD105− signature.

The identification of tissue-resident stem 
cells facilitates two mechanistic approaches 
for targeted repair of postnatal tissues. The 
first approach consists of enhancing intrinsic 
repair mechanisms with stimulation of cell 
proliferation, differentiation and tissue meta-
bolic activity, and recruitment of endogenous 
stem/progenitor populations into damaged 
tissue. To repair tissues using this method, 
in-depth knowledge of stem cells and their 
locations is required. Indeed, pharmaceutical 
targeting of the stem cell niche might enable 
cell recruitment for tissue repair, duplication 
of niche components ex vivo for stem cell 
expansion, or the generation of therapies 
for dysfunctional niches that occur owing to  
disease or ageing5,6.

The second approach becomes necessary 
when intrinsic repair is not feasible or is insuf-
ficient and requires extrinsic repair7. In this 
context, tissue-engineering approaches that 
manufacture cellular or combination products 
(therapeutics that combine drugs, devices or 
biological products) that can contribute locally 
to tissue repair in a receptive environment are 
feasible. Regenerative approaches inspired by 
developmental tissue formation (known as 
‘developmental engineering’8,9) are leading the 
way. Extrinsic repair could be useful for treat-
ing non-union fractures, where the fibrous 
scar tissue needs to be removed and replaced 
by a living implant that bridges the fracture.

Despite the promising progress provided by 
Chan et al.2 and Debnath et al.3, independent 
confirmation of these data by other groups 

growth plate, Chan et al.2 discovered a human 
cell population with a transcriptome that is 
analogous to the previously identified mouse 
SSC population. Analysis of the proteins dis-
played on the surface of these cells revealed a 
podoplanin (PDPN)+CD146−CD73+CD164+ 
signature. Furthermore, these cells appear to 
be self-renewing and multipotent, defining 
them as human SSCs with the capacity to 
form bone, cartilage and stroma when trans-
planted into mice. Once transplanted, they 
transition through a progenitor cell known as 
a bone–cartilage–stroma progenitor (BCSP; 
Fig. 1). Interestingly, human SSCs were not 
only prospectively isolated from adult femo-
ral head tissue (bone and articular cartilage)2, 
but also from sources such as bone morpho-
genetic protein 2 (BMP2)-treated induced 
pluripotent stem cells (iPSCs) and human 
adipose stroma (HAS), thus potentially aiding 
clinical translation of human SSC-associated 
regenerative strategies.

Debnath et al.3 searched for SSCs through 
analysis of the periosteum, which has the 
capacity for skeletal tissue formation during 
growth and repair. Using green fluorescent 
protein (GFP) cathepsin K reporter mice, three 
subpopulations of periosteal cells (which lack 
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Close to the bone — in search 
of the skeletal stem cell
Frank P. Luyten    and Scott J. Roberts

The search for the identity of skeletal stem cells has reached a point at 
which skeletogenic cell populations with self-renewing capacity can be 
enriched and studied in detail. These advances provide new hope for 
skeletal regenerative medicine.

Refers to Chan, C. K. F. et al. Identification of the human skeletal stem cell. Cell 175, 43–56 (2018) | Debnath, S. et al. 
Discovery of a periosteal stem cell mediating intramembranous bone formation. Nature 562, 133–139 (2018).
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is required. Moreover, Chan et al.2 identified 
the human SSC in the fetal growth plate, and 
thus had a limited choice of adult tissues to 
validate their panel of markers. As such, they 
chose femoral heads containing articular car-
tilage and bone marrow to isolate adult human 
SSCs, although these were more heterogene-
ous compared to fetal sources. Furthermore, 
human SSCs were identified among BMP2-
stimulated iPSCs and HAS. Critically, the arti-
cle lacks information on whether the human 
SSCs isolated from adult tissues or human  
cell populations give rise to all the down-
stream populations after serial transplantation.  
Nevertheless, the finding that a population of 
human SSCs can be maintained and expanded 
within a cartilaginous microenvironment is 
of particular interest to researchers focused 
on ‘endochondral strategies’ for bone repair. 
Preserving a reservoir of SSCs while creating a 
construct that triggers endochondral bone for-
mation upon implantation is likely to improve 
tissue formation and integration. Interestingly,  
Chan et al.2 propose depleting CD146+ cells, 
which is in opposition to the current status 
quo, considering the important role of CD146+ 

to membranous bone only (unless isolated 
following injury when apparent cell plasticity 
enables endochondral ossification). The 
clinical advantage of this finding is not clear,  
unless directed towards the repair of membra-
nous bones, such as skull or craniofacial 
defects. Furthermore, neither Chan et al.2 
nor Debnath et al.3 report self-renewal in an 
orthotopic environment; therefore, efforts 
should be made to confirm this self-renewal 
through techniques such as periosteal grafting 
or intraosseous delivery.

Finally, one of the major challenges in 
tissue engineering relates to manufacturing. 
So far, both papers provide methods for the 
enrichment and application of SSCs as build-
ing blocks for living tissue. However, scaling 
these findings up to the size required for 
implantation in humans is a challenge and 
therefore clinical translation might be some 
way off. Nevertheless, the production of living 
skeletal implants is one step closer.
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cells in the formation of the haematopoietic 
compartment and the selection of pericyte-like 
populations with strong multi-lineage 
potency10. However, the re-expression of 
CD146 in BCSPs might replicate the biology 
of the perivascular CD146+ cell population.

Data from Debnath et al.3 are also limited 
with respect to human PSCs, as the in vivo 
data on tissue-forming capacity are not as 
convincing as the mouse data. By contrast, 
the human SSCs identified by Chan et al.2 
seem to robustly generate cartilage, bone or an 
ossicle with bone marrow in vivo. Moreover, 
although CD90−CD200+CD105− cells isolated 
from human tissues seem analogous in mouse 
and human periosteal tissues, self-renewal of 
the human counterpart is untested. Where to 
position this cell in the SSC hierarchy is also 
unclear, especially as mouse SSCs were identi-
fied as CD90−CD200+ by the 2015 Chan et al.4 
study and human SSCs share few markers 
with their mouse counterparts2. This incon-
sistency between the studies requires further 
investigation. Nevertheless, Debnath et al.3 
might have identified a distinct self-renewing 
SSC derived from periosteum that gives rise 
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Fig. 1 | Identity and tissue-forming capacity of skeletal stem cells. Human skeletal stem cells 
(SSCs) can be isolated prospectively from fetal growth plate cartilage, bone marrow and articular 
cartilage by cell sorting the PDPN+CD146−CD73+CD164+ population, which differentiates into a 
bone–cartilage–stroma progenitor (BCSP) cell capable of producing the skeletal tissues of bone and 
cartilage. The periosteal stem cell (PSC) was identified using a cathepsin K GFP reporter mouse, 
where GFP+ cells in the periosteum mark the stem cell population and its progeny — the periosteal 
progenitor 1 (PP1) and PP2 cells. Human and mouse PSCs are CD200+CD105−, with PP1 cells losing 
expression of CD200 before expressing CD105 and a variable level of CD200 (CD200V) as PP2 cells. 
PSCs can only form intramembranous bone, unless they are isolated from post-injury mouse tissues 
where apparent plasticity enables them to contribute to endochondral ossification. CTSK , cathepsin K; 
Lin, lineage; PDPN, podoplanin.
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TNF inhibitors are used to suppress the ongo-
ing inflammatory process in patients with 
rheumatoid arthritis (RA). Unfor tunately, 
30–40% of patients do not respond to these 
expensive medications1,2. In previous genetic 
studies of response to therapy in RA, investi-
gators mainly used the 28-joint disease activ-
ity score (DAS28) as an outcome measure, 
which is a heterogeneous measure composed 
of four subcomponents (swollen 28 joint 
count (SJC28), tender 28 joint count (TJC28), 
erythrocyte sedimentation rate (ESR) and 
patient global assessment). However, individ-
ual changes in one of these four subcompo-
nents might better reflect the biological basis 
of RA activity than changes in the combined 

samples collected using one protocol. In the 
study, patients were treated with different TNF 
inhibitors, including adalimumab, etanercept 
and infliximab. The investigators identified a 
genome-wide significant association between 
a genetic variant (rs7195994) in an intron of 
FTO and a change in SJC28 in patients treated 
with infliximab (no genome-wide significant 
associations were observed with DAS28). 
Interestingly, another variant in FTO has pre-
viously been associated with BMI and obe-
sity in general3. Data from transgenic mouse 
models have provided evidence for the role 
of FTO in body mass regulation; in addi-
tion, the gene is expressed in brain regions 
involved in appetite regulation3. Interestingly, 
an inadequate response to TNF inhibition has  
also been linked with a high BMI: in a 2018 
meta-analysis of 54 cohorts of patients with 
one of several immune-mediated inflamma-
tory diseases, obese patients with RA had a 60% 
higher probability of failing treatment with  
a TNF inhibitor than non-obese patients 
with RA4. Similar findings were reported for 
patients with psoriasis or psoriatic arthritis 
but not for patients with inflammatory 
bowel disease. On the basis of these findings 
one could speculate that the FTO variant 
might influence TNF inhibitor response via  
a mechanism related to BMI.

However, in the study by Massey et al., the 
association between the FTO variant and a 
change in SJC28 during TNF inhibitor treat-
ment was still present after an adjustment 
for BMI, which suggested that the genetic 
variant had a BMI-independent effect on the 
SJC28. This finding is in line with the obser-
vation that the treatment response of patients 
with obesity is inferior to that of non-obese 
patients even when weight-based dosing 
of the TNF inhibitor is used4. In addition, 
similar BMI-independent associations have 
been reported between variants in FTO and 
susceptibility to other diseases, suggesting 
either that FTO has additional functions to 
the regulation of body weight or that the iden-
tified genetic variants in FTO functions via a 
FTO-independent mechanism5.

A prerequisite for any GWAS is that the 
phenotype under investigation is herita-
ble. For many diseases, heritability can be 
estimated using data from twin studies; for 
example, the heritability of RA is estimated 
to be ~60%6. However, estimating the herit-
ability of a treatment outcome is more diffi-
cult. Nowadays, the availability of large-scale 
GWAS data enables such heritability calcu-
lations. In their study, Massey and colleague 
nicely show that the objective components 
of the DAS28 (such as a change in ESR and 
SJC28) are heritable (heritability estimates 
were in the range of 40–50%), whereas the 

score, and hence a genome-wide association 
study (GWAS) could arguably be improved 
by using measures that align more closely 
to the physiological mechanisms of RA 
than the composite DAS28. In a new study, 
Massey et al.1 followed this logic and for the 
first time identi fied a genome-wide signifi-
cant association with TNF inhibitor treatment  
outcome on the basis of a change in SJC28.

One of the strengths of the study by Massey 
and colleagues was the use of a large cohort 
(n = 1,752), which is an essential aspect of 
GWASs. In addition, the power of GWASs can 
be increased by using a homogeneous patient 
population, which was the case for this study 
as all the patients were from one country, with 

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

Unravelling the pharmacogenomics 
of TNF inhibition
Marieke J. H. Coenen   

Despite the previous identification of genes involved in the treatment 
response to TNF inhibition in rheumatoid arthritis, no genetic biomarkers 
are currently used in clinical decision-making. Might the heterogeneous 
nature of the disease activity score, which is often used as the outcome 
measure in genetic studies, partly explain this gap?

Refers to Massey J. et al. Genome-wide association study of response to tumour necrosis factor inhibitor therapy in 
rheumatoid arthritis. Pharmacogenomics J. 18, 657–664 (2018).
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subjective components, such as changes in 
TJC28 and patients’ global health, had a low 
heritability. This finding is in line with data 
from a previous study in which the estimated 
heritability of the response to TNF inhibition 
as assessed by changes in composite DAS28 
score was lower than that as assessed by SJC28 
and TJC28 (REF.2). These findings indicate 
that analysing the subcomponents of DAS28 
might be valuable for identifying genes linked 
with TNF inhibitor treatment outcome. It 
would be of interest to investigate which 
disease symptoms patients think should be 
incorporated into the treatment target and 
to focus on those symptoms in future genetic 
association studies. For example, in previous 
studies, patients rated pain as an important 
measure; this symptom is partly captured by 
the patient’s global health, but interestingly 
pain is heritable (heritability 28–71%)7,8.

Another added value of the study by 
Massey et al. is their inclusion of chromatin 
interaction analysis, which provides informa-
tion on the interactions between the identified 
genetic variants and other distantly located 
chromosomal regions. Such information 
can help pinpoint the possible mechanisms 
underlying the association between identi-
fied genetic variants and treatment outcome. 
Using this analysis, the researchers provide 
evidence for the first time that some genes 
that are associated with RA susceptibility (for 
example, PADI4, TRAF1-C5) might also have 
a role in TNF inhibitor treatment outcome, as 
the genetic variants that were associated with 
treatment outcome in this study also inter-
acted with RA susceptibility regions. Several 
groups have previously investigated the link 
between RA susceptibility genes and treat-
ment outcome with limited success9; however, 
in these studies, the researchers directly inves-
tigated the RA susceptibility genes by assessing 
their genetic variations, whereas Massey et al. 
investigated the indirect relationships of these 
genes. In their analysis, they focused on RA 
susceptibility genes, but it would also be 
interesting to identify what other genes are 
involved in these interactions. Furthermore, 
as chromatin interactions are just one of many 
mechanisms of gene regulation, it would be 
worthwhile investigating what other mecha-
nisms are involved in the interplay between the  
identified genetic variants and treatment 
outcome. Future functional analyses are 
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necessary to shed light on the exact  mechanisms  
underlying such associations.

Although Massey et al. identified a number 
of genes that were associated with the TNF 
inhibitor treatment outcome, the observed 
effect sizes were low and so such biomark-
ers currently have no meaningful clinical 
application. The identified associations need 
to be replicated in other cohorts. Given the 
observed small effect sizes of GWAS findings, 
it has often been questioned whether GWASs 
will ever generate results that can be applied 
in the clinical setting. However, the results of 
one 2018 study provide hope. In this study, 
combining the small effect sizes of individual 
genetic risk variants of one of five diseases 
(coronary artery disease, atrial fibrillation, 
type 2 diabetes, inflammatory bowel disease, 
and breast cancer) into a genome-wide poly-
genic score for each of the five diseases iden-
tified a >threefold increased risk of disease 
in some individuals, which was comparable 
to the risk observed for some familial muta-
tions10. The polygenic scores were calculated 
using a very large sample size (for example, 
four case–control cohorts of the five diseases 
used for the discovery phase had >100,000 
individuals). These sample sizes are thus 
far out of reach for outcome studies of TNF 
inhibitor treatment, but nevertheless the 
findings show that by using (genome-wide) 
polygenic scores we might eventually be able 
to predict the outcome of TNF inhibition 
on the basis of genetic factors, which might 
 ultimately be of use in a clinical setting.

 …we might eventually be 
able to predict the outcome of 
TNF inhibition on the basis of 
genetic factors… 

www.nature.com/nrrheum
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Neutrophil extracellular traps (NETs) con-
tribute to immune responses by neutraliz-
ing pathogens and regulating the release of 
pro-inflammatory mediators. These struc-
tures are composed of DNA and proteins that 

form large web-like structures upon release 
by neutrophils1. In addition to providing 
a physical barrier to the dissemination of 
patho gens, NETs can directly mediate patho-
gen clearance as the structures also contain 

 C E L L  B I O LO GY

Gasdermin D opens the way  
for NETs
Lotte Spel and Fabio Martinon   

Gasdermin D is a pore-forming protein that can cause pyroptosis, a form  
of inflammatory cell death. New research indicates that the pores generated 
by gasdermin D can also promote the formation of neutrophil extracellular 
traps, potentially opening new therapeutic avenues for the treatment of 
inflammatory diseases.

Refers to Chen K. W. et al. Noncanonical inflammasome signaling elicits gasdermin D-dependent neutrophil extracellular 
traps. Sci. Immunol. 3, eaar6676 (2018) | Sollberger, G. et al. Gasdermin D plays a vital role in the generation of neutrophil 
extracellular traps. Sci. Immunol. 3, eaar6689 (2018).
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subjective components, such as changes in 
TJC28 and patients’ global health, had a low 
heritability. This finding is in line with data 
from a previous study in which the estimated 
heritability of the response to TNF inhibition 
as assessed by changes in composite DAS28 
score was lower than that as assessed by SJC28 
and TJC28 (REF.2). These findings indicate 
that analysing the subcomponents of DAS28 
might be valuable for identifying genes linked 
with TNF inhibitor treatment outcome. It 
would be of interest to investigate which 
disease symptoms patients think should be 
incorporated into the treatment target and 
to focus on those symptoms in future genetic 
association studies. For example, in previous 
studies, patients rated pain as an important 
measure; this symptom is partly captured by 
the patient’s global health, but interestingly 
pain is heritable (heritability 28–71%)7,8.

Another added value of the study by 
Massey et al. is their inclusion of chromatin 
interaction analysis, which provides informa-
tion on the interactions between the identified 
genetic variants and other distantly located 
chromosomal regions. Such information 
can help pinpoint the possible mechanisms 
underlying the association between identi-
fied genetic variants and treatment outcome. 
Using this analysis, the researchers provide 
evidence for the first time that some genes 
that are associated with RA susceptibility (for 
example, PADI4, TRAF1-C5) might also have 
a role in TNF inhibitor treatment outcome, as 
the genetic variants that were associated with 
treatment outcome in this study also inter-
acted with RA susceptibility regions. Several 
groups have previously investigated the link 
between RA susceptibility genes and treat-
ment outcome with limited success9; however, 
in these studies, the researchers directly inves-
tigated the RA susceptibility genes by assessing 
their genetic variations, whereas Massey et al. 
investigated the indirect relationships of these 
genes. In their analysis, they focused on RA 
susceptibility genes, but it would also be 
interesting to identify what other genes are 
involved in these interactions. Furthermore, 
as chromatin interactions are just one of many 
mechanisms of gene regulation, it would be 
worthwhile investigating what other mecha-
nisms are involved in the interplay between the  
identified genetic variants and treatment 
outcome. Future functional analyses are 
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application. The identified associations need 
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observed small effect sizes of GWAS findings, 
it has often been questioned whether GWASs 
will ever generate results that can be applied 
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one 2018 study provide hope. In this study, 
combining the small effect sizes of individual 
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to the risk observed for some familial muta-
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using a very large sample size (for example, 
four case–control cohorts of the five diseases 
used for the discovery phase had >100,000 
individuals). These sample sizes are thus 
far out of reach for outcome studies of TNF 
inhibitor treatment, but nevertheless the 
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This finding is in line with another study show-
ing gasdermin D can be cleaved by neutrophil 
elastase9, together indicating that gasdermin 
D has additional functions independent of 
inflammasome engagement (Fig. 1).

The identification of gasdermin D as a 
central regulator of NET formation opens 
new therapeutic avenues for the treatment 
of inflammatory diseases. Neutrophils from 
patients with SLE are characterized by the 
release of NETs10. The accumulation of extra-
cellular self-DNA as well as other autoanti-
gens possibly associated with NETs might  
contribute to the generation of autoantibod-
ies that are characteristic of SLE, including 
antibodies that are specific for endogen-
ous DNA, neutrophil elastase or other NET  
proteins.

Neutrophils and NETs have also been 
implicated in RA, as the enzymes and inflam-
matory molecules present in NETs might con-
tribute to cartilage destruction2. For example, 
NETs contain citrullinated self-proteins, such 
as histones, and RA is characterized by serum 
positivity for anti-citrullinated antibodies2. 
Therefore, NETs could also function as a 
source of antigens that contribute to RA patho-
genesis. Although the involvement of gasder-
min D in NET formation in RA and SLE is not 
clear, such a function would make sense given 
that serine proteases (and possibly inflamma-
tory caspases) are activated in these diseases. 

antimicrobial molecules such as defensins 
and cathelicidins. Excessive release of NETs 
is also thought to contribute to several inflam-
matory conditions, including response to 
infection and the autoimmune diseases rheu-
matoid arthritis (RA) and systemic lupus 
erythematosus (SLE)2. Although NETs are 
now recognized as important modulators 
of inflammation, the mechanisms by which 
neutrophils release NET-forming compounds 
are unclear. In two new articles — Chen et al.3 
and Sollberger et al.4 — the pore-forming pro-
tein gasdermin D is shown to contribute to 
NET formation.

Neutrophils are among the first immune 
cells recruited to inflammatory sites, where 
they release serine proteases, such as neu-
trophil elastase and cathepsin G, and pro- 
inflammatory mediators, including cytokines 
as well as defensins that can harm pathogens. 
However, inappropriate neutrophil activation 
can damage the host, and NET formation 
and release can contribute to this damaging 
response by stimulating further release of 
pro-inflammatory mediators. In addition, 
proteins and molecules such as DNA in the 
released NETs may become a source of endo-
genous antigens that, if detected by the immune 
system, could contribute to autoimmunity.

Gasdermin D is central to inflammatory 
cell death, as it facilitates the inflammatory cell 
death programme known as pyroptosis and the 
release of pro-inflammatory cytokines after acti-
vation of inflammasomes5,6. Inflammasomes 
activate inflammatory caspases, such as 
caspase 11 and caspase 1, to cleave gasdermin D  
and release an amino (N)-terminal effector 
domain that incorporates into membranes to 
form pores and rupture cell membranes. In the 
autoinflammatory disease familial Mediter-
ranean fever, characterized by overactive 
inflammasomes7, gasdermin D contributes to 
inflammation by promoting pyroptosis and 
IL-1β release8.

In the new study, Chen et al.3 investigated 
pyroptosis induction in neutrophils. In these 
cells, classical inflammasome-mediated 
caspase 1 activation did not promote cell 
death, indicating that neutrophils are resist-
ant to caspase 1-dependent pyroptosis. By 
contrast, pyroptosis was detected upon acti-
vation of the non-canonical inflammasome. 
This molecular complex is assembled upon 
cytosolic delivery of lipopolysaccharide, a sig-
nal that triggers the activation of caspase 11  
in mouse cells and caspase 4 in human cells. In  
neutrophils, pyroptosis was dependent on 
proteolytic cleavage of gasdermin D by 
caspase 11, a finding that mirrors what has 
been shown previously in macrophages5,6.

Consistent with the fact that lysis of neutro-
phils can promote NET formation, Chen et al.3 

found that the non-canonical inflammasome 
can activate NET formation. Non-canonical 
inflammasome-mediated NET formation was 
dependent on gasdermin D and caspase 11. 
The release of these NETs did not require fac-
tors usually associated with NET release, such 
as neutrophil elastase or myeloperoxidase, 
suggesting that NETs dependent on caspase 11  
might be a new type of structure.

Interestingly, Sollberger et al.4 found that 
gasdermin D contributes to NET formation 
through a different mechanism. They used 
a well-established model of NET formation 
mediated by stimulation of neutrophils with 
phorbol 12-myristate 13-acetate (commonly 
referred to as PMA). Using a chemical screen 
and proteomics, the researchers discovered 
that the small molecule LDC7559 targets 
gasdermin D and blocks NET formation. 
Functional assays monitoring pyroptosis and 
cytokine release showed that LDC7559 inhib-
its gasdermin D function, including its activ-
ity in the context of inflammasome activation. 
However, in contrast to the model investigated 
by Chen et al.3, the stimuli leading to NET for-
mation used by Sollberger et al.4 did not rely 
on inflammasome activation, as proteolytic 
activation of gasdermin D was independent 
of inflammatory caspases.

Instead, Sollberger et al.4 show that neutro-
phil serine proteases cleave gasdermin D, releas-
ing the active and toxic N-terminal fragment.  
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Fig. 1 | Function of gasdermin D in neutrophils. Caspase 11 activates an inflammasome, resulting 
in cleavage of gasdermin D. The amino-terminal cleavage product forms large pores in the plasma 
membrane. These pores disrupt cellular integrity and promote the release of DNA that can form  
neutrophil extracellular traps (NETs). The small molecule LDC7559 blocks the pore-forming activity  
of gasdermin D. Gasdermin D might also destabilize intracellular granules (resulting in release of  
serine proteases) and the nuclear membrane (resulting in release of DNA), further enhancing  
gasdermin D function and the release of NETs. Eventually , gasdermin D activity can lead to the death 
of the neutrophil, contributing to resolution of inflammation. NTD, amino-terminal domain.
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Patients with SLE or RA might benefit from 
treatment with molecules such as LDC7559, 
which can simultaneously inhibit the release 
of pro-inflammatory mediators as well as 
modulate the generation of autoantibodies by 
preventing NET formation.

In addition to being inflammatory, gasder-
min D regulates cell survival by controlling 
pyroptosis9. Inhibiting gasdermin D might 
therefore increase neutrophil viability and 
functionality. This possibility is supported 
by the observation that neutrophil viability is 
increased in mice deficient in gasdermin D9. 
In these mice, increased neutrophil survival 
is beneficial to the host response to pathogens 
such as extracellular Escherichia coli9, suggest-
ing that gasdermin D might affect neutrophil 
survival, possibly by limiting the viability of 
neutrophils that have been recruited to sites 
of inflammation.

Chen et al.3 and Sollberger et al.4 contrib-
ute to an understanding that gasdermin D is 
a more complex regulator of inflammatory 
programmes than previously appreciated. 
This new understanding of how gasdermin D 
regulates NET formation, together with estab-
lished functions of gasdermin D in inflamma-
tion, hopefully will lead to new therapeutic 
options for the treatment of inflammatory 
diseases.
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Despite various advances in the treatment of systemic 
lupus erythematosus (SLE), hydroxychloroquine is still 
almost universally recommended for patients with this 
disease. Hydroxychloroquine treatment is associated 
with wide- ranging benefits, including improved sur-
vival1–3 and reductions in disease activity4, renal damage5, 
and the risk of serious comorbidities, including venous 
thromboembolism and pregnancy complications1,6–10. 
Evidence for the clinical efficacy of hydroxychloro-
quine in treating SLE and its mechanisms of action has 
been reviewed extensively elsewhere11. Furthermore, the 
drug is often used in the management of rheumatoid 
arthritis (RA) and other rheumatic conditions, includ-
ing dermatomyositis, cutaneous lupus, undifferentiated 
connective tissue disease and seronegative inflammatory 
arthritis12. Hydroxychloroquine (along with methotrex-
ate and sulfasalazine) is included in triple therapy for 
RA, which has a similar efficacy to combination therapy 
with etanercept and methotrexate13, while being more 
cost- effective14. Hydroxychloroquine has also been asso-
ciated with improvements in dyslipidaemia and insulin 
resistance in patients with RA or SLE9,15–17. Moreover, 
hydroxychloroquine is now being investigated in tri-
als for the prevention of RA and for other indications, 
including cancers, multiple sclerosis, primary antiphos-
pholipid antibody syndrome and type 2 diabetes mel-
litus18. Given the generally perceived favourable safety 
profile and low cost of hydroxychloroquine, the drug will 
probably remain clinically useful, even in the modern 
biologic era.

Although hydroxychloroquine is generally well- 
tolerated, a critical long- term adverse event is vision- 
threatening toxic retinopathy. Data indicating an 
increased risk of retinopathy led to the revision of oph-
thalmology dosing guidelines, which now recommend a 
lower dose of hydroxychloroquine than had been used 
for many patients previously19,20. This Review describes 
advances in our understanding of the pathophysiology 
and epidemiology of hydroxychloroquine retinopathy and 
discusses the evolution of treatment recommendations 
that are affected by new retinopathy risk calculations. 
The potential implications of these developments are also  
discussed in relation to the treatment of patients with SLE.

Epidemiology
Long- term use of antimalarial drugs (including hydroxy-
chloroquine and chloroquine) can cause parafoveal retinal 
damage. In advanced stages, a ring scotoma (a ring of 
vision loss surrounding the central area of normal vision) 
can occur. Before 2014, the risk of hydroxychloroquine 
retinopathy was believed to be low. However, advances 
in modern, highly sensitive screening modalities over 
the past decade have enabled detection of the early signs 
of hydroxychloroquine retinopathy, which resulted in 
an increased overall prevalence of hydroxychloroquine 
retinopathy. These advanced modalities include spectral- 
domain optical coherence tomography (SD- OCT) 
combined with automated 10–2 visual field assessment  
(VFA), as well as multifocal electroretinography (mfERG) 
and fundus autofluorescence (Box 1)20.

Parafoveal
Region of the retina that 
surrounds the central fovea, 
within the macula. The macula 
is the region responsible for 
high- acuity central vision.

Visual field
The entire area that can be 
seen with the eyes fixed in 
one region.

Hydroxychloroquine retinopathy — 
implications of research advances for 
rheumatology care
April Jorge1, Cindy Ung2, Lucy H. Young2, Ronald B. Melles3 and Hyon K. Choi1*

Abstract | Despite advances in therapy for rheumatic diseases, hydroxychloroquine remains 
almost universally recommended for the treatment of systemic lupus erythematosus (SLE), and 
is often used in the management of other rheumatic diseases such as rheumatoid arthritis (RA). 
However, the major dose- limiting toxicity of hydroxychloroquine is retinopathy that can lead to 
loss of vision. New highly sensitive screening methods can identify early stages of retinopathy, 
and studies that include these modalities have indicated a substantially higher prevalence of 
hydroxychloroquine retinopathy than was previously recognized, resulting in revisions to 
ophthalmology guidelines and the recommendation of a low dose of hydroxychloroquine for 
many patients. However, the efficacy of low- dose hydroxychloroquine for treating SLE and 
other rheumatic diseases is unknown. Further studies are required to establish the effectiveness 
and retinal safety of the latest hydroxychloroquine treatment recommendations.
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The prevalence of retinopathy. Although many studies 
have assessed the risk of hydroxychloroquine retinopathy 
among patients with rheumatic diseases, the majority of 
these studies were small, retrospective and conducted at 
a single centre. This Review focuses on studies including 
at least 100 individuals receiving hydroxychloroquine 
(regardless of indication), to help ensure the robustness 
and precision of the risk estimates (TaBle 1). We assess 
five studies published in 2013 or later that used modern 
screening modalities (SD- OCT and 10–2 VFA)19,21–24, 
and ten studies that used less advanced methods, includ-
ing seven that used conventional screening modalities 
(fundoscopy, visual acuity, an Amsler grid, and/or col-
our vision assessments)25–31 (Box 1), and three that were 
reliant on ophthalmologist reports of toxicity, without 
specifying the screening modalities used32–34.

In the ten studies using less advanced methods, 
the estimated risk of hydroxychloroquine retino-
pathy ranged from 0.4% to 1.9%. The largest of these 
studies, published in 2010, included data from the 
National Data Bank for Rheumatic Diseases on 3,995  
patients with SLE or RA treated with hydroxychloro-
quine32. Of the 298 patients who self- reported receiv-
ing a diagnosis of hydroxychloroquine- induced eye 
toxicity, ophthalmology records were available for 
only 84 patients, among whom the authors identified 
10 confirmed cases and 13 probable cases of hydroxy-
chloroquine retinopathy. After multiple imputation for 
missing data, the estimated overall risk of retinopathy 
was 0.65%. Retinopathy occurred only rarely within 
the first 5 years of hydroxychloroquine use, and the 
estimated risk was 1.0% at 10 years of use and 3.1% at 
20 years of use32. This study probably underestimated 
the risk of hydroxychloroquine retinopathy owing to 
missing data, reliance on patient reports, and the use 
of older screening modalities. Similarly, a study pub-
lished in 2003 prospectively followed patients with 
either long term (≥6 years; 400 patients) or short- 
term (<6 years; 126 patients) use of hydroxychloro-
quine who were followed up every 6–12 months using 
older modalities (that is, visual acuity, fundoscopy, 
colour vision assessments, Rodenstock central visual 
fields, full- field electroretinography or fluorescein 

angiography) (Box 1). The authors found no examples 
of hydroxychloroquine- induced retinopathy in the 
patients with short- term treatment and an overall 0.5% 
incidence of hydroxychloroquine- induced retinopathy 
among patients with long- term use25.

In the five studies19,21–24 that used modern standard 
screening modalities, the prevalence of hydroxychlo-
roquine retinopathy ranged from 1.6% to 8.0%, and 
was 5.2–7.5% in patients who were treated with hydro-
xychloroquine for >5 years19,22. The largest of these 
studies included 2,361 patients treated with hydro-
xychloroquine for ≥5 years (mean 12 years) within the 
Kaiser Permanente Northern California (KPNC) inte-
grated health- care system19. The overall prevalence of 
hydroxychloroquine retinopathy as detected by SD- OCT 
or VFA was 7.5%, and severity spanned mild, moderate, 
and severe stages. The prevalence of hydroxychloroquine 
retinopathy was 5.7-fold higher among patients whose 
average hydroxychloroquine daily dose was >5.0 mg/kg 
actual body weight (ABW) than in patients whose aver-
age daily dose was ≤5.0 mg/kg ABW19. Another retro-
spective study from an ophthalmology referral practice 
found the prevalence of hydroxychloroquine retinopathy 
to be 8% (similar to the findings of the KPNC study) in 
513 patients treated with hydroxychloroquine for a mean 
duration of 6.2 years24. The prevalence of retinopathy 
was lower among patients treated daily with hydroxy-
chloroquine <400 mg versus ≥400 mg, ≤5.0 mg/kg ABW 
versus >5.0 mg/kg ABW, or ≤6.5 mg/kg ideal body weight 
(IBW) versus >6.5 mg/kg IBW24 (TaBle 1).

Evolution of screening modalities. The 2016 American 
Academy of Ophthalmology (AAO) guidelines recom-
mend a combination of automated 10-2 VFA (a func-
tional test) and SD- OCT (an objective structural 
imaging technique) as a primary screen for hydroxy-
chloroquine retinopathy20,35. This combination of meth-
ods can detect mild to moderate hydroxychloroquine 
retinopathy36 (TaBle 2). If needed, additional modern 
screening modalities can be employed; mfERG can pro-
vide objective corroboration for suspected visual field 
abnormalities, and fundus autofluorescence can show 
damage topographically20. However, fundus autofluo-
rescence is thought to be able to detect only advanced 
stages of retinopathy37. These secondary tests are also 
not as widely available as SD- OCT38 (TaBle 2). Fundus 
examination, colour vision assessments, Amsler grid, 
fluorescein angiography and electro- oculography are 
not currently recommended for screening as they 
are not considered sufficiently sensitive for detecting 
hydroxychloroquine retinopathy39 (Box 1).

Although data regarding the performance of screen-
ing modalities for detecting hydroxychloroquine 
retino pathy are scarce, especially given the rarity of this  
condition, the available evidence suggests that SD- OCT 
is objective, highly specific, and generally sensitive for 
all levels of retinal damage that might be visually rele-
vant36,40,41. By contrast, VFA is considered more sensitive 
than SD- OCT for detecting the earliest stages of retino-
pathy, although the results are subjective and influenced 
by the variable reliability of patient responses20. A study 
of 12 patients with hydroxychloroquine retinopathy and 

Key points

•	Hydroxychloroquine is almost universally recommended for patients with systemic 
lupus erythematosus (Sle) and has wide- ranging benefits, but risks include toxic 
retinopathy.

•	A proposed mechanism of hydroxychloroquine retinopathy is impaired lysosomal 
degradation of photoreceptor outer segments by the retinal pigment epithelium.

•	early changes associated with hydroxychloroquine retinopathy can be detected by 
modern highly sensitive screening modalities.

•	Hydroxychloroquine retinopathy prevalence is lower in studies of older screening 
modalities than in studies of highly sensitive screening methods that include early 
stages of disease (<2% versus ≤8%).

•	The most important predictors of hydroxychloroquine retinopathy are thought to be 
high- dose (>5 mg/kg) and long- term (>5 years) use, but existing evidence is limited to 
retrospective studies of prevalence data.

•	Despite the wide- ranging benefits of hydroxychloroquine therapy for patients with 
Sle, rheumatoid arthritis (RA) or other conditions, data on the dose–response 
relationship with outcomes are scarce.

Actual body weight
(aBW).True (measured) body 
weight.

Ideal body weight
(IBW). an estimate of body 
weight based on lean mass, 
calculated from factors 
including height and sex.

Electro- oculography
a specialized test measuring 
differences in electrical 
potential in the eyes.
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103 patients being treated with hydroxychloroquine but 
without retinopathy reported a sensitivity of 85.7% for 
10–2 VFA and 78.6% for SD- OCT, and specificities of 
92.5% and 98.1%, respectively36. The sensitivity and 
specificity for combining both 10–2 VFA and SD- OCT 
were calculated as 85.7% and 92.5%, respectively36. In 
another study of 19 patients with hydroxychloroquine 
retinopathy and 38 patients taking hydroxychloro-
quine but without retinopathy, in which mfERG was 
used as the reference test, VFA was 100% sensitive 
and 88% specific, and SD- OCT was 67–100% sensitive  
and 71–100% specific41.

Stages of retinopathy. The new detection methods for 
retinopathy have improved our understanding of the 
early stages of hydroxychloroquine retinopathy, which 
are typically asymptomatic and cannot be detected by 
fundoscopic examination and visual acuity assessments. 
Using modern screening modalities, hydroxychloro-
quine retinopathy can now be classified into normal, 
mild, moderate, and severe stages35 (FIg. 1). Mild stage 
is defined as patchy damage within the parafoveal zone 

shown by visual field or objective testing, moderate stage 
as a 50–100% parafoveal ring of damage and marked 
thinning of the parafoveal retina on SD- OCT without 
retinal pigment epithelium (RPE) damage, and severe stage 
as bull’s- eye damage with RPE involvement on SD- OCT 
(as well as visible retinopathy on fundoscopy)20.

Identifying patients with hydroxychloroquine retino-
pathy involving the RPE seems important, as the results 
of a small SD- OCT study suggest that these patients 
continue to undergo progressive damage (including loss 
of foveal thickness and cone structure) for ≥3 years after 
discontinuation of hydroxychloroquine treatment42. As 
such, early recognition of the toxic effects of hydroxy-
chloroquine, using VFA and SD- OCT (and other tests 
as indicated), might help to detect retinal toxicity before 
any functional and visual impairment develops; discon-
tinuation of the drug in these early stages might reduce 
or prevent the development of permanent damage36.

Another development in understanding the epide-
miology of hydroxychloroquine retinopathy has been 
the identification of an alternative (that is, pericentral 
rather than parafoveal) pattern of retina damage that 
occurs particularly in some Asian patients in the USA 
and Korea23,43. Some patients can have both patterns 
of damage, but in one US study, 50% of Asian patients 
(including East Asians and Southeast Asians, excluding 
Indians) and 2% of white patients with hydroxychloro-
quine retinopathy had only the pericentral pattern, with-
out visible parafoveal damage43. Thus, routine screening 
methods might miss damage if the region of the retina 
assessed is too narrow. To that end, wider test pat-
terns, including 24–2 or 30–2 VFA (instead of standard  
10–2 VFA) and wide- angle SD- OCT scans that include 
the vascular arcade regions, are now recommended by the  
AAO for hydroxychloroquine retinopathy screening in 
Asian patients20,39.

How dosing affects retinopathy risk. Daily treatment 
with hydroxychloroquine, particularly when weight- 
based dosing is used, has been accepted as a major risk 
factor for hydroxychloroquine retinopathy (TaBles 1,2); 
however, the type of weight measurement used in 
these calculations (IBW versus ABW) is a matter of 
contention44,45. Hydroxychloroquine dosing guidelines 
originated from animal studies of the pharmacology 
of chloroquine and hydroxychloroquine in the 1950s 
and 1960s. In rhesus macaques, the tissue reposito-
ries identified as having the highest concentrations of 
these compounds were the retina and choroid46. Muscle 
and liver were other major tissue repositories of chlo-
roquine; very little of the drug was deposited in fatty 
tissue. Subsequent pharmacokinetic studies in rats 
reported similar findings46,47. On the basis of the tis-
sue distribution of hydroxychloroquine in these ani-
mal studies46,47, the hydroxychloroquine doses (in both 
animals and humans) were initially calculated using 
IBW rather than ABW48,49. However, pharmacokinetic 
studies in humans showed that hydroxychloroquine 
had a large volume of distribution, indicating that this 
drug is distributed across a variety of tissues, including 
fatty tissues50. Therefore, whether IBW is required for 
hydroxychloroquine dosing in humans is unclear. Early 

Box 1 | Hydroxychloroquine retinopathy screening modalities

Spectral- domain optical coherence tomography (SD- OCT)
objective, high- resolution test that shows retinal layers. It identifies thinning of 
photoreceptor layers, which occurs early in hydroxychloroquine retinopathy.

Automated visual field assessment (VFA)
Subjective, functional test in which an automated analyser projects light stimuli of 
variable brightness throughout the visual fields, and the test subject presses a button 
to indicate	when	the	light	is	seen.	Regional	loss	of	the	visual	fields	in	a	parafoveal	or	
pericentral pattern can indicate early hydroxychloroquine retinopathy, before the 
individual perceives any loss of vision. 10–2 vFA refers to the inclusion of all regions  
of the visual fields within 2–10° of the centre.

Multifocal electroretinography (mfERG)
objective test that triggers electrical impulses and can detect dysfunction in areas  
of early retinal damage.

Fundus autofluorescence
objective test that can show increased autofluorescence at sites of moderate damage 
and/or reduced autofluorescence at sites of severe damage to the retinal pigment 
epithelium.

Fluorescein angiography
objective test in which fluorescent dye is injected into the bloodstream to enable 
visualization of the retinal vasculature. late stage damage of the retinal pigment 
epithelium can be detected.

Time- domain optical coherence tomography
objective test with limited resolution of retinal layers.

Full- field electroretinography
objective test that measures electrical impulses broadly across the retina but is not 
sensitive to early signs of damage.

Amsler grid
Subjective test in which an individual views a grid of horizontal and vertical lines and 
indicates any waviness or absent lines.

Colour vision assessments
Subjective tests to detect abnormalities in colour vision, which are sometimes present 
in retinopathy of various causes.

Fundoscopy
objective imaging that typically reveals only late- stage changes associated with 
hydroxychloroquine retinopathy, such as the classic bull’s- eye lesion surrounding 
the macula.

Retinal pigment epithelium
(RPe). a monolayer of 
pigmented cells that coats the 
outer retina.

Bull’s eye damage
The classic late- stage finding  
of hydroxychloroquine 
retinopathy, seen as a ring  
of retinal damage in the 
parafoveal region.
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Table 1 | Hydroxychloroquine retinopathy risk

Study Population Duration of 
treatment

Dose Retinopathy 
prevalence

Predictors of retinopathy Refs

SD- OCT and VFAa 19

Melles et al. 
(2014)

2,361 patients with 
rheumatic diseases 
from a large integrated 
health network (USA)

>5 years: mean 
15.1 years in those 
with retinopathy 
and 12 years in those 
without retinopathy

Mean cumulative dose 
1,275 g among those 
without retinopathy and 
1,856 g among those with 
retinopathy ; mean daily dose 
345 mg with retinopathy and 
290 mg without retinopathy

7.5% Long- term use (>10 years, 
OR 3.22; >20 years, OR 8.13) 
increase risk; daily dose 
>5 mg/kg ABW (OR 5.67), 
tamoxifen use (OR 4.59), 
CKD (OR 2.08) increase 
risk; increased body weight 
slightly reduces risk (OR 0.96)

22

Eo et al. 
(2017)

310 patients with 
rheumatic disease and 
ophthalmology referrals 
(South Korea)

• Mixed
• Overall compared 

with >5 years subset: 
mean 9.1 years 
(range 2 months 
to14.5 years)

Mean cumulative dose 
952 g; mean daily dose 
5.6 mg/kg ABW in those with 
retinopathy

5.2% when 
treated for  
>5 years; 2.9% 
overall

Cumulative dose >600 g and 
duration of use >72 months 
increase risk; no effect from 
age, sex or BMI

24

Browning 
et al. (2018)

513 patients with 
autoimmune disease 
from a private 
ophthalmology practice 
(USA)

• Mixed
• Mean 6.2 years 

(interquartile range 
2.1–11.9 years)

Mean cumulative dose 694 g 8.0% Female sex, low body 
weight, daily dose 400 mg 
and increased cumulative 
dose increase risk; increased 
daily dose per IBW increases 
risk; increased daily dose 
per ABW increases risk; 
no association with age

24

Lee et al. 
(2015)

218 patients with SLE 
or RA from a tertiary 
ophthalmology centre 
(South Korea)

• Mixed
• Mean 9.7 years 

in those with 
retinopathy , versus 
8.3 years in those 
without retinopathy

Mean cumulative dose 
991.9 g in those with 
retinopathy , 729.8 g in those 
without retinopathy ; mean 
daily dose 4.2 mg/kg ABW 
with retinopathy , 3.8 mg/kg 
ABW without retinopathy

4.1% Increased age and high 
cumulative dose decreases 
risk; no association with 
duration of use, CKD, liver 
disease or rheumatologic 
disease

23

Johnston 
et al. (2015)

126 patients with 
rheumatic disease from 
an ophthalmology clinic 
(USA)

• Mixed
• Minimum 2 years, 

median 9.8 years

Mean cumulative dose 
14.4 g/kg overall

1.6% Not assessed 21

Older screening modalitiesb

Wang et al. 
(1999)

156 patients with SLE 
from a single academic 
centre (Canada)

• Mixed
• >5 years subgroup 

(mean 6.9 years 
overall)

Mean daily dose 325 mg 
overall

1.3% in those 
treated for  
>6 years; 
0.64% overall

Not assessed 26

Elder et al. 
(2006)

262 patients with 
SLE or RA from a 
single academic 
ophthalmology 
department 
(New Zealand)

• Mixed
• Mean 2.7 years 

overall (4.2 years 
in those with 
retinopathy)

Mean cumulative dose 
489.6 g in those with 
retinopathy , 333.5 g in those 
without retinopathy ; mean 
daily dose 4.6 mg/kg with 
retinopathy

1.5% Not assessed 28

Mavrikakis 
et al. (2003)

526 patients with SLE or 
RA from a tertiary care 
ophthalmology practice 
(Greece): N = 400 with 
≥6 years use, 126 with 
<6 years use

 ≥6 years, mean 
8.7 years; <6 years, 
mean 3.1 years

Mean cumulative dose 715 g 
in those with retinopathy ; all 
doses <6.5 mg/kg, mean not 
provided

0.5% in  
long- term 
users; 0 cases 
in short- term 
users

No retinopathy with <6 years 
of use

25

Levy et al. 
(1997)

1,207 patients 
who underwent 
hydroxychloroquine 
retinopathy screening 
from a large insurance 
database (USA)

• Mixed
• Mean 4.1 years 

in those with 
retinopathy , 
3.3 years in those 
without retinopathy

Mean cumulative dose 526 g 
in those with retinopathy , 
402 g in those without 
retinopathy ; mean daily dose 
363 mg with retinopathy and 
354 mg without retinopathy ; 
mean daily dose 5.2 mg/kg 
with retinopathy , 5.1 mg/kg 
without retinopathy

1.7% probable, 
0.1% definite

All patients treated with 
>6.5 mg/kg daily

27

Easterbrook 
(1988)

225 patients with  
SLE or RA from a 
single- ophthalmologist 
practice (Canada)

• Mixed
• Mean 3.3 years 

in those with 
retinopathy (overall 
data not provided)

Mean cumulative dose 
489 g; mean daily dose 
8.8 mg/kg ABW in those 
with retinopathy

1.8% Not assessed 29
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studies of hydroxychloroquine from the 1960s−1980s46–48 
and subsequently27 (TaBle 1) reported that the major-
ity of patients with hydroxychloroquine retinopathy 
were treated with >6.5 mg/kg IBW daily, a dose that is 
no longer considered safe, as discussed in the ‘Dosing 
recommendations’ section.

The aforementioned 2014 KPNC study19 found 
that the prevalence of hydroxychloroquine retino-
pathy was higher in patients receiving daily doses of 
>5.0 mg/kg ABW than in those receiving daily doses of 
≤5.0 mg/kg ABW, and receiver operating characteristic 

curves indicated that predicted rates of toxic retino-
pathy were more accurate with ABW- based dosing 
than with IBW- based dosing19. This study challenged 
the prior dosing standards, in terms of both lower-
ing the ABW- based safe dose threshold and rejecting 
IBW- based dosing19. The findings led to the 2016 AAO  
hydroxychloroquine retinopathy guideline revision, 
which recommended daily hydroxychloroquine dosing 
≤5.0 mg/kg ABW for retinal safety20. Of note, in a smaller 
study of hydroxychloroquine retinopathy (n = 565 
patients) that compared the receiver operating char-
acteristic curves for hydroxychloroquine retino pathy 
derived from IBW- based dosing (<6.5 mg/kg) with  
those derived from ABW- based dosing (≤5.0 mg/kg), 
both weight- based dosing methods performed similarly 
in predicting hydroxychloroquine retinopathy24.

Rates of non- adherence to hydroxychloroquine 
treatment are high (up to 85%)51,52. Previous studies 
of hydroxychloroquine retinopathy risk attempted to 
link hydroxychloroquine prescription records with 
retinopathy outcomes. However, as mentioned, the 
2014 KPNC study calculated daily doses from actual 
pharmacy records of hydroxychloroquine dispensation, 
and found that the dose was, on average, 20% lower 

Study Population Duration of 
treatment

Dose Retinopathy 
prevalence

Predictors of retinopathy Refs

Older screening modalities (cont.)

Mills et al. 
(1981)

347 patients with 
rheumatic diseases 
from a single academic 
ophthalmology  
centre (UK)

• Mixed
• Range 1–6 years, 

mean not provided

Cumulative doses >800 g 
in 23.5% of patients, mean 
cumulative dose not 
specified; daily dose range 
200-600 mg, mean not 
specified

0.8% with 
classic 
bull’s- eye 
maculopathy 
and 10.1% 
indeterminate 
with pigment 
changes in 
retina

Cumulative dose >800 g 
increases risk

30

Bell (1983) 108 patients with RA 
from a Veterans Affairs 
centre and university 
hospital (USA)

• <5 years
• Minimum 6 months, 

mean 17.7 months

Mean dose 400 mg daily 
overall

1.85% Not assessed 31

Ophthalmologist diagnosis with unspecified modality

Wolfe et al. 
(2010)

3,995 patients with 
rheumatic diseases 
from a longitudinal 
observational study

• Mixed
• >5 years subgroup 

(mean 6 years) 
versus overall

Mean daily dose 351 mg, 
corresponding to mean 
4.7 mg/kg ABW and  
6.0 mg/kg IBW overall

0.65% overall; 
0.29% at 
5 years, 1.0% 
at 10 years, 
3.1% at 
20 years of use

Increased risk with >7 years 
exposure or >1,000 g 
cumulative exposure; daily 
dosage, age and body weight 
not associated with risk

32

Tsang- 
A-Sjoe et al. 
(2014)

109 patients with SLE 
from an academic 
centre (Netherlands)

• Mixed
• In the only patient 

with retinopathy - 
11 years; mean not 
provided

Median daily dose 400 mg 
overall

0.9% Not assessed 34

Jover et al. 
(2012)

246 rheumatology 
patients from an 
academic medical 
centre (Spain)

• <5 years
• Mean 3.5 years 

in those with 
retinopathy , not 
provided overall

Daily dose range 
200–400 mg daily , mean not 
provided

0.4% Not assessed 33

ABW, actual body weight; BMI, body mass index; CKD, chronic kidney disease; IBW, ideal body weight; OR , odds ratio; RA , rheumatoid arthritis; SD- OCT,  
spectral- domain optical coherence tomography ; SLE, systemic lupus erythematosus; VFA , visual field assessment. aCurrent standard. bCombinations of fundoscopy , 
visual acuity , colour vision assessments, Amsler grid, full field electroretinography and electrooculography. Some studies also used VFA in combination with older 
screening modalities; if objective abnormalities on the older screening tests were required for the diagnosis patients of retinopathy , these studies were considered 
to have relied on older screening methods. Studies that did not calculate risk or prevalence estimates for hydroxychloroquine use separately from chloroquine use 
were excluded.

Table 1 (cont.) | Hydroxychloroquine retinopathy risk

Table 2 | Comparison of modern retinopathy screening modalities

Modality Sensitivity to 
early changes

Cost 
(USD)a

Availability

Automated visual field 
assessment

High 65.52 Widely available

Spectral- domain optical 
coherence tomography

High 42.48 Widely available

Multifocal electroretinography High 153.00 Limited to academic 
centres

Fundus autofluorescence Low 58.32 Limited
aPer 2018 US Medicare national reimbursement fee schedules.
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than prescribed19. These data should accurately reflect 
the relationship between hydroxychloroquine dose and 
retinopathy risk and this topic should be discussed in 
clinical practice for individual patients. At the popula-
tion level, however, many patients might receive lower 
hydroxychloroquine doses than prescribed as a result of 
high rates of non- adherence.

Other risk factors. In addition to weight- based daily 
dosing of hydroxychloroquine, the cumulative dose 
of hydroxychloroquine and duration of use have been 
identified as risk factors for retinopathy (TaBle 3). 
Despite the correlation between these variables, the 
largest study to date (which also had the strongest sta-
tistical power) found an independent association with 
the duration of hydroxychloroquine treatment as well 
as with daily dose in a multivariable model that was 
mutually adjusted for these variables. The same study 
also reported that chronic kidney disease and tamoxifen 
treatment were independent risk factors for hydroxy-
chloroquine retinopathy19. Advanced age23 and female 
sex24 were each associated with increased retinopathy 
risk in single small studies, but not in larger studies. 
Underlying rheumatic disease (such as SLE or RA), 
by contrast, has not been found to be associated with 
retinopathy risk. As these studies of risk factors for 
hydroxychloroquine retinopathy generally had too few 
end points and limited power for risk factor analyses, 
further research is required.

Limitations of current epidemiology. Although mod-
ern screening modalities have enabled earlier detection 
of hydroxychloroquine retinopathy, thereby increasing 
the estimated prevalence of this toxicity, the risk of 
this condition might have been overestimated owing 
to limitations of the existing data. First, most studies 
have estimated prevalence (TaBle 1), but incidence data 
are needed to predict the risk of developing retinopathy 
among patients treated with hydroxychloroquine. The 
use of point prevalence (the proportion of a population 
that has the condition at a specific point in time) values 
to predict retinopathy risk will almost certainly over-
estimate risk because prevalence (the proportion of a 
population with the condition during a specified time 
period) values are necessarily larger than incidence (the 
number of new cases occurring in a population within 
a given time period) values, as the damage resulting 
from hydroxychloroquine retinopathy is considered 
permanent in the majority of people. Furthermore, 
risk estimates based only on survivors in retrospective 
studies do not account for the competing risk of death53 
(and patients with SLE have >2-fold higher risk of death 
than patients without SLE)54, leading to overestimation 
of the risk of hydroxychloroquine retinopathy by sys-
tematically reducing the denominator (the number 
of individuals at risk) in the calculations55. Moreover, 
previous retrospective studies included only patients 
for whom screening results were available or who had 
been assessed by an ophthalmologist (as opposed to 
all possible patients), potentially missing a substantial 
proportion of patients. For example, in the retrospec-
tive KPNC study, the study population was limited to 
patients who had available VFA or SD- OCT results20, 
which constituted 68% of all eligible patients. Therefore, 
selection bias (arising from the missing 32% of patients) 
might conceivably affect the reported estimates, as has 
been pointed out in an editorial44.

The shortcomings of existing studies highlight 
several important areas of study that are required to 
optimize the application of this medication (Box 2). 

Healthy individual

Mild retinopathy

Moderate retinopathy

Severe retinopathy

Parafovea
Fovea

Fig. 1 | Techniques for assessing hydroxychloroquine retinopathy. Representative 
images of various stages of hydroxychloroquine retinopathy are included. Fundus 
autofluorescence (left) shows structural changes. Spectral- domain optical coherence 
tomography (SD- OCT) (centre) shows retinal layers at high resolution. Horizontal lines 
through the fundus autofluorescence images correspond with the plane of the SD- OCT 
images. Visual field assessment (VFA ; right) maps the patient- reported areas with absent 
perception of visual stimuli occurring throughout a predefined area of the visual field 
(for standard 2–10 VFA , 2–10° from centre).
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Further evidence, ideally from prospective studies, is 
needed to improve estimation of the risk of hydroxy-
chloroquine retinopathy and to clarify the risk factors 
for this toxicity, as well as the risk of progression of early 
retinopathy to symptomatic disease.

Mechanisms of retinopathy
The pathogenesis of hydroxychloroquine- induced reti-
nal toxicity is not fully understood. Hydroxychloroquine 
binds to melanin with a strong affinity and is deposited 
in tissues with high melanin content, such as skin, cil-
iary bodies and the RPE56. The continual shedding of 
photoreceptor outer segment tips, which is caused by 
photo- oxidation, requires highly efficient clearance 
and renewal machinery, which is provided by their 
prompt engulfment and degradation by the RPE57–59. 
Indeed, RPE cells are the most actively phagocytic cells 
in the human body60. Other critical functions served by 
the RPE include absorption of light and reisomerization 
of all- trans-retinol into 11-cis- retinal, a crucial step in 
the visual cycle61.

Hydroxychloroquine has been proposed to induce 
RPE degeneration by several mechanisms, includ-
ing increasing RPE permeability and interfering with 

lysosomal degradation of photoreceptor outer seg-
ment tips56,62. Studies of cultured RPE cells suggest that 
the retinal damage induced by hydroxychloroquine is 
caused by inhibition of autophagy; hydroxychloroquine 
increases RPE lysosomal pH and blocks the attachment 
of autophagosomes to lysosomes63. Interestingly, increas-
ing lysosomal pH is a mechanism of action of hydroxy-
chloroquine in SLE and RA, but in this case endosomal 
and lysosomal function is inhibited by hydroxychloro-
quine in antigen- presenting cells, including dendritic 
cells and macrophages. This inhibition selectively dis-
rupts the presentation of low affinity self- antigens, which 
can potentially limit autoimmune responses64. However, 
in the RPE, the lysosomotropic effects of hydroxychlo-
roquine can result in entrapment of the drug in the RPE 
and retention of lipofuscin, an indigestible pigment that 
commonly accumulates with age and is associated with 
increased photoreceptor degeneration63,65. Drug accu-
mulation within the RPE might explain why hydroxy-
chloroquine retinopathy continues to progress after drug 
cessation in some patients66 (FIg. 2).

One study identified that both chloroquine and 
hydroxychloroquine strongly inhibit the uptake activ-
ity of solute carrier organic anion transporter family 
member 1A2 (also known as OATP1A2) in human 
RPE cells67. This polypeptide mediates cellular uptake 
and recycling of all- trans-retinol, suggesting a possible 
effect of chloroquine or hydroxychloroquine in disrup-
tion of the visual cycle67, as toxic accumulation of all- 
trans-retinol outside the RPE cells results in the buildup 
of lipofuscin, which is implicated in many degenerative 
diseases of the retina68.

Although much of the literature has focused on 
the changes to the RPE in hydroxychloroquine retino-
pathy, an alternative explanation is that the primary 
site of toxicity is the photoreceptor layer itself, and that 
degeneration of the RPE is a secondary effect. A study 
of rhesus macaques suggests that the earliest detectable 
hydroxychloroquine- induced changes occur in the gan-
glion cell and photoreceptor layers69. In another study, 
electron microscopy of a human eye with known chlo-
roquine retinopathy revealed two forms of cytoplasmic 
inclusion in the ganglion cells70. These inner- retinal 
abnormalities have also been correlated with rela-
tive thinning of the inner retina detected by SD- OCT, 
which has been shown to occur in some human studies 
before evidence of structural RPE damage71,72. Further 
work is required to understand the sequence of events 
in hydroxychloroquine retinal toxicity.

Clinical recommendations
Advances in our understanding of hydroxychloroquine 
retinopathy have led to changes in the recommenda-
tions for hydroxychloroquine dosing, recommendations 
for retinopathy screening, and the clinical use of this 
medication in the treatment of rheumatic diseases.

Dosing recommendations. As our understanding 
of hydroxychloroquine retinopathy risk has evolved, 
so have the dosing recommendations (TaBle 4). The 
2000 Canadian Consensus Conference recommenda-
tions adopted those of earlier studies of weight- based 

Visual cycle
The biological conversion of a 
photon into an electrical signal 
in the retina.

Table 3 | Risk factors for hydroxychloroquine retinopathy

Risk factor Details

Daily dosage  
>5.0 mg/kg ABW

Largest study suggests that ABW- based dosing offers 
improved prediction of retinopathy risk

Daily dosage  
>6.5 mg/kg IBW

Might additionally predict retinopathy , particularly in 
obese patients, although this association is controversial

Prolonged 
hydroxychloroquine use

Minimal risk with <5 years use; risk continues to rise over 
10–25 years of use

High cumulative dose Some studies suggest increased risk with >600–1,000 g 
exposure

CKD Increased risk associated with stage 3, 4, or 5 CKD in 
largest recent study

Tamoxifen use Increased risk associated with concomitant tamoxifen use 
for >6 months in largest recent study

ABW, actual body weight; CKD, chronic kidney disease; IBW, ideal body weight.

Box 2 | Current evidence gaps

The following items are gaps in our knowledge that need to be addressed by future 
studies.

Hydroxychloroquine retinopathy
•	Prospective assessment and quantification of the risk of retinopathy

•	Clarify the factors associated with progression from mild to moderate and severe 
stages of retinopathy

•	Determine the risk factors for progression of retinopathy

•	Assess patient- reported outcomes associated with hydroxychloroquine retinopathy

Efficacy of hydroxychloroquine in the treatment of rheumatic diseases
•	Determine the efficacy of low- dose hydroxychloroquine treatment per the guidelines 

on Sle disease activity and flares

•	Compare mortality in patients receiving low- dose versus standard- dose 
hydroxychloroquine

•	Determine the risk of lupus nephritis progression associated with low- dose 
hydroxychloroquine use

•	Determine the risk of venous thromboembolism associated with low- dose 
hydroxychloroquine use
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dosing (as already discussed)27,48 and recommended the 
lesser of 6.5 mg/kg IBW or 6.5 mg/kg ABW daily dos-
ing73. The 2002 AAO guidelines rely on ABW (rather 
than IBW) and classify daily doses <6.5 mg/kg ABW 
as posing a low risk of retinopathy, while cautioning 
that obesity can result in overestimation of a safe dos-
age74. Similarly, the 2012 European League Against 
Rheumatism (EULAR) guidelines for the treatment of 
lupus nephritis recommend this same dosing mantra 
of <6.5 mg/kg ABW daily, with a maximum of 400 mg 
daily75. This approach has also been recommended by 
lupus experts in 2015 (ReFs1,76), but we are not aware of 
any recommendations from the American College of 
Rheumatology. According to these guidelines, 400 mg 
is an excessive dose of hydroxychloroquine for anyone 
weighing <61.5 kg. As few adults (5% of the US and UK 
populations) weigh <61.5 kg77,78, the guidelines indicate 
that a dose of 400 mg daily is safe and is often used in 
practice and in research studies.

The 2009 UK Royal College of Ophthalmologists 
(RCO) and 2011 AAO guidelines recommend hydroxy-
chloroquine doses of <6.5 mg/kg IBW daily. According 
to these guidelines, 400 mg daily would be considered 
unsafe for anyone with IBW <61.5 kg. The challenge 
here, however, is the lack of consensus on which IBW- 
based formula to use79. Several formulas are available, 
each of which rely on sex and height to calculate IBW, 
but including different minimum heights correspond-
ing with 61.5 kg. The Devine formula, which is often 
utilized by medical online calculators80, provides a 
conservative estimate requiring a minimum height of 
67 inches for women or a minimum height of 65 inches 
for men to correspond with 61.5 kg. As 85% of women 

are shorter than 67 inches77, they would require doses of 
hydroxychloroquine below 400 mg daily.

Finally, the latest 2016 AAO dosing guidelines and 
2018 RCO guidelines return to using ABW and recom-
mend <5.0 mg/kg of ABW, a more conservative cut- off 
than any prior ABW- based dosing recommendation. 
According to this guideline, anyone weighing <80 kg 
(corresponding to 45% of women and 25% of men in the 
USA) would need to take a dose of hydroxychloroquine 
<400 mg daily77.

These restrictive hydroxychloroquine dosing guide-
lines seem to have already affected prescription pat-
terns in the USA and the UK. A single- centre study at 
an academic medical centre and a large- scale study of 
patients included in an integrated health network, both 
in the USA, each calculated a reduction in the use of 
hydroxychloroquine dosing in excess of the 2011 and 
2016 AAO guideline recommendations81,82. In the large- 
scale health network study82, excess dosing according 
to either guideline declined by >60% between 2007 and 
2016. Furthermore, a large UK population- based study 
also showed that excess dosing of hydroxychloroquine 
declined by 24% over the same time- frame (2007–2016)83.

Although not directly addressed in the aforemen-
tioned dosing guidelines, the use of a hydroxychlo-
roquine loading dose for a short period (~3 months) 
should be reasonably safe if one extrapolates from the 
existing pathophysiological and epidemiological data. 
Nevertheless, a series of patients receiving very high 
doses of hydroxychloroquine (1,000 mg daily) given as 
a part of oncology care found that two of seven patients 
exposed to this dose for ≥6 months developed hydroxy-
chloroquine retinopathy (detected at 11 months and 

3
Visual cycle

Macula

Lysosome

Melanin

Hydroxychloroquine

1
↑ pH

2 Lipofuscin

Photoreceptor outer
segments

Retinal pigment
epithelial cells

Photoreceptor
cells

Ganglion
cells

Fig. 2 | Mechanisms of hydroxychloroquine retinopathy. Hydroxychloroquine is thought to cause retinal damage 
through (1) inhibition of autophagy as a result of increasing retinal pigment epithelial (RPE) cell lysosomal pH and blocking 
the attachment of autophagosomes to lysosomes. (2) This interference with autophagy also causes an increase in the 
concentration of lipofuscin in RPE cells, which in turn is linked to photoreceptor degradation. (3) Hydroxychloroquine also 
inhibits the activity of organic anion transporting polypeptide 1A2 (OATP1A2), which disrupts recycling of all- trans-retinol 
in RPE cells, an important step in the visual cycle. Image courtesy of A. Thanos, Legacy Health, USA.

Loading dose
The short- term (typically 
~3 months) use of a higher 
dose of a medication than 
will be used as the 
maintenance dose.
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17 months)84, which suggests that very high doses of 
hydroxychloroquine for moderately prolonged peri-
ods is unsafe. The safety of hydroxychloroquine doses 
>400 mg daily for individuals with body weights that 
would permit higher doses not exceeding 5 mg/kg 
remains unclear. Prior ophthalmology guidelines and 
rheumatology guidelines recommend against doses in 
excess of 400 mg daily, but the current AAO guidelines 
do not specify an absolute maximum dose. In the KPNC 
study, <5% of patients treated with hydroxychloroquine 
received doses >400 mg daily19.

Screening recommendations. The most recent guide-
lines from the AAO (in 2016) and RCO (in 2017) rec-
ommend baseline retinopathy screening within 1 year 
of initiating hydroxychloroquine use, and annually 
after the first 5 years of hydroxychloroquine treatment 
for average- risk patients (TaBle 4). Baseline screening is 
recommended to establish a reference point for future 
comparison and to identify patients with pre- existing 
retinal disease, which might confound the results of 
hydroxychloroquine retinopathy screening or increase 
the potential risk of vision loss39. These guidelines rec-
ommend that once definitive signs of retinopathy are 
recognized, cessation of hydroxychloroquine treat-
ment should be considered by the prescribing clinician. 
Importantly, screening test results indicating possible 
but not definitive evidence of retinopathy should either 
be repeated or validated using additional screening 
tests to avoid unnecessary discontinuation of this med-
ication39,85. In such situations, these screening tests can 
often be repeated after 6–12 months, and continuation of 
hydroxychloroquine treatment in the meantime is advis-
able because retinopathy, if actually present, would be 
expected to progress slowly.

Implications for rheumatic outcomes. Despite the 
wide- ranging benefits of hydroxychloroquine treatment 
for patients with SLE, RA and other diseases, data on 
the dose–response relationships with key outcomes are 
scarce. In particular, the efficacy of the low hydroxy-
chloroquine doses currently recommended by ophthal-
mology societies (for example, <5.0 mg/kg ABW, which 
corresponds with <400 mg daily for anyone weighing 
<80 kg)39,85 as discussed in the ‘Dosing recommenda-
tions’ section is unclear. In the studies that originally 
demonstrated the benefits of hydroxychloroquine treat-
ment on survival and morbidity, the majority of patients 
were prescribed hydroxychloroquine doses of 400 mg 
daily, unless 400 mg exceeded 6.5 mg/kg of ABW, or in 
individuals with renal failure1,5,86.

Correlation of hydroxychloroquine dose and blood 
concentrations has been studied in the context of SLE 
disease activity; in one such cohort study of 276 patients 
with SLE, mean hydroxychloroquine blood concentra-
tions were compared in patients prescribed ≤200 mg, 
300 mg, or 400 mg daily87. The patients prescribed 
<400 mg daily were less likely to have therapeutic blood 
concentration of hydroxychloroquine (>500 ng/ml), and 
the subgroup of 73 patients who had stable disease at 
the time of study enrolment showed a trend towards an 
increased risk of subsequent SLE flares associated with 
hydroxychloroquine blood concentrations <500 ng/ml87. 
In another study, conducted in France, a cohort of 
143 patients with SLE treated with hydroxychloroquine 
400 mg daily were stratified according to disease activ-
ity; the patients with higher levels of disease activity had 
lower blood concentrations of hydroxychloroquine88. 
This finding was replicated in the USA by yet another 
SLE cohort study76. These data collectively suggest 
that reduced adherence to the formerly typical doses 

Table 4 | Evolving guidelines and recommendations for hydroxychloroquine dosing

Organization, year Dose 
recommendation

Minimum body weight 
recommendation for 
maximal dose (400 mg daily)

Screening frequency 
recommendation

Refs

Canadian Consensus 
Conference, 2000

<6.5 mg/kg ABW 
and <6.5 mg/kg IBW; 
≤400 mg daily

Lesser of 61.5 kg ABW or IBW Every 12–18 months, 
more often if liver or 
kidney disease

73

American Academy of 
Ophthalmology , 2002

<6.5 mg/kg ABW; 
typically ≤400 mg daily

61.5 kg ABW Baseline and annually 
after 5 years of use if low 
risk; annually if high risk

74

Royal College of 
Ophthalmologists, 2009

<6.5 mg/kg IBW; 
typically ≤400 mg daily

61.5 kg IBW None recommended 90

American Academy of 
Ophthalmology , 2011

<6.5 mg/kg IBW; 
≤400 mg daily

61.5 kg IBW Baseline and annually 
after 5 years of useb

91

European League 
Against Rheumatism, 
2012a

<6.5 mg/kg ABW; 
≤400 mg daily

61.5 kg ABW Annually after 5 years 
of use

92

Lupus expert opinion, 
2015

<6.5 mg/kg ABW; 
≤400 mg daily

61.5 kg ABW Not specified 76

American Academy of 
Ophthalmology , 2016

<5.0 mg/kg ABW 80 kg ABW Baseline and annually 
after 5 years of useb

39

Royal College of 
Ophthalmologists, 2018

<5.0 mg/kg ABW; 
typically ≤400 mg daily

80 kg ABW Baseline and annually 
after 5 years of useb

85

ABW, actual body weight; IBW, ideal body weight. aGuidelines specific to treatment of lupus nephritis. bFor average- risk patients 
with normal retinopathy screening findings at baseline and on safe doses of hydroxychloroquine
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of hydroxychloroquine (that is, 400 mg daily unless in 
excess of 6.5 mg/kg ABW) might lead to increased SLE 
disease activity89. Prospective data are not yet available 
to identify whether prescribing the reduced doses of 
hydroxychloroquine recommended by updated guide-
lines39,85 will provide the same level of clinical benefit 
as conventional dosing (according to prior guidelines). 
Therefore, studies are needed to assess the efficacy of 
low- dose regimens for the treatment of SLE, RA and 
other rheumatic diseases (Box 2).

Conclusions
Hydroxychloroquine is an essential component of SLE 
care and has wide- ranging benefits including reduced 
disease activity and improved survival. However, the 
major dose- limiting toxicity is retinopathy. Advances 
in retinopathy screening modalities and new insights 

into the relationship between weight- based dosing 
and retinal toxicity have raised concerns that the risk 
of this adverse effect is higher than was previously 
appreciated. New guidelines recommend reduced 
doses of hydroxychloroquine for many patients, and 
patterns of hydroxychloroquine use are shifting despite 
limited evidence regarding the efficacy of these low- 
dose regimens. Therefore, further studies are needed 
to accurately predict the risk of hydroxychloroquine 
retinopathy and to characterize its risk factors. Studies 
to assess the efficacy of currently recommended low- 
dose regimens for the treatment of SLE and other 
rheumatic diseases are essential to quantify any poten-
tial tradeoffs between the toxicity and efficacy of this 
important medication.
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The term microbiome was coined by Joshua Lederberg 
to describe the microbial population that coexists with 
another organism such as a human body1. The Human 
Microbiome Project was funded in 2007 by the NIH to 
characterize the bacteria that are the main constituents 
of the microbiome2. In Europe, a similar project is called 
Meta Hit3. There are at least as many microbial cells as 
human cells that colonize the body4, and their DNA 
collectively encodes >100-fold as many unique genes as 
the human genome5. From the initial link between the 
intestinal microbiome and inflammatory bowel disease 
(IBD), it is increasingly evident that the microbiome is 
also involved in the pathogenesis of an array of extrain-
testinal immune-mediated diseases6 as well as diseases 
not typically considered to be immune-mediated, such 
as autism7 and depression8. One such extraintestinal dis-
ease is uveitis. In this Review, we discuss links between 
the intestinal microbiota and the development of uvei-
tis and the family of related diseases known collectively 
as seronegative spondyloarthritis (SpA), each of which 
includes uveitis as a potential manifestation.

Uveitis
Uveitis is inflammation of the uvea, which consists of 
the iris, ciliary body and choroid. Inflammation of the 
uvea is often accompanied by evidence of inflammation 
in adjacent structures such as leukocytes in the ante-
rior chamber or in the vitreous humour. Uveitis is the 
fourth leading cause of acquired blindness9–11 and has 
a point prevalence of approximately 1 person per 1,000 
(ref.12). Because the disease affects many patients for dec-
ades, it causes years of visual loss — as many years of 
visual morbidity as diabetes or macular degeneration11. 
Uveitis can be subtyped by the portion of the uveal tract 
that is inflamed (fig. 1). Anterior uveitis is much more 

common than intermediate uveitis, posterior uveitis or 
panuveitis, accounting for ~85% of all cases of uveitis12. 
In one referral series of patients with anterior uveitis, 
nearly three out of four patients had an acute or sud-
den onset of disease (acute anterior uveitis (AAU), as 
opposed to an insidious onset)13. AAU is the phenotype 
typically associated with HLA-B27 (ref.14). In a study 
from London, UK, 50% of individuals with AAU were 
found to be HLA-B27-positive15. Conversely, uveitis 
associated with HLA-B27 is typically acute in onset, 
predominantly anterior and unilateral14,16. HLA-B27-
associated uveitis is the most common uveitis diagnosis 
in many referral centres throughout the world17, includ-
ing Europe18, North America17, Australia19 and parts of 
southeast Asia20,21. In addition, HLA-B27-associated 
uveitis is often undiagnosed22,23, and consequently its 
association with SpA can be overlooked. All forms of 
SpA including ankylosing spondylitis, reactive arthri-
tis, psoriatic arthritis and arthritis associated with IBD 
can cause sacroiliitis, peripheral arthritis, enthesitis and 
uveitis. HLA-B27 affects the susceptibility to uveitis in 
each of these subtypes of SpA14,16,24. Other genetic, envi-
ronmental and stochastic factors also contribute to the 
development of AAU and SpA (Box 1). The fact that 50% 
of patients with AAU are HLA-B27-negative indicates 
that these factors are well worth studying, but they are 
not the focus of this Review.

Uveitis has a broad differential diagnosis that includes 
immune-mediated systemic diseases, immune-mediated 
syndromes confined to the eye, infections (includ-
ing fairly common infections such as herpes simplex, 
herpes zoster and toxoplasmosis and fairly rare infec-
tions such as Lyme disease and Whipple disease), 
masquerade syndromes such as lymphoma and adverse 
reactions to medications25. Although many forms of 

Masquerade syndromes
forms of uveitis that clinically 
mimic inflammation although 
inflammation is not the 
primary cause. examples 
include a malignancy such as 
lymphoma or retinoblastoma, 
retinal degeneration or retinal 
detachment.
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arthritis are associated with uveitis, rheumatologists 
generally receive limited training to evaluate eye pathol-
ogy, and uveitis in combination with arthritis could 
indicate any form of SpA, juvenile idiopathic arthri-
tis, Behçet syndrome, relapsing polychondritis, Sweet 
syndrome, sarcoidosis, systemic lupus erythematosus, 
several forms of vasculitis (such as Kawasaki disease), 
reactions to medications (such as checkpoint inhibitors 
or TNF inhibitors), infections such as Lyme disease or 
Whipple disease or several forms of autoinflammatory 
disease (such as Blau syndrome or neonatal-onset multi-
system inflammatory disease). The risk of uveitis varies 
with different forms of SpA (fig. 2); uveitis is the most 
common clinically important comorbidity diagnosed in 
patients with ankylosing spoindylitis, affecting as many 
as 50% of patients in some studies26,27, 7–19% of patients 
with psoriatic arthritis24,28 and only ~2% of patients with 
IBD29,30. The much higher likelihood of uveitis occurring 
in the setting of ankylosing spondylitis as opposed to 

psoriatic arthritis or IBD is consistent with HLA-B27 
acting as a major risk factor as this gene is much more 
associated with ankylosing spondylitis than other forms 
of SpA16.

Molecular mechanisms that link joint disease and 
uveitis are unclear, but these diseases coexist in several 
animal models, with uveitis occurring in models of 
adjuvant-induced arthritis in rats31, aggrecan-induced 
arthritis in BALB/c mice32 and the SKG mouse model 
of arthritis (the SKG model being dependent on a muta-
tion in the gene encoding tyrosine-protein kinase ZAP70 
plus challenge with a ligand that activates the innate 
immune system such as curdlan, a mannan that can be 
a fungal cell wall component)33. Arguably the most pop-
ular animal for studying HLA-B27-associated disease is 
the HLA-B27-transgenic rat, which typically develops 
spondylitis, peripheral arthritis, colitis and dermatitis 
but not uveitis34. Although the reasons for a lack of uve-
itis in this rat are not clear, humans can also develop 
ankylosing spondylitis without uveitis, and the cause of 
HLA-B27-associated uveitis is clearly multifactorial.

The intestinal link to SpA and uveitis
A diverse number of tissues may be sites of inflam-
mation across the SpA disease spectrum (fig. 3), one 
of which is the intestine. Some of the first evidence to 
establish a link between SpA and intestinal inflamma-
tion was from histological analysis of tissue obtained 
during colonoscopy as a research study of patients 
with SpA and no overt intestinal symptoms, in which 
more than half of patients exhibited subclinical or 
unrecognized inflammation35,36. Patients with anky-
losing spondylitis can have increased intestinal perme-
ability37. A variety of enteric infections with bacterial 
genera including Salmonella, Yersinia, Shigella and 
Campylobacter can trigger reactive arthritis38,39. The 
efficacy of sulfasalazine for peripheral joint disease 
associated with SpA might derive from its known effects 
on the intestinal microbiota and the ability to reduce 
intestinal permeability40,41.

Crohn’s disease and ulcerative colitis are thought 
to be caused by changes in the microbiome42–45, and 
an altered microbiome is a feature of patients with 
ankylosing spondylitis46–48, psoriatic arthritis49 and 
juvenile-onset enthesitis-related arthritis50–52. Studies 
of the faecal microbiome are limited in value as faecal 
samples might not represent the bacterial ecosystem at a 
critical site, such as the mucosa of the caecum. The faecal 
sample is also affected by many variables such as disease 
duration or factors that do not necessarily relate to the 
disease of interest, including age, medications ingested, 
sex, diet and geographical location. Furthermore, dif-
ferences in the microbiome do not always indicate a 
mechanism of pathogenesis, as such changes might 
result from the disease. Despite these limitations, com-
paring the faecal microbiome of patients with or without 
disease is usually one of the first experimental studies 
to implicate the microbiome in rheumatic disease, as 
an absence of difference in the microbiome of patients 
compared with healthy individuals would imply that the 
microbiome is not an important factor in causation of 
the disease.

Key points

•	Acute anterior uveitis (AAu) is the most common, clinically apparent, extra-articular 
manifestation of ankylosing spondylitis.

•	Both AAu and ankylosing spondylitis are strongly associated with HlA-B27.

•	HlA-B27 affects the composition of the gut microbiome, which in turn can modify 
the immune	system	and	thereby	affect	health	and	disease.

•	The intestinal microbiome is strongly implicated in the pathogenesis of AAu and 
ankylosing spondylitis.

•	Although the mechanisms by which the intestinal microbiome cause AAu and 
ankylosing spondylitis are incompletely understood, a great potential exists to treat 
or prevent ankylosing spondylitis and AAu by altering the microbiome.
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and intermediate uveitis or intermediate and posterior uveitis, can occur.



HLA molecules and the microbiome
HLA molecules affect susceptibility to >100 diseases53, 
and although they regulate the immune response, the 
mechanism by which these molecules predispose an 
individual to most diseases is not known. The associa-
tion between HLA-B27 and SpA is among the strongest 
relationships between an HLA allele and a disease. MHC 
genes such as HLA genes in humans are the most poly-
morphic genes known54. A teleological perspective is 
that the immune response is primarily a defence against 
infection and that polymorphism minimizes the proba-
bility that a specific infection could eradicate a species. 
A corollary to this idea is that the HLA genotype should 
affect the bacterial composition of the gut.

To test this hypothesis that HLA molecules would 
affect the intestinal bacterial composition, the micro-
biome of HLA-B27-transgenic rats that express multiple 
copies of HLA-B27 along with the invariant MHC light 
chain, β2-microglobulin, was compared with the micro-
biome of littermate controls55,56. These studies indicate 
clearly that expression of the human MHC molecule 
with its invariant light chain results in an alteration of 
microbiota in the intestine. The SpA-like disease that 
affects these rats was first described by Hammer et al. 
more than two decades ago57. HLA-B27-transgenic rats 
on a Fischer 344 background develop diarrhoea around 
2–4 months of age. Subsequently, many of these rats 
develop psoriasiform rashes, peripheral arthritis and 
spondylitis53. The microbiome is an important con-
tributor to this disease, because if the rats are raised 
in a germ-free environment, intestinal and joint dis-
ease is reduced58. Some bacteria such as Lactobacillus 
rhamnosus GG can be given by oral gavage such that 
remission is maintained, whereas other bacteria can 
cause the disease to recur59. As noted above, the intesti-
nal microbiome is altered by the expression of HLA-B27 
in these transgenic rats55,56.

Evidence indicates that other HLA alleles can also 
modify the composition of the microbiota. MHC mol-
ecules that predispose to coeliac disease alter the intes-
tinal microbiome of infants60. The HLA-DR*0401 allele, 
which predisposes to rheumatoid arthritis, alters the 

microbiome in transgenic mice in comparison to those 
that are transgenic for HLA-DR*0402 (ref.61). Transgenic 
expression of human MHC class II molecules can protect 
mice from the development of autoimmune diabetes62, 
and the faecal microbiome of these animals protects 
non-obese diabetic (NOD) mice from developing hyper-
glycaemia. These studies complement those that more 
broadly show that the host MHC haplotype affects the 
composition of the microbiota45.

HLA-B27 modification of intestinal microbiota
A number of host mechanisms that regulate compo-
sition of the microbiota are perturbed in the presence 
of HLA-B27. Although how HLA-B27 might modulate 
them directly is unknown, they may be major events in 
the dysbiosis and loss of intestinal homeostasis that are 
proposed to accompany SpA and AAU.

One of the first detectable immunological changes 
in HLA-B27-transgenic rats is the increased intestinal  
synthesis of antimicrobial peptides (AMPs) such as 
regenerating islet-derived protein 3γ (RegIIIγ) and 
protein S100A8 (also known as calprotectin)63. In 
light of their bactericidal activity, AMPs are known to 
potently modify composition of the intestinal micro-
biota64. Interestingly, serum calprotectin has been 
reported to be a biomarker for posterior uveitis65, 
juvenile idiopathic arthritis with uveitis66 and Behçet 
disease67. Synthesis of mucus, a major substrate of 
the microbiota, is increased in HLA-B27-transgenic 
rats68 and an expansion of Akkermansia muciniphila, 
a microorganism that metabolizes mucus, is detected 
in this model55. This microorganism has been shown 
to promote ankle swelling subsequent to oral gavage in  
the K/B × N mouse model of arthritis69, but its role  
in uveitis remains to be established. The relationship of 
this specific microorganism with HLA-B27 expression 
is probably complex, however, as its colonization has 
been reported to be variably increased or decreased in 
patients with HLA-B27-associated SpA70,71.

Another major host factor that shapes the intesti-
nal microbiota is secretory immunoglobulin A (IgA) 
(reviewed in ref.72), which may be modulated in the 
presence of HLA-B27. For example, it has been shown 
that there is a higher frequency of IgA-coated bacteria in 
the faeces of HLA-B27 transgenic rats versus wild-type 
controls and a higher frequency in arthritic versus 
non-arthritic animals63. By contrast, a study of patients 
(which grouped reactive arthritis and undifferentiated 
SpA together) reported no difference in secretory IgA 
on the basis of HLA-B*27 status73 but did detect a nega-
tive correlation between disease activity and serum IgA 
concentration that was stronger in HLA-B27-positive 
individuals than in those who were HLA-B27-negative. 
The discrepancy between these studies perhaps reflects 
tissue-specific or species-specific differences that are yet 
to be resolved.

It should be stressed that pathways such as AMP pro-
duction, mucus synthesis or IgA production that may 
be affected by HLA-B27 expression have mostly been 
shown to be dysregulated in animal models or humans 
that have already developed intestinal inflammation 
or individuals who may have had subclinical, focal or 
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Box 1 | Eye and joint susceptibility to inflammation

It is currently unknown why inflammation manifests in specific tissue sites in 
association with spondyloarthritis (SpA). We propose several possible mechanisms: 

•	Greater HlA-B27 expression than other tissue sites

•	unique mechanical stressors and connective tissue, such as entheses or lens and 
ciliary body

•	More prone to dysregulation of homeostatic pathways, such as endoplasmic reticulum 
stress, autophagy or regulatory cell functions

•	More susceptible to deposition of microbial-associated molecular patterns and 
microorganisms

•	Tissue tropism of infectious agents for the eye or joint

•	Mucosal-like addressins increase susceptibility to infiltration by intestinal-derived 
immune cells

•	Increased expression of vascular adhesion molecules that promote infiltration of 
inflammatory immune cells, which may or may not be gut-derived

All the above might function in concert with other factors, such as viral infection or other stress 
signals in the target tissue.



transient intestinal inflammation that is difficult to 
detect68,69,73. As all of these homeostatic mechanisms 
are modulated by inflammation and affect microbiota 
composition, whether these changes precede immune 
disturbance and intestinal dysbiosis will require care-
ful examination to establish whether they are primary 
events in the pathogenesis of HLA-B27-associated SpA 
and AAU.

Further to recent recognition that HLA-B27 might 
modify the intestinal microbiota, several major mech-
anisms through which this haplotype might contribute 
to HLA-B27-dependent AAU (and SpA) have been pro-
posed. Evidence for and against each have been exten-
sively reviewed previously74. In brief, the mechanisms are:  
HLA-B27-restricted antigen presentation; the property 
of HLA-B27 to misfold and accumulate in the cyto-
plasm, which may dysregulate homeostatic cellular 
responses such as the unfolded protein response (UPR) 
or autophagy; HLA-B27 homodimer formation trig-
gering activation of natural killer (NK) cell receptors; 
HLA-B27 expression rendering innate immune cells 
hyporesponsive to stimulation with microorganisms or 
microbial products; HLA-B27 not being able to present 
an antigen to confer protective immunity to a patho-
gen; and HLA-B27 presenting a bacterial antigen such 
that there is an enhanced immune response resulting in 
dysbiosis because of a shift in the intestinal ecosystem.

Each mechanism could conceivably lead to either 
diminished immune function or inflammation in the 
intestines that might modify the microbiota. For example, 
AMP expression has been convincingly linked to UPRs75.

Another layer of complexity is provided by studies 
of germ-free animals that show that many homeostatic 
pathways such as AMP production, mucus synthesis 
or IgA production are dependent on the microbiota 
itself76–78, indicative of the ongoing feedback between 
the host and commensal microorganisms. Therefore, 
an initial perturbance in a pathway such as mucus 
production could lead to dysbiotic changes that pro-
voke change in host immunity such as an elevated 
IgA response that could further modify the intesti-
nal microbiota. The accumulation of these events, or 
‘runaway dysbiosis’, might lead to the loss of homeo-
static pathways that are normally sufficient to prevent  
microbiota-dependent uveitis.

How might the microbiome contribute to uveitis?
Several models can be proposed in which the intestinal 
microbiome is an important component of AAU patho-
genesis (summarized in fig. 4). We stress these models 
are not mutually exclusive.

First model: loss of microbiota-dependent immune 
homeostasis. A dysbiotic microbiota could lead to a 
loss of immune homeostasis and lower the threshold 
of immune activation such that an innocuous trigger 
elicits an inflammatory response (fig. 4a). This response 
could include hyperresponsiveness of the innate 
immune system to microbial-associated molecular 
patterns (MAMPs) or danger-associated molecular pat-
terns (DAMPs) derived from host cells and the priming 
and expansion of lymphocytes by antigen-presenting 

cells that present innocuous antigen in this inflam-
matory context. As shown in studies of mice, bacteria 
could regulate the number of transcription factor fork-
head box P3 (FOXP3)+ cells in peripheral blood79, the 
number of T cells that produce IL-10 (ref.80) or the num-
ber of T helper 17 (TH17) cells81. A variety of Klebsiella 
strains cultured from the oral microbiome of a patient 
with Crohn’s disease can induce TH cells in the intestine 
of a mouse82. A reduction in the number of regulatory 
T (Treg) cells that are either FOXP3+ or that synthesize 
IL-10 could predispose to immune-mediated inflam-
mation. Similarly, an increase in TH17 cells could easily 
predispose to immune-mediated disease. Experimental 
autoimmune uveitis (EAU) in mice is a commonly used 
T cell-dependent model of uveitis that can be induced 
by immunization with a variety of antigens such as 
interphotoreceptor retinoid-binding protein (IRBP) 
in combination with adjuvant. Disease in this mouse 
model can be ameliorated by depletion of intestinal 
bacteria with broad-spectrum oral antibiotics83. The 
antibiotic treatment results in an increase in FOXP3+ 
T cells in the cervical lymph node, mesenteric lymph 
node, spleen and retina. Similarly, there is a transient 
increase in the number of TH17 cells in the cervical 
lymph node. As these experiments use a model of pos-
terior (not anterior) uveitis, extrapolating these data to 
AAU should be done with caution.

Second model: molecular mimicry. A bacterial anti-
gen could mimic an autoantigen (fig. 4b). Rheumatic 
fever84 and Guillain–Barré syndrome85 are thought to 
be immune-mediated diseases triggered by bacterial 
or viral mimicry. Endogenous peptides presented by 
the HLA alleles that predispose to rheumatoid arthritis 
have substantial homology to amino acid sequences in 
bacterial genera including Prevotella, Parabacteroides 
and Butyricimonas86. A single T cell receptor has some 
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Fig. 2 | Frequency of uveitis in patients with 
spondyloarthritis. Uveitis associated with different forms 
of spondyloarthritis. Uveitis associated with ankylosing 
spondylitis (AS) or reactive arthritis (ReA) is almost always 
acute anterior uveitis14, whereas uveitis associated with 
psoriatic arthritis (PsA)24 or inflammatory bowel disease 
(IBD)16 is more likely to be chronic or posterior to the lens  
of the eye.



plasticity — that is, an ability to recognize diverse 
peptides, some of which could cross-react with 
self-peptides87. Horai et al.88 have described a murine 
model of posterior uveitis mediated by transgenic 
T cells that recognize the retinal antigen IRBP. In this 
model, a bacterial antigen from the intestine activates 
these T cells, presumably through antigenic mimicry88. 
This paradigm of molecular mimicry, however, might 
not apply to HLA-B27-associated anterior uveitis, for 
which autoantibodies and autoreactive T cells are not 
generally considered to be markers of disease. Although 
mimicry between HLA-B27 and a bacterial antigen has 
been reported89,90, these reports are >20 years old and 
still no explanation exists as to the tissue distribution of 
HLA-B27-related disease.

Third model: translocation of microorganisms or micro-
bial products. A change in intestinal bacteria could alter 
intestinal permeability (fig. 4c). This permeability can 
enable bacterial products to disseminate into the vas-
culature and tissues and potentially lodge in the syno-
vium or the uvea, where an immune response might 

be triggered. Data that support this hypothesis come 
from studies showing that intestinal permeability is 
increased in patients with ankylosing spondylitis91 and 
is accompanied by dysregulated intestinal tight junction 
expression and translocation of microbial LPS into the 
vasculature92. Within joint tissue, bacterial products 
have been detected in the synovial fluid of patients 
with ankylosing spondylitis93 and reactive arthritis39,94. 
A study from Tunisia also reported bacterial products 
in the synovium of six patients with reactive arthritis95. 
Bacterial translocation to the blood has been docu-
mented in patients with Crohn’s disease96, and these 
patients are more likely to have flares of disease activity 
than patients without such bacterial dissemination96. 
Gonococcal arthritis is an example in which bacteria 
can disseminate to the synovium97. Increased bacterial 
cell wall in the form of peptidoglycan has been detected 
by immunostaining in the joints of patients with rheu-
matoid arthritis98. However, it is important to note that 
translocation of bacterial products has been detected 
in healthy individuals who experience an increase in  
bowel permeability, such as marathon runners99. 
Brushing teeth might also result in bacterial products 
transiently entering the bloodstream100. An intriguing 
study by Atarashi et al. demonstrated that oral bacteria 
potentiate inflammatory responses if they colonize the 
mouse intestine82. Moreover, colonization of the liver by 
the intestinal pathobiont Enterococcus gallinarum might 
contribute to the pathogenesis of systemic lupus ery-
thematosus101. This observation reinforces the idea that 
if bacteria or bacterial products are outside their nor-
mal habitat (for example, translocating to the eye or the 
joint), they might be aetiological agents of disease (such 
as uveitis or arthritis, respectively), and similarly micro-
bial products such as LPS or β-glucan might potentiate 
uveitic inflammation if they are able to deposit in the 
uveal tract. Tolerance or tachyphylaxis to these microbial 
products might develop in the intestine. Indeed, given 
the formidable barriers that contain bacteria within the 
gut and avoid translocation (such as the gut–vascular 
barrier102), it might be microbial products rather than 
live or dead bacteria that reach distal sites such as the 
eye or the joint.

However, bacterial translocation is probably nec-
essary but not sufficient for arthritis. Bouziat et al.103 
studied an HLA-DQ8-transgenic mouse that is predis-
posed to coeliac disease. These mice were fed a diet that 
includes gluten and did not develop features of auto-
immune disease; however, after infection with a reovi-
rus that by itself induces no symptoms in the mouse, 
auto antibodies to transglutaminase were detectable. 
This paradigm of predisposing genetic and environ-
mental factors still requiring a ‘second hit’ such as a 
viral infection suggests that a similar predisposing 
event is necessary for bacteria to induce arthritis after 
translocation to a joint or to the eye.

In contrast to the joint, we are not aware of direct 
evidence that bacterial products are translocated to 
the anterior uveal tract during non-infectious AAU. 
However, the adage that absence of evidence does not 
equate to evidence of absence may be applicable. As the 
eye is not biopsied (except in rare instances) during acute 
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Molecular mimicry
The induction of autoimmunity 
caused by a non-self-antigen, 
such as one derived from a 
bacteria or virus, that 
resembles a self-antigen 
sufficiently such that an 
autoimmune response is 
induced.

Tachyphylaxis
in pharmacology, the reduced 
response to a chemical, such 
as an opioid, resulting from 
repeated exposure. Continuous 
or repetitive exposure to 
bacterial products such as LPS 
or peptidoglycan results in 
tachyphylaxis or reduced 
inflammation.
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Fig. 3 | Disease manifestations of spondyloarthritis. 
Spondyloarthritis (SpA) can involve pathology in various 
parts of the body. SpA-associated inflammation may 
manifest in diverse tissue sites including the eye (uveitis), 
the prostate and skin in addition to classical sites such 
as the spine or joint. Aortic root disease is an uncommon 
yet serious clinical complication. Red boxes signify that 
osteoporosis and sarcopenia are important comorbidities 
that might be associated with the loss of function that 
accompanies spinal or joint disease.



inflammation, and the amount of fluid available for study 
from an anterior chamber is limited, studying or detect-
ing bacterial products in the eyes is a challenge. A foot-
pad injection of bacterial endotoxin has been shown to 
induce AAU in rats104. The rodent eye expresses a variety 
of Toll-like receptors (TLRs) and becomes inflamed after 
direct injection of bacterial products105. TLR2 expression 
is downregulated on leukocytes from patients with AAU, 
but these cells produce more IL-1β than leukocytes from 
healthy controls in response to TLR2 activation106. In 
patients with Crohn’s disease, translocation of bacterial 

products to the blood has been demonstrated96; thus, it is 
plausible that some bacterial product or products might 
also disseminate to the anterior uveal tract. In addition, 
host-derived inflammatory products such as DAMPs 
might trans locate from the intestine to the eye, where 
they could also contribute to the local inflammatory 
cascade (fig. 4c).

If translocation is a critical component in the patho-
genesis of uveitis, it is appropriate to ask why uveitis is 
not more common in intestinal disease in comparison 
with ankylosing spondylitis. Although the answer to 
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this question is not known, we offer two hypotheses. 
First, the increase in permeability in IBD could lead to 
tachyphylaxis such that bacterial products are constantly 
exposed to the immune system and thus induce less 
inflammation. Second, as discussed above, HLA-B27 is 
the major known genetic factor that predisposes to AAU. 
As HLA-B27 is not associated with IBD, it makes sense 
that AAU is less common in IBD.

Fourth model: extraintestinal migration of immune 
cells. Translocation of lymphocytes or other inflamma-
tory cells from the intestine to the eye (fig. 4d) might also 
account for the role of the intestine in the pathogenesis 
of AAU. Transgenic mice that express the photoconvert-
ible pigment kaede enable the study of cell trafficking 
from sites that are experimentally exposed to ultraviolet 
light such as the colon107. Using this approach, unexpect-
edly broad extraintestinal migration of both myeloid and 
lymphoid cells to peripheral tissues has been convinc-
ingly demonstrated107. Using the EAU mouse model, 
the presence of intestinal-derived CD45+ leukocytes has 
been detected in the eye108, although further immune 
phenotyping was not performed in this study108. Other 
studies have demonstrated that circulating lymphocytes 
with presumed intestinal origin (as they are commensal 
reactive and express gut homing chemokine receptors) 
are a part of the normal circulating T cell pool, even in 
healthy individuals109.

Alternatively, a failure of immune trafficking to 
the eye might perturb ocular homeostasis, as has been 
proposed for B cells primed by commensals in the 
intestine that have been hypothesized to migrate to 
the lacrimal gland and provide protective immunity 

to ocular commensals that reside on the surface of the 
eye110. However, the relevance of such a pathway to uveal 
homeostasis is unclear.

The microbiome also affects multiple populations 
of non-conventional lymphoid cells that reside in the 
intestine, including NK cells and other innate lym-
phoid cells, intraepithelial lymphocytes, γδ T cells 
and mucosal-associated invariant T cells74. Several of 
these cell types have been implicated in SpA111,112 and 
some (for example, invariant NK T (iNKT) cells and γδ 
T cells) in models of uveitis113,114.

Clinical implications
Assuming that the microbiome does contribute to 
HLA-B27-related uveitis and arthritis, the contribution 
is probably considerable if one extrapolates from what 
we know about germ-free HLA-B27-positive rats. Future 
treatment modalities should target the microbiome 
(fig. 5), a goal that might be simplified if a single bacte-
rium could be implicated in HLA-B27-related inflam-
mation, just as Helicobacter pylori was shown to cause 
gastritis and peptic ulcer disease. However, if no single 
organism is the cause of HLA-B27-related inflammation, 
what are the clinical options?

One option is faecal transplantation, an approach 
that has had success in treating recalcitrant Clostridum 
difficile infection115 and ulcerative colitis116,117. Obstacles 
to faecal transplantation include the aesthetics, safety 
(as the approach might transmit pathogenic bacteria, 
prions or viruses such as cytomegalovirus118) and the 
probability that the effect would be transient, such that 
frequent repeat transplants would be required.

An alternative approach is to target microbial metab-
olites or downstream signalling pathways that are known 
to be altered in HLA-B27+ rats and patients with SpA32,83. 
For example, fewer short-chain fatty acids (SCFAs) are 
present in the intestine of HLA-B27+ rats119, and oral 
supplementation with the SCFA propionate reduces 
inflammation in the caecum and colon. This effect is 
accompanied by a reduction of important inflammatory 
cytokines in intestinal tissue, including IL-1β, IL-17 and 
IFNγ (ref.119). In addition, SCFAs can attenuate disease 
in an inducible model of EAU108.

Medications that reduce intestinal permeability could 
also be effective in preventing the dissemination of bac-
terial products. Sulfasalazine is an antibiotic combined 
with a cyclooxygenase inhibitor that reduces intestinal 
permeability; as noted above, sulfasalazine efficacy 
might relate, in part, to this effect40. Mongersen (also 
known as GED-0301), a SMAD7 antisense oligonucleo-
tide that antagonizes transforming growth factor-β 
signalling, is also proposed to ameliorate IBD while 
reducing intestinal permeability120.

Most antibiotics are not likely to have a sustained 
benefit to treat or prevent AAU, as resistance should 
develop rapidly. Probiotics are a popular option, but lit-
tle is known about the intestinal bioavailability of pro-
biotics given that the low gastric pH is likely to result in 
the death of most orally ingested bacteria. Diet can pro-
foundly affect the microbiome and offers what is argu-
ably the best hope to prevent AAU. The challenge is the 
complexity of diet, which makes it difficult to identify 
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Fig. 5 | Therapeutic strategies to target intestinal 
microbiota. Selective depletion of harmful bacteria or 
recolonization with benign bacteria, the latter derived 
from probiotics or faecal microbiota transplant could limit 
intestinal dysbiosis. Prebiotics might promote the growth 
of beneficial bacteria. Anti-inflammatory microbial 
metabolites, such as short-chain fatty acids, might also 
be used or targeted to treat HL A-B27-associated gut 
inflammation. Diet is another method to modify the 
microbiota and, similar to faecal microbiota transplant, 
may well include both probiotics and prebiotics. Finally , 
targeting microbiota-associated intestinal permeability 
might be another way of attenuating HL A-B27-associated 
inflammatory sequelae.



components that need to be added or subtracted for 
sustained benefit.

Perinatal exposure to bacteria can have lifelong 
effects. For example, mice born by Caesarian section 
have immune system differences that persist into 
adulthood when compared with animals born trans-
vaginally121, and patients with ankylosing spondylitis 
are reportedly less likely to have been breastfed com-
pared with individuals without the disease122. If genet-
ics can identify individuals at high risk of developing 
SpA, exposure to protective bacteria during infancy 
might have sustained benefit in the prevention  
of disease.

In addition to genetic approaches (for example, 
HLA-B27 genotyping) that can be used to establish dis-
ease risk, the composition of the microbiota itself could 
prove clinically useful even if it cannot be successfully 
targeted therapeutically. To this end, if dysbiosis is a sub-
stantial component of AAU pathogenesis, it might be 

used to predict disease risk, time of onset, progression 
or treatment response.

Conclusions
Just a decade ago, the intestinal microbiome was consid-
ered a black box. Most of the organisms that comprise the  
intestinal microbiome are anaerobic and difficult to cul-
ture. As the cost of DNA sequencing has fallen, further 
characterization of the bacteria with which we have a 
symbiotic relationship is now possible. However, this tech-
nological advance is ongoing, and our understanding of  
the microbiome is incomplete. We believe, however, that the  
microbiome will ultimately become an essential target in 
the treatment and prevention of immune-mediated dis-
eases, including uveitis. Given the many links between the 
microbiome and AAU, we hope that the puzzle as to why 
HLA-B27 predisposes to this disease will soon be solved.
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Chronic inflammatory diseases that affect the soft tissues 
of the joint include arthritis, enthesopathy and tendino-
pathy. Collectively, these diseases comprise a considerable 
global economic burden1. Each disease is characterized 
by inflammation of the mesenchymal tissues that form 
the synovium, tendons, ligaments and joint capsule and, 
in some cases, structural damage to bone and cartilage. 
Inflammation of these tissues is broadly characterized 
by leuckocyte infiltration, fibroblast accumulation and 
neovascularization that supports cell expansion.

The term stroma was originally derived from the 
ancient Greek word describing a platform on which to lie 
and is used to describe the supporting substance of tis-
sues. Its principle role is to maintain the microenviron-
ment required by the parenchyma. The stroma comprises 
connective tissue, nerves, vessels, and the extracellular 
matrix (ECM) and fluids that the stromal cells produce2. 
The soft tissues of the joint, including the synovium, cap-
sule, tendon and entheses, are predominantly composed 
of mesenchymal stromal cells.

In this Review, we first examine the pathophysiologi-
cal basis of inflammation and tissue damage with respect 
to the embryological origins of joint mesenchymal tis-
sues. We next discuss the stromal cell types that populate 
joint mesenchymal tissues, including fibroblasts, tissue- 
resident macrophages (TRMs) and endothelial cells 
(vascular and lymphatic), and highlight their contri-
bution and functions in chronic synovial inflammation 
and tissue damage. Finally, we discuss potential future 
therapeutic strategies to target inflammation across joint 

mesenchymal tissues that address the pathogenic stroma 
and associated immune cell crosstalk.

Embryological origins of the joint
Inflammation and tissue damage are pivotal patholog-
ical processes that affect structures across the whole 
joint organ. To further understand the mechanisms 
and interrelationships underpinning these fundamental 
disease processes, it is important to consider the origins 
of joint tissues, given that an organ is best defined by 
its embryological origin as well as by its function. The 
embryological and anatomical origins of the tissues that 
comprise the joint might shape inflammation and tis-
sue damage, and knowledge of embryological processes 
can inform our understanding of disease patterns across 
the joint.

Although parts of the axial skeleton derive from the 
neural crest, the mesoderm is the precursor for mesen-
chymal tissues (Fig. 1). Adult joint soft tissues are pre-
dominantly composed of cells of mesenchymal origin, 
including fibroblasts, vascular and lymphatic endothe-
lial cells and TRMs. Endothelial cells also originate from 
yolk sac- derived erythro- myeloid progenitor cells3. The 
embryological origins of stromal cells might shape 
the behaviour of these cell types in diseased adult tis-
sues. Notably, both mesoderm- derived fibroblast and 
endothelial cell populations undergo sustained pheno-
typic changes after exposure to inflammatory stimuli, 
exhibiting stromal cell activation and a form of tissue 
memory known as stromal cell memory4,5. However, the 

Mesenchymal
Describes the embryonic 
connective tissue derived from 
the mesoderm; mesenchymal 
tissue includes the tissue of the 
musculoskeletal, circulatory 
and lymphatic systems.
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distinct molecular markers expressed by these cell types 
vary, as discussed later in this Review.

TRMs also exhibit complex activation states and a 
memory phenotype6. The origins and renewal of TRMs 
have been extensively reviewed elsewhere7–10. Briefly, the 
majority of TRMs are established in their resident tissue 
locations during embryonic development and persist 
into adulthood, rather than being replaced from the 
pool of circulating adult monocytes9,11–16. Macrophages 
are first observed during early gestation and expand 
in the extra- embryonic yolk sac during primitive  
haematopoiesis. Yolk sac- derived haematopoietic stem 
cells (HSCs) emerge to form bone marrow precursor 
cells, which subsequently give rise to all immune cell 
lineages9,17 (Fig. 1). Importantly, yolk sac- derived TRMs 
are phenotypically distinct from HSC- derived progeny12. 
The subspecialized adult tissue niches that TRMs occupy 
dictate the heterogeneous phenotype and functions of 
these cells in health and disease18.

Mesenchymal cells of the joint
Traditionally, the diversity of stromal cells, particularly 
fibroblasts, and their functions beyond space filling and 
ECM homeostasis have been underexplored in inflam-
mation. Mesenchymal tissues in the joint, including 
the synovium, entheses and tendons, undergo pheno-
typic changes as a consequence of inflammation19–21. 
These changes include molecular and structural altera-
tions to the ECM that affect the functional quality of the 
healed tissue22. Although discerning the cell type that 
initiates the pathological process is challenging, stromal 
cells populating these tissues clearly provide a niche that 
is conducive to sustaining chronic inflammation4,23,24. 
In the sections below, we focus exclusively on cells of 
mesenchymal origin, including fibroblasts, endothe-
lial cells and TRMs, rather than on haematopoietically 
derived cells, whose role in inflammation and damage 
has been well documented25–27.

Fibroblasts in the joint
Fibroblasts are the most abundant cell type populating 
the joint connective tissues28 and synthesize the highly 
organized collagen- rich scaffold that is necessary for 
joint structure and movement. Fibroblasts are defined 
by their spindle- shaped morphology, the absence of 
specific lineage markers for leukocytes, endothelium 
and epithelium and by their ability to adhere to tissue 

culture plastic in vitro29. These cells probably arise from 
one of three distinct cellular origins: primary mesen-
chyme, local epithelial–mesenchymal transition or bone 
marrow- derived precursors (circulating fibrocytes)30,31. 
Fibroblasts can proliferate to generate new progeny, but 
the majority of fibroblasts probably originate from pri-
mary mesenchymal cells32,33. In physiological conditions, 
fibroblasts produce ECM components (such as type I, 
type III and type V collagen and fibronectin) as well as 
factors that regulate ECM turnover, including matrix 
metalloproteinases (MMPs) and proteins involved in 
the formation of basement membranes (such as type IV 
collagen and laminin), thereby providing mechanical 
strength to tissues34,35. Fibroblasts synthesize an array 
of paracrine factors36 and have mechanosensitive prop-
erties37, which contribute to the functional adaptation 
of healthy joints. The intimate relationship between 
fibroblasts and mesenchymal stromal cells (MSCs), as 
well as the clinical use of MSCs to repair damaged tis-
sues, has resulted in a renewed interest in fibroblasts as 
therapeutic targets28.

Fibroblasts vary phenotypically and functionally at 
different anatomical sites and contribute to the iden-
tity of individual tissues, providing a so- called stromal 
address code33. Rather than functioning as bystanders, 
fibroblasts are capable of actively participating in, and 
indeed orchestrating, inflammation and immunity24,38,39.

Fibroblast activation and memory. Fibroblast activation 
is a recognized feature of diseases that affect the joint, 
whereby fibroblasts adopt a pro- inflammatory pheno-
type. This pathological feature has been identified in 
cancer40, rheumatoid arthritis20,21 and tendinopathy19. 
Fibroblast activation and memory span both innate 
and adaptive immune responses, suggesting that these 
processes are highly conserved disease mechanisms 
that are common to tissues of mesenchymal origin.  
A growing list of cell surface molecules and secreted 
products collectively make up a panel of fibroblast acti-
vation markers that are highly expressed under inflam-
matory conditions. These include CD90, CD44, CD55, 
vascular cell adhesion protein 1 (VCAM1; also known  
as CD106), uridine diphosphoglucose dehydrogenase, 
prolyl-4-hydroxylase, podoplanin (PDPN), endosia-
lin and fibroblast activation protein (FAP)19,24,38,41–43. 
Fibroblast activation markers represent important 
pheno typic alterations that have been implicated in 
effecting the switch from resolving inflammation to 
persistent inflammation43.

Fibroblasts from different joint tissues maintain 
their phenotype, positional memory and topographic 
differentiation in culture ex vivo44. Fibroblasts isolated 
from rheumatoid arthritis (RA) synovium or diseased 
tendon have a stromal memory phenotype, whereby 
these cells show an increased capacity to respond to a 
repeated inflammatory stimulus4,19,45. Therefore, the sus-
tained expression of activation markers by fibroblasts in 
the joint reflects their primed status after exposure to 
an inflammatory stimulus. The biological mechanisms 
underpinning innate memory have been extensively 
reported for leukocytes46,47 and the occurrence of inflam-
matory memory in tissue- resident cells of mesenchymal 

Key points

•	Joint inflammation and tissue damage are mediated by stromal cells of mesodermal 
origin.

•	Stromal activation and memory of previous inflammatory insults are shared 
mechanisms exhibited by fibroblasts, tissue- resident macrophages and endothelial 
cells.

•	Data characterizing the phenotype and function of cells of mesenchymal origin 
highlight the distinct fibroblast subtypes that mediate joint inflammation and tissue 
damage.

•	Mesenchymal stromal cell niches and their interactions with leukocytes are 
implicated in the persistence of joint inflammation.

•	For effective treatment of residual joint disease, strategies are needed that target 
the pathogenic	stroma	and	associated	immune	cell	crosstalk.

Parenchyma
The important functional 
elements of each body system.

Stromal cells
Non- haematopoietic, tissue- 
resident cells.

Mesoderm
The middle embryonic primary 
germ layer that resides 
between the ectoderm and  
the endoderm.

Stromal cell activation
A process whereby stromal 
cells, including fibroblasts, 
tissue- resident macrophages 
and endothelial cells, adopt a 
pro- inflammatory phenotype 
and express distinct molecular 
markers after exposure to an 
inflammatory stimulus.

Stromal cell memory
A change in the capacity of 
stromal cells to respond to 
inflammatory stimuli that 
persists for future exposures.

Positional memory
Refers to the topographic 
memory of a cell across 
different tissues and joints, 
which for fibroblasts is 
regulated by homeobox (HOX) 
genes during development.
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origin is gaining acceptance. Engagement of Toll- like 
receptor 4 (TLR4) and downstream activation of the 
nuclear factor- κB (NF- κB) pathway is a prominent 
pathological feature of fibroblasts populating inflamed 
joint tissues4,19,45. Data suggest that fibroblast memory is 
associated with an altered responsiveness of NF- κB to an 
inflammatory stimulus48. Given the longevity of tissue-  
resident fibroblasts and the relatively low rates of cell 
turnover in the joint49, the effects of stromal memory in 
tissues such as the synovium and tendon are probably 
long lived. By contrast, dermal fibroblasts have high rates 
of turnover and do not exhibit a memory phenotype, 
suggesting that the occurrence of stromal memory might 
vary according to anatomical location4,50,51.

Epigenetic changes are implicated in both fibroblast 
activation and memory. New insights into the epigenet-
ics of inflammatory rheumatic diseases in general have 
been reviewed in detail elsewhere52. Briefly, long- term 
exposure of RA synovial fibroblasts to TNF reduces 
total histone H4 levels and promotes H4 acetylation45. 

Chromatin accessibility can be increased by histone 
depletion or by histone acetylation, which weaken 
DNA–histone interactions. Data suggest that TNF 
exposure results in the removal of the chromatin bar-
rier from the CXCL10 promoter, thereby permitting 
abundant binding of NF- κB family transcription fac-
tors and the recruitment of transcriptional machinery 
to this promoter (resulting in increased CXCL10 tran-
scription upon secondary inflammatory stimulation)44. 
Modifying the methylation status of DNA (such as by 
the addition or subtraction of methyl groups) is another 
important epigenetic modification that occurs in RA 
synovial fibroblasts during the early stages of disease53; 
the activated and aggressive phenotype of RA synovial 
fibroblasts is associated with global DNA hypomethyla-
tion54. Although further studies are required to identify 
the mechanisms underpinning DNA methylation in RA,  
differentially methylated genes could be important 
prognostic biomarkers53. Finally, microRNAs (miR-
NAs), including miR-29, might moderate the methy-
lation status of RA synovial fibroblasts; in one study, 
treatment of these cells with l - methionine (a precursor 
of the methyl donor S- adenosyl methionine) resulted in 
increased DNA methylation compared with treatment 
with betaine (a precursor of l - methionine), which the 
investigators suggested might be because of the induc-
tion of miRNAs that target the expression of enzymes 
involved in DNA methylation55. Therefore miRNAs 
might selectively target mechanisms that regulate DNA 
methylation. Collectively these studies advance our 
understanding of how epigenetic changes are implicated 
in fibroblast activation and memory, informing future 
strategies to selectively target pathogenic fibroblasts.

Fibroblast diversity. Emerging data from the past dec-
ade have shown that tissue- resident fibroblasts help 
to define the pattern of joints involved in RA56,57. The 
concept of epigenetically driven anatomical diversity of 
synovial fibroblasts provides an attractive mechanism to 
explain the clinical observations that different types of 
arthritis affect distinct types of joint. For example, oste-
oarthritis (OA) and psoriatic arthritis often involve the 
distal interphalangeal joints, whereas RA is frequently 
symmetrical and more commonly affects the metacarpo-
phalangeal joints58. By contrast, ankylosing spondylitis 
mainly targets spinal ligaments and entheseal tissue59. 
This concept has prompted improved characterization 
of the phenotypes of fibroblast subsets and their different 
proposed functions. In RA, synovial fibroblasts undergo 
distinct changes in function, including a loss of immuno-
suppressive response in early disease, followed later by 
acquisition of an immunostimulatory phenotype60. 
Highly conserved homeobox (HOX) transcription 
factors specify the regional identity of cells and tissues 
throughout the body (conferring positional stromal 
memory)61,62, and adult fibroblasts retain important fea-
tures of embryonic positional HOX gene expression57. 
Fibroblasts also vary according to their anatomical loca-
tion in relation to tissue structures at an individual site 
and the exogenous stimuli they receive57,58,63. Whether 
this variability can be attributed to the plasticity of indi-
vidual fibroblasts, which is necessary for responding to 
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Fig. 1 | Embryological origins of mesenchymal tissues in the whole joint organ.  
The mesoderm is the middle embryonic germ layer residing between the ectoderm and 
the endoderm. The mesoderm is the precursor for mesenchymal tissues that comprise the 
appendicular skeleton, synovium, cartilage, tendons, ligaments, joint capsule and their 
associated lymphatics and vasculature. Adult joint soft tissues are predominantly 
composed of mesenchymal cells, including fibroblasts, endothelial cells and tissue- 
resident macrophages (TRMs). Yolk sac- derived TRMs are phenotypically distinct from 
haematopoietic stem cell (HSC)-derived macrophage lineages. TRMs occupy 
subspecialized niches that dictate their heterogeneity and phenotype in adult tissues. 
Endothelial cells can also originate from yolk sac- derived erythro- myeloid progenitor cells.
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different environmental cues, and whether phenotypic 
variation can be used to define distinct fibroblast subsets 
specialized for different niches remain unclear.

The synovium is composed of fibroblasts in the lining 
and sublining that vary in terms of their phenotype and 

function. Single- cell RNA sequencing and immunohis-
tochemistry data have revealed that RA synovial fibro-
blasts can be broadly characterized into three subsets: 
lining, immunoregulatory and pathogenic fibroblast 
populations (Fig. 2). Fibroblasts of the synovial lining are 
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Fig. 2 | Molecular features of cells of mesenchymal origin in rheumatoid synovium. The rheumatoid arthritis (RA) 
synovium consists of various cells of mesenchymal origin in the lining and sublining layers. Synovial lining fibroblasts 
are CD34−CD90−, express podoplanin (PDPN) and CD55 and release matrix metalloproteinase 1 (MMP1) and MMP13, 
which are implicated in tissue destruction. Immunoregulatory and pathogenic fibroblast subsets that predominantly 
occupy the synovial sublining exhibit a proliferative and pro- inflammatory phenotype. Immunoregulatory fibroblasts 
promote fibroblast accumulation and invasion. These cells express CD34 and release chemokines and cytokines, 
generating gradients that promote leukocyte retention. Pathogenic fibroblasts are a CD34−CD90+ subpopulation that 
highly express markers of fibroblast activation and have inflammation ‘memory’. Pathogenic fibroblasts express Toll- like 
receptor 4 (TLR4), which mediates the damage- sensing properties of these cells and downstream activation of the 
nuclear factor- κB (NF- κB) pathway via mitogen- activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK) and Janus 
kinase (JAK)–STAT (signal transducer and activator of transcription) signalling pathways. These phenotypic features sustain 
the pro- inflammatory pathogenic phenotype of this fibroblast subset. Fibroblasts in the synovial sublining are in close 
proximity to activated endothelial cells (which express CD31, vascular cell adhesion protein 1 (VCAM1) and intercellular 
adhesion molecule 1 (ICAM1)) and CD68+ tissue- resident macrophages (TRMs), which release pro- inflammatory mediators 
and proteases. CCL2, CC-chemokine ligand 2; CXCL12, CXC-chemokine ligand 12; FAP, fibroblast activation protein; 
GM-CSF, granulocyte–macrophage colony-stimulating factor; PGE2, prostaglandin E2; TGFβ, transforming growth 
factor-β; VEGF, vascular endothelial growth factor.
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CD34−CD90−CD55+ and cadherin 11+, and synthesize 
MMP1 and MMP3, which mediate tissue damage in the 
inflamed joint64. Fibroblasts populating the synovial sub-
lining are predominantly comprised of two populations 
(CD34+CD90− fibroblasts and CD34−CD90+ fibroblasts). 
Immunoregulatory CD34+CD90− fibroblasts release 
CXC-chemokine ligand 12 (CXCL12; also known as 
SDF1), CC-chemokine ligand 2 (CCL2) and IL-6 and 
drive fibroblast accumulation and invasion. Pathogenic 
CD34−CD90+ fibroblasts exhibit a pro- inflammatory 
phenotype, express markers of fibroblast activation 
(including FAP, PDPN and VCAM1) and demonstrate 
a capacity for inflammation memory64,65. Pathogenic 
fibroblast subsets degrade articular cartilage, mediate 
stromal memory, sense tissue damage via TLR4 acti-
vation and have an altered responsiveness to signalling 
pathways that converge on NF- κB21,33,48,64 (Fig. 2).

The endolymphatic niche
Other mesenchymal stromal tissues, including the vas-
culature and lymphatics, contribute to sustained inflam-
mation of the joint organ. Neoangiogenesis is a prominent 
feature of arthritic joint tissues and can affect tissue 
architecture and pain perception66. In health, vascular 
endothelial cells control blood flow, vessel wall perme-
ability and leukocyte extravasation into tissues, thereby 
regulating the inflammatory process67–70. In lymph 
nodes and tertiary lymphoid tissues, high endothelial 
vessels provide specialized microenvironments for effi-
cient entry of lymphocytes into tissues in an L- selectin- 
dependent process71. The phenotypes of endothelial 
cells change as inflammation transitions from an acute 
to a chronic process and also as activation of the innate 
immune system transitions to activation of the adaptive 
immune system69. Endothelial cell phenotypes are poorly 
characterized in tendon and entheseal tissues. However, 
in RA synovium, these cells can become activated, angi-
ogenic, apoptotic and leaky, which is analogous to many 
tumour microenvironments72. During long- term expo-
sure to inflammatory stimuli, endothelial cells become 
activated, exhibit a memory phenotype and express 
adhesion molecules including intercellular adhesion 
molecule 1 (ICAM1), VCAM1 and CD31 (ReFs5,73–75) 
(Fig. 2). These activated endothelial cells also produce 
chemokines and promote leukocyte migration from the 
blood to local tissues72. Endothelial cell activation is a 
cause and a consequence of endothelial dysfunction76,77, 
culminating in increased microvascular permeability, 
extravasation of plasma and joint oedema. Release of 
angiogenic factors, such as vascular endothelial growth 
factors (VEGFs), triggers angiogenesis to provide nec-
essary nutrients and oxygen to meet the metabolic 
demands of the inflamed tissue78. Importantly, neo-
angiogenesis further promotes the retention and survival 
of immune cells at inflamed sites, thereby sustaining 
chronic inflammation39. These angiogenic processes 
occur during normal inflammatory immune responses 
(such as following vaccination)79; however, whether 
angiogenesis that occurs in joint disease is a cause or an 
effect of pathology remains unclear.

Stromal lymphatic vessels form a one- way conduit 
for tissue fluid and leukocytes in health and disease80. 

During adaptive immune responses, antigen- presenting 
cells travel to lymph nodes via lymphatic vessels; these 
vessels express high levels of PDPN, which is also 
expressed by activated fibroblasts81. The permeability of 
lymphatic vessels is a tightly regulated dynamic process 
that alters during disease82. Lymphatic vessel growth 
(lymphangiogenesis) is a primary response during acute 
inflammation and becomes dysregulated in chronically 
inflamed adult tissues83. In experimental mouse mod-
els of inflammatory arthritis, lymph nodes and lym-
phatic vessels draining the diseased joint undergo an 
initial expansion phase to expedite lymphatic clearance.  
This expansion phase is followed by a collapse phase 
that is characterized by structural damage to lymphatic 
vessels and reduced lymphatic clearance82,84. Alterations 
in lymphatic vessel function and lymph node volume 
also occur in patients with RA during a disease flare85. 
Therapies targeting aberrant lymphatic function have 
shown promise in preclinical models of inflammatory 
arthritis and might prove efficacious in RA82.

Tissue- resident macrophages
TRMs have a diverse range of biological functions. 
These cells are appropriately positioned and transcrip-
tionally primed to respond to local environmental chal-
lenges and maintain tissue homeostasis. TRMs mediate 
immune surveillance, induce inflammation and promote 
the subsequent resolution of inflammation22,86. Given the 
biological complexity of these functions, TRM popula-
tions within a single tissue type are highly heterogene-
ous and contain diverse phenotypic and functionally 
distinct subtypes7,87.

In inflamed synovium, TRMs mediate immune sur-
veillance through the expression of a variety of pattern 
recognition receptors (PRRs), notably TLR2 and TLR4, 
and facilitate the recruitment of infiltrating leukocytes, 
including monocyte- derived macrophages88–90. TRMs 
induce joint inflammation through the release of pro- 
inflammatory mediators such as TNF, IL-1β, IL-6, 
granulocyte–macrophage colony- stimulating factor (GM- 
CSF) and prostaglandin E2 (PGE2), and drive fibroblast 
accumulation, angiogenesis, leukocyte recruitment and 
protease- mediated tissue damage (Fig. 2). Researchers have 
reported an essential function for non- classical Ly6Clo 
monocytes in mouse models of arthritis91. The findings 
of this study revealed that Ly6Clo but not Ly6Chi mono-
cytes (classical monocytes) are crucial for the initiation 
of arthritis, and that Ly6Clo monocytes differentiate to 
inflammatory macrophages during disease. The investi-
gators suggested that synovial TRMs limit arthritis devel-
opment, and recruited macrophages differentiate from an 
M1 to an M2 phenotype in situ91. These findings high-
light the phenotypic heterogeneity of macrophages in the 
joint, demonstrating how macrophage activation status 
regulates disease progression and resolution. In support 
of this concept, synovial macrophages from patients with 
RA have distinct transcriptional profiles that are asso-
ciated with disease activity and response to therapy92. 
However, the distinction between TRMs and infiltrating 
macrophages is currently hampered by a lack of specific 
markers that distinguish between these populations in 
diseased human tissues.

Neoangiogenesis
The process by which new 
blood vessels develop by 
sprouting from existing vessels.
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TRMs are important regulators of repair and fibrosis 
across all tissue types22 and are also implicated in mediat-
ing the resolution of inflammation. The pro- inflammatory  
milieu in the inflamed synovium triggers an active pro-
cess of lipid mediator class switching and the subsequent 
release of families of specialized pro- resolving mediators 
(SPMs). TRMs are a source of SPMs, including lipoxins, 
resolvins, protectins and maresins, which contribute to 
the resolution of inflammation93,94. Collectively these 
lipid mediators initiate programmes that halt neutrophil 
infiltration, potentiate monocyte recruitment, moder-
ate vascular permeability and promote phagocytosis and 
drainage of apoptotic cells94,95. The mechanisms involved 
in mediating resolution in inflammatory arthritis have 
been reviewed in detail elsewhere96. Distinct populations 
of resolution- phase macrophages have been identified 
in mouse models of acute systemic inflammation; these 
macrophages expressed Alox15, Timd4 and Tgfb2, which 
are involved in the termination of leukocyte recruitment 
and the clearance of inflammatory cells97. However, the 
precise phenotypes of TRMs that mediate resolution in 
human joint disease requires further investigation.

Crosstalk between mesenchymal cells
Crosstalk between mesenchymal cell populations 
has an important function in sustaining inflamma-
tion. Damage- sensing mechanisms and the release of 
cytokines and chemokines are pivotal pathological 
processes involved in the crosstalk between fibroblasts, 
endothelial cells, TRMs and leukocyte populations that 
sustain inflammation in the diseased joint33,98,99.

RA synovial fibroblasts function as sentinel cells that 
can ‘sense’ tissue damage. This process occurs through 
the binding of these cells to damage- associated molec-
ular patterns (DAMPs), including high- mobility group 
protein B1 (HMGB1), heat shock proteins and S100 
proteins via the PRRs TLR4 and receptor for advanced 
glycosylation end products (RAGE)100–102. Tenascin- C, a 
matrix protein induced upon tissue damage, also trig-
gers inflammation by activating TLR4 in cells, including 
macrophages and synovial fibroblasts103,104. Binding of 
these aforementioned DAMPs to TLR4 induces a high 
state of alert, which favours the development of chronic 
inflammation in multiple tissues48,105. Engagement of 
TLR4 activates myeloid differentiation primary response 
protein 88 (MyD88) signalling pathways within synovial 
fibroblasts, thereby inducing pro- inflammatory cytokine 
release via NF- κB activation48. Consequently, activated 
synovial fibroblasts are primed to release a broad 
range of pro- inflammatory mediators. These localized 
cytokine and chemokine gradients promote the migra-
tion, retention and survival of leukocytes and TRMs43,106, 
creating a complex network that is conducive to sustain-
ing inflammation (Fig. 3). The processes mediating leu-
kocyte trafficking between stromal compartments in RA 
have been reviewed in detail elsewhere107.

Fibroblast–immune cell crosstalk. RA synovial fibro-
blasts promote the retention of leukocytes in the joint 
through the release of cytokines and chemokines and 
through contact with other cells of mesenchymal ori-
gin. Pro- inflammatory cytokines released by retained 

monocytes, T cells and TRMs, including IFNγ, TNF and 
IL-1β, induce activated synovial fibroblasts to release 
high concentrations of PGE2, GM- CSF and IL-6, which 
exert differing effects on leukocytes. PGE2 moderates 
chemokine production and promotes T helper 2 (TH2) 
cell, TH17 cell and regulatory T (Treg) cell responses108. 
IL-6 promotes the differentiation of CD4+ T cells towards 
TH17 cells109, whereas GM- CSF promotes neutrophil 
survival and monocyte differentiation in the inflamed 
synovium33,110. The production of IL-6 and other inflam-
matory cytokines and chemokines is regulated by a 
positive feedback loop (involving leukaemia inhibitory 
factor (LIF), LIF receptor and signal transducer and 
activator of transcription 4 (STAT4)) that selectively 
operates in fibroblasts111. Transforming growth factor- β 
(TGFβ), which is present at high levels in RA synovium, 
is released from TRMs and synovial fibroblasts and 
induces persistent expression of CXC-chemokine recep-
tor 4 (CXCR4) on synovial T cells, leading to the active 
retention of these cells through CXCL12, providing an 
additional mechanism for immune cell retention112. RA 
synovial fibroblasts also release a repertoire of chemok-
ines, generating a gradient consisting of CCL2, CCL4, 
CCL5, CCL8, CXCL8, CXCL12 and IFNβ33,113,114. This 
chemokine gradient actively promotes the recruitment, 
retention and survival of monocytes and CD4+ T cells 
at the inflamed synovial site (Fig. 3). CXCL12, VCAM1 
and IL-6 have been identified as constitutive markers 
in fibroblastic reticular cells within lymphoid tissue and 
constitute part of a stromal address code, crucial for  
leukocyte survival and differentiation33.

Endothelial cell crosstalk. Resident stromal cells pop-
ulating the inflamed synovium modulate the ability 
of endothelial cells to recruit leukocytes through the 
release of soluble mediators or through direct cell–cell 
contact. Stromal fibroblasts can modulate the ability of 
endothelial cells to recruit lymphocytes in a site- specific 
manner. Fibroblasts from inflamed synovium can 
induce unstimulated human umbilical vein endothe-
lial cells (HUVECs) to bind to flowing lymphocytes36. 
In addition, stromal cells can modify the phenotype 
and responsiveness of endothelial cells, and hence their 
ability to recruit leukocytes115. Cytokine and chemok-
ine gradients mediate and sustain the crosstalk between 
endothelial cells, synovial fibroblasts and TRMs. For 
example, IL-6, TGFβ and VEGFs released from TRMs 
provide the necessary cues to promote an angiogenic 
environment required to sustain endothelial cell activa-
tion and dysfunction (Fig. 3). This concept is supported 
by findings showing that antibody neutralization of 
IL-6 diminishes the ability of endothelial cells to bind  
lymphocytes in co- cultures with RA synovial fibroblasts36.

The RA synovial fibroblast milieu further sustains 
an angiogenic environment through the production of 
CXCL1, CXCL2, CXCL3, CXCL4, CXCL5 and CXCL8 
(ReF.33) (Fig. 3). RA fibroblasts regulate the expression of 
endothelial cell adhesion molecules, potentiate leuko-
cyte extravasation60 and induce unstimulated HUVECs 
to bind lymphocytes in a CXCR4–CXCL12-dependent 
manner36. Consequently, the interactions between cells of 
mesenchymal origin create and sustain an inflammatory 

Lipid mediator class 
switching
A process whereby eicosanoids 
at the site of inflammation 
trigger the release of 
specialized pro- resolving lipid 
mediators involved in resolving 
inflammation.
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milieu whereby synovial inflammation persists and 
potentially becomes independent of its inciting cause.

Function in tissue damage and repair
In health, repair mechanisms maintain the integrity 
of the soft tissues of the joints. In joint disease how-
ever, long- term inflammation, tissue remodelling and 
fibrosis ensue, resulting in irreversible tissue damage. 
In contrast to normal adult tissues, human and murine 
fetal wounds and wounds in Nude (transcription factor 
FoxN1-deficient) mice heal without scar formation116. 
Fetal wounds contain lower numbers of immune cells 
and lower levels of cytokines than wounds in adult tis-
sues117–120. Differences between embryonic and adult 
tissue healing are also attributed to the milieu of pro- 
fibrotic growth factors released by TRMs, including those 
of the TGFβ family. For example, TGFβ1 levels are lower 
in embryonic tissue undergoing repair than in adult 
tissue undergoing repair121–123. Other studies highlight 
differences in the production of MMP9 and MMP13 in 

the scarring process between fetal and adult fibroblasts116. 
The fact that fetal fibroblasts have a higher migration 
velocity and synthesize matrix proteins more quickly 
than adult fibroblasts, and that the turnover rates of col-
lagen, hyaluronic acid and ECM components are higher 
in fetal wound sites than in adult wound sites, suggests 
that rapid healing might also have a role in scarless tissue 
repair124–126. Such findings also suggest a reduced likeli-
hood of scarless tissue repair with ageing, accompanied 
by reduced efficiency of repair of tissues in the adult joint.

In adult tissues, fibroblasts and TRMs directly con-
tribute to joint destruction, bony erosions and bone 
remodelling through the production of enzymes such 
as MMPs127. MMP2, MMP9 and MMP13 are impli-
cated in the pathogenesis of RA and OA128. MMP9 
is upregulated by CXCL12, a chemokine secreted by 
synovial fibroblasts in RA129. FAP is highly expressed 
within RA synovium and colocalizes with MMP13, 
where both FAP and MMP13 seem to promote tissue 
degradation via an unknown mechanism130. Cathepsins, 
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Fig. 3 | Crosstalk- related mechanisms that sustain synovial inflammation. Cells of mesenchymal origin including 
fibroblast subsets, endothelial cells and tissue- resident macrophages (TRMs) can engage in multidirectional crosstalk , 
which sustains synovial inflammation. Rheumatoid arthritis (RA) synovial fibroblasts promote leukocyte retention 
through the release of cytokines and chemokines and through contact with other cells of mesenchymal origin. Activated 
synovial fibroblasts release high levels of prostaglandin E2 (PGE2), granulocyte–macrophage colony- stimulating factor 
(GM- CSF) and IL-6 in response to pro- inflammatory cytokines released by retained monocytes, T cells and TRMs,  
including IFNγ, TNF and IL-1β. Transforming growth factor- β (TGFβ) released by TRMs induces the persistent expression  
of CXC-chemokine receptor 4 (CXCR4) by synovial T cells, which leads to active CXC-chemokine ligand 12 
(CXCL12)-mediated retention of these cells in the synovium. RA synovial fibroblasts also release chemokines, including 
CC-chemokine ligand 2 (CCL2), CCL4, CCL5, CCL8, CXCL8, CXCL12 and IFNβ, which promotes the recruitment, retention 
and survival of monocytes and CD4+ T cells. The production of IL-6, TGFβ and vascular endothelial growth factors (VEGFs) 
by TRMs promotes an angiogenic environment, which is required to sustain endothelial cell activation and dysfunction. 
The production of chemokines such as CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL8, IL-6 and VEGF by RA synovial 
fibroblasts further sustains an angiogenic environment. TRMs and synovial fibroblasts release tissue-damaging mediators 
including matrix metalloproteinases (MMPs) and TGFβ. Pro- inflammatory cytokines, including TNF, IL-1β, IL-6, PGE2 and 
GM- CSF, released by TRMs induce activated synovial fibroblasts to release high concentrations of PGE2, GM- CSF and IL-6, 
which exert differing effects on leukocytes. TIMP, tissue inhibitor of metalloproteinase.
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a major group of proteases involved in joint remod-
elling, are also upregulated in the diseased joint in  
both RA and OA131. Additionally fibroblasts can indi-
rectly contribute to tissue damage through crosstalk 
with TRMs and lymphocytes, further amplifying 
processes that drive tissue damage (Fig. 3), while also  
presenting antigen to tissue- infiltrating lymphoctyes132.

Pathological conditions in which cells of mesenchy-
mal origin have a role include chronic inflammation 
(for example, RA and chronic skin wound healing), 
tissue fibrosis (for example, chronic obstructive pulmo-
nary disease (COPD)) and cancer (for example, breast 
cancer). Interestingly, although these diseases differ 
greatly in their aetiologies and genetic predispositions, 
they converge in terms of phenotype and function of 
the stromal component. Fibroblasts expand in the RA 
synovial tissue and in the tumour parenchyma, whereas 
fibrosis is characterized by profound changes in myofi-
broblast phenotype and function across different organs 
such as the lungs and kidneys133. Whether these features 
are intrinsic phenotypic properties that are acquired 
by fibroblasts as a consequence of exposure to chronic 
inflammation, or are derived from the conditioning of 
the pathogenic infiltrating cells is still under investiga-
tion and seems to differ in each condition38. Some data 
suggest that epigenetically programmed aggressive cells 
might ‘spread’ arthritis from inflamed to uninflamed 
joints in the early stages of disease134; PDPN- positive 
synovial lining fibroblasts from patients with RA are 
migratory and release cartilage- destructive MMPs21,64. 
Collectively, these data raise the possibility of distinct 
mesenchymal cell subsets being implicated in mediating 
the effects of tissue damage in the diseased joint.

Targeting mesenchymal cells
Given the important functions of mesenchymal cells, 
residual disease activity in patients treated with immune 
therapies might be attributable to stroma- mediated 
inflammatory responses that are refractory to current ther-
apies that target immune cell populations135. New thera-
peutic approaches are therefore required to break the cycle 
and reset the system, particularly in scenarios in which 
inflammation becomes independent of the inciting stimu-
lus. Given the limited capacity of joint tissues to regenerate 
once damaged, substantial challenges are associated with 
curbing tissue damage, although such challenges might be 
addressed through moderating persistent inflammation. 
Future strategies are required to address the pathobiol-
ogy concerned with the stromal microenvironment, such 
as targeting cells of mesenchymal origin. A number of 
drugs that target stroma- mediated processes in joint dis-
ease are already in clinical use or are being tested in early- 
phase clinical trials, and a number of other upcoming  
strategies have potential for clinical application (TAble 1).

Existing licensed therapies
NSAIDs and glucocorticoids provide symptomatic 
relief for a broad array of conditions, and can reduce 
both inflammation and pain. The clinical use of these 
therapies in the management of a multitude of diseases 
affecting the joint is well established136–139. NSAIDs and 
glucocorticoids target fibroblasts, TRMs and endothelial 

cells via differing biological modes of action. The inhi-
bition of cyclooxygenase (COX) activity by NSAIDs 
dampens the release of prostaglandins, leukotrienes 
and thromboxane A2 (ReF.140). By contrast, glucocorti-
coids function via the glucocorticoid receptor to inhibit 
cytosolic phospholipase A2 (cPLA2), regulate the expres-
sion of target genes of NF- κB–mitogen- activated pro-
tein kinase (MAPK) signalling and dampen the release 
of inflammation- initiating eicosanoids86. Although 
NSAIDs and glucocorticoids continue to be prescribed 
as baseline anti- inflammatory therapy for many rheu-
matic diseases, both of these therapies are associ-
ated with well- documented adverse systemic effects. 
Importantly, COX2-selective NSAIDs also dampen 
the protective responses controlling the resolution of 
inflammation141,142, which might paradoxically impede 
the capacity of inflamed joint tissues to heal.

Monoclonal antibodies enable precise molecular 
targeting of cytokines, such as those that mediate joint 
inflammation. The biological modes of action and effi-
cacy of therapeutic inhibitors of IL-1, IL-6, TNF and 
IL-17 in current clinical use are well reported (TAble 1). 
One disadvantage associated with selective cytokine 
inhibition is the failure of this approach to fully target 
stroma- mediated inflammatory responses and address 
the complex multidirectional crosstalk between mes-
enchymal cell populations and between mesenchymal 
populations and immune cells. Similarly, targeting 
chemokine gradients is an attractive strategy to moderate 
leukocyte retention143. However, chemokine antagonists, 
including the CXCR4-targeting drug AMD3100, are 
associated with adverse systemic effects144 and the pleth-
ora of chemokines that mediate stromal inflammatory  
responses presents a further therapeutic challenge.

Therapies in early- phase trials
GM- CSF, which is predominantly produced by acti-
vated T cells, monocytes and macrophages, is also 
released by tissue- resident cells of mesenchymal origin 
including fibroblasts, TRMs and endothelial cells145. 
Humanized IgG1 monoclonal antibodies to GM- CSF 
prevent the interaction of this cytokine with its receptor,  
GM- CSFR, and hence reduce the downstream signal-
ling pathways of this receptor that converge on NF- κB146. 
GM- CSF has potential as a therapeutic target in auto-
immune and inflammatory disorders, including RA. 
Preclinical studies of therapies that target GM- CSF or 
its receptor have shown encouraging results and have 
been reviewed in detail elsewhere146. A phase IIb study 
of mavrilimumab in 2018 demonstrated that long- term 
treatment with this GM- CSFR inhibitor maintained 
clinical responses (as assessed by disease activity score) 
and was well tolerated in patients with RA who had 
previously shown an inadequate response to DMARD 
therapy147. Further investigation is required to determine 
the efficacy of therapies that target GM- CSF to modulate  
stroma- mediated inflammatory responses in the joint.

Kinase inhibitors that target Janus kinase (JAK) or 
spleen tyrosine kinase (SYK) signalling pathways (and 
thereby block JAK–STAT signalling or MAPK–protein  
kinase C (PKC) signalling148,149, respectively) have 
been investigated for their therapeutic utility to reduce 
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Table 1 | Drugs that target pathogenic stromal cells in joint disease

Therapeutic Target 
mesenchymal cell

Molecular target Mechanism of action Refs

Anti- inflammatory agents

NSAIDs Fibroblasts,TRMs and 
endothelial cells

COX1 and/or COX2 Selective or non- selective inhibition of COX reduces 
the release of prostaglandins, leukotrienes and 
thromboxane

136,137

Glucocorticoids Fibroblasts, TRMs and 
endothelial cells

Glucocorticoid receptor Inhibits cPL A2, thereby regulating the expression of 
target genes of NF- κB–MAPK signalling and reducing 
the expression of prostaglandins, leukotrienes and 
thromboxane

138,139

Monoclonal antibodies

IL-1 inhibitors TRMs predominantly 
(but also fibroblasts)

IL-1R Reduces the effects of the inflammasome and caspase 
activation, dampening IL-1β release

170,171

IL-6 inhibitors TRMs and fibroblasts IL-6R Reduces STAT3 signalling, dampening IL-6 release 172–176

TNF inhibitors TRMs predominantly 
(but also fibroblasts)

TNFR1 and/or TNFR2 Reduces NF- κB–MAPK signalling, dampening  
TNF release

177–182

GM- CSF inhibitors TRMs, fibroblasts and 
endothelial cells

GM- CSFR Reduces JAK–STAT, PI3K , MAPK and NF- κB signalling, 
dampening GM- CSF release

183,184

IL-17 inhibitors TRMs IL-17R family Reduces TRAF6, MAPK , TAK1 and NF- κB signalling, 
dampening IL-17 family

185–187

Kinase inhibitors

JAK inhibitors Fibroblasts and TRMs JAK1, JAK2, JAK3 and TYK2 Blockade of cytokine signalling via the JAK–STAT pathway 150,188,189

SYK inhibitors Fibroblasts and TRMs Fcγ receptor Reduces IL-6 production by inhibiting MAPK–PKC 
signalling

148,149

Targeting fibroblast activation

Anti- cadherin 11 
monoclonal antibody

Fibroblasts Cadherin 11 Reduces MAPK and NF-κB signalling and reduces IL-6 
release

154

Cyclin- dependent 
kinase inhibitors

Fibroblasts CDK1, CDK2, CDK4 or 
CDK6

Inhibits cell proliferation and survival and induces 
apoptosis

144,155,156

Epigenetic modifiers

Modifiers of DNA 
methylation

Fibroblasts DNA methylation Hypomethylation associated with an activated and 
aggressive phenotype in RA synovial fibroblasts

53–55,157

Modifiers of histone 
modification

Fibroblasts Histone modification • Increased H4 acetylation at the CXCL10 promoter 
increases CXCL10 transcription

• Increased H4 acetylation at the IL-6 promoter 
increases IL6 mRNA and protein expression

45,190

Modifiers of miRNA 
expression

Fibroblasts miR-22 Reduction in miR-22 expression contributing to CYR61 
overexpression in RA synovial fibroblasts

191

Fibroblasts miR-20a Reduction in miR-20a expression regulates ASK1 
expression in RA synovial fibroblasts

192

Fibroblasts miR-203 Reduction in miR-203 expression regulates  
NF- κB-induced MMP1 and IL-6 expression in RA synovial 
fibroblasts

193

Pro- resolving mediators

17R- resolvin D1 Fibroblasts, TRMs  
and endothelial cells

ALX and DRV1 Chondroprotective 168

Annexin A1 Fibroblasts, TRMs  
and endothelial cells

ALX Chondroprotective, increases TGFβ expression 
and prevents apoptosis

194

Resolvin D3 Fibroblasts, TRMs  
and endothelial cells

ALX Reduces leukocyte infiltration and the production 
of prostaglandins, leukotrienes and thromboxane

167

15-epi- Lipoxin A4 Fibroblasts, TRMs  
and endothelial cells

ALX Reduces STAT1, IL-6 and PDPN expression 23,169

ALX, formyl peptide receptor 2; CDK , cyclin- dependent kinase; COX, cyclooxygenase; cPL A2, cytosolic phospholipase A2; CXCL10, CXC-chemokine ligand 10; 
CYR61, cysteine- rich angiogenic inducer 61; GM- CSF, granulocyte–macrophage colony- stimulating factor ; GM-CSFR, GM-CSF receptor; DRV1, resolvin D1 
receptor ; IL-1R, IL-1 receptor; IL-17R, IL-17 receptor; IL-6R, IL-6 receptor; JAK , Janus kinase; MAPK , mitogen- activated protein kinase; miRNA , microRNA ;  
MMP1, matrix metalloproteinase 1; NF- κB, nuclear factor- κB; PI3K , phosphatidylinositide 3-kinase; PDPN, podoplanin; PKC, protein kinase C; RA, rheumatoid 
arthritis; STAT, signal transducer and activator of transcription; SYK, spleen tyrosine kinase; TAK1, transforming growth factor- β-activated kinase 1; TGFβ, 
transforming growth factor-β; TNFR, TNF receptor; TRAF6, TNF receptor associated factor 6; TRM, tissue- resident macrophage TYK2, tyrosine kinase 2.
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cytokine release (TAble 1). Baricitinib, an oral reversi-
ble inhibitor of JAK1 and JAK2, has shown therapeu-
tic potential in the treatment of patients with RA. This 
treatment was associated with clinical improvements in 
patients with methotrexate- refractory disease compared 
with treatment with placebo or with the anti- TNF ther-
apy adalimumab150. However, protein kinase inhibitors 
can target a broad range of cell types, and off- target 
adverse effects have been reported151, highlighting the 
importance of understanding the pharmacology of these 
drugs beyond the kinome.

Potential future strategies
In the cancer field, developments in therapies that tar-
get cancer- associated fibroblasts populating the tumour 
stroma can inform on potential future strategies for tar-
geting the pathogenic stroma in rheumatic disease152,153. 
Targeting the pathogenic stroma presents a considerable 
therapeutic challenge because of the biological complex-
ity underpinning the activation, memory and phenotypic 
diversity of mesenchymal cell populations. Potential 
future strategies to treat residual rheumatic disease 
might include targeting activated fibroblast subtypes, the 
use of epigenetic modifiers or the use of pro- resolving  
mediators to target stroma- mediated inflammation.

Selective targeting of the distinct fibroblast subtypes 
that mediate joint inflammation and tissue damage is 
one potential therapeutic approach. For example, cad-
herin 11 can regulate synovial fibroblast inflammation 
by synergizing with IL-1β and TNF to regulate IL-6 
release154. Cadherin 11-deficient mice have reduced lev-
els of inflammation compared with wild- type mice in the 
K/B×N mouse model of arthritis, suggesting that cad-
herin expression regulates the inflammatory capacity of 
synovial fibroblasts. Notably, an anti- cadherin 11 mon-
oclonal antibody also reduced the levels of inflammation 
in this model154. Cyclin- dependent kinases (CDKs) reg-
ulate cell proliferation and survival and their inhibition, 
via specific inhibitors, and could potentially be used 
therapeutically to target fibroblast accumulation in RA 
synovium (TAble 1). CDK pathways are also dysregulated 
in cancer, which has led to the development of drugs that 
inhibit these pathways, such as the CDK inhibitor ros-
covitine155. In synovial fibroblasts, IL-6 and MMP1 pro-
duction is regulated by the CDK inhibitor p21 (ReF.156). 
Given that CD34+CD90− immunoregulatory fibroblasts 
are highly proliferative, invasive and produce IL-6 
(ReF.64), repurposing roscovitine is a potential strategy  
for targeting this fibroblast subset in joint disease.

As discussed above, epigenetic changes are impli-
cated in mediating fibroblast activation and memory. 
Epigenetic alterations in RA synovial fibroblasts, includ-
ing alterations in DNA methylation, histone modifica-
tion and miRNA expression, are processes that could 
potentially be targeted therapeutically52–55,157 (TAble 1). 
Moderating the epigenetic landscape is likely to have 
wide- ranging effects on a variety of cell types, includ-
ing off- target effects. Hence, the improvement of our 
understanding of the pharmacology of the drugs that 
target these processes, including understanding their 
effects beyond the epigenome, is essential before we can 
appreciate their potential utility to treat joint disease.

The roles of pro- resolving mediators in joint health 
and disease are also becoming increasingly understood, 
and the use of pro- resolving mediators or ‘immuno-
resolvents’ that moderate joint inflammation and 
promote tissue repair represents another potential ther-
apeutic strategy96. The biological modes of action of pro- 
resolving mediators are well established from in vitro 
and in vivo studies and include limiting the infiltration 
of polymorphonuclear leukocytes, stimulating effero-
cytosis and activating endogenous tissue repair mecha-
nisms93,158–162. Although pro- resolving mediators target 
leukocytes, their biological actions are not associated 
with immunosuppression86,163. Importantly, pro- resolving 
mediators also target fibroblasts, TRMs and endothelial 
cells164–166 and therefore possess the capacity to modulate 
stroma- mediated inflammatory responses in joint tis-
sues (TAble 1). Approaches for potentiating the processes 
that mediate resolution of inflammation include supple-
menting the diet with pro- resolving mediator precursors, 
blocking the catabolism of pro- resolving mediators and 
delivering stable analogues that bind to pro- resolving 
receptors at the site of inflammation86,96. For example, 
administration of the pro- resolving mediator resolvin D3  
(RvD3) can limit leukocyte infiltration and reduce lev-
els of eicosanoids at the paw joint in murine inflamma-
tory arthritis167. A metabolically stable epimer of RvD1, 
17R- RvD1, can attenuate arthritis severity, cachexia, paw 
oedema and leukocyte infiltration, as well as shorten the 
remission interval and protect against cartilage degrada-
tion, in murine models of acute inflammatory arthritis168. 
Data from in vitro studies also highlight the capacity 
of the pro- resolving lipid mediator 15-epi- lipoxin A4  
(a metabolite of arachidonic acid) and maresin 1 
(a metabolite of docosahexaenoic acid) to downregu-
late the IL-1β- induced expression of PDPN, STAT1 and 
IL-6 in tendon- derived stromal cells (from both healthy 
individuals and patients with chronic tendinopathy)23,169. 
Collectively, these studies suggest that resolution- based 
therapies might be an important future therapeutic  
option for addressing stromal pathobiology in the joint.

Conclusions
Stromal cells of mesenchymal origin including fibro-
blasts, TRMs and endothelial cells are pivotal popula-
tions that regulate health and disease in musculoskeletal 
tissues. New data are beginning to reveal the mecha-
nisms underpinning the activation and dysfunction of 
stromal cells of mesenchymal origin and their contribu-
tion to sustaining chronic joint inflammation. The dis-
covery that distinct synovial fibroblast subsets mediate 
joint inflammation and damage will inform precision 
therapeutic targeting of pathogenic stromal cell popu-
lations. These discoveries shape the future therapeu-
tic landscape, presenting exciting new approaches to 
address the pathogenic stromal microenvironment. 
Harnessing the capacity to modulate crosstalk between 
leukocyte and pathogenic stromal cell populations is 
a crucial barrier to overcome in the quest to advance 
therapeutic strategies for patients with refractory 
joint disease.
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In the management of patients, including patients 
with rheumatic and musculoskeletal diseases (RMDs), 
nocebo effects can result in suboptimal outcomes and 
non- adherence to therapy1–5. Nocebo effects are com-
plex and individualized clinical phenomena that reflect 
the interconnections between medical and cognitive 
aspects of the therapeutic context. Nocebo effects have 
important implications for clinical practice, health- care 
policy and the design of pharmaceutical trials; hence, 
physician awareness of this phenomenon is becoming 
increasingly important in daily practice. Although most 
rheumatologists recognize that patients’ pre- existing 
beliefs and emotional experiences in the health- care 
setting affect their bodily symptoms and sense of well- 
being, few clinicians are fully aware of the mechanisms 
and risk factors involved in nocebo effects, their clini-
cal implications and suggested preventive strategies for 
nocebo-prone patients.

Nocebo effects can include new or worsening pain, 
nonspecific subjective complaints, such as fatigue, som-
nolence, headache or dizziness, and any other harm-
ful or unpleasant symptom that is mainly induced by 
the patient’s negative expectations6. Nocebos can also 
function indirectly by cancelling the benefits of other 
interventions; for example, a provider misinforming 
a patient that their analgesic infusion has stopped can 

lead to an increase in pain. In a clinical trial, revealing 
the assignment of an inert substance might cancel the 
benefits of a placebo, which is also considered a type of 
nocebo effect. Universally accepted definitions for the 
terms nocebo, nocebo effect, nocebo response, placebo, 
placebo effect and placebo response are lacking, and hence 
in this Review, the definitions of these terms have been 
adapted from Schedlowski and colleagues5.

Similar to the placebo response, the administration of 
inert or active substances is not necessary for a nocebo 
response to develop; the nocebo response can also be a 
result of verbal suggestions and other contextual factors 
in the health- care setting. However, contrary to the pla-
cebo response, which is beneficial to the patient and is 
often an intended response, nocebo responses and sub-
sequent effects occur unintentionally in clinical practice, 
and making use of such responses in research is limited 
by ethical considerations7.

In the past, a lack of knowledge and evidence sup-
porting the existence of nocebos led health- care provid-
ers to marginalize the concept and label nocebo- afflicted 
patients as difficult, manipulative or even hysterical8. 
The use of modern neuroimaging techniques and a 
shift of practice towards evidence- based medicine have 
helped advance our understanding of nocebos. Nocebo 
responses and effects are now known to commonly 
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occur in medical practice, can be consistently measured 
and involve specific neural pathways1,9–14.

In this Review, we present current knowledge on the 
underlying mechanisms and risk factors for the devel-
opment of nocebo effects, describe the epidemiology 
of nocebo effects in patients with RMDs and discuss 
nocebos as potential mediators of unsuccessful tran-
sition to biosimilars. In addition, we provide available 
tools for the identification and management of nocebo- 
prone patients with RMDs and highlight the implica-
tions of nocebos in rheumatology practice and clinical 
trial design.

Nocebo mechanisms
From an evolutionary standpoint, the nocebo response 
can be conceptualized as an adaptive mechanism that 
reinforces a negative anticipation15. Humans rely on 
third party information and their own intellect to avoid 
potential threats. By inducing somatic experiences of 
anticipated adverse outcomes, neural circuits that pro-
mote nocebo effects might prime behaviours that favour 
avoidance of danger over strong opposing stimuli such as 
hunger. In congruence with this theory, current research 
indicates that the anterior cingulate cortex (ACC) is an 
important contributor to the nocebo response14,16–19. The 
ACC belongs to a large network of the limbic system 
that controls pain perception as well as other impor-
tant functions related to memory, cognition, emotion 
and behaviour (such as action monitoring and response 
selection)20. In general, the nocebo response has been 
studied far less than its opposite, the placebo response. 
Although nocebo effects might include symptoms asso-
ciated with any noxious experience, our understanding 
of the neurobiological mechanisms involved is limited. 
Most of the relevant research to date has been conducted 
on nocebo- related pain modulation, which will be out-
lined in this section. However, whether the same central 
nervous system mechanisms underlie the modulation of 
nocebo effects relating to other physiological symptoms, 
and apply across different disease states, is unknown.

Alterations in pain perception, in which a shift in the 
modulatory pain network increases the transmission of 
painful stimuli, might have a distinct pathophysiologic 
function in some patients with RMDs7,21. This response 
serves to assure rest and promote recovery in the short- 
term, but a persistent favouring of nociception might 
lead to chronic pain states and an increased suscepti-
bility to nocebo effects7,21,22. The hyperalgesic nocebo 
response involves complex interconnections between 

the cerebral cortex, limbic areas, brainstem, striatum and 
centres of the autonomic nervous system, and includes 
the opiate, dopamine and cholecystokinin (CCK) neuro-
transmitter systems23,24. Positive expectations increase 
endogenous µ- opioid neurotransmission, whereas nega-
tive expectations increase CCK- A and CCK- B receptor 
activity, thereby inhibiting opiate- induced analgesia1. 
In support of this mechanism, administration of the 
CCK- antagonist proglumide in experimentally- induced 
ischemic pain in humans increases placebo analgesia25, 
whereas administration of the CCK- B agonist pentagas-
trin blocks the placebo response26. CCK is an important 
neurotransmitter in anxiety- related brain circuits, and 
its function in the hyperalgesic nocebo response is in 
accordance with data that links high levels of stress and 
anxiety (and the resultant activation of the hippocampus 
and amygdala) with nocebo effects16,17.

Motivational circuits of the brain are also implicated 
in modulating nocebo effects; for example, dopamin-
ergic neurons in the nucleus accumbens (the brain’s 
‘reward centre’) are deactivated in response to negative 
expectations27,28. Notably, patients with chronic pain have 
an altered pattern of activation in the nucleus accumbens 
in response to noxious stimulation29. Finally, in studies 
of patients with psoriatic arthritis or altitude headache, 
activation of the cyclooxygenase (COX)–prostaglandin 
pathway correlated both with increased pain percep-
tion and with negative preconditioning, suggesting that 
either the COX1 or COX2 system are mediators of the 
nocebo response in this setting30,31.

Using functional MRI to map areas of the brain asso-
ciated with placebo analgesia and nocebo hyperalgesia, 
researchers have shown that graded activation of cor-
tical and subcortical pain centres shifts the direction of 
experience towards decreased pain perception (placebo 
analgesia) or increased pain perception (nocebo 
hyperalgesia)15–17,19,32–34 (Fig. 1). Placebo and nocebo brain 
regions include the medial and lateral prefrontal cortex, 
cingulate cortex, insula, left inferior parietal lobule, post-
central gyrus, thalamus, hypothalamus, periaqueductal 
grey and pons; additional nocebo regions include the 
superior temporal and precentral gyri and the basal 
ganglia14,35. Certain nocebo areas, primarily in the ante-
rior insula and anterior cingulate gyrus, and their inter-
actions with neurons in the prefrontal cortex, inferior 
frontal gyrus, thalamus, amygdala and hippocampus, are 
activated not only during nocebo hyperalgesia, but also 
during pain anticipation. All the aforementioned areas of 
the brain belong to the limbic system and regulate cogni-
tive, behavioural and emotional responses to conceptual 
information relevant for survival, such as monitoring of 
actions, attention shift, formation of new strategies and 
adaptation to changing environments, and their involve-
ment in nocebo hyperalgesia supports the concept of the 
nocebo response as a primer for self- regulation towards 
threat avoidance and survival14.

Nocebo risk factors
The perceived beneficial or harmful effect of medication 
is an individualized result of complex interactions in the 
brain, within a given therapeutic context. In human stud-
ies, both placebo and nocebo responses can be induced by 

Key points

•	Nocebo effects are noxious changes in a patient’s symptoms or physiological 
condition that occur because of the patient’s negative anticipation of treatment, and 
might result in suboptimal outcomes and non- adherence.

•	Nocebo effects are observed in patients with rheumatic and musculoskeletal diseases, 
and might hinder the transition of patients to biosimilars.

•	Physicians should be aware of the risk factors for nocebo effects, which can be 
categorized as features relating to the patient, physician, disease, health- care setting 
or drug.

•	Physicians should make efforts to measure, prevent and address nocebo effects in 
clinical practice and interventional trials.

Nocebo
The word nocebo is derived 
from the Latin word noceo 
(‘to harm’) and is the opposite 
of placebo; nocebo denotes a 
medical intervention that 
causes adverse events owing to 
negative expectations of the 
patient, and can include inert 
substances or medications, 
medical procedures or 
patient–physician encounters.

Nocebo effects
Noxious changes in a patient’s 
symptoms or physiologic 
condition caused by a nocebo; 
nocebo effects can result in 
suboptimal outcomes and 
non- adherence.

Placebo
The word placebo is derived 
from the latin term placeo 
(“i shall please”) and denotes a 
medical intervention that 
induces beneficial effects owing 
to positive expectations of the 
patient.

Nocebo response
A neurobiological alteration of 
the brain–body unit that is not 
directly attributable to a drug’s 
pharmacokinetics and might 
cause a negative treatment 
outcome.

Placebo effect
An improvement in a patient’s 
symptoms or physiologic 
condition resulting from a 
placebo.

Placebo response
A positive treatment outcome 
caused by a placebo 
manipulation; the placebo 
response reflects the 
neurobiological and psycho-
physiological response of an 
individual to an inert substance 
or sham treatment and is 
mediated by various factors 
within the treatment context.
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verbal suggestions, conditioning and social observational 
learning1,15,16,36–40. In clinical practice, a large variety of 
cofactors can lead to nocebo effects, including the patient’s 
personality, prior patient experiences, the physician’s 
manner and skills, the setting of the health- care encoun-
ter, the specific disease affecting the patient and particu-
lar features of the prescribed drug or intervention (Fig. 2). 
However, the most notable factors leading to nocebo 
effects are the patient–physician interaction, followed 
by interactions of the patient with other individuals, the 
environment of the encounter and non-pharmacologic 
contextual features of the medication24,41.

Patient- related factors. Patients of all ages, including 
children and adolescents, probably experience nocebo 
effects42. Patients with specific diseases (such as fibro-
myalgia43 or Parkinson disease44,45), as well as some 
patients within the same disease category, might be 

more susceptible to nocebo effects than other patients. 
Furthermore, results from a systematic review indicated 
that women are more susceptible than men to nocebos  
across a range of medical conditions46, which is in 
accordance with experimental neurobiological data47. 
A study of 62 healthy volunteers linked a polymorphism 
in COMT (Val158Met) to somatosensory amplification 
and increased nociception, suggesting that some indi-
viduals might be genetically susceptible to nocebo48, but 
such a link needs to be confirmed in larger studies.

Mental health disorder comorbidities also increase 
susceptibility to nocebos44,49,50. In patients with mild 
cognitive impairment or dementia related to Alzheimer 
disease, a loss of prefrontal functional connectivity and 
executive control has been associated with an attenu-
ated placebo response and a high rate of nocebo effects, 
such as nausea, dizziness, headache and depression49,51,52. 
Patients with compromised verbal communication as 
a result of cognitive impairment or language barriers 
might be especially vulnerable to negative condition-
ing and to associating the health- care setting with 
unpleasant experiences53.

Certain personality traits are associated with a higher 
likelihood of experiencing nocebo effects; for example,  
a tendency toward somatization and high levels of  
anxiety, which can hinder effective communication and 
increase pain perception, are associated with suscepti-
bility to nocebo effects such as hyperalgesia, fatigue and 
decreased motor strength42,54–57. A negative experience 
of prior treatment or negative suggestions by other peo-
ple can predispose patients to nocebo effects58. Many 
sources of medical information on the Internet and 
conventional media overstate the negative effects of 
treatments and patients seeking consultation in online 
forums and blogs might be susceptible to nocebo effects 
leading to drug intolerance and non- adherence to med-
ications2,59–61. Moreover, using the Internet as a source 
of medical information might indicate poor access to 
health care, exaggerated fear of disease and/or limited 
trust in care providers. In a 2013 New Zealand study, 
investigators found that in the days following televi-
sion news coverage of a medication’s safety concerns, 
the rate of reported adverse events to this medication 
increased considerably compared with 1 month before 
broadcasting62. The public health implications are far- 
reaching; in the USA, widespread negative publicity of 
statin- induced myalgia led to high rates of statin dis-
continuation, use of second- line agents and an increased 
rate of cardiovascular events among the participants 
of a randomized controlled trial (RCT) of the statin 
atorvastatin in the non- blind extension phase3.

Physician- related factors. A physician’s words are a 
powerful tool in the treatment of patients. Conversely, ill- 
considered comments and attitudes can produce negative 
symptoms and harm patients via nocebo effects40. Anxiety 
and uncertainty regarding patient management on the part 
of the physician might be a reason for unwittingly eliciting, 
conditioning and perpetuating nocebo effects both in daily 
practice and in RCTs. The process of informed consent 
to therapeutic interventions is the part of the encounter 
in which negative anticipation is frequently introduced.

Noxious
stimuli

Ascending
pathways

Descending
pathways

Thalamus

Amygdala

Hippocampus

PAG
RVM

Sensory
cortex

ACC

Insula

Nucleus
accumbens

Prefrontal
cortex

Dorsal horn

Areas where nocebos promote
increased neuron activity

Other regulatory areas involved
in the nocebo response

Areas where nocebos promote
decreased neuron activity

Fig. 1 | Neural pathways involved in nocebo- related pain modulation. A schematic 
representation of the areas of the brain that are currently assumed to contribute to 
nocebo- related modulation of pain perceptiona. The rostral anterior cingulate cortex 
(ACC) exerts a baseline inhibitory neural tone on the periaqueductal grey (PAG), a 
subcortical centre (the activation of which is associated with increased transmission of 
nociceptive stimuli to the sensory cortex), via interconnections with the rostral 
ventromedial medulla (RVM) and dorsal horn nociceptive circuits. Nocebos lead to 
decreased activity in the rostral ACC, increased activity in the dorsal ACC and increased 
activity in the PAG and thalamus. In addition, anxiety- triggered activity in the 
hippocampus and amygdala increases the transmission of nociceptive stimuli. The 
prefrontal cortex, the brain’s ‘decision centre’, and the insula, a deep cortical area 
involved in pain anticipation and nociceptive processing, regulate these nocebo 
responses via connections to the subcortical nocebo areas. The nucleus accumbens, the 
brain’s ‘reward centre’, is another regulatory area of the brain involved in conditioned 
nocebo responses. aDoes not correspond to exact neuroanatomic locations.

Hyperalgesia
An increased sensitivity to pain 
from a stimulus that normally 
provokes pain.

NATuRe RevIews | RheumaTOlOgy

R e v i e w s

  volume 14 | DeCemBeR 2018 | 729



Clinicians strive to only suggest medications that 
have a favourable risk- to-benefit ratio, yet this aim is not 
always reflected in patient–physician communication. 
Potential adverse events, although rare, frequently 
monopolize discussions and tend to be framed nega-
tively; for example, physicians will usually state the small 
percentages of patients who experience adverse events, 
rather than the large percentage of patients who tolerate 
the medication well. These negative suggestions might 
induce nocebo effects in susceptible patients, especially 
when the potential adverse events are described vividly63. 
In RCTs, patients in the placebo arms experience adverse 
events that mimic the events they were ‘taught’ to expect 
during the consent process63,64.

Acknowledging that information on medication 
safety is a potential nocebo gives the treating physician 
the additional responsibility of weighing the risks and 
benefits of sharing this information with the patient; 
the benefits of providing all relevant information con-
cerning the adverse effects of treatment and prognosis 
need to be weighed against the risk of nocebo effects 
resulting in treatment discontinuation, which would 
deprive the patient of evidence- based health gains. In 
this respect, the physician’s manner during the discussion 
might be a more pertinent risk factor for nocebo effects 
than the actual information imparted12,65. Dedicated 
behavioural science and communication skills train-
ing can help physicians treat nocebo- prone or nocebo- 
afflicted patients effectively; for example, the results of 
one study demonstrated a reversal of experimentally- 
induced pruritus through counter-conditioning with 
verbal suggestions66.

Non- verbal communication, such as eye contact, pos-
ture, grimace and movement style during the encounter 
are also important, as these forms of communication 
can predispose patients both consciously and subcon-
sciously. The physician’s touch, used throughout the 
history of medicine as a means to alleviate distress and 
promote the healing experience, is now supported by 
neurobiological evidence as an antagonist to nocicep-
tive stimuli67. Social features such as the physician’s 
reputation and references, attire and grooming, beliefs 
and manners can also affect the patient’s expectations of 
the treatment outcome41.

Features of the health- care setting. Besides patients 
and physicians, other allied health- care professionals 
or features of the health- care setting might introduce 
a positive or negative anticipation of treatment 
effects. Examples include features of the health- care 
setting (such as the type or quality of lighting, sound, 
architecture, interior design and technology), ease and 
affordability of access to care and interactions with non- 
medical staff and fellow patients41. For example, patients 
receiving intravenous therapy as a group in the same 
infusion suite can share stories, experiences and opin-
ions, which might influence individual perceptions and 
trigger nocebo effects68,69.

Drug factors. Certain features of medications that are 
unrelated to their main pharmacological action, such 
as the colour, odour or route of administration, can 
influence therapeutic efficacy; for example, trial partic-
ipants ascribe stimulant effects to red and orange pills 

• Sex
• Personality traits
• Personal beliefs and preconceptions
• Genetic factors
• Mental health disorders

• Colour, odour and size
• Route of administration
• Labelling (brand-labelled or generic)
• Price 
• Negative publicity 

• Disease type
• Disease status 
• Prior medical adverse events

The nocebo cycle

Health-care setting 

Patient characteristics

Disease process

Drug features

Physician factors

• Appearance and behaviour of 
non-physician staff

• Type or quality of the architecture, 
technology, lighting and sound

• Ease and affordability of access to care 
• Interactions with fellow patients 

• Signs of uncertainty or anxiety
• Use of negative connotations and framing
• Vivid and lengthy descriptions of 

potential adverse events 
• Non-verbal communication, attire 

and grooming 
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personal beliefs 

Fig. 2 | Factors promoting nocebo effects in clinical practice. The complex process underlying the nocebo response 
and subsequent effects is driven by interplaying factors that mainly pertain to certain characteristics of the patient, 
features of the health- care setting, physician attitudes and skills, specific drug features and disease- related factors such as 
disease type and status.
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and sedative effects to blue and green pills70. Injectable 
therapies induce stronger placebo responses and effects 
and have lower rates of nocebo effects than oral medica-
tions in studies of therapies for migraine or osteoarthritis 
(OA) pain41,64,71.

New evidence suggests that additional marketing 
features of a drug, such as the price and labelling, are 
important factors that can influence the therapeutic 
effects3,19. Patients and physicians generally consider 
generic drugs to have a lower efficacy and be associated 
with more adverse effects than the brand- name counter-
parts72; hence, the use of generic labelling has been asso-
ciated with medication non- adherence73. Furthermore, 
brand labelling of the medication can increase placebo 
effects74, whereas generic labelling of the medication is 
associated with higher rates of nocebo effects75. Nocebo 
effects are most prevalent in the initial period of trying  
a medication that is new to the patient, and the fear of 
experiencing adverse events associated with generic 
medication might be rooted in the fact that these medi-
cines are often newer to the market and physicians have 
less experience using them than branded medication75. 
Moreover, in a 2017 study in which an inert substance 
was labelled with different value information, patients 
perceived the ‘expensive medication’ as more potent than 
the ‘cheap medication’; however, the expensive medica-
tion was also associated with an increased likelihood 
of adverse effects via the activation of nocebo- related 
pathways19.

The nocebo effect in RMDs
Multiple risk factors for nocebo effects are prevalent in 
populations of patients with RMDs (Fig. 2); these pop-
ulations generally include more women than men and 
include patients with comorbid anxiety and/or multiple 

experiences of treatment- related adverse events. Chronic 
and relapsing pain, a cardinal symptom of patients 
with RMDs, is one of the main symptoms modified 
by nocebo- operated neural pathways. In addition, as 
the patient’s subjective assessment of pain and overall 
health status is included in commonly used disease 
activity measures (for example, the 28 joint Disease 
Activity Score in rheumatoid arthritis (RA)76 and the 
Bath Ankylosing Spondylitis Disease Activity Index 
in ankylosing spondylitis (AS)77, nocebo effects might 
manifest as a lack of therapeutic effect in RCTs, as well 
as in daily clinical practice4.

A review of the literature favours the hypothesis that 
nocebo effects occur at a notable rate in RCTs of patients 
with RMDs. Relevant meta- analyses have shown that in 
the placebo arms of RCTs of treatments for fibromyal-
gia, <10% of patients withdraw because of a study- drug- 
related adverse event43,45; the corresponding number is 
approximately 2–3% in most RCTs of anti- TNF biologic 
agents in patients with inflammatory arthritis (TAbLe 1). 
Although it cannot be definitively ascertained that all 
placebo- arm participants who withdraw from a drug 
trial because of adverse events are experiencing nocebo 
effects, such data suggest that certain populations are 
more susceptible to the activation of nocebo- related 
neural pathways than others. The activation of these 
pathways might hinder therapeutic efforts by generating 
or amplifying adverse experiences in response to medical 
interventions resulting in causal misattribution and non- 
adherence. However, it should be noted that for certain 
RMDs, some of the metrics that are available do tend 
to differentiate placebo responses, such as the ACR20 
response (ACR criteria for ≥20% improvement) in RA 
clinical trials78,79. By contrast, the metrics available for 
fibromyalgia, OA and systemic lupus erythematosus are 

Table 1 | Withdrawal of patients from the inert substance arm of selected bio- originator RCTsa

Study Intervention 
(versus placebo)

Disease setting Number of 
patients in 
the inert 
substance 
arm

Duration 
(months)

Rate of drug 
discontinuation 
in the inert 
substance 
arm owing to 
adverse events

van de Putte et al. 
(2004)138

Adalimumab Rheumatoid arthritis 110 6 2%

Gordon et al. (2006)139 Adalimumab Psoriatic arthritis 52 3 2%

Chaudhari et al. 
(2001)140

Infliximab Psoriatic arthritis 11 3 0%

Van den Heijde et al. 
(2005)141

Infliximab Ankylosing spondylitis 78 6 3%

Gottlieb et al. 
(2003)142

Etanercept Psoriatic arthritis 55 3 7%

Emery et al. (2014)143 Etanercept plus 
methotrexate versus 
methotrexate alone 
versus placebo

Rheumatoid arthritis in 
remission

65 10 3%

Wechsler et al. 
(2017)144

Mepolizumab Eosinophilic 
granulomatosis with 
polyangiitis

68 13 1%

Percentages have been rounded to the closest integer. aThis table is limited to double- blind randomized controlled trials (RCTs) of 
biologic DMARDs compared with placebo alone (that is, the patients in the placebo arm did not receive baseline methotrexate or 
other disease- modifying therapy).
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less able to discriminate these responses43,80. Therefore, 
the difficulty of showing that an active medication is 
superior to placebo in these patient populations might 
depend more on poor metrics than on nocebo effects, 
although it is likely that they also manifest a high rate of 
placebo or nocebo effects.

In the next section, we discuss the results of placebo- 
controlled clinical trials in patients with RMDs, con-
sidering as a surrogate for nocebo effects the adverse 
effects that lead to withdrawals in the inert substance 
arm (rather than all the adverse effects in this arm). 
Notably, many of the adverse events reported in the 
placebo arms of RCTs might be actual medical events 
that can occur in the general population, but at least a 
proportion of the events that have unidentifiable causes 
could represent nocebo effects. Furthermore, nocebo- 
prone patients might not be adequately captured in 
RCTs as patients with negative expectations and/or 
experiences are less likely to participate in RCTs81, and 
comorbid anxiety disorders or cognitive impairment 
(which are associated with high rates of nocebo effects) 
are usually part of RCT exclusion criteria.

Fibromyalgia. A rheumatologist is probably most likely 
to encounter nocebo effects in patients with fibromy-
algia, a syndrome characterized by widespread chronic 
pain that can involve a low pain threshold owing to dys-
function of the inhibitory pain pathways39. In addition, 
fibromyalgia frequently coexists with somatoform and 
anxiety disorders, as well as with pain catastrophizing82, 
which increase the likelihood of nocebo effects. Two sep-
arate meta- analyses of trial data from >3,500 patients 
with fibromyalgia reported that ~10% of participants 
in the placebo arms of fibromyalgia treatment trials 
withdrew because of adverse events43,45, which is almost 
double the placebo- arm withdrawal rate in trials of other 
neurological or rheumatic disorders. In a meta- analysis 
of discontinued RCTs registered on ClinicalTrials.gov, 
8% of patients in the inert substance- arm of fibromy-
algia trials withdrew because of adverse events and 
7% withdrew because of a lack of therapeutic effect83. 
Considering that fibromyalgia is a common reason for a 
rheumatology consultation in outpatient care, rheuma-
tologists should be familiar with the identification and 
management of nocebo effects, even if only for patients 
with fibromyalgia.

Osteoarthritis. In OA, the degree of joint damage does 
not consistently correspond with the severity of symp-
toms in the affected area84. A growing body of neuro-
biological evidence suggests that alterations in ascending 
pain pathways and central nociceptive modulation 
in OA might, in part, explain this discrepancy22,85,86. 
Furthermore, the prevalence of depression and anxi-
ety (predisposing factors to nocebo effects) is higher in 
cohorts of patients with OA than in the general popu-
lation87. Results from clinical studies also support the 
notion that placebos and nocebos have notable effects 
on the levels of pain and disability reported in OA; for 
example, in three meta- analyses, researchers estab-
lished that the use of analgesics was associated with 
strong placebo effects in patients with OA88, accounting 

for, on average, 75% of the reported pain reduction80, 
with injectable and topical treatments having a greater 
effect than oral therapy89. In one systematic review of the 
prevalence of nonspecific adverse events in 281 trials in 
knee OA, the withdrawal rate owing to treatment- related 
adverse events was 5% in both the active and the inactive 
substance treatment arms90; patients most commonly 
withdrew because of headaches, upper respiratory 
complaints, gastrointestinal intolerance and arthralgia. 
The above data underscore the potential importance of 
nocebo effects in patients with OA.

Rheumatoid arthritis. RA is a systemic chronic inflam-
matory RMD characterized by joint pain and disability. 
In a neurobiological study of patients with chronic pain, 
patients with RA had higher central pain sensitization 
than healthy individuals, similar to that observed in 
patients with chronic fatigue syndrome and/or fibro-
myalgia91. The authors of this study91 concluded that the 
treatment of chronic pain in RA requires a multifaceted 
approach that targets the multiple aspects of pain and the 
pathways involved, including both pharmacological and 
non- pharmacological strategies. Moreover, in another 
report54, patients with RA and somatization (as meas-
ured by a self- report questionnaire) had a greater burden 
of symptoms, disability and drug- related adverse events 
(after adjusting for disease severity), than the patients 
with RA who scored low on somatization question-
naires. In a 2005 survey, although most patients with 
RA acknowledged that medications were essential for 
their well- being, nearly 50% of the patients were con-
cerned about potential adverse events, regardless of 
their general level of knowledge about RA92. According 
to the results of a 2010 longitudinal study that used a 
validated questionnaire to assess pre- existing beliefs 
about medicines in 100 patients with RA, negatively 
predisposed patients were the most likely to experience 
nonspecific adverse events, especially during the initial 
period of taking a new medication58. This apprehension 
might affect the rate of adverse events reported in RCTs; 
in several trials of rituximab administration for RA, the 
rate of adverse events decreased by 50% with each sub-
sequent infusion. This observation has no pharmaco-
logical explanation and could be related to diminished 
anxiety in the participants93–95.

In an interesting meta- analysis of nocebo effects in 
unpublished RCTs registered on ClinicalTrials.gov, the 
placebo arms of trials of patients with RA had much 
higher rates of attrition owing to a perceived lack of drug 
efficacy (7%) than the placebo arms of trials of patients 
with migraine or OA (1%)96; this finding hints that cer-
tain diseases are associated with lower rates of placebo 
effects than other diseases. In the same meta- analysis, 
the average study withdrawal rate owing to adverse 
events in the RA placebo arms was 3%96, which is in line 
with the 2–3% withdrawal rates recorded in the inac-
tive arms of RCTs of anti- TNF biologic agents (TAbLe 1). 
Differentiating nocebo effects from true pharmaco-
logical adverse effects in RA RCTs is difficult because 
in the majority of placebo arms, the patients continue 
to receive baseline therapies such as methotrexate and 
glucocorticoids. In addition, RA is characterized by 
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spontaneous relapses of disease regardless of whether 
the patient is receiving appropriate treatment, and these 
fluctuations might be difficult to differentiate from 
medication inefficacy. Whether nocebo effects interfere 
with the perceived efficacy and safety of biosimilars is an 
even more challenging question, as biosimilars have so 
far only been compared with bio- originators and such 
studies do not include a placebo- controlled arm.

Implications for biosimilar switching
Biosimilars are biopharmaceuticals that are similar 
to an already licensed product (referred to as the bio- 
originator) in terms of the drugs’ efficacy and safety 
(as assessed by regulatory agencies) and are expected to 
be marketed at substantially lower prices97. Since 2013, 
the European Medications Agency has approved several 
biosimilars for use in RMDs on the basis of extensive 
preclinical and clinical testing to ensure equivalent effi-
cacy and safety profiles98–108. Although a few patients 
might not respond equally well to biosimilars as to 
bio- originators (and vice versa) because of intrinsic 
differences in the drug molecules and/or idiosyncratic 
drug reactions, data from double blind RCTs indicate 
that for the vast majority of patients, bio- originators 
and biosimilars should be considered clinically inter-
changeable. As a result, these agents have entered clini-
cal practice as a potentially cost- effective alternative to 
the bio- originators for the treatment of patients with 

various autoimmune diseases. However, the large- scale 
implementation of open- label transitioning from bio- 
originators to biosimilars in cohorts of patients with 
rheumatic diseases has led to reports of higher rates 
of biosimilar withdrawal in open- label studies than 
previously observed in blinded comparative or tran-
sition studies; these withdrawals were mainly a result 
of subjective health- related complaints or a perceived 
lack of therapeutic effect by the patient109–114. The sub-
jectivity of the complaints and the lack of a plausible 
pharmacological explanation for the large difference in 
biosimilar tolerance between open- label and blinded 
transitioning, along with the knowledge that physicians 
and patients have reservations about biosimilars115,116, 
has lead researchers to interpret these suboptimal out-
comes in the real- world setting as probable nocebo 
effects68,110,112–114.

Researchers have evaluated the safety and efficacy 
of switching patients with RMDs from bio- originators 
to biosimilars in three types of clinical trials: double- 
blind extensions of bioequivalence RCTs (blinded 
switch trials, TAbLe 2); open- label extensions of bio-
equivalence RCTs (open- label switch trials, TAbLe 3); 
and real- world implementation observational trials 
(switch cohorts, TAbLe 4). No published studies have 
so far revealed objective evidence of treatment fail-
ure following a switch to a biosimilar, such as a higher 
prevalence of neutralizing anti- drug antibodies, a rise 

Table 2 | Double- blind RCTs of transitioning from a bio- originator to a biosimilar

Study Treatment groups Disease 
setting

Number of patients Duration 
(months)

Rate of drug 
discontinuation 
owing to 
adverse events

Overall 
rate of drug 
discontinuation

Switching from infliximab to a biosimilar

Jorgensen 
et al. (2017)117

• Switched from infliximab 
to CTP13

• Maintained treatment with 
infliximab

SpA , 
RA , PsA , 
psoriasis or 
IBD

482
• Switch: 241
• No switch: 241

13 • Switch: 3%
• No switch: 4%

• Switch: 8%
• No switch: 10%

Smolen et al. 
(2018)118

• Switched from infliximab 
to SB2

• Maintained treatment with 
infliximab

• Maintained treatment 
with SB2

RA 396a

• Switch: 94
• No switch (infliximab): 101
• No switch (SB2): 201

6 • Switch: 3%
• No switch 

(infliximab): 1%
• No switch (SB2): 

2%

• Switch: 6.4%
• No switch 

(infliximab): 5%
• No switch 

(SB2):7.5%

Switching from rituximab to a biosimilar

Tony et al. 
(2017) (reF.145)b

• Switched from rituximab 
to PG2013

• Maintained treatment with 
rituximab

RA 107
• Switch: 53
• No switch: 54

6 • Switch: 2%
• No switch: 0%

• Switch: 6%
• No switch: 4%

Cohen et al. 
(2018)146

• Switched from rituximab 
to PF-05280586

• Maintained treatment with 
PF-05280586

RA 185
• Switch: 126
• No switch:59

20 • Switch: 0%
• No switch: 1%

• Switch: 2%
• No Switch: 10%

Switching from adalimumab to a biosimilar

Weinblatt et al. 
(2018)147

• Switched from 
adalimumab to SB5

• Maintained treatment with 
adalimumab

• Maintained treatment 
with SB5

RA 542
• Switch: 125
• No switch (adalimumab): 129
• No switch (SB5): 254

13 • Switch: 2%
• No switch 

(adalimumab): 
2%

• No switch (SB5): 
<1%

• Switch: 6%
• No switch 

(adalimumab): 4%
• No switch (SB4): 

2%

Percentages have been rounded to the closest integer. IBD, inflammatory bowel disease; PsA , psoriatic arthritis; RA , rheumatoid arthritis; SpA , spondyloarthritis. 
aIn the initial study , 221 patients were screened out and 124 patients withdrew before the transition period. bConference abstract.
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in inflammatory markers or altered pharmacokinetics 
compared with the bio- originator. Notably, the reten-
tion rates of blinded switch trials106,117,118 were generally 
higher than the retention rates of open- label switch tri-
als and cohort studies (TAbLes 3,4). The discontinuation 
of biosimilars in unblinded switch cohorts was mostly 
attributed to a lack of adequate response according to 
subjective measures, rather than the occurrence of drug- 
related adverse events68,109–111,114,119,120. However, whether 
this lack of response is a result of true ineffectiveness 
of the biosimilar, differences in study methodology or a 
complex nocebo effect, is unclear.

Methodological differences. Methodological differ-
ences between switch RCTs and the study of real- world 
switch cohorts might contribute to the different reported 
rates of biosimilar intolerance, some of which might 
be attributable to nocebo- related mechanisms (box 1). 
Firstly, biologic- naive patients are enrolled more fre-
quently in RCTs than in pragmatic trials, and patients in 
the real world who have previously failed transitioning 
between bio- originators might be conditioned toward 
experiencing nocebo effects. Secondly, the populations 
of switch RCTs are filtered extensively through multiple 
steps of patient selection, such as screening for inclusion 
criteria, initial participant consent and eligibility and 
additional consent for the switch part of the trial78,79,94,121. 

Several participants are excluded or deny consent at each 
step, which could lead to nocebo- prone patients being 
selectively excluded from RCTs, thus such patients might 
be more highly represented in real- world cohorts. For 
example, fibromyalgia, which is associated with high 
rates of nocebo effects, is usually an exclusion criterion 
for most RCTs of treatments for other RMDs.

Patient and physician preconceptions. Physician pre-
conceptions toward biosimilars in real- world settings 
might be another reason for transition- related nocebo 
effects in switch cohorts112. Investigators involved in 
the extension period of bioequivalence RCTs are in all 
likelihood not affected by negative preconceptions of 
biosimilars and are less likely to introduce such notions 
to the participants of the switch RCT during the con-
sent process. However, in a 2018 observational switch 
cohort in France, two patients who were given negative 
information regarding biosimilars by their pharmacist 
subsequently withdrew from switching to the biosimilar 
SB4, despite initially accepting the switch122.

The pre- existing beliefs of patients have an impor-
tant role in the development of nocebo effects, and 
only a handful of biosimilar switch studies have aimed 
to explore these effects in patients with RMDs. In the 
aforementioned SB4 switch cohort122, a patient's nega-
tive opinion about generic medications was associated 

Table 3 | Open- label RCTs of transitioning from a bio- originator to a biosimilar

Study Treatment groups Disease 
setting

Number of 
patients

Duration 
(months)

Rate of drug 
discontinuation 
owing to 
adverse events

Overall 
rate of drug 
discontinuation

Switching from rituximab to CTP10

Park et al. 
(2017)94

• Switched from 
rituximab to CTP10

• Maintained 
treatment with 
CTP10

RA 58
• Switch: 20
• No switch: 

38

14 • Switch: 0%
• No switch: 0%

• Switch: 24%
• No switch: 20%

Switching from influximab to CTP13

Tanaka et al. 
(2017)121

• Switched from 
infliximab to CTP13

• Maintained 
treatment with 
CTP13

RA 71
• Switch: 33
• No switch: 

38

27 • Switch: 24%
• No switch: 11%

• Switch: 36%
• No switch: 16%

Yoo et al. 
(2017)79

• Switched from 
infliximab to CTP13

• Maintained 
treatment with 
CTP13

RA 302
• Switch: 144
• No switch: 

158

10 • Switch: 6%
• No switch: 10%

• Switch: 11%
• No switch: 16%

Park et al. 
(2017)78

• Switched from 
infliximab to CTP13

• Maintained 
treatment with 
CTP13

AS 174a

• Switch: 86
• No switch: 

88

10 • Switch: 5%
• No switch: 3%

• Switch: 11%
• No switch: 8%

Switching from etanercept to SB4

Emery et al. 
(2017)148

• Switched from 
etanercept to SB4

• Maintained 
treatment with SB4

RA 245b

• Switch: 119
• No switch: 

126

12 • Switch: 1%
• No switch: 3%

• Switch: 5%
• No switch: 6%

Percentages have been rounded to the closest integer. AS, ankylosing spondylitis; RA , rheumatoid arthritis. aIn each group, 18% of 
the eligible participants were not enrolled in the extension phase. bIn each group, approximately half of the eligible participants 
were not enrolled in the extension phase.
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with refusal to transition to biosimilars. In another 
2018 switch study68, investigators measured the treat-
ment expectations of the 192 patients with RA or AS 
who agreed to a non- mandatory biosimilar transition. 
Interestingly, a lower self- efficacy score relating to cop-
ing with pain and other arthritis- associated symptoms 
was associated with a higher likelihood of biosimilar 
discontinuation. Although no association was found 
between pre- existing treatment expectation scores and 
biosimilar discontinuation rates, the investigators noted 
that the low questionnaire response rate (roughly 50%) 
limited the data interpretation68.

Patients’ awareness of the difference in market value 
between the bio- originator and biosimilar in open- 
label switch cohorts might also introduce negative pre-
conceptions of decreased efficacy with the less costly 
medication19. Lastly, patients in large- scale switch cohorts 
have exposure to poor quality information on social and 
conventional media, which is an established trigger of 
nocebo effects and medication discontinuation62.

Drug switching and labelling. Awareness of the switch, 
rather than awareness of the biosimilar per se, might 
increase vulnerability to nocebo effects. In a Japanese 
open- label switch trial121, the researchers reported that 
adverse events increased from 14% in the blind phase to 
24% after unblinding in the arm that transitioned from 
bio- originator to biosimilar. Interestingly, adverse events 
remained the same (9–10%) for participants aware of 
continuing on the biosimilar without switching121.

As a low- cost substitute for patented formulations, 
biosimilars resemble generic medications. Similar to that 
seen with biosimilars, a pattern of low drug retention 

rates has also been reported during transitioning from 
patented drugs to generics123. A high rate of bisphospho-
nate discontinuation was reported in a cohort of women 
with postmenopausal osteoporosis transitioning from 
patented to generic formulations124. Switching patients 
with chronic hypothyroidism from branded to generic 
thyroxine resulted in an increased rate of adverse events 
and a reduced treatment efficacy125. Furthermore, in a 
trial in New Zealand of 62 healthy university students 
who were told they were receiving β- blocker medication 
to reduce pre- examination anxiety, a decrease in effi-
cacy and increase in medication- attributable adverse 
effects was reported in students transitioning from 
brand- labelled to generic medication, compared with 
the students who continued on the brand- labelled medi-
cation, despite the fact that all participants received inert 
substances throughout the study75.

Non- nocebo-related explanations. Other reasons for 
the difference in biosimilar retention between switch 
studies that are unrelated to nocebo effects should also 
be considered, such as differences in the methodology 
of reporting; for example, in the blinded bioequivalence 
phase of the PLANETRA study107, the rate of with-
drawal for any reason was 27% for the bio- originator 
and 23% for the biosimilar, whereas the rate of with-
drawal because of adverse events or a lack of efficacy was 
18% for the bio- originator and 15% for the biosimilar. 
The remainder of patients who withdrew (for example, 
because of consent withdrawal or protocol violation) 
might have been reported as adverse events or a lack of 
efficacy in a pragmatic trial. To add to the complexity, 
positive expectations of the efficacy of the biosimilar in 

Table 4 | Real- world prospective studies of open- label transitioning from a bio- originator to a biosimilar

Study Disease setting Number 
of 
patients

Duration 
(months)

Rate of drug 
discontinuation 
owing to 
adverse events

Overall 
rate of drug 
discontinuation

Switching from etanercept to SB4

Glintborg et al. (2017) (reF.149)a RA , PsA or SpA 1,623 12 5% 18%

Scherlinger et al. (2018)122 SpA or RA 48 2–7 Not reported 15%b

Tweehuysen et al. (2018)68 RA , AS or PsA 1,242 6 3%b 10%b

Switching from infliximab to CTP13

Nikiphorou et al. (2015)120 RA or AS 39 11 14% 28%

Gentileschi et al. (2016)119 PsA , AS, RA or SpA 23 6 Not reported 30%

Abdalla et al. (2017)150 RA , AS or PsA 34 16 3% 15%

Benucci et al. (2017)151 SpA 41 6 3% Not reported

Forejtová et al. (2017) (reF.152)a AS 36 6 0% 3%

Glintborg et al. (2017)111 RA , PsA or SpA 802 14 5% 16%

Scherlinger et al. (2017)113 RA , AS or PsA 89 8 1% 28%

Avouac et al. (2018)109 RA , SpA , PsA , JRA , 
inflammatory 
arthrtitis or NOS

181 6 2% 23%

Boone et al. (2018)110 RA , AS or PsA 24 12 13% 13%

Tweehuysen et al. (2018)114 RA , AS or PsA 192 6 11% 24%

Percentages have been rounded to the closest integer. AS, ankylosing spondylitis; JRA , juvenile rheumatoid arthritis; NOS, not 
otherwise specified; PsA , psoriatic arthritis; SpA , spondyloarthritis; RA , rheumatoid arthritis. aConference abstract. bThe 
investigators applied a communication strategy to minimize nocebo effects.
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unblinded RCTs might tilt lead investigators towards 
favourable reporting through a subconscious psycholog-
ical process known as the Pygmalion effect. Conversely, 
negative preconceptions of physicians towards biosim-
ilars in community- based observational cohorts might 
contribute to unfavourable reporting for biosimilars.

Other methodological considerations unrelated to 
nocebo effects include the bias known as regression 
to the mean, which is introduced when the measured 
outcome, such as disease activity, is also part of the 
selection criteria, as well as the differential behaviour 
of patients when they know their reactions are being 
observed (known as the Hawthorne effect). Regression 
to the mean and the Hawthorne effect can both influence 
the safety and efficacy outcomes in clinical research, 
especially trials that rely on subjective measures7,11. 
In addition, the course of disease in RMDs is frequently 
unpredictable and characterized by spontaneous exac-
erbations and remissions that might also run in parallel 
with the effects of any concomitant therapies. To over-
come these biases, RCTs use run- in periods to calibrate 
the cohort’s baseline for temporal variations in disease 
activity and contextual effects126; such an approach is not 
possible in real- world studies.

Managing nocebo- prone patients
Given that negative anticipation might have detrimental 
effects on RMD management, it is important for 
clinicians to modify the therapeutic context to minimize 
the magnitude of nocebo effects. Assuming the rate of 
nocebo- related discontinuation of first- line agents in 
patients with RMDs is 3–10%, as suggested by the lit-
erature (TAbLes 1–4), the implementation of an effective 
strategy that diminishes nocebo effects could increase 
the odds of successful initial treatment for a substantial 
number of patients with RMDs. Such a strategy could 
be especially important for patients switching to bio-
similars; preventing the discontinuation of treatment 
because of nocebo effects in even 5% of patients could 
result in substantial reductions in pharmaceutical costs 
at a national level.

More studies are needed that assess the efficacy of 
interventions that target the nocebo effect in rheumatol-
ogy, but initial efforts are promising; in a 2018 study in  
the Netherlands, the use of a multifaceted communica-
tion strategy during a non- mandatory transition from 
etanercept to the biosimilar SB4 resulted in higher rates 
of switch participation (99% versus 88%) and lower 
rates of biosimilar discontinuation (10% versus 24%)  

compared with historical controls68. Another obser-
vational cohort study in France implemented a sim-
ilar communication strategy, which resulted in only 
15% biosimilar discontinuation122. An individualized 
approach is essential, as some patients might need to 
be educated about the identification of serious adverse 
events, whereas other patients might be overly worried 
about adverse events and thus more susceptible to 
nocebo effects. No single susceptibility factor is suffi-
cient to accurately predict the development of nocebo 
effects, but it is reasonable to take measures to avoid 
introducing negative expectations to patients with 
multiple risk factors for nocebo effects.

A four- item self- report questionnaire (Q- No) has 
been developed for outpatients with neurological com-
plaints to predict the risk of nocebo- related symptoms, 
which might also be of use in identifying nocebo- prone 
patients with RMDs127. Another questionnaire, the per-
ceived sensitivity to medicines (PSM) scale, has been 
designed to assess patient concerns towards chronic 
disease medications and vaccines, and high scores 
predict higher rates of medication non- adherence and 
post- vaccination symptoms compared with low scores. 
The Stanford Expectations of Treatment Scale (SETS) 
is a questionnaire that was specially constructed to 
quantify differences in positive and negative expecta-
tions among clinical trial participants and might also 
be a useful tool for investigating and predicting nocebo 
effects of biosimilars and other treatments for RMDs128. 
Modified versions of the SETS and the 10-item Beliefs 
about Medication Questionnaire (PMQ- Specific) have 
been used to assess pre- existing beliefs of patients with 
RMDs transitioning to biosimilars68. Finally, the Healing 
Encounters and Attitudes Lists (HEAL) is an inventory 
of assessment instruments for measuring the impor-
tance of psychosocial factors (including the patient–
provider connection, health- care environment, patient 
expectations, outlook and spirituality) in health care129.

Patient- centred communication is the cornerstone of 
strategies that aim to reduce nocebo effects in clinical 
practice. Doctors who empower patients, show empathy 
and create a feeling of safety during their consultations 
become effective placebos themselves; by contrast, 
remarks that invalidate patient concerns, promote fear 
and give the impression of provider emotional unavail-
ability can contribute to nocebo effects12,85. Intuition 
and experimental studies suggest that nocebo effects 
can be avoided or even reversed with appropriate ver-
bal suggestions from the treating physician66. Educating 
patients about the nocebo response, discussing incorrect 
attributions and informing patients about their medica-
tions’ action is important in the management of nocebo 
effects68. Physicians should avoid negative framing in 
their discussions with the patient and focus on the pos-
itive expectations of treatment to provide effective reas-
surance and mitigate anxiety130. For example, instead of 
saying, “In my experience, only 5% of patients did not 
have a sufficient response”, it might be preferable to say, 
“In my experience, 95% of the patients switching to this 
medication were happy with the results and felt very well”.

Although a physician withholding information about 
potential adverse events from the patient is considered 

Box 1 | Nocebo- related biosimilar discontinuation rates in different studies

A number of factors might contribute to differences in the rate of nocebo- related 
biosimilar discontinuation between open- label, real- world transition studies and RCTs.

•	Physician preconceptions and negative suggestions

•	Constrained patient–physician communication

•	exposure to marketing features and media

•	Inclusion of nocebo- prone patients in open label studies (such patients are normally 
selected out of RCTs)

•	Inclusion of fewer biologic- naive participants in open- label studies than in RCTs

RCT, randomized controlled trial
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unethical and unsafe, the choice of wording during the 
discussion seems to determine the rate and strength of 
nocebo effects131. The phrase “You should watch out for 
serious adverse effects such as widespread rash or high 
fever”, could be substituted for “I expect you will tolerate 
the medication very well. We are available at all times to 
discuss any symptoms or concerns, such as a fever or 
rash”. All consent forms should be carefully phrased to 
avoid negative connotations, balance expected benefits 
to expected adverse events, promote a sense of safety and 
empower patients towards shared decision- making65,131.

Physicians should allocate sufficient time with patients 
to explore their often complex therapeutic history and 
treatment beliefs132, as well as to elicit and address any 
unvoiced concerns towards previous and new medica-
tions. Whenever possible, alternating the health- care 
setting for a patient who has had a serious adverse event 
might help to avoid conditioning- induced nocebo effects. 
Conversely, physicians could instruct patients with 
RMDs to take their chronic medications during positive 
moments, in order to enhance positive associations53.

Communication strategies used in the transition 
of patients with RMDs to biosimilars consist of pre-
senting patients with scientific evidence supporting the 
equivalence of biosimilars to reference products, giving 
them the option to opt- out of biosimilar transition at 
any time, assuring them of the treating provider’s good 
opinion of biosimilars and discussing their potential to 
enable savings for the health- care system68,122. However, 
physicians should bear in mind that discussions about 
drug cost might also predispose to nocebo effects in clin-
ical practice and interventional trials19,62,73,124, and that 
face- to-face delivery of information has additional value 
compared with written material alone53,133.

Unmet research and clinical needs
The nocebo effect has important implications for the 
interpretation of RCT results in RMDs, and alter-
ing the design of trials to better discriminate nocebo 
effects is challenging. Ideally, a three- arm design could 
be used to distinguish the contribution of the nocebo 
effect to drug discontinuation from the contribution 
of spontaneous variations in disease activity or regres-
sion to the mean; in this approach, one arm receives the 
experimental drug, another arm receives placebo and 
the third arm receives no drug7. However, in patients 
with symptomatic or active RMDs, a trial that includes 
a no- intervention arm is neither ethical nor feasible. 
Another approach is to infer the contribution of noce-
bos in RCTs by stratifying adverse events according to 
patient scores in nocebo evaluation questionnaires (such 
as Q- No), or using a crossover design, in which each 
patient serves as their own control and the confounding 
effects of patient- related susceptibility are neutralized. A 
two- by-two factorial design could also be used, in which 
researchers take steps to limit nocebo effects in only one 
set of active drug- placebo arms, and then compare the 
incidence of adverse events between the two sets134. 
Lastly, patients could be a priori informed and asked 
for consent to blinded dose- tapering or transitioning 
between bioequivalent medications, in an authorized 
concealment approach7,135.

The generalizability of results from open- label 
switch trials to the real- world setting is challenging 
when trying to understand nocebo effects, as apprehen-
sive patients might be less likely than other patients to 
participate in switch RCTs and more likely to withdraw 
consent for unclear reasons4. Questionnaires that assess 
patient expectations and/or nocebo susceptibility might 
be useful to include in such trials to determine whether 
the questionnaire scores are associated with the patients’ 
decision to continue onto extensions evaluating the 
switch to biosimilars127,136.

Further research is also needed in the diagnosis and 
management of nocebo effects in routine rheumatology 
clinical practice. Questionnaires that predict suscepti-
bility to nocebo effects must be validated in the RMD 
population, and strategies to minimize nocebo effects 
should be prospectively evaluated. Whether biofeed-
back or cognitive- behavioural therapy can improve 
self-management skills in patients with chronic RMDs 
who are susceptible to nocebo effects is unknown and 
should be investigated.

Conclusion
Nocebo effects have important implications for RMD 
outcomes, and measures should be taken to increase 
health- care provider awareness and competence in their 
prevention, identification and management. The contin-
ued study of nocebo effects is valuable for rheumatology, 
not only because understanding these effects has 
potentially important implications for improving the 
cost- effectiveness of therapeutic interventions and pro-
viding pain relief to patients with RMDs, but also because 
a greater understanding of nocebo effects should also 
improve our understanding of the link between disease 
pathophysiology and the patients’ subjective experience.

In terms of switching to biosimilars, preconceptions 
and suggestions of reduced effectiveness by the treating 
physician, insufficient or ineffective communication in 
the health- care setting, negative publicity, prior adverse 
experience during DMARD transition, commercial fea-
tures and information on the Internet and other media 
outlets might operate as nocebos to diminish the clinical 
effectiveness of biosimilars in susceptible patients. Testing 
associations between patient nocebo susceptibility and 
biosimilar discontinuation rates could provide further 
evidence of nocebos as a causative factor for intolerance. 
Investigators should be mindful of the nocebo effect when 
designing and implementing future studies of biosimi-
lars in RMDs. For example, an informed consent process 
specifically designed to decrease nocebo effects through 
patient empowerment was associated with higher rates of 
biosimilar retention68,110 and should be considered in all 
biosimilar transitions. Furthermore, in a 2018 consensus 
statement by the international task force on the use of bio-
similars in rheumatic diseases, providing education about 
biosimilars to reduce patient uncertainty was advocated 
as an important step for successful transition137. More 
prospective studies of biosimilar initiation and switching 
are needed to clarify the effect of nocebos on biosimilar 
retention rates and other RMD outcomes.
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